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VERTICAL NAND DEVICE WITH SHARED
WORD LINE STEPS

FIELD

[0001] The present invention relates generally to the field of
semiconductor devices and specifically to three dimensional
vertical NAND strings and other three dimensional devices
and methods of making thereof.

BACKGROUND

[0002] Three dimensional vertical NAND strings are dis-
closed in an article by T. Endoh, et. al., titled “Novel Ultra
High Density Memory With A Stacked-Surrounding Gate
Transistor (S-SGT) Structured Cell”, IEDM Proc. (2001)
33-36. However, this NAND string provides only one bit per
cell. Furthermore, the active regions of the NAND string is
formed by a relatively difficult and time consuming process
involving repeated formation of sidewall spacers and etching
ofaportion of the substrate, which results in a roughly conical
active region shape.

SUMMARY

[0003] An embodiment relates to a memory device which
includes a memory cell array having a first side and a second
side and a stepped word line contact region located between
the first side and the second side of the memory array. A first
word line stair pattern is located in the stepped word line
contact region adjacent to the first side of the memory array
and a second word line stair pattern located in the stepped
word line contact region adjacent to the second side of the
memory array. A peripheral device region located in the
stepped word line contact region between the first and the
second word line stair patterns.

[0004] In one embodiment, a circuit containing peripheral
devices in the peripheral device region is electrically con-
nected to word line contacts in both the first word line stair
pattern and in the second word line stair pattern, and the
stepped word line contact region does not contain any dummy
word line stair patterns.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIGS. 1A-1B are respectively side cross sectional
and top cross sectional views of a NAND string of one
embodiment. FIG. 1A is a side cross sectional view of the
device along line Y-Y' in FIG. 1B, while FIG. 1B is a side
cross sectional view of the device along line X-X' in FIG. 1A.
[0006] FIGS. 1C-1D are respectively side cross sectional
and top cross sectional views of a NAND string of another
embodiment. FIG. 1C is a side cross sectional view of the
device along line Y-Y" in FIG. 1D, while FIG. 1D is a side
cross sectional view of the device along line X-X'in FIG. 1C.
[0007] FIG. 2A is a top cross sectional view of a memory
block of an embodiment of the invention. FIGS. 2B and 2C
are side cross sectional views of the memory block of FIG. 2A
along the bit line and word line directions, respectively. FIG.
2B is a side cross sectional view of the device along line B-B'
in FIG. 2A, while FIG. 2C is a side cross sectional view of the
device along line W-W' in FIG. 2A.

[0008] FIG.3A is a schematic top view of a memory block
of FIG. 2A showing the location of the bit lines. FIG. 3B is a
composite bit line and word line side cross sectional view of
the memory block of FIG. 3A along line W1-W2 in the word
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line direction, then line W2-B1 in the bit line direction and
then line W2-W3 in the word line direction.

[0009] FIG. 3C is another composite bit line and word line
side cross sectional view of the memory block of FIG. 3A
along line W1-W2 in the word line direction, then line W2-B1
in the bit line direction and then line W2-W3 in the word line
direction. FIGS. 3D and 3E are respective top cross sectional
views along lines P-P' and Q-Q' shown in FIG. 3C for the
respective memory and lower select gate device levels.
[0010] FIGS. 4, 5A and 5B are schematic top views of a
memory device containing plural memory blocks according
to embodiments of the invention.

[0011] FIGS. 6-10,11B,12-144,45B, 46-54, 55A-55F, and
56-60 are side cross sectional views illustrating steps in an
embodiment method of making the device illustrated in
FIGS. 2, 3, 4 and 5 along line W1-W2 in the word line
direction, then line W2-B1 in the bit line direction and then
line W2-W3 in the word line direction. FIGS. 11A and 45A
are top views of the steps shown in FIGS. 11B and 45B,
respectively.

[0012] FIG. 61A shows an expanded top view of the
memory device of FIG. 60. FIGS. 61B and 61C are respective
side cross sectional views along lines A-A and B-B, respec-
tively, in FIG. 61A.

[0013] FIG. 62A shows an expanded top view of the
memory device of another embodiment of the invention.
FIGS. 62B and 62C are respective side cross sectional views
along lines A-A and B-B, respectively, in FIG. 62A.

[0014] FIGS. 63A and 63B illustrate side cross sectional
views of method steps that may be used to make the devices
of FIGS. 61A-61C and 62A-62C, respectively.

DETAILED DESCRIPTION

[0015] The embodiments of the invention provide a select
gate transistor for a NAND device where the semiconductor
channel is located adjacent to at least three sides of the select
gate electrode, such as the bottom side and at least two side-
walls of the select gate electrode. The embodiments of the
invention provide a longer semiconductor channel with a
more reliable, higher quality gate insulating layer and a low
resistance metal select gate in the select gate transistor. In one
embodiment, at least one vertical portion of the channel com-
prises epitaxial, single crystalline silicon. This leads to a
higher performance bottom select gate transistor in a vertical
NAND device compared to lower performance prior art bot-
tom select gate transistor containing a shorter polysilicon
channel, a lower quality gate insulating layer, and high resis-
tance polysilicon select gate electrode.

[0016] Invarious embodiments, the select gate transistor is
part of a monolithic, three dimensional array of memory
devices, such as an array of vertical NAND strings. The
NAND strings are vertically oriented, such that at least one
memory cell is located over another memory cell. The array
allows vertical scaling of NAND devices to provide a higher
density of memory cells per unit area of silicon or other
semiconductor material.

[0017] A monolithic three dimensional memory array is
one in which multiple memory levels are formed above a
single substrate, such as a semiconductor wafer, with no
intervening substrates. The term “monolithic” means that
layers of each level of the array are directly deposited on the
layers of each underlying level of the array. In contrast, two
dimensional arrays may be formed separately and then pack-
aged together to form a non-monolithic memory device. For
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example, non-monolithic stacked memories have been con-
structed by forming memory levels on separate substrates and
adhering the memory levels atop each other, as in Leedy, U.S.
Pat. No. 5,915,167, titled “Three Dimensional Structure
Memory.” The substrates may be thinned or removed from the
memory levels before bonding, but as the memory levels are
initially formed over separate substrates, such memories are
not true monolithic three dimensional memory arrays.
[0018] In some embodiments, the monolithic three dimen-
sional NAND string 150 comprises lower 50 and upper 60
select gate device levels located below and above the memory
device levels 70, as shown in FIG. 3B. The memory device
levels 70 include a semiconductor channel 1 having at least
one end portion extending substantially perpendicular to a
major surface 100a of a substrate 100, as shown in FIGS. 1A
and 1C. For example, the semiconductor channel 1 may have
a pillar shape in the memory device levels 70 and the entire
pillar-shaped semiconductor channel in the memory device
levels 70 extends substantially perpendicularly to the major
surface of the substrate 100, as shown in FIGS. 1A and 1C. In
these embodiments, the source/drain electrodes of the device
can include a first electrode 102 and a second electrode 103
formed over the semiconductor channel 1, as shown in FIGS.
1A and 1C. The NAND string’s select or access transistors are
notshown in FIGS. 1A-1D for clarity and will be described in
more detail below with reference to additional figures.
[0019] Insomeembodiments, the semiconductor channel 1
may be a filled feature, as shown in FIGS. 1C and 1D. In some
other embodiments, the semiconductor channel 1 may be
hollow, for example a hollow cylinder filled with an insulat-
ing fill material 2, as shown in FIGS. 1A and 1B. In these
embodiments, an insulating fill material 2 may be formed to
fill the hollow part surrounded by the semiconductor channel
1.

[0020] The substrate 100 can be any semiconducting sub-
strate known in the art, such as monocrystalline silicon, IV-IV
compounds such as silicon-germanium or silicon-germa-
nium-carbon, I1I-V compounds, II-VI compounds, epitaxial
layers over such substrates, or any other semiconducting or
non-semiconducting material, such as silicon oxide, glass,
plastic, metal or ceramic substrate. The substrate 100 may
include integrated circuits fabricated thereon, such as driver
circuits for a memory device.

[0021] Any suitable semiconductor materials can be used
for semiconductor channel 1, for example silicon, germa-
nium, silicon germanium, or other compound semiconductor
materials, such as I1I-V, II-VI, or conductive or semiconduc-
tive oxides, etc. The semiconductor material may be amor-
phous, polycrystalline or single crystal. The semiconductor
channel material may be formed by any suitable deposition
methods. For example, in one embodiment, the semiconduc-
tor channel material is deposited by low pressure chemical
vapor deposition (LPCVD). In some other embodiments, the
semiconductor channel material may be arecyrstallized poly-
crystalline semiconductor material formed by recrystallizing
an initially deposited amorphous semiconductor material.
[0022] The insulating fill material 2 may comprise any
electrically insulating material, such as silicon oxide, silicon
nitride, silicon oxynitride, or other high-k insulating materi-
als.

[0023] The channels 1 are electrically connected to source
and drain electrodes 102, 103 which are schematically shown
in FIGS. 1A and 1C. More detailed description of the elec-
trodes will be provided with respect to FIGS. 2-4 below.
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[0024] The monolithic three dimensional NAND strings
150 in memory device levels 70 further comprise a plurality
of control gate electrodes 3, as shown in FIGS. 1A-1D. The
control gate electrodes 3 may comprise a portion having a
strip shape extending substantially parallel to the major sur-
face 100a of the substrate 100. The plurality of control gate
electrodes 3 comprise at least a first control gate electrode 3a
located in a first device level (e.g., memory device level A)
and a second control gate electrode 35 located in a second
device level (e.g., memory device level B) located over the
major surface 1004 of the substrate 100 and below the device
level A. The control gate material may comprise any one or
more suitable conductive or semiconductor control gate
material known in the art, such as doped polysilicon, tung-
sten, copper, aluminum, tantalum, titanium, cobalt, titanium
nitride, alloys thereof or combination of these materials.
[0025] A blocking dielectric 7 is located adjacent to the
control gate(s) 3 and may surround the control gate 3. The
blocking dielectric 7 may comprise one or more layer having
plurality of blocking dielectric segments located in contact
with arespective one of the plurality of control gate electrodes
3. Alternatively, the blocking dielectric may comprises one or
more continuous layers which extend the entire length of the
memory cell portion of the NAND string.

[0026] The monolithic three dimensional NAND string
also comprise a charge storage region 9. The charge storage
region 9 may comprise one or more continuous layers which
extend the entire length of the memory cell portion of the
NAND string. Alternatively, the charge storage region may
comprise a plurality of discrete charge storage regions or
segments 9 located between the blocking dielectric 7 and the
channel 1.

[0027] The discrete charge storage regions 9 may comprise
a plurality of vertically spaced apart, conductive (e.g., metal
such as tungsten, molybdenum, tantalum, titanium, platinum,
ruthenium, and alloys thereof, or a metal silicide such as
tungsten silicide, molybdenum silicide, tantalum silicide,
titanium silicide, nickel silicide, cobalt silicide, or a combi-
nation thereof), or semiconductor (e.g., polysilicon) floating
gates. Alternatively, the charge storage region 9 may com-
prise an insulating charge trapping material, such as a silicon
nitride layer or silicon nitride segments. Alternatively, the
charge storage region 9 may comprise conductive nanopar-
ticles, such as metal nanoparticles, for example ruthenium
nanoparticles.

[0028] The tunnel dielectric 11 of the monolithic three
dimensional NAND string is located between charge storage
region 9 and the semiconductor channel 1.

[0029] The blocking dielectric 7 and the tunnel dielectric
11 may be independently selected from any one or more same
or different electrically insulating materials, such as silicon
oxide, silicon nitride, silicon oxynitride, or other insulating
materials, such as metal oxide materials, for example alumi-
num oxide or hafnium oxide. The blocking dielectric 7 and/or
the tunnel dielectric 11 may include multiple layers of silicon
oxide, silicon nitride and/or silicon oxynitride (e.g., ONO
layers).

[0030] FIGS. 2A to 3E illustrate a memory block 400 con-
taining an array of a plurality of vertical NAND strings 150
according to one embodiment of the invention. Each string
includes the lower 50 (e.g., source) and upper 60 (e.g., drain)
select gate device levels located below and above the memory
device levels 70, respectively, as shown in FIG. 3B. These
figures also show the location of memory region 200 contain-
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ing the bottom select gate transistor 201 in each of the plu-
rality of NAND strings 150 and the stepped word line contact
region 300.

[0031] FIG. 2A is a top cross sectional view of a memory
block of an embodiment of the invention. FIGS. 2B and 2C
are side cross sectional views of the memory block of FIG. 2A
along the bit line and word line directions, respectively. FIG.
2B is a side cross sectional view of the device along line B-B'
in FIG. 2A, while FIG. 2C is a side cross sectional view of the
device along line W-W' in FIG. 2A.

[0032] FIG. 3A is a schematic top view of a memory block
of FIG. 2A showing the location of the bit lines 203. FIG. 3B
is a composite bit line and word line side cross sectional view
of the memory block of FIG. 3A along line W1-W2 in the
word line direction, then line W2-B1 in the bit line direction
and then line W2-W3 in the word line direction. FIG. 3C is
another composite bit line and word line side cross sectional
view of the memory block of FIG. 3A. FIGS. 3D and 3E are
respective top cross sectional views along lines P-P' and Q-Q'
shown in FIG. 3C for the respective memory and lower select
gate regions.

[0033] As shown in FIGS. 2B, 2C, 3B, 3C and 3E, the
semiconductor channel 1 is located adjacent to at least three
sides of the select gate electrode 204, such as the bottom side
204A and at least two sidewalls 204B, 204C of the select gate
electrode 204. For example, as shown in FIG. 3E, the first side
204B of the select gate electrode is located opposite to the
second side 204C of the select gate electrode 204.

[0034] The select gate electrode 204 in each select gate
transistor 201 has a bottom side 204A, a first lateral side
204B, a second lateral side 204C, and top side 204D. The
semiconductor channel 1 is located adjacent to bottom side
204A, the first side 204B and the second side 204C of the
select gate electrode. A gate insulating layer 206, such as a
silicon oxide layer or another suitable insulating layer, is
located between the channel 1 and the bottom 204 A, the first
side 204B, and the second side 204B of the select gate elec-
trode 204.

[0035] The select gate electrode 204 may comprise any
suitable electrically conductive material, such as heavily
doped semiconductor (e.g., heavily doped polysilicon), a
metal or metal alloy. The select gate electrode 204 preferably
comprises a metal or metal alloy, such as tungsten, copper,
aluminum, tantalum, titanium, cobalt, titanium nitride, alloys
thereof'or combination of these materials. In one non-limiting
embodiment, the select gate electrode 204 comprises a tita-
nium nitride liner peripheral portion contacting the gate insu-
lating layer 206, and a tungsten central portion contacting the
titanium nitride liner peripheral portion.

[0036] As shown in FIGS. 3C and 3E, a first portion 206B
of the gate insulating layer 206 contacts the first side 204B of
the select gate electrode 204, a second portion 206C of the
gate insulating layer contacts the second side 204C of the
select gate electrode, and a third portion 206A of the gate
insulating layer contacts the bottom side 204A of the select
gate electrode. A first portion 1B of the semiconductor chan-
nel 1 contacts the first portion 206B of the gate insulating
layer 206, a second portion 1C of the semiconductor channel
contacts the second portion 206C of the gate insulating layer,
and a third portion 1A of the semiconductor channel contacts
the third (e.g., bottom) portion 206A of the gate insulating
layer.

[0037] The first portion 1B of the semiconductor channel 1
comprises a first semiconductor protrusion which extends
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vertically (i.e., perpendicular to the major surface 100a of the
substrate 100). Preferably, the first semiconductor protrusion
1B comprises an epitaxial silicon rail having straight or
tapered sidewalls, as shown in FIG. 3E. Thus, the protrusion
1B sidewalls may be perpendicular to the major surface 100a
of the substrate 100 or they may be inclined at an angle of
60-89 degrees with respect to the major surface 100a of the
substrate 100. For a tapered rail 1B, the top surface is prefer-
ably narrower than the bottom surface. Preferably, the first
semiconductor protrusion 1B comprises low doped silicon
containing a heavily doped region 1D which contacts the
source electrode (e.g., source line 102), a shown in FIG. 3B.
[0038] The second portion 1C of the semiconductor chan-
nel 1 comprises a second semiconductor protrusion which
also extends vertically (i.e., perpendicular to the major sur-
face 100a of the substrate 100). Preferably, as shown in FIGS.
3C and 3E, the second semiconductor protrusion 1C com-
prises an epitaxial silicon pillar having a cylindrical, trun-
cated cone or inverse truncated cone shape. The cylindrical
protrusion has straight sidewall, while the cone shaped pro-
trusions have a tapered sidewall. A truncated cone has a
smaller diameter on top then on the bottom. An inverse trun-
cated cone has a smaller diameter on the bottom than on the
top. Preferably, the second semiconductor protrusion 1C has
a smaller width (e.g., smaller diameter or similar horizontal
dimension) than the width of first semiconductor protrusion
1B (e.g., the width dimension in the bit line direction in FIG.
3E).

[0039] The third portion 1A of the semiconductor channel
1 comprises a semiconductor portion of the substrate 100, as
shown in FIG. 3C, or a semiconductor layer extending paral-
lel to the major surface 100a of the substrate 100 under the
select gate electrode 201. Thus, the third portion 1A of the
semiconductor channel comprises an upper portion contain-
ing the top major surface 100a of the substrate 100. The third
portion 1A of the channel connects the first semiconductor
protrusion 1B to the second semiconductor protrusion 1C.
Preferably, at least the top major surface 100a of the substrate
100 comprises single crystal silicon. The entire substrate 100
preferably comprises a single crystal silicon substrate, such as
a silicon wafer. Alternatively, the substrate may comprise a
single crystal silicon layer which forms the top major surface
1004 located over a silicon wafer or another supporting mate-
rial.

[0040] Preferably, the select gate transistor 201 comprises a
source side select gate transistor located in the lower select
gate device level 50 of each NAND string 150, as shown in
FIG. 3B. The upper select gate device level 60 contains the
drain side select gate transistor (not shown for clarity) located
over the NAND memory cell region in memory device levels
70. As discussed above, each NAND string 150 contains a
NAND memory cell region in the memory device levels 70
which includes the semiconductor channel 1 portion 1E
which extends perpendicular to the major surface 100a of the
substrate 100. A bottom portion of the semiconductor channel
portion 1E contacts the second semiconductor protrusion por-
tion 1C of the channel.

[0041] As illustrated in FIG. 3B, each NAND string 150
contains a plurality of control gate electrodes 3 extend sub-
stantially parallel to the major surface 100a of the substrate
100 in the memory device levels 70 from the memory region
200 to the stepped word line contact region 300. The portions
of the control gate electrodes 3 which extend into region 300
may be referred to as “word lines” herein. The drain line 203
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electrically contacts an upper portion of the semiconductor
channel 1 portion 1E via drain electrodes 103.

[0042] Furthermore, each NAND string 150 contains at
least one memory film 13 which is located adjacent to the
semiconductor channel 1 portion 1E in the memory device
levels 70, as shown in FIG. 3B. Specifically, the memory film
13 is located between the semiconductor channel 1 and the
plurality of control gate electrodes 3. The memory film 13
contains the tunnel dielectric 11, the charge storage region(s)
9 (e.g., a charge trapping layer or floating gates), and the
blocking dielectric 7.

[0043] Inone embodiment which will be described in more
detail below, the tunnel dielectric 11 comprises a silicon oxide
layer which extends perpendicular to the major surface 100a
of the substrate 100, and the charge trapping layer 9 com-
prises a silicon nitride layer which extends perpendicular to
the major surface 100a of the substrate 100 and which con-
tacts the tunnel dielectric 11. The blocking dielectric 7 com-
prises a first silicon oxide layer which is patterned into
regions which extend perpendicular to the major surface 100a
of the substrate 100 and which contacts the charge trapping
layer 9, and a second metal oxide layer 184 (shown in FIG.
55D) which has a plurality of clam shape regions, each of
which surrounds a respective one of the plurality of control
gate electrodes 3.

[0044] FIGS. 2A, 3A, 3D and 3E illustrate a top view of a
memory block 400. The memory block includes an array of
NAND strings including at least one row of monolithic three
dimensional NAND strings 150 described above, a first
dielectric filled trench 84 located on a first side of the array,
and a second dielectric filled trench 84 located on a second
side of the array opposite to the first side of the array.

[0045] Thearray NAND strings may include any number of
rows of NAND strings 150. For example, the array shown in
FIGS. 2A, 3A, 3D and 3E comprises at least a 4x4 array of
NAND strings. In other words, the array shown in these
figures has four rows of NAND strings, and there are at least
four NAND strings in each row. The rows of NAND strings
extend in the word line direction (e.g., along line W-W' in
FIG. 2A). Thus, the array in the block 400 comprises first,
second, third and fourth rows of NAND strings 150 extending
in the word line direction. As shown in FIG. 2A, the semi-
conductor channels in the first and the third rows of NAND
strings are preferably offset from respective semiconductor
channels in the second and fourth rows of NAND strings
along the word line direction. In general, the semiconductor
channels in the odd numbered rows of NAND strings are
offset from respective semiconductor channels in the even
numbered rows of NAND strings along the word line direc-
tion.

[0046] As shown in FIGS. 2B and 3D, the first semicon-
ductor protrusion 1B in each of the first and the second rows
of NAND strings 150 comprises a doped region 1D which
contacts the first source line 102 (e.g., the left side source line
in FIG. 2B which corresponds to the source line positioned in
the “upper” trench 84 in FIG. 3D). The first semiconductor
protrusion 1B in each of the third and the fourth rows of
NAND strings comprises a doped region 1D which contacts
the second source line 102 (e.g., the right side source line in
FIG. 2B which corresponds to the source line positioned in
the “lower” trench 84 in FIG. 3D).

[0047] The second semiconductor protrusion 1C in each of
the first, second, third and fourth rows of NAND strings 150
contacts the respective end portion 1E of the semiconductor
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channel 1 in each of the first, second, third and fourth rows of
NAND strings to form a continuous vertical channel portion
1C-1E.

[0048] 1In other words, the semiconductor channels in each
string have a “J” shape (i.e., shape of English capital letter
“I”), comprised of vertically extending portions 1B and
1C-1E connected by a horizontally extending portion 1A.
Each vertical portion 1B of each channel 1 is located under
one of two trenches 84 in each block 400. Each vertical
portion 1C-1E of each channel 1 is located between the two
trenches 84 in each block. Each vertical portion 1B has a
shorter height than the vertical portion 1C-1E to form the “J”
shape. However, portions 1B and 1C preferably have the same
height. Furthermore, each vertical portion 1C-1E of each
channel 1 is electrically and physically connected by the
horizontal portion 1A to the vertical portion 1B of the same
channel which is located under the closer one of the two
trenches 84 in each block. Thus, the length of the horizontal
portion 1A of each channel is different in different rows in the
block 400 if there are more than two rows in the block. For
example, in a four row block shown in FIGS. 2A and 2B, the
length of the horizontal portion 1A of each channel in the
edge rows closer to one of the trenches (e.g., first and fourth
rows) is shorter than the length of the horizontal portion 1A of
each channel in the middle rows farther from one of the trench
(e.g., second and third rows).

[0049] In alternative embodiments, each memory block
400 may have an array with less than 4 rows of NAND strings,
such as only one row of NAND strings, as shown in FIG. 5A
or two rows of NAND strings, as shown in FIG. 5B. Alterna-
tively, the array in each block may have more than 4 rows,
such as 5 to 20 rows of NAND strings, where each row
contains 4 to 100 NAND strings.

[0050] As shown in FIGS. 2A, 3C and 3D, the control gate
electrodes 3 extend in the word line direction W-W' which is
perpendicular to the bit line direction B-B'. The control gate
electrodes 3 are continuous in the array in the memory block
400. In other words, the control gate electrodes 3 have a shape
of a continuous strip or sheet with discrete openings 81
(which are referred to herein as front side openings or
memory holes) which contain the NAND strings 150. How-
ever, the control gate electrodes 3 have electrical and physical
continuity in the bit line direction between the trenches 84 and
in the word line direction throughout the block 400. In other
words, the memory holes 81 do not completely sever the
continuous electrical and physical path in the control gate
electrodes from one trench 84 to the opposite trench 84 in
each block.

[0051] Likewise, as shown in FIGS. 2A, 3C and 3E, the
select gate electrode 204 also extends in the word line direc-
tion W-W' which is perpendicular to the bit line direction
B-B'. The select gate electrode 204 is also continuous in the
array in the memory block 400. In other words, the select gate
electrode 204 has a shape of a continuous strip or sheet with
electrically insulated second protrusion 1C portions of the
channels extending through the electrode 204. However, the
select gate electrode 204 has electrical and physical continu-
ity in the bit line direction between the gate insulating layer
206 under trenches 84 and in the word line direction through-
out the block 400. In other words, the protrusions 1C do not
completely sever the continuous electrical and physical path
in the select gate electrode from gate insulating layer 206
under one trench 84 to the gate insulating layer 206 under the
opposite trench 84 in each block 400.
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[0052] Thus, the memory block 400 contains a common
control gate electrode 3 in each of the plurality of memory
device levels 70 for the first, second, third and fourth rows of
NAND strings shown in FIG. 3D. Likewise, the source side
select gate electrode 204 comprises a common source side
select gate electrode for the first second, third and fourth rows
of NAND strings in the block 400. Therefore, all of the
NAND strings in the array in each block 400 can be erased
together in the same erase step, as shown in FIG. 4. For
example, one specific memory cell can be selected by select-
ing (i.e., applying a current or voltage) to one select gate 204,
one bit line (i.e., drain line) 203 and one word line (e.g.,
control gate electrode) 3. Specifically, a particular block 400
is selected with the common select gate 204 in that block, the
specific memory hole 81/NAND string 150 is selected with
the bit line 203, and the particular cell in one memory device
level 70 in the NAND string 150 is selected with the word line
3.

[0053] A first source line 102 is located in the first dielectric
filled trench 84 and a second source line 102 is located in the
second dielectric filled trench 84 in each block 400, as shown
in FIGS. 3C and 3D. In the memory device levels 70, the
dielectric fill in the trench 84 may comprise any suitable
insulating layer 205, such as silicon oxide, etc., which is
located on both walls of the trench 84. In the lower select gate
device level 50, the dielectric fill in the trench 84 comprises
the gate insulating layer 206, which is located on both walls of
the trench 84. The source line 102 is located in the middle of
the trench 84 and is separated from the control gate electrodes
3 and from the select gate electrode 204 by the insulating
layer 205 and the gate insulating layer 206, respectively, as
shown in FIGS. 3D and 3E, respectively.

[0054] A plurality of drain lines (e.g., bit lines) 203 are
located over the array of NAND strings 150 in each block 400,
as shown in FIGS. 3B and 3C. The drain lines 203 extend in
the bit line direction B-B' from the first dielectric filled trench
84 to the second dielectric filled trench 84 in each block 400,
as shown in FIG. 3A. Furthermore, as shown in FIGS. 4, 5A
and 5B, each trench 84 (except the end trenches in the device)
extends in the word line direction and separates two adjacent
blocks 400. The drain lines 203 extend over and perpendicu-
lar to the trenches over plural memory blocks 400. Each drain
line 203 contacts the channel 1 in one NAND string 150 in one
memory hole 81 in each block.

[0055] The density of the drain lines 203 depends on the
number of rows of NAND strings 150 and on the spacing
between adjacent NAND strings in each row, as shown in
FIGS. 4, 5A and 5B. For example, as shown in FIGS. 5A and
5B, each memory hole 81 has one drain line 203 passing over
it. A respective drain electrode 103 connects the channel 1 in
each memory hole 81 to the respective drain line 203 passing
over the memory hole 81. In this case, the drain electrode may
be located over the middle of the memory hole 81.

[0056] In contrast, in the four row layout shown in FIG. 4,
each memory hole 81 has two drain lines 203 passing over it.
A respective drain electrode 103 connects the channel 1 in
each memory hole 81 to only one of the two respective drain
lines 203 passing over the memory hole 81. In this case, the
drain electrode 103 may be located off center of the memory
hole 81 (e.g., closer to the periphery than to the middle). The
drain electrode 103 contacts the channel 1 at the periphery of
the memory hole 81.

[0057] Thus, as shown in FIG. 4, one bit line 203 passing
over the left side of two memory holes 81 aligned in the bit
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line direction in the odd or even numbered rows, may have
electrical contact via the drain electrode 103 with the left side
of the cylindrical channel in one memory hole in one row.
Another bit line 203 passing over the right side of the same
two memory holes 81, may have electrical contact via the
respective drain electrode 103 with the right side of the chan-
nel in the memory hole in the in the other row.

[0058] Thus, as described above, the semiconductor chan-
nel 1 includes a solid rod shaped or a hollow cylinder shaped
portion 1E in the memory device levels 70. The tunnel dielec-
tric 11 comprises a cylinder which surrounds the semicon-
ductor channel portion 1E. The charge storage region 9 com-
prises a cylinder which surrounds the tunnel dielectric 11. The
blocking dielectric 7 comprises a cylinder which surrounds
the charge storage region 9. The plurality of control gate
electrodes 3 preferably comprise metal or metal alloy control
gate electrodes which surround the blocking dielectric 7 in
each NAND string 150. Finally, the source side select gate
electrode 204 preferably comprises a metal or metal alloy
select gate electrode, as described above.

[0059] FIGS. 6 to 60 illustrate a method of making a NAND
string according to a preferred, non-limiting embodiment of
the invention. Specifically, the method results in a higher
quality gate insulating layer 206 for the source side select gate
transistor 201. The gate insulating layer 206 is not subject to
processing damage because it is formed after forming chan-
nel 1 portions 1B, 1C of the select gate transistor 201. Thus,
the vertical portions of the gate insulating layer 206 are not
subjected to etching damage that occurs in a prior art method.
[0060] Specifically, in the prior art method, the polysilicon
select gate is formed first. Then, vertical and horizontal por-
tions of the gate insulating layer are formed on the sidewalls
of the select gate portions and over the substrate between the
select portions. Then, the horizontal portions of the gate insu-
lating layer are reactively ion etched to form openings expos-
ing the major surface 100qa of the substrate 100 under the gate
insulating layer. The vertical channel portions are then epi-
taxially grown on the major surface of the substrate through
respective openings in the gate insulating layer. The reactive
ion etching (“RIE”) of the horizontal portion of the gate
insulating layer damages the remaining vertical portions of
the gate insulating layer, resulting in a lower quality gate
insulating layer.

[0061] In contrast, as will be explained in more detail with
reference to FIGS. 6-60, in the embodiment method of the
present invention, after fabricating peripheral devices, such
as peripheral transistors, an epitaxial silicon film, is grown on
the etched major surface 100a of a single crystalline silicon
substrate 100. The epitaxial silicon film will be used as the
select gate transistor’s 201 channel 1 portions 1B, 1C. Then,
the silicon film is patterned using lithography and RIE fabri-
cate the epitaxial silicon channel portions 1B, 1C (i.e., the
protrusions). In other words, the patterning of the epitaxial
silicon layer forms the first semiconductor protrusion 1B and
the second semiconductor protrusion 1C that extend perpen-
dicular to the major surface 100a of the substrate 100, such
that the first semiconductor protrusion 1B is connected to the
second semiconductor protrusion 1C by a third semiconduc-
tor region 1A which extends parallel to the major surface
100a of the substrate 100. Preferably, the third semiconductor
region 1A islocated in the single crystal silicon substrate 100.
[0062] The gate insulating layer 206 is then formed on the
surface of the channel portions 1A, 1B and 1C. Specifically,
the gate insulating layer 206 is formed over at least a first side
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of the first semiconductor protrusion 1B, over at least a sec-
ond side of the second semiconductor protrusion 1C and over
a top of the third semiconductor region 1A.

[0063] Then, a metal or metal alloy select gate layer 204
(e.g., tungsten) is deposited on the opposite side of the gate
insulating layer 206. Specifically, the gate electrode 204 is
formed over the gate insulating layer 206 between the first
side of the first semiconductor protrusion 1B, the second side
of the second semiconductor protrusion 1C and the top of the
third semiconductor region 1A.

[0064] After the fabrication of the select gate transistor 201
in the select gate transistor device level 50, the three dimen-
sional memory device levels 70 are fabricated over the select
gate transistor device level by depositing and patterning a
plurality of memory device layers. Finally, the trenches 84 are
formed through the memory device levels 70 to expose the
channel portion 1B in the select gate transistor level 50 and
the trenches 84 are filled with the insulating layer 205 and the
source electrode (e.g., source line) 102. With this process, the
gate insulating layer 102 on the select gate channel portions is
not exposed to etching damage.

[0065] This embodiment process also results in a longer
channel 1 length of the select gate transistor 201 compared to
the prior art process. The prior art process results in an “L”
shaped channel in the select gate transistor, such that the
channel has one vertical and one horizontal portion and the
channel is located adjacent to only two sides (i.e., one lateral
side and the bottom side) of the select gate electrode. In
contrast, the embodiment process results in a longer select
gate transistor channel having two vertical portions 1B, 1C
and one horizontal portion 1A, and the channel is located
adjacent to three sides (i.e., two lateral sides and the bottom
side) of the select gate electrode 204, which also improves the
select gate transistor performance.

[0066] FIGS. 6-12 illustrate a method of making the source
side select transistor 201. FIG. 6 illustrates a first step in the
embodiment method of making the NAND device. FIG. 6
shows the same combined bit line and word composite side
cross sectional view as FIGS. 3B and 3C. In addition to the
memory region 200 and the word line contact region 300
described above with reference to FIGS. 2 and 3, FIG. 6 also
illustrates the peripheral device region 500. The word line
contact region 300 is preferably located between the memory
region 200 and the peripheral device region 500.

[0067] The peripheral devices 501, such as peripheral tran-
sistors, are first formed on the substrate 100, as shown in FIG.
6. The peripheral devices include a silicon oxide layer 502
(e.g., gate insulating layer), polysilicon layer(s) 503 (e.g.,
gate electrodes for the peripheral transistors), sidewall spac-
ers 504, a silicon nitride layer 505, a doped source or drain
region 506 of the peripheral transistor in the substrate 100,
and one or more electrode layers contacting region 506, such
as TiN 507 and tungsten 508 electrode layers. A non-doped
silica glass layer 509 is then formed over the peripheral
devices 501.

[0068] AsshowninFIG.7,layers 507,508 and 509 are then
planarized by chemical mechanical polishing (“CMP”) using
the silicon nitride layer 505 as a polish stop. The CMP step
exposes the silicon nitride layer 505, and leaves the TIN/W
electrode 510 covered by a non-doped silica glass cap 509A
in a groove over the source/drain region 506.

[0069] The peripheral device region 500 is then covered by
a mask (e.g., photoresist, not shown in Figures for clarity),
and the exposed portions of the silicon nitride 505 and poly-
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silicon 503 layers are removed by etching in regions 200 and
300 using RIE, as shown in FIG. 8. This step exposes the
silicon oxide layer 502 in regions 200 and 300. The exposed
portion of the silicon oxide layer 502 in regions 200 and 300
is then removed by wet etching to expose the major surface
1004 of the single crystalline silicon substrate 100 in regions
200 and 300, while leaving the peripheral devices 501 in
region 500, as shown in FIG. 9.

[0070] Then, as shown in FIG. 10, an epitaxial single crys-
tal semiconductor layer, such as a single crystal silicon layer
110 is epitaxially grown on the exposed major surface 100a of
the substrate 100. Layer 110 is then planarized by CMP to
remove portions of the layer 110 extending over the periph-
eral devices 501, such that the top of layer 110 is planar with
the top of the peripheral devices 501.

[0071] A mask layer is then formed over the peripheral
devices 501 and layer 110. As shown in FIGS. 11A and 11B,
the mask layer is then patterned into a mask pattern having
mask portions 111A, 111B and 111C to cover the respective
peripheral devices 501 and portions of layer 110 which will
become the protrusion portions 1B, 1C of the channel 1. The
mask layer may comprise any suitable mask layer, such as
photoresist or a hard mask material, such as amorphous car-
bon, silicon nitride, metal, etc. The mask portions 111A,
111B and 111C are then used as a mask to etch uncovered
portions of layer 110 to form the protrusion portions 1B, 1C
of the channel 1 in remaining portions of layer 110. The
recessed space 112 between the mask portions will then be
filled with the gate insulating layer 206 and select gate elec-
trode 204 in subsequent steps.

[0072] Thus, the step of patterning the epitaxial silicon
layer 110 comprises forming a first mask portions 111B and
second mask portions 111C over the epitaxial silicon layer
and etching portions of the epitaxial silicon layer 110 that are
not covered by the first mask portions and the second mask
portions to form the first semiconductor protrusions 1B cov-
ered by the first mask portions 111B and the second semicon-
ductor protrusions 1C covered by the second mask portions
111C.

[0073] As described above with respect to FIGS. 2 and 3,
each first semiconductor protrusion 1B preferably comprises
an epitaxial silicon rail having straight or tapered sidewalls.
The second semiconductor protrusions 1C comprise epitaxial
silicon pillars having a cylindrical, truncated cone or inverse
truncated cone shape having a smaller width than the first
semiconductor protrusion 1B.

[0074] While the protrusion portions 1B, 1C of the channel
1 are preferably formed by etching the epitaxial silicon layer
110, other methods may be used to form the protrusion por-
tions 1B, 1C. For example, in a less preferred embodiment,
the protrusion portions 1B, 1C may be formed by etching the
major surface 100a of the substrate 110 such that the portions
1B, 1C comprise protruding substrate portions surrounded by
a recessed space 112.

[0075] Referring to FIG. 12, the gate insulating layer 206 is
formed on the sidewalls of the protrusions 1B, 1C and on the
channel portion 1A (i.e., the major surface 100a of the sub-
strate 100) exposed in space 112. The gate insulating layer
206 may be formed by oxidation of the exposed silicon side-
walls protrusions 1B, 1C and on the channel portion 1A to
form a silicon oxide gate insulating layer 206. Layer 206 is
not formed on top surfaces of the protrusions 1B, 1C because
the top surfaces of the protrusions 1B, 1C are covered by the
mask portions 111B, 111C, respectively. Any suitable oxida-

YMTC EXHIBIT 1013
Page 73 of 78



US 2015/0279852 Al

tion process may be used, such as radical oxidation, dry
oxidation, wet oxidation, etc. Alternatively, rather than oxi-
dizing the exposed silicon surfaces, a silicon oxide gate insu-
lating layer 206 may be deposited by chemical vapor depo-
sition (“CVD”) or sputtering.

[0076] Thus, the step of forming the gate insulating layer
206 comprises oxidizing the first and second side of the first
semiconductor protrusion 1B, the first and second side of the
second semiconductor protrusion 1C and the top of the third
semiconductor region 1A without oxidizing tops of the first
and the second semiconductor protrusions which are covered
by the respective first 111B and second mask portions 111C.
[0077] The metal or metal alloy layer that will be used to
form the select gate electrode 204 is then deposited over the
gate insulating layer 206 before or after removing the mask
portions 111A, 111B and 111C, as shown in FIG. 13. For
example, the select gate electrode 204 material may be depos-
ited after removing the mask portions over the device, fol-
lowed by planarization by CMP to expose the tops of the
protrusions 1B, 1C. Alternatively, the select gate electrode
material 204 may be deposited over the mask portions 111A,
111B and 111C, followed by a lift off step in which the mask
portions are lifted off with the select gate material portions
overlying the mask portions. As described above, the select
gate electrode material 204 may comprise any suitable con-
ductive material, such as a titanium nitride liner layer and
tungsten layer on the titanium nitride liner layer.

[0078] Thus, the step of forming the select gate electrode
204 comprises removing the first 111B and the second 111C
mask portions, forming a metal or metal alloy layer 204 over
and between the first and the second semiconductor protru-
sions and planarizing the metal or metal alloy layer to expose
the top of the first semiconductor protrusion 1B and the top of
the second semiconductor protrusion 1C. The step of forming
the metal or metal alloy layer 204 may comprise forming a
titanium nitride liner over and between the first 1B and the
second 1C semiconductor protrusions and forming a tungsten
layer over the titanium nitride liner followed by planarizing
by CMP the titanium nitride liner and the tungsten layer.
[0079] This completes the select gate transistor 201 in the
select gate transistor device level 50. The memory device
levels 70 are then formed over the select gate transistor device
level 50, as shown in FIGS. 14-25.

[0080] Referring to FIG. 14, a stack 120 of alternating
layers 19 and 121 are formed over the memory device levels
70. Layers 19, 121 may be deposited over the device level 50
by any suitable deposition method, such as sputtering, CVD,
PECVD, MBE, etc. The layers 19, 121 may be 6 to 100 nm
thick.

[0081] In this embodiment, the first layers 19 comprise an
electrically insulating material. Any suitable insulating mate-
rial may be used, such as silicon oxide, silicon nitride, silicon
oxynitride, a high-k dielectric (e.g., aluminum oxide,
hafnium oxide, etc. or an organic insulating material). The
second layers 121 comprise a sacrificial material, such an
insulating or semiconductor material. For example, layers 19
may comprise silicon oxide and layers 121 may comprise
silicon nitride or silicon, such as amorphous silicon or poly-
silicon, or another semiconductor material, such as a group
IV semiconductor, including silicon-germanium and germa-
nium. Preferably, layers 121 comprise silicon nitride.

[0082] The deposition of layers 19, 121, is followed by
etching the stack 120 to form at least one a front side opening
81 in the stack 120. An array of a front side openings 81 (e.g.,
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cylindrical memory openings or holes) may be formed in
locations where vertical channels of NAND strings 150 will
be subsequently formed, as shown in FIGS. 15 and 16.
[0083] The openings 81 may be formed by photolithogra-
phy and etching, as follows. First, a memory hole mask 130 is
formed over the stack and patterned to form openings 131
exposing the stack 120, as shown in FIG. 15. Mask 130 may
comprise any suitable material, such as one or more layer of
photoresist and/or hard mask material described above. Then,
the stack 120 is etched using RIE to form the openings 81 in
the stack through the openings 131 in mask 130. Each front
side memory opening 81 is etched until one of the respective
second protrusions 1C is exposed in the opening 81, as shown
in FIG. 16.

[0084] Then, as shown in FIG. 17, the memory film 13 is
formed in the memory openings 81 and over the stack 120.
Specifically, this step includes forming a blocking dielectric
in the memory opening 81, forming a charge storage region
(e.g., silicon nitride layer or a floating gate layer) over the
blocking dielectric in the memory opening, and forming a
tunneling dielectric over the charge storage region in the
memory opening 81.

[0085] Then, the channel 1 portion 1E is formed by depos-
iting channel material, such as a lightly doped or intrinsic
polysilicon over the tunnel dielectric layer portion of the
memory film 13 in the front side opening 81. If desired, a high
temperature anneal may be performed after forming the chan-
nel portion 1E. As discussed above, the entire opening 81 may
be filled to form the device illustrated in FIG. 1D. Alterna-
tively, a layer of channel material may first be deposited in the
opening 81 followed by deposition of an insulating fill mate-
rial 2 to form the device illustrated in FIG. 1B.

[0086] In a preferred embodiment, the channel may be
formed by a multi-step process utilizing a protective layer, as
will be described below with reference to FIGS. 18 to 25.
First, as shown in FIG. 18, a cover semiconductor layer 132,
such as an amorphous silicon or polysilicon layer, is formed
in the memory openings 81 over the memory film 13 and over
the stack 120. Layer 132 protects the memory film 13 from
damage during a subsequent etching step.

[0087] Then, a hard mask cover layer 133 is formed over
layer 132. The hard mask cover layer 133 may comprise an
amorphous carbon layer for example. Layer 133 is deposited
non-conformally such that layer 133 is located over layer 132
on top of the stack 120, but does not extend into the memory
openings 81, as shown in FIG. 19. Alternatively, layer 133
may be deposited conformally and then patterned by photo-
lithography and etching to be removed from the memory
openings.

[0088] As shown in FIG. 20, the memory film 13 (e.g., the
blocking dielectric, the charge storage region and the tunnel
dielectric) is removed from a bottom of the memory openings
81 using RIE or another suitable anisotropic etching method.
The cover semiconductor layer 132 protects the memory film
13 on the sidewalls of the memory openings 81 from etching
damage, and the hard mask cover layer 133 protects the rest of
the stack from being etched. The etching step forms extension
portions 81A of the openings 81 which expose the second
protrusions 1C at the bottom of the openings 81. The hard
mask cover layer 133 is then removed by any suitable method,
such as ashing or selective wet etching.

[0089] Asshownin FIG. 21, asemiconductor channel body
layer 134 is formed in the memory openings 81 such that it
makes contact with the second semiconductor protrusions 1C
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exposed in the openings 81. The semiconductor channel body
layer 134 comprises a channel material, such as amorphous
silicon or polysilicon. Layers 132 and 134 preferably com-
prise the same materials, and layer 134 contacts layer 132 on
the sidewalls of the openings 81.

[0090] The optional core insulating layer 2, such as a sili-
con oxide layer is then deposited in the openings 81 and over
the stack 120, as shown in FIG. 22. Layer 2 is also shown in
FIGS. 1A and 1B. The core insulating layer 2 is then recessed
from the top of the openings 81 by selective etchback to form
recesses 135 in the top of the openings 81, as shown in FIG.
23.

[0091] The recesses 135 are then filled by a semiconductor
cap layer 136 which is deposited conformally over layer 134
on the stack 120 and in the recesses 135, as shown in FIG. 24.
The cap layer 136 comprises a channel semiconductor mate-
rial, such as amorphous silicon or polysilicon. Layer 136
preferably comprises the same material as layers 132 and 134.
Layer 136 completely fills the recesses 135 and contacts layer
134 on the sidewalls of the recesses 135 in the openings 81.

[0092] As shown in FIG. 25, the semiconductor channel
layers 132, 134 and 136 are then planarized by etch back or
CMP to remove these layers from the top of the stack 120 to
expose the upper silicon oxide layer 19¢ of the stack. The
channel layers 132, 134 and 136 remain in the openings 81
and together form the above described portion 1E of the
channel 1 in the memory device levels 70.

[0093] Thus, as shown in FIG. 25, the channel 1 portion 1E
of the embodiment of FIGS. 18-25 is composed of three
sublayers 132, 134, 136. Sublayer 132 comprises an outer
hollow cylinder or hollow inverse truncated cone which con-
tacts the memory film 13 with its outer surface. Sublayer 132
does not contact the pillar/protrusion channel 1 portion 1C in
the select gate transistor device level 50.

[0094] Sublayer 134 comprises an inner hollow cylinder or
hollow inverse truncated cone which contacts sublayer 132
with its outer surface. Sublayer 134 contacts the core insulat-
ing layer 2 with its inner surface in the lower portion of the
opening 81 and contacts sublayer 136 with its inner surface in
the upper portion of the opening 81. Preferably, sublayer 134
completely fills the extension portion 81a of the opening 81
and contacts the pillar/protrusion channel 1 portion 1C in the
select gate transistor device level 50.

[0095] Sublayer 136 comprises a filled cylinder or filled
inverse truncated cone which is located only in the upper
portion of the opening 81. Sublayer 136 contacts sublayer 134
with its outer surface. Sublayer 136 also contacts the top of
the core insulating layer 2 with its bottom surface.

[0096] The stepped word line contact region 300 is then
formed using the steps described below with respect to FIGS.
26-34. First, an insulating cap layer 140 is formed over the
stack 120 and over the channel 1 filled openings 81, as shown
in FIG. 26. Layer 140 may be a silicon oxide layer. A barrier
layer 141, such as a silicon nitride layer, is formed over layer
140, as shown in FIG. 27.

[0097] As shown in FIG. 28, a mask 142, such as a photo-
resist or hard mask, is then formed over layer 141 in the
memory region 200 and exposing the layer 141 in stepped
word line contact region 300 and in the peripheral region 500.
Layers 141, 140 and 19¢ are then etched by RIE or another
suitable etching method in the exposed regions 300 and 500
but not in the masked region 200. This etching step exposes
the top sacrificial layer 1217 in the stack in regions 300 and
500, as shown in FIG. 29. The mask 142 is then removed.
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[0098] The masking and etching steps are then repeated
multiple times to etch steps in the stack layers 19, 121 in the
stepped word line contact region 300. For example, a second
mask 143 is formed over the remaining unetched layer 141 in
region 200 and over a portion of the exposed top sacrificial
layer 1217 in region 300. The second mask 143 covers regions
200 and 300 but not region 500, as shown in FIG. 30.
[0099] Layer 121¢ and the underlying insulating layer 19a
in the stack are then etched by RIE or another suitable etching
method in the exposed region 500 but not in the masked
regions 200 and 300. This etching step exposes the second
from the top sacrificial layer 121a in the stack in region 500,
as shown in FIG. 31. The mask 143 is then removed.

[0100] A third mask 144 is formed over the remaining
unetched layer 141 in region 200 and over a portion of the
exposed top sacrificial layer 1217 in a first portion of region
300 adjacent to region 200. The third mask 144 covers region
200 and the adjacent first portion of region 300 but not region
500 and adjacent second portion of region 300, as shown in
FIG. 32. Layers 121¢, 19a, 121a and 195 in the stack are then
etched by RIE or another suitable etching method in the
exposed region 500 and the second portion of region 300 but
not in the masked region 200 and the first portion of region
300. This etching step exposes the third from the top sacrifi-
cial layer 1215 in the stack in region 500 and sacrificial layer
121a in the second portion of region 300, as shown in FIG. 32.
The mask 144 is then removed.

[0101] The process shown in FIG. 32 is then repeated with
successively shorter masks until all of the steps are etched in
region 300. For example, FIG. 33 shows the final mask 145
used to etch the final portions of the top sacrificial layer 1217
and underlying layers. The mask 145 is then removed by wet
etching or ashing, as shown in FIG. 34. This completes the
steps 146 inregion 300. The sacrificial layers 121 are exposed
at the top of each step.

[0102] A planarized insulating fill is then formed over
regions 300 and 500. This fill may be formed by depositing a
single insulating layer over the device shown in FIG. 34
following by a planarization step, such as CMP. In an optional
embodiment, the insulating fill is formed in plural steps with
plural layers to reduce or avoid CMP dishing (i.e., erosion), as
shown in FIGS. 35-43.

[0103] As shown in FIG. 35, a first insulating fill layer 160,
such as a silicon oxide layer formed by CVD using a TEOS
source is deposited over the device. Layer 160 has an uneven
upper surface because the underlying layers in region 200 are
taller than in regions 300 and 500. Then, a barrier layer 161,
such as a silicon nitride layer, is formed over layer 160, as
shown in FIG. 36. A mask 162 is then formed over layer 161
in region 500. If desired, mask 162 may also extend into the
second portion of region 300 adjacent to region 500, as shown
in FIG. 37.

[0104] The exposed portions of layers 160 and 161 in
regions 200 and 300 are then etched using RIE or another
suitable method, as shown in FIG. 38. The entire exposed
portion of layer 161 is removed, but only an upper exposed
portion of layer 160 is removed, such that the lower portion of
layer 160 remains over the underlying device layers. Mask
162 is then removed and another insulating layer 163 is
formed over layer 161 in region 500 and over layer 160 in
regions 300 and 200, as shown in FIG. 39. Layer 163 may be
a silicon oxide layer formed by CVD using a TEOS source.
[0105] Layer 163 is then planarized by CMP as shown in
FIG. 40. The CMP stops on the barrier layer 161 which
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remains in region 500 to prevent removal of layer 160 in
region 500. Thus, layer 161 is used as a polish stop. Prefer-
ably, some silicon oxide layer 160 thickness remains in region
200 after the CMP step. Then, as shown in FIG. 41, the silicon
nitride barrier layer (e.g., the polish stop layer) 161 is
removed by selective wet etching. The remaining layer 160
protects the barrier layer 141 in region 200 from being
removed.

[0106] A second CMP step is then used to remove the
remaining thickness of layer 160 in region 200 to expose the
barrier layer 141 in region 200, as shown in FIG. 42. The
barrier layer 141 in region 200 may is used as a polish stop in
region 200. Layer 160 remains over regions 300 and 500 after
the second CMP step. Finally, as shown in FIG. 43, the barrier
layer 141 is removed by RIE. Likewise, any remaining por-
tions of layer 163 are also removed during this step. This
completes the formation of the planarized insulating fill 160
over regions 300 and 500.

[0107] FIGS. 44-46 illustrate the formation of a support
column which supports the stack layers after the sacrificial
layer 121 are removed. FIGS. 44, 45B and 46 are side cross
sectional views which have the same direction as the view in
FIG. 43, but which are shifted into or out of the plane of the
drawing in FIG. 43.

[0108] Asshown in FIG. 44, a mask 170 is formed over the
device and a column opening 171 is formed in the mask 170
to expose the insulating fill layer 160. FIG. 45 A shows the top
view of the mask 170 having the opening 171. As shown in
FIG. 45B, a column opening 172 is etched through all of the
layers in region 300 to the substrate 100 using RIE or another
suitable method. Finally, as shown in FIG. 46, the insulating
support column 173 is formed in the column opening 172.
The column 173 may be formed by depositing an insulating
layer 174, such as a silicon oxide layer into the opening 172
and over the remaining device layers followed by planariza-
tion, such as a CMP planarization. While only one column
173 is shown in the figures, more than one column may be
formed at the same time.

[0109] FIG. 47 shows the same cross sectional view as FIG.
43 after the formation of the column(s) 173 and layer 174. The
view in FIG. 47 is in or out of the plane of the drawing in FIG.
46, such that the column 173 is not visible in FIG. 47.

[0110] FIGS. 48-59 illustrate a method of forming the
trenches 84, the control gate electrodes 3 and the source
electrodes (e.g., source lines) 102.

[0111] As shown in FIG. 48, a mask 180 is formed over
layer 174. The mask 180 may be a photoresist and/or hard
mask described above. At least one back side mask opening
181 is formed in the mask over the location of the first pro-
trusion 1B. Preferably, a plurality of openings 181 are formed
in the mask 180, which each opening 181 corresponding to
the location of a respective one of the plurality of the first
protrusions 1B.

[0112] Then, as shown in FIG. 49, layers 174 and 140 and
the stack 120 are etched through the openings 181 in the mask
to form the back side openings (e.g., the trenches) 84 in the
stack 120 extending to the first protrusions 1B. Preferably, the
trenches 84 extend partially into the first protrusions 1B, as
shown in FIG. 49. Thus, the step of forming the back side
openings 84 forms back side trenches which exposes the
second semiconductor protrusions 1B. The protrusions 1B
have the rail shape and extend along the back side trenches 84
as described with respect to FIGS. 3D and 3E above. The
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mask 180 may then be removed, as shown in FIG. 50. Region
“A” in FIG. 50 will be described in more detail with respect to
FIG. 55A below.

[0113] Asshown in FIG. 51, a doped semiconductor region
1D is formed in the upper portion of the second semiconduc-
tor protrusion 1B through the back side trench 84. The doped
region 1D may comprise a heavily doped source region
formed by ion implantation. For example, region 1D may
comprise an n-type doped region implanted into an undoped
(e.g., intrinsic) or lightly doped protrusion 1B to make an
ohmic contact with the subsequently formed source line 102.

[0114] Then, at least a portion of the sacrificial second
material layers 121 are removed through the back side open-
ings 84 to form back side recesses 182 between the first
material layers 19, as shown in FIG. 52. Layer 121 may be
removed by selective etching, such as a silicon nitride selec-
tive etching which removes silicon nitride layers 121 but does
not remove the silicon oxide layers 174, 149, 19 and 7 or the
silicon regions (e.g., protrusion 1B). The selective etch may
stop on the oxide blocking dielectric, such as a silicon oxide
blocking dielectric 7 which forms the outer part of the
memory film 13. The support column 173 described above
supports the spaced apart layers 19 of the stack 120 and
prevents layers 19 from collapsing on each other.

[0115] Metal or metal alloy control gate electrodes 3 are
then formed in the back side recesses 182 through the back
side openings 84, as shown in FIG. 53. A portion 183 of the
metal or metal alloy control gate material partially or fully
fills the back side openings (e.g., trenches) 84 and is located
over layer 174. The control gate electrode 3 material may
comprise any suitable materials described above with respect
to FIGS. 2 and 3. For example, the material may comprise a
TiN liner and tungsten gate material. Then, as shown in FIG.
54, the portion 183 of the metal or metal alloy control gate
material is removed by anisotropic etching from the back side
openings (e.g., trenches) 84 and from over layer 174 without
removing the control gate electrodes 3 to complete the for-
mation of the control gate electrodes 3.

[0116] FIGS.55A-55F illustrate an alternative control gate
electrode 3 and blocking dielectric formation method. FIG.
55A shows a portion of the stack 120 shown in area A in FIG.
50. The stack 120 portion shown in FIG. 55A includes layers
19 and 121, a portion of the trench 84 and the memory hole 81
filled with a silicon oxide blocking dielectric layer 7, silicon
nitride charge storage layer 9, silicon oxide tunnel dielectric
layer 11, channel 1 and silicon oxide insulating fill material 2,
in the radially inward direction. Then, as shown in FIG. 55B,
the sacrificial silicon nitride layers 121 are selectively
removed by a selective wet etch, similar to the step shown in
FIG. 52 to form the recesses 182 exposing the silicon oxide
blocking dielectric layer 7. The silicon oxide blocking dielec-
tric layer 7 exposed in the recesses 182 is then removed by a
timed selective wet silicon oxide etch, as shown in FIG. 55C.
The selective etch also removes a portion of the silicon oxide
layers 19 to widen the height of the recesses 182. However,
since layers 19 are thicker than layer 7, portions of layers 19
remain after portions of layer 7 exposed in the recesses 182
are removed by the timed etch. The selective etch stops on the
silicon nitride charge storage layer 9.

[0117] Then, as shown in FIG. 55D, an additional metal
oxide blocking dielectric layer 184 is formed in the back side
recesses 182 in contact with the charge storage layer 9
through the back side opening 84. The blocking dielectric
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layer 184 may be any suitable metal oxide layer or layers,
such as aluminum oxide, hafnium oxide, etc.

[0118] Layer 184 contains a plurality of clam shape regions
185, with one region 185 in each respective recess 182. As
used herein a “clam” shape is a side cross sectional shape
configured similar to an English letter “C”. A clam shape has
two segments which extend substantially parallel to each
other and to the major surface 100q of the substrate 100. The
two segments are connected to each other by a third segment
which extends substantially perpendicular to the first two
segments and the surface 100a. Each of the three segments
may have a straight shape (e.g., a rectangle side cross sec-
tional shape) or a somewhat curved shape (e.g., rising and
falling with the curvature of the underlying topography). The
term substantially parallel includes exactly parallel segments
as well as segments which deviate by 20 degrees or less from
the exact parallel configuration. The term substantially per-
pendicular includes exactly perpendicular segments as well
as segments which deviate by 20 degrees or less from the
exact perpendicular configuration. The clam shape preferably
contains an opening bounded by the three segments and hav-
ing a fourth side open.

[0119] The control gate electrodes 3 are then formed over
the additional metal oxide blocking dielectric 184 in the back
side recesses 182 through the back side openings 84, as shown
in FIG. 55E. The step of forming the control gates comprises
forming a titanium nitride liner layer 3A in the back side
recesses 182, forming a tungsten layer 3B over the titanium
nitride liner layer 3 A to fill the back side recesses and at least
a portion of the back side trench 84, followed by recessing
(e.g., removing) the portion 183 of the tungsten layer 3B from
the back side trench 84, as shown in FIG. 55F (similar to the
step shown in FIG. 54). Each clam shaped region 185 sur-
rounds a respective one of the plurality of control gate elec-
trodes 3, as shown in FIG. 55F.

[0120] After the step of recessing the tungsten layer 3B
shown in either FIG. 54 or FIG. 55F, the insulating layer 205,
such as a silicon oxide layer, is formed on sidewalls and
bottom of the back side trenches 84, as shown in FIG. 56.
Layer 205 is also formed over layer 174. The insulating layer
205 is then removed from the bottom 84a of the back side
trench 84 by anisotropic etching (e.g., by RIE spacer etch)
without removing the insulating layer from the sidewalls of
the trench 84, as shown in FIG. 57. This etching step exposes
the doped region 1D located in the first semiconductor pro-
trusion 1B through the bottom 844 of the trench 84.

[0121] The source line 102 is then formed in the back side
trench 84 in contact with the doped semiconductor region 1D
in the first semiconductor protrusion 1B, as shown in FIG. 58.
The source line 102 may be formed by depositing any suitable
metal or metal alloy layers, such as TiN and tungsten over
layer 205 in the trenches 84. A portion 186 of the source line
material located over the device is removed by CMP or etch-
ing to leave the source line 102 in the dielectrically insulated
trenches 84, as shown in FIG. 59.

[0122] Finally, as showninFIG. 60, the device is completed
by forming the drain side select transistor in the upper device
level 60 located over the stack 120 in memory device level 70
and various electrodes. The electrodes include the drain elec-
trodes (e.g., drain contact line) 103 connecting the drain lines
203 to the upper portions 1E of the semiconductor channels 1,
the word line contacts 303 located in contact with the word
lines/end portions of the control gate electrodes 3 in region
300, source side select gate 204 contact 304 and peripheral
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device contacts 513A, 513B in contact with the regions 503,
506 (e.g., gate and source/drain regions) of peripheral devices
501 in region 500.

[0123] FIG. 61A shows an expanded top view of the device
shown in FIG. 60. FIGS. 61B and 61C are respective side
cross sectional views along lines A-A and B-B, respectively,
in FIG. 61A. FIGS. 61A, 61B and 61C illustrate the memory
region 200, two stepped word line contact regions 300A,
300B, and two peripheral device regions S00A, 500B con-
taining peripheral devices 501, as described above. The word
line contact region 300A is used to connect the word lines/
control gates 3 in one memory stack 120A in region 200 to the
peripheral devices 501 of the peripheral device region (e.g.,
control/driver circuit) 500A, while the word line contact
region 300B is used to connect the word lines/control gates 3
in the other memory stack 120B in region 200 to the periph-
eral devices 501 of the peripheral device region (e.g., control/
driver circuit) 500B. Stacks 120A, 120B are separated by the
back side opening 84 (e.g., slit trench) described above. The
respective word line contacts 303 located in contact with the
word lines/end portions of the control gate electrodes 3 in
region 300 and are connected by interconnects/lines 305 to
the peripheral device contacts 513A, 513B.

[0124] As shown in FIGS. 61B and 61C each stepped word
line contact region 300A, 300B contains two respective mir-
ror image step patterns (e.g., “stair patterns”) 301A, 302A
and 301B, 302B (e.g., the pattern 301A corresponds to the
steps 146 shown in FIG. 34 and described above). One side of
each stepped region 300A, 300B (e.g., “active” stair patterns
301A, 301B) is electrically connected to the respective
peripheral device regions S00A, 500B. In other words, the
word line contacts 303 located in “active” stair patterns 301A,
301B contact the word lines/end portions of the control gate
electrodes 3 of respective stacks 120A, 120B and are con-
nected by interconnects/lines 305 to the peripheral device
contacts 513 A, 513B of respective peripheral device regions
500A, 500B. In contrast, the other side of each stepped
regions 300A, 300B (e.g., “dummy” stair patterns 302A,
302B) is not electrically connected to the peripheral device
regions 500A, 500B and lacks the word line contacts 303
which are connected to the peripheral device contacts 513.
Thus, the dummy stair patterns 302A, 302B take up a lot of
valuable space over the substrate without providing a tangible
benefit.

[0125] FIG. 62A shows an expanded top view of the
memory device of another embodiment of the invention.
FIGS. 62B and 62C are respective side cross sectional views
along lines A-A and B-B, respectively, in FIG. 62A. In the
embodiment illustrated in FIGS. 62A-62C, the peripheral
device region 500 is placed in the middle of a stepped word
line contact region 300 associated with memory regions
200A, 200B (e.g., two respective sides of the memory cell
array). Each memory region contains a portion of memory
stacks 120A, 102B separated by the back side opening/slit
trench 84. For example, region 200A (e.g., the left side of the
memory cell array) contains portion 120A1 of stack 120A
and region 200B (e.g., the right side of the memory cell array)
contains portion 120A2 of stack 120A.

[0126] In this embodiment, the stepped word line contact
region 300 contains only one active stair pattern 301A, 301B
but no dummy stair patterns. In other words, one set of mirror
image active stair patterns 301A, 301B is located at center of
the memory cell array (e.g., between memory regions 200A,
200B) and both sides of the stair patterns 301A, 301B are
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used for word line connection to the peripheral region (i.e.,
the circuit) 500. In other words, the word line contacts 303 in
stair patterns 301A, 301B are electrically connected to the
peripheral device contacts 513 via lines 505. In this embodi-
ment, the peripheral device region 500 is located within the
word line contact region 300 (i.e., between the stair patterns
301A and 301B). The driver/control circuit in the peripheral
device region 500 shares region 300 for both sides 200A,
200B of the memory cell array.

[0127] In summary, the dummy word line stair patterns
302A, 302B are omitted and both sides of the stepped word
line contact region 300 (i.e., the mirror image stair patterns
301A, 301B of region 300) are used to provide word line
connection to both sides 200A, 200B of the memory cell
array/memory stacks. The circuit 500 is located within the
word line contact region 300 and shares it for both sides of the
memory cell array.

[0128] The embodiment of FIGS. 62A-62C provides sev-
eral advantages. First, the chip size can be reduced due to the
elimination of the dummy stair patterns 302A, 302B and a
corresponding reduction in the word line contact region(s).
Furthermore, the word line resistance and capacitance can be
reduced (e.g., by about half) because the average word line
length required to reach the contact region 300 is reduced by
about half compared to the device shown in FIGS. 61A-61C.
[0129] FIGS. 63 A and 63B illustrate method steps that may
be used to make the devices of FIGS. 61A-61C and 62A-62C,
respectively. As can be seen from these figures, the steps are
similar and the method of FIG. 63B does not add extra process
steps compared the method of FIG. 63A. Step 1 of both
methods includes formation of the peripheral devices 501 and
memory stack 120 formation. In FIG. 63A, two peripheral
regions are formed below the sides of the stack, while in FIG.
63B, one peripheral region 500 is formed under a middle
portion of the stack 120. In step 2, a mask (e.g., resist or hard
mask) 345 is formed over the stack 120 and the stack 120 is
etched to expose the peripheral region(s) 500. In steps 3-6,
masks 142, 143, 144 and 145 are used to etch the stack to form
the word line contact region(s) 300 containing the stair pat-
terns 301 and 302 (or just stair patterns 301), similar to the
steps shown in FIGS. 30-34 and described above.

[0130] While formation of a portion of one memory block
400 is shown in FIGS. 6 to 60, it should be understood that the
same method may be used to form one or more than one
memory blocks 400 shown in FIGS. 4, 5A and 5B. The
method to form the rest of the memory block 400 includes
forming a plurality of additional second protrusions 1C,
forming an additional first protrusion 1B, forming a second
back side 84 trench over the additional first protrusion, form-
ing a second source line 102 in the second back side trench in
contact with the additional first protrusion, and forming at
least one row of front side memory openings 81, such as an
least a 4x4 array of front side memory openings, between the
first back side trench and the second back side trench. The
method also includes forming a blocking dielectric 7 in each
of the memory openings 81, forming a charge storage region
9 over the blocking dielectric in each of the memory open-
ings, and forming a blocking dielectric 11 over the charge
storage region in each of the memory openings. The method
also includes removing the blocking dielectric, the charge
storage region and the tunnel dielectric from the bottom of
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each of the memory openings 81, forming a semiconductor
layer 1E in each of the memory openings in contact with a
respective one of the plurality of additional second semicon-
ductor protrusions, and forming a plurality of drain lines 103
over the memory openings in contact with the semiconductor
layer 1E.

[0131] Although the foregoing refers to particular preferred
embodiments, it will be understood that the invention is not so
limited. It will occur to those of ordinary skill in the art that
various modifications may be made to the disclosed embodi-
ments and that such modifications are intended to be within
the scope of the invention. All of the publications, patent
applications and patents cited herein are incorporated herein
by reference in their entirety.

What is claimed is:

1. A memory device, comprising:

a memory cell array having a first side and a second side;

a stepped word line contact region located between the first
side and the second side of the memory cell array;

a first word line stair pattern located in the stepped word
line contact region adjacent to the first side of the
memory cell array;

a second word line stair pattern located in the stepped word
line contact region adjacent to the second side of the
memory cell array; and

a peripheral device region located in the stepped word line
contact region between the first and the second word line
stair patterns.

2. The device of claim 1, wherein a circuit containing
peripheral devices in the peripheral device region is electri-
cally connected to word line contacts in both the first word
line stair pattern and in the second word line stair pattern.

3. The device of claim 2, wherein the stepped word line
contact region does not contain any dummy word line stair
patterns.

4. The device of claim 1, wherein the device comprises a
monolithic three dimensional array of vertical NAND strings.

5. The device of claim 4, wherein:

the memory cell array comprises the array of vertical
NAND strings; and

each vertical NAND string comprises:

a semiconductor channel which extends perpendicular
to the major surface of the substrate, wherein a bottom
portion of the semiconductor channel contacts the
second semiconductor protrusion;

at least one memory film located adjacent to the semi-
conductor channel; and

a plurality of control gate electrodes extending substan-
tially parallel to the major surface of the substrate,
wherein the plurality of control gate electrodes com-
prise at least a first control gate electrode located in a
first device level and a second control gate electrode
located in a second device level located over the major
surface of the substrate and below the first device
level.

6. The device of claim 5, wherein the at least one memory
film comprises a blocking dielectric, a charge trapping layer
or floating gate, and a tunnel dielectric, and the memory film
is located between the semiconductor channel and the plural-
ity of control gate electrodes.

* * * * *
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