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(57) ABSTRACT

Methods for forming semiconductor memory structures
including air gaps between adjacent gate structures are
provided. The volume of the air gaps is maximized and the
width thereof made uniform in order to minimize the para-
sitic capacitance and any variance therein between the gate
structures. The methods include forming an insulation layer
between adjacent gate structures and subsequently etching
the insulation layer to leave an air gap. Devices fabricated in
accordance with the methods are also provided.
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SEMICONDUCTOR DEVICE AND METHOD FOR
FABRICATING THE SAME

[0001] This U.S. non-provisional application claims ben-
efit of priority under 35 U.S.C.§119 from Korean Patent
Application No. 2005-0103107, filed on Oct. 31, 2005, the
entire contents of which are incorporated herein by refer-
ence.

BACKGROUND

[0002] 1. Technical Field

[0003] This disclosure generally relates to semiconductor
devices and, more particularly, to semiconductor devices
such as memory devices having an air gap defined between
adjacent gate structures and methods of fabricating the same.

[0004] 2. Description of the Related Art

[0005] Among semiconductor devices, non-volatile
memory devices are commonly used in consumer electronic
devices because information can be retained in the device
even when no power is supplied. Advances in consumer
electronics cause demand for ever higher density memory
devices. Efforts to manufacture devices meeting this demand
often involve scaling down the sizes of gate structures and
minimizing the space between adjacent gate structures.

[0006] Unfortunately, these efforts often result in
increased parasitic capacitance between adjacent structures
in the memory cell regions. Such increases in parasitic
capacitance reduce the speed of the memory devices. Also,
variation in parasitic capacitance between gate structures
causes a variation in the threshold voltage for each gate
structure, thereby degrading the reliability of memory
devices.

[0007] FIG. 1a is a circuit diagram of a typical NAND
flash memory array, which is a popular type of non-volatile
memory device. As shown in FIG. 1a, the NAND flash
memory array includes a string select line SSL, a ground
select line GSL, a common source line CSL, a plurality of
word lines W/L#0-31, and a plurality of bit lines BL crossing
across the other lines. FIG. 15 is a schematic plan view of
a typical NAND flash memory array corresponding to FIG.
la. In FIG. 15, active regions 16 and bit line contacts 146 are
illustrated together with floating gates 22. FIG. 1c¢ is a
cross-sectional view of a NAND flash memory structure of
FIG. 15 taken along the wordline direction. In the wordline
direction, a cell gate structure includes a control gate 24, an
inter-gate dielectric layer 23, a floating gate 22, a tunnel
oxide 21, and isolation regions 15 formed on a semicon-
ductor substrate 10. FIG. 1d is a cross-sectional view of the
NAND flash memory structure of FIG. 15 taken along the
bitline direction. As shown in FIG. 14, in the bitline direc-
tion a cell gate structure includes the control gate 24, the
inter-gate dielectric layer 23, the floating gate 22, the tunnel
oxide 21, and impurity regions 16 formed on the semicon-
ductor substrate 10.

[0008] FIG. 2 is a perspective view of a portion of a
NAND memory cell array. The capacitances between vari-
ous portions of the memory cell array and the voltages on
some of the floating gates are identified in FIG. 2. For
example, Vg, is a voltage at a central floating gate and V,
is a voltage at a central control gate. Further, V1 and V2 are
voltages between adjacent floating gates in the x-direction;
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and V3 and V4 are voltages between adjacent floating gates
in the y direction. Furthermore, V5 and V6 are voltages
between . . . In addition, C stands for parasitic overlap
capacitance. Using the relationship Q=CV as applied to the
structure in FIG. 2, Equation 1 and 2 are developed. Equa-
tion 1 describes the variation of the floating gate voltage
(AVy,) in one of the NAND memory cells of FIG. 2 as a
function of the surrounding capacitances and voltages.

Cry(AV3 + AVy)
Cono + Crin + 2C pgx + 2C g, + 2C g

(Equation 1)

AVy =

As shown in Bquation 1, decreasing Cy,,, the capacitance
between adjacent floating gates 22 in the bitline direction,
results in a decrease in the variation of the floating gate
voltage (AV ). Therefore, a low Cg, improves the threshold
voltage distribution among the cell gates in the memory cell
array.

[0009] Equation 2 describes the floating gate voltage (V¢,)
of one of the memory cells of FIG. 2 as a function of the
surrounding voltages and capacitances.

Cono ¥ Vg + Crpx (VI + V2) +
Clry(Va + Vi) + Croee (Vs + V)
Cono + Crun +2Cgx +2C g, +2C g

(Equation 2)

Vig =

As shown in Equation 2, decreasing Cg, . results in an
increase in V. Consequently, the coupling ratio can be
increased and the speed performance of the device can be
improved.

[0010] From the analysis above, one method to improve
device performance as device density is increased is to
reduce the parasitic capacitance between adjacent floating
gates. Typically, the spaces between adjacent floating gates
are filled by an insulating layer whose dielectric constant is
a primary factor in determining the capacitance between the
adjacent floating gates. An insulating layer formed from a
material having a higher dielectric constant will cause
increased parasitic capacitance between adjacent gate struc-
tures. Consequently, it is desirable to form the dielectric
layer from the lowest dielectric constant material possible.

[0011] Table 1 is a list of the approximate dielectric
constants of several materials. Typical dielectric layers are
formed from silicon oxide or silicon nitride materials. As
shown in Table 1, these materials have dielectric constants
of approximately 3.9 and 7.8, respectively. Air, on the other
hand, has an approximate dielectric constant of 1.005.
Consequently, a substantial reduction in the parasitic capaci-
tance between adjacent gate structures can be achieved by
replacing the silicon oxide or nitride dielectric material
commonly used in semiconductor, e.g., memory structures
with air. Further, it is desired to fill as much of the space
between adjacent gates as possible with air, as opposed to
another dielectric material, to minimize the parasitic capaci-
tance.
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TABLE 1
Material Dielectric Constant
Vacuum 1

(By definition)

Air 1.005
Polyethylene 2.25
Paper 3
Silicon oxide 3.9
Silicon nitride 7.8
Rubber 7
Silicon 11.68
Methy! alcohol 30
‘Water 80
Barium Titanate 1200

[0012] One approach to reduce parasitic capacitance
between adjacent gate structures is disclosed in U.S. Pub-
lished Patent Application No. 20050023597 to Kutsukake et
al. (hereinafter referred to as “Kutsukake™). In Kutsukake,
air gaps are formed between gate structures simultaneously
with gate sidewall spacers due to the conformal dielectric
layer deposition process. Another approach is disclosed in
Korean Published Patent Application 2002-0081926, in
which air gaps are formed by depositing a thicker spacer
layer on an upper portion of gate sidewalls than on a bottom
portion thereof. One disadvantage of these approaches is
that the area between adjacent gates is largely filled with an
oxide dielectric layer with a relatively small air pocket.
Therefore, the parasitic capacitance between the gates is not
reduced as much as it would be if substantially the entire
area were filled by an air gap or pocket.

[0013] This disclosure overcomes this and other disadvan-
tages of previous approaches to minimizing the parasitic
capacitance between adjacent gate structures.

SUMMARY

[0014] This disclosure is directed to methods of forming
air gaps between adjacent gate structures that maximizes the
volume filled by the air gap in order to minimize the
parasitic capacitance between the gate structures, as well as
devices fabricated in accordance with the methods.

[0015] In one embodiment, a semiconductor device com-
prises at least two adjacent gate structures disposed on a
semiconductor substrate; and an air gap extending between
the gate structures, wherein the air gap is substantially
rectangular in cross-section.

[0016] In another embodiment, a semiconductor device
comprises at least two adjacent cell gate structures disposed
on a semiconductor substrate, the cell gate structures
adapted to store a charge; and a protection layer disposed on
opposing sidewalls of the at least two adjacent gate struc-
tures, the protection layer defining an air gap between the at
least two adjacent cell gate structures, the protection layer
having opposing vertical portions, each disposed between
the air gap and the opposing sidewalls of the at least two
adjacent gate structure, and a horizontal portion, disposed
between the air gap and the semiconductor substrate, the
vertical portions each having a substantially uniform thick-
ness.

[0017] As a result, the volume of the air gaps is maximized
and the width thereof made uniform in order to minimize the
parasitic capacitance and any variance therein between the
gate structures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The foregoing and other features and advantages of
the disclosure will become more apparent by describing in
detail exemplary embodiments thereof with reference to the
following drawings.

[0019] FIG. 1a is a circuit diagram of a typical NAND
flash memory array.

[0020] FIG. 15 is a plan view of a typical NAND flash
memory array corresponding to the schematic view of FIG.
la.

[0021] FIG. 1c is a cross-sectional view of a NAND flash
memory structure of FIG. 1 taken along the wordline direc-
tion.

[0022] FIG. 1d is a cross-sectional view of a NAND flash
memory structure of FIG. 1 taken along the bitline direction.

[0023] FIG. 2 is a perspective view of a NAND flash
memory structure showing various voltages and capaci-
tances associated with the structure.

[0024] FIG. 3 is a cross-sectional view of a non-volatile
memory structure in accordance with an embodiment of the
present invention.

[0025] FIGS. 4 through 10 are cross-sectional views illus-
trating a method of manufacturing a non-volatile memory
structure in accordance with some embodiments.

[0026] FIG. 11 is a graph showing experimental results of
programming speed for devices fabricated according to
some embodiments.

[0027] FIG. 12 is a plot of endurance characteristics for
various dielectric materials.

[0028] FIG. 13 is a plot of experimental results showing
the threshold voltage distribution in a NAND flash memory
for various dielectric materials.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

[0029] Example embodiments are described below with
reference to the accompanying drawings. Many different
forms and embodiments are possible without deviating from
the spirit and teachings of this disclosure and so the disclo-
sure should not be construed as limited to the example
embodiments set forth herein. Rather, these example
embodiments are provided so that this disclosure will be
thorough and complete, and will convey the scope of the
disclosure to those skilled in the art. In the drawings, the
sizes and relative sizes of layers and regions may be exag-
gerated for clarity.

[0030] Example embodiments are described herein with
reference to cross-section illustrations that are schematic
illustrations of idealized example embodiments (and inter-
mediate structures). As such, variations from the shapes of
the illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus,
example embodiments may not be construed as limited to
the particular shapes of regions illustrated herein but may be
to include deviations in shapes that result, for example, from
manufacturing.
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[0031] FIG. 3 is a partial cross-sectional view of a semi-
conductor device in accordance with an embodiment of the
present invention.

[0032] Referring to FIG. 3, a semiconductor device
includes a plurality of gate structures, e.g., a ground select
gate structure 127, a plurality of cell gate structures 126, a
string select gate structure 128, and a high voltage gate
structure 129. The gate structures may be fabricated on a
semiconductor substrate 100 with the ground select, cell,
and string select gate structures (127, 126, and 128, respec-
tively) formed in a cell region A of the substrate 100, and the
high voltage gate structure 129 formed in a peripheral region
B of the substrate 100. Although not shown, a low voltage
gate structure may also be formed in the peripheral region B.
Each gate structure may include a tunneling dielectric pat-
tern 121, a charge-storage layer 122, an inter-gate dielectric
layer 123, a control gate 124, and a hard mask 125 sequen-
tially stacked on the substrate 100. The cell gate structures
126 include the charge-storage layer 122 to store a charge
therein for programming. The charge-storage layer 122 may
be a polysilicon floating gate or a known charge-trap dielec-
tric layer formed of a material such as silicon nitride or
HfAIO. The charge-storage layer 122 may also be formed of
a material including silicon nano-crystals. The ground select
gate structure 127 and string select gate structure 128 each
have a butting contact 141 to allow direct electrical contact
through the gate structures to the charge-storage layer 122.

[0033] A protection layer 130 (refer briefly to FIG. 5) may
cover the gate structures (126, 127, 128, and 129) and the
substrate 100. Alternatively, the protection layer 130 may be
omitted depending on applications, which will be explained
further below.

[0034] A second insulation layer pattern 137 is disposed
between adjacent cell gate structures 126, between the
ground select gate structure 127 and a cell gate structure
126, and between the string select gate structure 128 and a
cell gate structure 126. The second insulation layer pattern
137 and the protection layer 130, if formed, may collectively
define a plurality of air gaps 134 between the adjacent gate
structures. The air gaps 134 may be substantially rectangular
in cross-section, as will be explained further below. The air
gaps 134 may be formed self-aligned with opposing side-
walls of the at least two adjacent gate structures.

[0035] An upper insulation layer 138 covers the gate
structures and the air gaps 134. The upper insulation layer
138 may seal the air gaps 134. A bottom portion of the upper
insulation layer 138 may overlie the top of the air gaps 134.

[0036] Thus, in accordance with one embodiment of the
invention, and as may be seen well in the cross-sectional
view of FIG. 3, the air gaps 134 are substantially rectangular
in cross-section, featuring preferably right-rectilinear sides
and sharp, about ninety-degree corners. Moreover, the
widths of rectangular air gaps 134 are highly uniform over
their height. As will be seen by reference to FIG. 11, the
performance of devices, especially the illustrated NAND
flash memory, made in accordance with some embodiments
of'the invention exhibit significantly higher operating speeds
than with prior art devices including those without an air gap
of substantially rectangular shape and uniform width
between adjacent gate structures.

[0037] Impurity regions 110 for forming source/drain
regions are disposed between the gate structures and below
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the air gaps 134. The high voltage gate structure 129 may
have associated impurity regions 113 including lightly
doped drains (LDD) 111 and highly doped regions 112.

[0038] According to one aspect of the invention, a top of
the cell gate structure 126 may be higher than a top of the
air gaps 134.

[0039] According to another embodiment, other combina-
tions of materials for forming the cell gate structures 126 and
the substrate 100 are also possible within the spirit and scope
of the present invention. For example, the cell gate structure
126 may be a SONOS cell gate structure that includes a
silicon oxide tunneling dielectric pattern on a silicon sub-
strate, a nitride (such as silicon nitride) charge-trap layer on
the tunneling dielectric pattern, a silicon oxide inter-gate
dielectric layer on the charge-trap layer, and a polysilicon
control gate on the inter-gate dielectric layer. As another
example, the cell gate structure 126 may be a SANOS cell
gate structure that includes a silicon oxide tunneling dielec-
tric pattern on a silicon substrate, a nitride (such as silicon
nitride) charge-trap layer on the tunneling dielectric pattern,
an aluminum oxide (Al,O,) inter-gate dielectric layer on the
charge-trap layer, and a polysilicon control gate on the
inter-gate dielectric layer. Yet another example would be a
TANOS cell gate structure, which comprises a silicon oxide
tunneling dielectric pattern on a silicon substrate, a silicon
nitride charge-trap layer on the tunneling dielectric pattern,
an aluminum oxide (Al,O,) inter-gate dielectric layer on the
charge-trap layer, and a tantalum nitride (TaN) control gate
on the inter-gate dielectric layer.

[0040] According to some embodiments, a gate group
comprises a ground select gate structure 127, a string select
gate structure 128, and a plurality of cell gate structures 126
disposed between the ground select gate structure 127 and
the string select gate structure 128. In addition, a common
source line 147 is formed adjacent the ground select gate
structure 127.

[0041] In accordance with some embodiments, the ground
select gate structure 127 and the string select gate structure
128 each have a first sidewall facing the cell gate structures
126 and a second sidewall opposite the first sidewall. The
second insulation layer pattern 137, the protection layer 130,
or both may be formed on the first sidewalls, but may not be
placed on some or all of the second sidewalls.

[0042] With no protection layer 130 and/or the second
insulation layer pattern 137 disposed on the second sidewall
of the string select gate structure 128 facing (adjacent) a bit
line contact 146 in a direct contact (DC) region, voids
leading to shorts in the DC region, particularly between the
bit line contacts 146 can be avoided. Further, when there is
no protection layer 130 and/or second insulation layer
pattern 137 disposed on the second sidewall of the ground
select gate structure 127 facing the common source line 147,
the devices can be further scaled down without reducing the
width of the common source line 147. This prevents resis-
tance from being increased in the area of the common source
line 147.

[0043] Also, the second insulation layer pattern 137 may
be or may not be placed on either sidewall of the high
voltage gate structure 129 depending on applications.

[0044] As discussed in the background, it is desirable to
maximize the volume of the air gaps 134 between adjacent
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charge-storage layers 122 in order to minimize the parasitic
capacitances. To accomplish this, the air gap 134 may be
substantially rectangular in cross-section. Also, the air gap
134 may have a substantially uniform width along most if
not all of their height. The width of each air gap 134 may be
measured from one sidewall of the air gap 134 to the
opposite sidewall of the air gap 134 along the direction
parallel to the plane of the substrate 100. In order to have a
substantially uniform width, the air gaps 134 may have
substantially vertical sidewalls with respect to the substrate
100. The air gaps 134 may also have substantially horizontal
tops and bottoms. The air gaps 134 may extend along
substantially the entire sidewalls of the charge-storage layer
patterns 122. In other words, the air gaps 134 may extend
vertically from the substrate 100 to an extent greater than or
equal to the vertical extent of the charge-storage layers 122.
However, the air gaps 134 may not need to extend along the
entire sidewalls of the charge-storage layer patterns 122
depending on applications.

[0045] Those of skill in the art will appreciate that the
substantially uniform width of the air gaps 134 in accor-
dance with one embodiment of the invention, while mini-
mizing parasitic capacitance due to greater air gap volume,
also minimizes any variation in parasitic capacitance over
most if not all of the height of the air gap. This is due to the
verticality of the sidewalls and due to the uniformity of
width of the air gaps that produces the substantially rectan-
gular cross-section of the air gaps 134. Unlike with prior art
devices featuring curved or tapered sidewalls of variable
width that produce air gaps of inversely variable width, the
invented devices have air gaps 134 the dielectric value of
which is substantially the same over the substantial height of
the air gaps 134. This minimizes variation in parasitic
capacitance at various heights or near various irregular
features of the air gaps 134 and their surrounding sidewalls
that undesirably produce more parasitic capacitance near the
tops and bottoms of the air gaps than near the middles of the
air gaps as typified by the prior art teardrop-shaped or oval
air gaps). Thus, with features of the present invention, the
reliability of the semiconductor devices can be substantially
improved.

[0046] According to some embodiments the protection
layer 130 may be formed conformally on the sidewalls of the
gate structures, e.g., 126 and on the substrate 100 so as to
form the sidewalls and bottoms of the air gaps 134. Vertical
portions of the protection layer 130, disposed on opposing
sidewalls of adjacent gate structures thereby defining the
sidewalls of the air gaps 134, may have a substantially
uniform thickness throughout the vertical extent of the air
gaps 134. Horizontal portions of the protection layer 130,
defining the bottoms of the air gaps 134, may have a
substantially uniform thickness as well.

[0047] According to some other aspects of the present
invention, the thickness of the vertical portions and the
horizontal portions may be substantially the same. The inner
sidewall of the vertical portions may form an approximately
90 degree angle with a top surface of the horizontal portions.
The vertical portions of the protection layer 130 may be said
to have an inner sidewall and an outer sidewall, the outer
sidewall adjoining the sidewalls of the gate structures, and
the inner sidewall may be substantially parallel with the
sidewalls of the gate structures.
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[0048] In accordance with some embodiments, the second
insulation layer pattern 137 and the protection layer 130 may
form a spacer layer pattern on the sidewalls of the gate
structures, e.g., 126. In this case, the spacer layer pattern
may include an upper portion and a lower portion. And the
lower portion may have a substantially uniform thickness
along substantially the entire sidewalls of the gate structures.
If the protection layer 130 is not used, the second insulation
layer pattern 137 alone forms the spacer layer pattern on an
upper portion of the sidewalls of the gate structures. In this
case, the spacer layer pattern may not be formed between the
air gaps 134 and the sidewalls of the gate structures. In other
words, the sidewalls of the gate structures may directly
define the sidewalls of the air gaps 134. Thus, if the
protection layer 130 is not formed, the air gaps 134 may be
primarily defined by the opposing sidewalls of the gate
structure, e.g. 126 and the second insulation layer pattern
137.

[0049] Further, if the protection layer 130 is not used to
form the air gaps 134, the inter-gate dielectric layer 123 has
an etch selectivity with respect to the first insulation layer
132 as will be further explained below in conjunction with
FIGS. 5-6.

[0050] The spacer layer pattern may overhang a portion of
the tops of the air gaps 134. The upper insulation layer 138
may cover the remaining portion of the tops of the air gaps
134. The protection layer pattern 130 may also not be
formed between bottoms of the air gaps 134 and the sub-
strate 100. In other words, the substrate 100 may directly
define the bottoms of the air gaps 134.

[0051] FIGS. 4 through 10 are cross-sectional views illus-
trating a method of manufacturing a semiconductor device
in accordance with some embodiments of the present inven-
tion.

[0052] Referring to FIG. 4, manufacturing a semiconduc-
tor device, e.g., a flash memory structure includes forming
a ground select gate structure 127, a string select gate
structure 128, and a plurality of cell gate structures 126,
between the ground select gate structure 127 and the string
select gate structure 128, on a cell region A of a semicon-
ductor substrate 100, and forming a high voltage gate
structure 129 or a low voltage gate structure (not shown) on
a peripheral region B of the substrate 100. The gate struc-
tures each may include a tunneling dielectric pattern 121, a
charge-storage layer 122, an inter-gate dielectric layer 123,
a control gate 124, and a hard mask 125, which are sequen-
tially stacked. The hard mask 125 may comprise high-
temperature oxide (HTO), nitride or other suitable material.
The gate structures are then used as implantation masks for
self-aligned formation of source/drain regions 110 in the cell
region A and LDD regions 111 in the peripheral region B.

[0053] Referring to FIG. 5, a protection layer 130 may be
conformally formed over the gate structures and the sub-
strate 100, thereby covering the top and the sidewalls of the
gate structures. Then, a first insulation layer 132 may be
formed over the protection layer 130. The protection layer
130 may act as an etch stop layer during subsequent etch
processes. The protection layer 130 may have an etch
selectivity with respect to the first insulation layer 132. As
an example, the protection layer 130 may be, but not limited
to, a silicon nitride layer and the first insulation layer 132
may be a silicon oxide layer, for example. Specifically, the
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first insulation layer 132 may be a medium temperature
oxide (MTO) layer deposited by a low pressure chemical
vapor deposition (LPCVD) process, for instance. Also, the
protection layer 130 may comprise any material having an
etch selectivity with the first insulation layer 132.

[0054] According to some embodiments though, the pro-
tection layer 130 may not be formed, in which case, the first
insulation layer 132 be directly formed on the top and the
sidewalls of the gate structures. In this case, the inter-gate
dielectric layer 123 may have an etch selectivity with the
first insulation layer 132.

[0055] Referring to FIG. 6, a portion of the first insulation
layer 132 is then removed, e.g., etched to form a first
insulation layer pattern 133. The etching of the first insula-
tion layer 132 may expose a region of the sidewalls of the
gate structures. The first insulation layer pattern 133 is thus
formed on the sidewalls of the gate structures and above the
source/drain regions 110. In other words, the first insulation
layer pattern 133 extends between the adjacent gate struc-
tures. If the protection layer 130 is used, it remains on the
tops and sidewalls of the gate structures and on the substrate
100 after the etching of the first insulation layer 132 as
shown.

[0056] Referring to FIG. 7, a photoresist pattern 135 may
be formed covering the cell region A. Impurity regions 113
are then formed around the high voltage gate structure 129
by forming highly-doped regions 112 in addition to the
already-formed LDD regions 111 in the peripheral region B.
The highly-doped regions 112 may be formed by ion
implantation using the high voltage gate structure 129 and
the first insulation layer pattern 133 as an implantation mask.

[0057] Referring to FIGS. 8 and 9, the photoresist pattern
135 is removed using conventional techniques such as
ashing. Then, a second insulation layer 136 is formed over
the protection layer 130 (if used) and the first insulation
layer pattern 133. The second insulation layer 136 is par-
tially etched or etched back to form the second insulation
layer pattern 137. The second insulation layer pattern 137
has an opening 131 to expose an upper surface of the first
insulation layer pattern 133. If the protection layer 130 is
used, the etching of the second insulation layer 136 may
include an etching of a portion of the protection layer 130,
thereby exposing the top and a portion of the sidewalls of the
hard mask 125.

[0058] Referring to FIG. 10, the first insulation layer
pattern 133 is then selectively removed by, for example,
etching through the opening 131 defined by the second
insulation layer pattern 137, to form the air gaps 134. The air
gaps 134 are substantially rectangular in cross-section to
maximize the size of the air gap 134 and to minimize the
adverse effect of parasitic capacitance between adjacent gate
structures (and, as indicated above, further to minimize
variances in any parasitic capacitance, i.e. to render uniform
the parasitic capacitance, therebetween over the substantial
height of the air gap 134).

[0059] If the protection layer 130 is used, the protection
layer 130 may define the sidewalls and bottoms of the air
gaps 134. In this case, the air gaps 134 may be substantially
surrounded by the protection layer 130 and the second
insulation layer pattern 137. If the protection layer 130 is not
used, the gate structures may directly define the sidewalls of
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the air gaps 134 and the substrate 100 may directly define the
bottoms of the air gaps 134 as discussed above.

[0060] Wet etching may be used to remove the first
insulation layer pattern 133. For example, hydrofluoric acid
may be used to etch the first insulation layer pattern 133. The
second insulation layer pattern 137 and/or the protection
layer 130 may act as an etch stop during the process for
removing the first insulation layer pattern 133.

[0061] Once the first insulation layer pattern 133 has been
removed, a portion of the second insulation layer pattern 137
may form an overhang over the tops of the air gaps 134. If
the protection layer 130 is used, it will prevent the gate
structure, particularly the inter-gate dielectric layer 123 from
being etched while the first insulation layer pattern 133 is
removed, e.g., etched. If the protection layer 130 is not used,
it is desirable that the inter-gate dielectric layer 123 have an
etch selectivity with respect to the first insulation layer
pattern 133 to protect itself from the etchant, as discussed
above.

[0062] According to one aspect of the invention, any
remaining portions of the second insulation layer pattern 137
and/or the protection layer 130 may be removed from one
sidewall of the string select gate structure 128 and one
sidewall of the ground select gate structure 127 as discussed
above with reference to FIG. 3 although not illustrated. For
example, in the cell region A, a region between adjacent
string select gate structures 128, i.e., a DC region in which
the bit line contact 146 is formed, may be opened while other
regions are covered by, for example, a photoresist pattern.
Then, the spacer layer pattern, i.e., the protection layer 130
and/or the second insulation layer pattern 137 may be
selectively removed from one of the sidewalls of the string
select gate structures 128 in the DC region by, for example,
wet etching using phosphoric acid or dry etching. As a result,
the spacer layer pattern is formed selectively not to extend
along one of the sidewalls of the string select gate 128
adjacent the bit line contact 146.

[0063] In addition, the spacer layer pattern, i.e., the pro-
tection layer 130 and/or the second insulation layer pattern
137, may be selectively removed from one of the sidewalls
of the ground select gate structure 127 near the common
source line 147, using the immediately-above described
method. As a result, the spacer layer pattern is formed
selectively not to extend along one of the sidewalls of the
ground select gate structure 127 facing the common source
line 147.

[0064] Also, in the peripheral region B, the spacer layer
pattern may also be selectively removed from the high
voltage gate structure 129 or the low voltage structure using
the above method described to remove the spacer layer
pattern in the cell region A. However, the spacer layer
pattern may remain in the peripheral region B.

[0065] Referring again to FIG. 3, an interlayer insulation
layer 138 is then formed to cover the gate structures and the
air gaps 134. Therefore, a bottom portion of the interlayer
insulation layer directly overlies a top of the air gaps 134.

[0066] Afterwards, although not shown, a bit line is
formed on the resulting structure to be coupled to one of the
plurality of impurity regions 110 via the bit line contact 146
adjacent the string select gate structure 128 from which the
spacer layer pattern is removed
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[0067] FIG. 11 is a graph showing experimental results of
programming speed for devices fabricated according to
some embodiments of the present invention.

[0068] Referring to FIG. 11, NAND flash structures were
formed and tested using various dielectric materials between
adjacent gate structures. The program voltage was estimated
to be about 20V. The experimental results show that higher
programming speed was achieved for the device structures
having an air gap according to some embodiments, than
either of the conventional silicon oxide or nitride materials
without such an air gap between gate structures.

[0069] FIG. 12 is a plot of endurance characteristics for
various dielectric materials.

[0070] Referring to FIG. 12, the plot compares the endur-
ance characteristics of a 1 Gbit NAND flash memory cell
having a rectangular air gap defined between adjacent gate
structures to cells using silicon nitride (SiN) or oxide filled
between the gate structures without such an air gap. The plot
shows that after extensive program/erase (P/E) cycling,
negligible difference in the V,, distribution between the
device fabricated according to some embodiments of the
present invention and the cells having silicon nitride (SiN)
or oxide filled between the gate structures without such an
air gap is observed. Therefore, the endurance characteristics
of'the cell are not degraded by having an air gap as discussed
above as opposed to the conventional structures.

[0071] FIG. 13 is a plot of experimental results showing
the threshold voltage distribution in a 1 Gbit NAND flash
memory for various dielectric materials.

[0072] Referring to FIG. 13, the plot compares the cell
threshold voltage (V,,) distribution of a 1 Gbit NAND flash
memory cell using a single pulse program. The plot shows
that the V,, distribution is dramatically improved with the
cells formed according to some embodiments of the present
invention as opposed to the cells formed using prior art
methods having oxide or silicon nitride (SiN) filled between
gate structures without air gaps. This improvement in V,,
distribution is believed to be due to the improved floating
gate voltage shift with the air gap.

[0073] Semiconductor devices, e.g., non-volatile memory
devices formed according to some of the embodiments
described herein can be used in various electronic systems
such as cellular phones, digital cameras, digital televisions,
and video game systems. Additionally, the memory devices
can be used in various types of memory cards such as
Compact Flash, Memory Stick, xD Picture Card, Smart
Media, and other multimedia card types. Further, non-
volatile memory devices may be operatively coupled with
other types of semiconductor devices, such as dynamic
random access memory (DRAM) devices and/or micropro-
cessors, in the foregoing applications. In some cases, a
non-volatile memory such as a NAND flash memory device
and a DRAM device may be incorporated together in a
single integrated circuit (IC) package, also known as a ND
chip.

[0074] The foregoing description is illustrative and is not
to be construed as limiting of the disclosure. Although a few
example embodiments have been described, those skilled in
the art will readily appreciate that many modifications are
possible in the example embodiments without materially
departing from the novel teachings and advantages of the
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disclosure. For example, the embodiments have been
described with respect to NAND flash memory applications,
but the inventive principles could also be applied to other
types of memory devices, such as NOR-type flash memo-
ries. Accordingly, all such modifications are intended to be
included within the scope of the disclosure as defined in the
claims.

1. A semiconductor device comprising:

at least two adjacent gate structures disposed on a semi-
conductor substrate, the at least two adjacent gate
structures having an air gap defined therebetween, the
air gap being substantially rectangular in cross-section.
2. The device of claim 1, wherein the air gap is formed
self-aligned with opposing sidewalls of the at least two gate
structures.
3. A semiconductor device comprising:

at least two adjacent cell gate structures disposed on a
semiconductor substrate, the cell gate structures
adapted to store a charge; and

a protection layer disposed on opposing sidewalls of the
at least two adjacent gate structures, the protection
layer defining an air gap between the at least two
adjacent cell gate structures, the protection layer having
opposing vertical portions, each disposed between the
air gap and the opposing sidewalls of the at least two
adjacent gate structures, and a horizontal portion, dis-
posed between the air gap and the semiconductor
substrate, the vertical portion having a substantially
uniform thickness.

4. The device of claim 3, wherein the horizontal portion
of the protection layer is formed conformally on the semi-
conductor substrate so as to have a substantially uniform
thickness.

5. The device of claim 3, wherein the vertical portion of
the protection layer has an inner sidewall and an outer
sidewall opposite the inner sidewall, the outer sidewall
adjoining the sidewalls of the gate structures, the inner
sidewall being substantially parallel with the sidewalls of the
gate structures.

6. The device of claim 3, wherein the thickness of the
vertical portion is substantially equal to the thickness of the
horizontal portion.

7. The device of claim 3, wherein the gate structures each
comprise a tunneling dielectric pattern, a charge-storage
layer, an inter-gate dielectric, a control gate, which are
sequentially stacked, the air gap extending between adjacent
charge-storage layers.

8. The device of claim 7, wherein the charge-storage layer
is a charge-trap dielectric layer or a polysilicon floating gate.

9. The device of claim 3, wherein the gate structures
include a tunnel oxide layer, a nitride layer, another oxide
layer, and a polysilicon layer, which are sequentially formed,
to form a SONOS cell gate structure.

10. The device of claim 3, wherein the gate structures
include a tunnel oxide layer, a nitride layer, an Al,O; layer,
and a TaN layer, which are sequentially formed, to form a
TANOS cell gate structure.

11. The device of claim 3, wherein the gate structures
include a tunnel oxide layer, a nitride layer, an Al,O; layer,
and a polysilicon layer, which are sequentially formed, to
form a SANOS cell gate structure.
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12. The device of claim 3, further comprising an interlayer
insulation layer sealing the air gap.

13. The device of claim 12, wherein a bottom portion of
the interlayer insulation layer directly overlies a top of the
air gap.

14. The device of claim 2, wherein an inner sidewall of the
vertical portion and a top surface of the horizontal portion
form an approximately 90 degree angle.

15. A semiconductor device comprising:

at least two adjacent memory cell gate structures disposed

on a semiconductor substrate, the at least two adjacent

memory cell gate structures having an air gap disposed

therebetween, the air gap having a substantially uni-
form width over its height.

16. The semiconductor device of claim 15, wherein the
cell gate structures each include:

a tunneling dielectric pattern;

a charge-storage layer disposed on the tunneling dielectric
pattern;

an inter-gate dielectric layer disposed on the charge-
storage layer; and

a control gate disposed on the inter-gate dielectric layer,

wherein the air gap extends along at least a substantially

entire sidewall of the charge-storage layer.

17. The semiconductor device of claim 16, wherein the
charge-storage layer comprises a material chosen from
nitride, polysilicon, and silicon nano-crystals.

18. The device of claim 16, wherein a top of the cell gate
structure is higher than a top of the air gap.

19. A non-volatile semiconductor memory device com-
prising:

a semiconductor substrate comprising:
a cell region; and
a peripheral region;

aplurality of gate structures formed on the cell region, the
plurality of gate structures including:

a ground select gate and a string select gate disposed on
the cell region, the ground select gate and the string
select gate spaced apart from each other; and

a plurality of cell gate structures disposed between the
ground select gate and the string select gate, wherein
each cell gate structure comprises:

a tunneling dielectric pattern on the semiconductor
substrate;

a charge-storage layer disposed on the tunneling
dielectric pattern;

an inter-gate dielectric layer disposed on the charge-
storage layer; and

a control gate disposed on the inter-gate dielectric
layer;

a spacer layer pattern disposed on opposing sidewalls of
the plurality of gate structures, the spacer layer pattern
defining a plurality of air gaps between adjacent gate
structures, wherein the air gaps are substantially rect-
angular in cross-section;
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an interlayer insulation layer disposed so as to cover the
ground select gate, the string select gate, the plurality of
cell gate structures, and the plurality of air gaps; and

a plurality of impurity regions disposed below the air gaps
and between the gate structures; and

a bit line overlying the interlayer insulation layer, the bit
line coupled to one of the plurality of impurity regions
via a bit line contact.

20. The device of claim 19, wherein the spacer layer
pattern is formed selectively not to extend along one of the
sidewalls of the string select gate adjacent the bit line
contact.

21. The device of claim 20, further comprising a common
source line disposed adjacent the ground select gate,
wherein the spacer layer pattern is formed selectively not to
extend along one of the sidewalls of the ground select gate
facing the common source line.

22. The device of claim 19, wherein the spacer layer
pattern comprises an upper portion and a lower portion, the
lower portion having a substantially uniform thickness along
substantially the entire sidewalls of the gate structures.

23. The device of claim 22, wherein the upper portion of
the spacer layer pattern overhangs the tops of the air gaps
and the interlayer insulation layer covers the remaining
portion of the tops of the air gaps.

24. A method comprising:

forming at least two adjacent gate structures on a semi-
conductor substrate;

forming a first insulation layer pattern covering a portion
of opposing sidewalls of the at least two adjacent gate
structures, the first insulation layer pattern extending
between the at least two adjacent gate structures;

forming a second insulation layer pattern over a portion of
the first insulation layer pattern between the at least two
adjacent gate structures, wherein the second insulation
layer pattern having an opening to expose a top surface
of the first insulation layer pattern; and

removing the first insulation layer pattern, thereby form-
ing an air gap between the at least two adjacent gate
structures.
25. The method of claim 24, wherein forming a first
insulation layer pattern comprises:

forming a first insulation layer covering the top and the
sidewalls of the gate structures; and

etching a portion of the first insulation layer so as to
expose the portion of the sidewalls of the gate struc-
tures.

26. The method of claim 24, wherein the gate structure
comprises a charge-storage layer, an inter-gate dielectric
layer, and a control gate, the first insulation layer having an
etch selectivity with respect to the inter-gate dielectric layer.

27. The method of claim 24, wherein forming a second
insulation layer pattern comprises:

forming a second insulation layer over the first insulation
layer pattern; and

partially etching the second insulation layer to expose the
top surface of the first insulation layer.
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28. The method of claim 24, which further comprises
forming a protection layer on a top and the sidewalls of the
at least two adjacent gate structures before forming the first
insulation layer pattern.

29. The method of claim 28, wherein the protection layer
has an etch selectivity with respect to the first insulation
layer pattern.

30. The method of claim 24, which further comprises
forming an interlayer insulation layer directly overlying the
air gap.

31. A method of manufacturing a semiconductor device
comprising:

forming at least two adjacent cell gate structures on a
semiconductor substrate;

forming a protection layer covering a top and sidewalls of
the at least two cell gate structures;

forming a first insulation layer overlying the protection
layer;

etching a portion of the first insulation layer to form the
first insulation layer pattern that exposes a portion of
the sidewalls of the gate structures;

forming a second insulation layer over the first insulation
layer and the exposed sidewalls of the gate structures;

etching a portion of the second insulation layer to form a
second insulation layer pattern having an opening that
exposes an upper surface of the first insulation layer;
and

removing the first insulation layer pattern, using the
second insulation layer pattern and the protection layer
as a mask, thereby forming an air gap between the
sidewalls of the at least two adjacent gate structures.

32. The method of claim 31, wherein the air gap is
substantially rectangular in cross-section.

33. The method of claim 31, wherein each gate structure
comprises a tunneling dielectric layer, a charge-storage
layer, an inter-gate dielectric layer, and a control gate, which
are sequentially formed on the semiconductor substrate, the
air gap extending along substantially the entire sidewalls of
the charge-storage layer.

34. The method of claim 31, wherein the first insulation
layer has an etch selectivity with respect to both the pro-
tection layer and the second insulation layer pattern.

35. The method of claim 31, wherein the first insulation
layer comprises silicon oxide, and wherein the protection
layer and the second insulation layer pattern each comprise
silicon nitride such that the air gap is substantially sur-
rounded by the protection layer and the second insulation
layer pattern.

36. The method of claim 31, wherein removing the first
insulation layer pattern comprises a wet etching process.

37. The method of claim 36, wherein the wet etching
process comprises hydrofluoric acid.

38. A method of manufacturing a semiconductor memory
device, the method comprising:

forming a tunneling dielectric pattern on a semiconductor
substrate having a cell region and a peripheral region;

forming a plurality of gate structures formed on the cell
region, the plurality of gate structures including:

a ground select gate and a string select gate disposed on
the cell region, the ground select gate and the string
select gate spaced apart from each other; and
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a plurality of cell gate structures disposed between the
ground select gate and the string select gate, wherein
each cell gate structure comprises:

a tunneling dielectric pattern on the semiconductor
substrate;

a charge-storage layer disposed on the tunneling
dielectric pattern;

an inter-gate dielectric layer disposed on the charge-
storage layer; and

a control gate disposed on the inter-gate dielectric
layer;

forming spacer layer patterns on opposing sidewalls of the
plurality of gate structures, the spacer layer patterns
defining a plurality of air gaps between adjacent gate
structures, wherein the air gaps are substantially rect-
angular in cross-section;

forming an interlayer insulation layer to cover the ground
select gate, the string select gate, the plurality of cell
gate structures, and the plurality of air gaps; and

forming a bit line coupled to one of the plurality of
impurity regions via a bit line contact adjacent the
string select gate where one of the spacer layer patterns
is removed.

39. The method of claim 38, which further comprises
selectively removing one of the spacer layer patterns from
one sidewall of the string select gate opposite another
sidewall facing the cell gate structure;

40. The method of claim 39, wherein selectively remov-
ing comprises using a wet etching process or dry etching.

41. The method of claim 40, wherein the wet etching uses
a phosphoric acid.

42. The method of claim 39, which further comprises:

forming a common source line adjacent the ground select
gate; and

selectively removing one of the spacer layer patterns from
one sidewall of the ground select gate opposite another
sidewall facing the common source line;

43. A system comprising:
a dynamic random access memory (DRAM) device; and

a non-volatile memory device, the non-volatile memory
device comprising:

a plurality of cell gate structures; and

an air gap disposed between adjacent cell gate struc-
tures in the plurality of cell gate structures, wherein
the air gap is substantially rectangular in cross-
section.

44. The system of claim 43, further comprising a micro-
processor operatively coupled to the DRAM device and the
non-volatile memory device.

45. The system of claim 43, wherein the DRAM device
and the non-volatile memory device are disposed in a single
integrated circuit (IC) package.

46. The system of claim 43, wherein the air gap has a
substantially uniform width over its height.

#* #* #* #* #*
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