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METHOD AND MASK FOR ENHANCING THE RESOLUTION OF
PATTERNING 2-ROW HOLES

RELATED APPLICATIONS

[0001] This application claims the priority benefit of U.S. Application 13/081,268, filed
April 6, 2011, which is incorporated herein in its entirety.

FIELD

[0002] The present invention is directed to photolithography masks and photolithographic
patterning, and specifically to photolithographic patterning rows of holes.

BACKGROUND

[0003] Photolithography is a process used in semiconductor device microfabrication to
selectively remove parts of a thin film or of the bulk substrate. The process uses radiation to
transfer a geometric pattern from a photomask to a radiation-sensitive chemical photoresist or
another radiation sensitive layer on the thin film or substrate. Typical radiation sources
include optical, ultraviolet, x-ray and electron beam sources. Radiation sources commonly
used in immersion lithography emit peak wavelengths at 193 nm. However, other
wavelengths are possible.

[0004] To produce patterns with extremely small pitches in a photoresist, a phase shifting
mask (PSM) may be used in conjunction with a dipole illumination. PSMs cause the shifting
of the phase of a radiation source so that the peaks of one wave of radiation emitted by the
radiation source lines up with the valleys of an adjacent wave (dipole illumination),
effectively canceling each other out and producing a dual-beam image (a "shadow" image)
between the waves that is smaller than the two waves themselves. The dual-beam image may

be used to fabricate patterns having pitches as low as one-half the theoretical minimum pitch

1-



WO 2012/138557 PCT/US2012/031423

of the radiation source. In the PSM fabrication technique, radiation source beams are
transmitted through zero degrees and 180 degrees and, when passing through the PSM mask,
result in cancellation of the zero degree order of the radiation.

[0005] The highest resolution (smallest pitch size) currently achievable is produced using
dipole illumination. Dipole illumination, however, is generally avoided when printing two
dimensional (“2D”) features, such as holes, because dipole illumination is asymmetric. That
is, dipole illumination favors one direction. Thus, dipole illumination is most suitable for
printing one dimensional (“1D”) features.

[0006] It is very difficult to produce patterns with 2D features having a pitch less than
100nm with conventional dipole illumination photolithographic techniques. It would
therefore be advantageous to have a photolithographic technique suitable for patterning 2D
features with the resolution of dipole illumination.

SUMMARY

[0007] An embodiment relates to a photolithography mask including a plurality of mask
features. Adjacent mask features are separated by a gap and are offset from each other such
that individual mask features have one-side dense portions and two-side dense portions.
[0008] Another embodiment relates to a photolithography method that includes a step of
providing a substantially opaque mask having N stepped rows of offset, substantially
transparent, rectangular mask features, where N is an integer and N>2. The method also
includes illuminating a photoresist layer located over an underlying material with dipole
illumination through the substantially transparent, rectangular mask features in the
substantially opaque mask to form 2N rows of exposed regions in the photoresist layer. The
exposed regions have a substantially elliptical or substantially circular shape when viewed

from above the photoresist layer.
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[0009] Another embodiment, relates to a photolithography method. The method includes
providing a mask having a plurality of mask features in which adjacent mask features are
separated by a gap and are offset from each other such that individual mask features have
one-side dense portions and two-side dense portions. The method also includes illuminating
a photoresist layer located over an underlying material with dipole illumination through the
plurality of mask features in the mask to form exposed regions in the photoresist layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1A illustrates a plan view of a mask design with five parallel bars and FIG.
1B illustrates the resulting exposure pattern showing the consequences of the optical
proximity effect.

[0011] FIG. 2 illustrates a mask design according to an embodiment of the invention.
[0012] FIG. 3 is a schematic illustration of the features of the mask illustrated in Figure 2.
[0013] FIG. 4 illustrates a mask design according to another embodiment of the
invention.

[0014] FIG. 5A illustrates simulated results of exposure through a 76 nm pitch mask
according to an embodiment of a method of the invention under “best focus” conditions and
FIG. 5B illustrates simulated results under 50 nm defocus conditions.

[0015] FIG. 6A illustrates simulated results of exposure through a 72 nm pitch mask
according to an embodiment of a method of the invention under “best focus” conditions and
FIG. 6B illustrates simulated results under 50 nm defocus conditions.

[0016] FIG. 7A illustrates simulated results of exposure through a 70 nm pitch mask
according to an embodiment of a method of the invention under “best focus” conditions and
FIG. 7B illustrates simulated results under 50 nm defocus conditions.

[0017] FIG. 8A illustrates simulated results of exposure through a 68 nm pitch mask

3-



WO 2012/138557 PCT/US2012/031423

according to an embodiment of a method of the invention under “best focus™ conditions and
FIG. 8B illustrates simulated results under 50 nm defocus conditions.

[0018] FIG. 9 illustrates simulated results of exposure through a 67 nm pitch mask
according to an embodiment of a method of the invention under “best focus™ conditions.
[0019] Figures 10A-10C are schematic illustrations of steps in a method of making a
semiconductor device according to an embodiment.

[0020] Figures 11A-11C and 13A-13E are schematic illustrations of steps in methods of
making a semiconductor device according to two respective, alternative embodiments.
[0021] Figure 12 is a schematic illustration of a memory cell made by the method
illustrated in Figures 11A-C.

DETAILED DESCRIPTION

[0022] As used herein, a “patterning feature” is a feature on a photolithography mask that
is configured to produce one or more corresponding features in a photoresist layer. The
corresponding feature(s) do not necessarily have the same shape as the patterning feature.
Patterning feature may have a length and a width. If the length and width are different, the
length denotes the longer of the two dimensions.

[0023] A “photoresist” may be defined as a radiation sensitive material used in the
process of photolithography to form a patterned coating on a surface. Photoresists are
typically categorized as either positive or negative. Positive photoresist regions become more
sensitive to chemical etching when selectively exposed to radiation and the exposed portions
are removed in the developing process. Negative photoresist regions, in contrast, become
resistant to chemical etching when selectively exposed to radiation. When using negative
photoresist, the unexposed areas of the photoresist are removed during the developing

process.
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[0024] Additionally, as used herein, a material that is “substantially opaque” is one that
has a radiation transmission of less than 10% in a radiation wavelength or frequency of
interest. Preferably, the radiation transmission is 5-6%. The substantially opaque materials
as used herein may optionally have a 180 degree phase change angle. “Substantially
transparent” material has a radiation transmission of greater than 75% in a radiation
wavelength or frequency of interest. The substantially opaque material includes but is not
limited to chromium or molybdenum silicide. The material which is substantially transparent
includes but is not limited to glass or quartz.

[0025] Conventional masks and methods of photolithography are generally unsuitable for
fabricating 2D features having a pitch less than 100 nm. Dipole illumination can be used to
resolve 1D features having a pitch as small as 76 nm. However, because of the asymmetry of
dipole illumination, dipole illumination has been found to be unsuitable for fabrication of 2D
features with a pitch less than 100nm.

[0026] The inability of conventional photolithography methods to resolve 2D features
having a pitch less than 100 nm is believed to be due to the diffraction / resolution limit.
Figures 1A and 1B illustrate the results of the optical proximity effect on the fabrication of
sub 100 nm features. The photolithographic mask 10 includes mask features 2A-2E
configured as substantially transparent parallel bars with a pitch of 76 nm in a substantially
opaque mask. Absent the optical proximity effect, the five bar pattern would be reproduced
in the underlying photoresist layer 12. The five bar pattern, however, is not reproduced.
[0027] The results of exposing the photoresist layer 12 through the mask 10 of Figure 1A
using doipole radiation are illustrated in Figure 1B. As can be seen in Figure 1B, the inner
bars 2B-2D of mask 10 do not print in the underlying photoresist layer 12. That is, mask

features 2B-2D that have adjacent mask features (e.g., 2A and 2C adjacent to 2B) closely
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located on two sides (“two-side dense”) do not print in the underlying photoresist layer 12.
“Closely located” as used in this application means less than 120 nm distant. In an
embodiment, closely located may be less than 100 nm. Alternatively, closely located may be
less than 80 nm, such as 10-75 nm.

[0028] Only photoresist features 14 corresponding to the two outer bars 2A, 2E of the
mask 10 are reproduced in the photoresist layer 12. In contrast to the inner bars 2B-2D, the
outer bars 2A, 2E only have a single closely located adjacent feature, (2B, 2D, respectively).
That is, outer bars 2A, 2E are one-side dense.

[0029] The inventors have realized that with a suitable mask design, it is possible to take
advantage of the optical proximity effect and use dipole illumination to produce 2D features
with a pitch less than 100 nm. Figure 2 illustrates a photolithographic mask 210 according to
an embodiment of the invention. In this embodiment, the substantially opaque mask 210
includes a series of substantially transparent mask features 202 which are both one-side dense
and two-side dense as illustrated in more detail in Figure 3. The rectangular mask features
202 are arrayed such that the each successive rectangular mask features 202 is shifted a
distance S from the preceding rectangular mask features 202. This results in portions 206 of
features 202 that are two-side dense and portions 204 of features 202 which are one-side
dense. In this embodiment, the two-side dense portions 206 are located in the middle of the
mask features and the one-side dense portions 204 are located to the left and right sides of the
two-side dense portions in the rectangular mask feature 202 because the middle portions 206
of each feature 202 are shielded on two sides by adjacent features 202 above and below it,
while the side or edge portions 204 (in the longer length “L” direction of each feature 202)
are shielded by only one adjacent feature 202 above or below it. For example, as shown in

Figure 3, each left side or edge one-side dense portion 204 is shielded from above by an
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adjacent feature 202 while each right side or edge one-side dense portion 204 is shielded
from below by another adjacent feature 202. As discussed in more detail below, the mask
210 with mask features 202 yields an array of two dimensional features in a photoresist
which are generally circular or elliptically shaped.

[0030] In the embodiment illustrated in Figure 2, the mask features 202 are rectangles.
The shape of the mask features 202, however, is not limited to rectangles. The mask feature
202 may have any shape, including irregular shapes, as long the mask features 202, as
arrayed on the mask 210, include portions that are one-side dense and portions that are two-
side dense.

[0031] Parameters which may be used to characterize the design of a photographic mask
210 according to embodiments of the invention are schematically illustrated in Figure 3.
Mask 210 includes three offset columns or series of mask features 202A, 202B, 202C. The
columns or series of mask features 202A, 202B, 202C are offset from each other by a
distance OFF. The mask features 202 are substantially rectangular with a length L and a
width W. Each mask feature 202 in a series of mask features 202A, 202B, 202C is separated
vertically from the next mask feature 202 in the same series 202A, 202B, 202C by a gap G.
Further, as discussed above, each subsequent mask feature 202 is shifted in the horizontal
direction from the previous mask feature 202 by a distance S. The pitch P is defined as the
distance measured from centerline to centerline of successive mask features 202 in a series of
mask features 202A, 202B, 202C.

[0032] Also illustrated in Figure 3 is the CB pitch CBP. The CB pitch CBP connects a
first point located at an intersection of the centerline of a first mask feature 202 and a first
short side of the first mask feature 202 with a corresponding second point located at an

intersection of the centerline of a successive mask feature 202 and a corresponding first short
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side of the successive mask feature 202. In the embodiment illustrated in Figure 3, the CB
pitch CBP has been selected to be equal to the length L of the mask feature 202. The result
of setting the CB pitch CBP equal to the length L of the mask feature 202 is illustrated in
Figure 3 as an equilateral triangle in which the angle between CB pitch CBP and centerline of
is 60 degrees. In alternative embodiments, the CB pitch CBP may be longer or shorter than
the length L of the mask feature 202. The resulting angle between the centerline and the CB
pitch CBP, therefore, need not be 60 degrees. The angle may, for example, range from 55 to
70 degrees, such as from 57 to 68 degrees.

[0033] As illustrated in Figure 2, the mask 210 only includes a single series of mask
features 202. However, as illustrated in Figure 3 additional series of mask features 202B,
202C may be provided on mask 210. As illustrated in Figure 3, the additional series of mask
features 202B, 202C are identical to the first series of mask features 202A. This, however, is
not necessary. In alternative embodiments, the additional series of mask features 202B, 202C
may include mask features that are smaller, larger, or even differently shaped than the first
mask features. Further, the mask 210 need not be limited to three series of mask features
202A, 202B, 202C. Indeed, the mask 210 may have 2 or more, such as hundreds or
thousands (e.g., 10-100,000) of series of mask features 202.

[0034] Figure 4 illustrates an alternative embodiment of a mask 210. In this embodiment,
the mask 210 is rotated relative to the embodiment illustrated in Figure 2 so that a series of
2D features 202 are produced in an underlying photoresist layer 12 which are oriented
substantially horizontally in the underlying photoresist layer 12. In an embodiment, the
rotation is substantially 30 degrees. For example, the mask 210 may be configured to be
positioned at an angle ranging from 25 to 35 degrees with respect to an imaginary horizontal

line in a photolithography exposure tool. Other rotations, greater or lesser, may however be
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selected as desired. In this manner, rows of 2D features 14 in the photoresist layer 12 from
horizontal to vertical or any angle in between may be produced.

[0035] In an embodiment, the mask 210 is a photolithography mask that includes a
plurality of mask features 202 configured to pattern features of a NAND device. Possible
NAND features include, but are not limited to, via holes used for NAND contacts and/or
interconnects. Typically, all of the adjacent mask features 202 in a series are separated by a
gap G and are offset from other series of mask features 202 by a distance OFF such that
individual mask all of the mask features 202 have one-side dense portions and two-side dense
portions. In alternative embodiments, however, one or more mask features 202 may not have
both one-side dense and two-side dense portions.

[0036] In an embodiment, the individual mask features 202 have a characteristic length
and for the one-side dense portions the nearest adjacent mask feature is more than 3
characteristic lengths distant. For the two-side dense portions, the nearest adjacent mask
feature is less than 3 characteristic lengths distant. The individual mask features may be
rectangular with longer sides (the length) oriented in a first direction and shorter sides (the
width) oriented in a second direction perpendicular to the first direction. The characteristic
length may be, for example, equal to the span (width) of the shorter side of the rectangle.
[0037] In an embodiment, the plurality of mask features 202 includes one or more
stepped rows of offset rectangular mask features 202 in which all of the gaps G and all of the
offsets OFF between adjacent mask features 202 are substantially the same. The one-side
dense portions 204 are located in two opposing sides or edges (see Figure 3) of each mask
feature 202 which are shifted or offset with respect to an adjacent mask feature, while the
two-side dense portions 206 are located in the middle between the one-side dense portions

204, such that the portions 206 are shielded from above and below by adjacent features 202
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separated by distance G.

[0038] In an embodiment shown in Figure 3, the distance measured orthogonally from a
first mask feature centerline oriented in the first direction to an adjacent second mask feature
centerline oriented in the first direction defines a pitch (“P”), and the pitch is between 60 and
80 nm. In an embodiment, the angle between a first point, A, located at an intersection of the
first mask feature centerline and a first shorter side of the first mask feature with a
corresponding second point, B, located at an intersection of the second mask feature
centerline and a corresponding first shorter side of the second mask feature ranges from 55 to
70 degrees, such as 57 to 68 degrees. In an embodiment, the CB pitch line CBP connects the
first point A to the second point B and the CB pitch line length ranges from 70 to 90 nm.
[0039] In an embodiment, the length of the longer sides (L) of the mask features ranges
from 63 to 73 nm while the length of the shorter sides (W) of the mask features 202 ranges
from 33 to 43 nm. In this embodiment, the offset OFF between adjacent mask features 202
ranges from 120 to 180 nm and the gap G between adjacent mask features 202 is greater than
30 nm. Additionally, the mask features 202 may be arrayed such that the each successive
rectangular mask features 202 is shifted a distance (S) from the preceding rectangular mask
features 202. The distance S may be, for example 30-70 nm.

[0040] In an embodiment, the mask 210 may be square or rectangular, and includes a
stepped row of offset mask features 202 that extends along an imaginary line which is
oriented at an angle ranging from 25 to 35 degrees to a side of the mask 210, as shown in
Figure 4. The mask 210 may be configured to be positioned at an angle ranging from 25 to
35 degrees with respect to an imaginary horizontal line in a photolithography exposure tool.
[0041] In an embodiment, as noted above, the mask 210 may be a substantially opaque

phase shift mask which includes a plurality of mask features 202 which are substantially

-10-



WO 2012/138557 PCT/US2012/031423

transparent.

[0042] Embodiments of the invention also include methods of performing
photolithography. An embodiment of the method includes the step of providing a
substantially opaque mask 210 having N stepped rows of offset and substantially transparent,
rectangular mask features 202. In this embodiment, N is an integer and N>2. The method
also includes a step of illuminating with dipole illumination a photoresist layer 12 located
over an underlying material through the substantially transparent, rectangular mask features
202 in the substantially opaque mask 210 to form 2N rows of exposed regions 14 in the
photoresist layer 12. In this embodiment, the exposed regions 14 have a substantially
elliptical or substantially circular shape when viewed from above the photoresist layer 12. A
substantially elliptical or substantially circular shape is one in which the radius of curvature
and/or the eccentricity varies by less than 10%. It also includes shapes whose circumference
is smooth or rough.

[0043] Further, in this embodiment, adjacent mask features 202 in each row of offset,
substantially transparent, rectangular mask features 202 are separated by a gap G and are
offset from each other such that individual mask features 202 have one-side dense portions
204 and two-side dense portions 206. This embodiment includes providing a mask 210
having a plurality of mask features 202 in which adjacent mask features 202 are separated by
a gap G and are offset from each other such that individual mask features 202 have one-side
dense portions 204 and two-side dense portions 206. The method also includes illuminating a
photoresist layer 12 located over an underlying material with dipole illumination through the
plurality of mask features 202 in the mask 210 to form exposed regions 14 in the photoresist
layer 12. Thus, 2D features (e.g. 2 rows of holes) 14 can be generated in the photoresist layer

12 using a 1D mask layout (one row of rectangular features 202).
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[0044] In an embodiment, use of the mask results in a pitch between the exposed regions
in the underlying photoresist layer 12 in each of the 2N rows that ranges from 70 to 85 nm.
In an embodiment, the angle between the centerline of the mask features 202 and the CB
pitch CBP ranges from 57 to 68 degrees. The CB pitch is an imaginary line whose length
ranges from 70 to 90 nm.

[0045] In another embodiment of the method, the length of the longer sides L of the mask
features 202 ranges from 63 to 73 nm and the length of the shorter sides W of the mask
features ranges from 33 to 43 nm. Exposure of an underlying photoresist layer 12 with this
mask results in exposed regions that have a substantially elliptical shape of approximately 30
to 50 nm in length and 15 to 25 nm in width or a substantially circular shape approximately
15-25 nm in radius. In this embodiment, the offset OFF between adjacent mask features 202
ranges from 30 to 45 nm and the gap G between adjacent mask features is greater than 30 nm.
[0046] In another embodiment of the method, the mask 210 comprises a square or
rectangular mask 210 which is rotated at an angle ranging from 25 to 35 degrees with respect
to an imaginary horizontal line in a photolithography exposure tool, such that the N stepped
rows of offset mask features 202 extend along an imaginary line which is oriented
substantially parallel to the imaginary horizontal line and at an angle ranging from 25 to 35
degrees to a side of the mask 210.

[0047] Figures 10A-C illustrate a method of making a semiconductor device according to
an embodiment. In this embodiment, a partially completed device 215, such as a NAND,
includes a top layer 213, such as an insulating layer (e.g., silicon oxide, silicon nitride,
organic dielectric, etc.), to be patterned. The pattern in the top layer 213 may include vias
which may be filled with a conducting material to interconnect or contact individual

transistors in the NAND string. Other pattern features for other purposes may also be made
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by this method. A layer 212 of positive photoresist is deposited on top of the top layer 213.
[0048] Deep UV radiation, indicated by the arrows, is focused on the mask 210. The
substantially opaque features 202 on the mask 210 block the light while the substantially
transparent mask 210 allows light to pass through to the layer 210 of positive photoresist.
Portions 214 of the photoresist layer 210 exposed to the light are developed. The exposed
portions 214 of the photoresist layer 212 may be selectively removed to expose portions of
the underlying top layer 213 in openings 214A in the photoresist. The unexposed portions
212 may be used as a mask while removing (i.e., etching) the exposed portions of the
underlying top layer 213. In this manner 2N rows of openings 214 A in the underlying top
layer 213 may be formed. The remaining photoresist 212 is then removed.

[0049] In the above embodiment, the underlying top layer 213 may comprise an
insulating layer located over a NAND memory device and the 2N rows of openings 214A
may comprise contact openings to the NAND memory device. Alternatively as illustrated in
Figure 12, the underlying top layer 213 may comprise an insulating layer located over a
substrate and the 2N rows of openings 214 comprise 2N rows openings in the insulating layer
in which 2N rows of damascene pillar shaped memory cells 220 comprising a semiconductor
steering element 226 and a storage element 225 are formed. One end of the damascene pillar
shaped memory cells 220 may be electrically connected to a bit line 222, while an opposite
end may be connected to a word line 224 (or vise-versa). Such a ReRAM non-volatile
memory device is described, for example, in U.S. patent number 7,746,680 which is
incorporated herein by reference in its entirety.

[0050] In another embodiment illustrated in Figures11A-11C, the method includes
developing the exposed photoresist layer 214, in which the photoresist layer comprises a

negative photoresist. In this method, the unexposed portions 212 of the photoresist layer 212
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are removed, leaving pillar shaped exposed regions 214 of developed photoresist layer 212.
The pillar shaped exposed regions 214 are used as a mask while selectively etching the
underlying top layer 213, thereby forming 2N rows of pillars 220 in the underlying top layer
213. The exposed portion 214 of photoresist material 212 is then removed.

[0051] In the above embodiment, as in the previous embodiment, the underlying top layer
213 may comprise at least one semiconductor layer and the 2N rows of pillars comprise 2N
rows of pillar shaped memory cells 220 comprising a semiconductor steering element 226
and a storage element 225 of the ReRAM non-volatile memory device.

[0052] In another embodiment illustrated in Figures 13A-13E, the method further
includes developing the exposed photoresist layer 212, in which the photoresist layer
comprises a negative photoresist. The method also includes removing unexposed portions of
the photoresist layer 212 to leave pillar shaped exposed regions 214 of the developed
photoresist layer 212. The method also includes depositing a blocking material layer 216
(e.g., a low temperature oxide or an organic spin on material) around the pillar shaped
exposed photoresist regions 214 and removing the pillar shaped exposed photoresist regions
214 to expose portions of the underlying material in openings 214 A in the blocking material
layer 216. The method also includes a step of removing the portions of the underlying
material 213 exposed in openings 214 A, thereby forming 2N rows of openings 214B in the

underlying material 213. The openings can be filled with NAND contacts or ReRAM pillar

devices.
EXAMPLES
[0053] Figures 5-9 illustrate simulated exposure patterns resulting from use of

photolithographic masks 210 and methods of the invention shown in Figure 4. In Figures 5-

8, the simulations were conducted based on (A) the dipole illumination being in focus and (B)
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the dipole illumination being 50 nm out of focus. The simulation with out of focus dipole
illumination was conducted to determine the sensitivity of the methods to the focus of the
dipole illumination. Example illumination parameters include: a numerical aperture (“NA”)
of 1.35, a dipole angle of 50°, a rotation trench of 26-27°, a partial coherence (‘‘sigma”) of Gou
=0.98, i, = 0.92 and feature critical dimensions (“CD”’) of 38/68 nm.

[0054] The numerical aperture is a dimensionless number that characterizes the range of
angles over which the system can accept or emit light. The higher the numerical aperture, the
smaller the pitch that can be produced. For example, a numerical aperture of 1.35 may be
achieved with immersion lithography. As illustrated in Figure 4, use of a numerical aperture
of 1.35 and large units of partial coherence (Gi, = 0.88, 6oy = 0.98) results in a very narrow
radiation beam passing through the mask 210.

[0055] Figure 5 illustrates (A) simulated results of exposure through a 76 nm pitch mask
according to an embodiment of a method of the invention under “best focus™ conditions and
(B) under 50 nm defocus conditions. As can be seen in the simulations, the exposure pattern
includes exposed regions 14 that have a substantially elliptical shape. Further, the exposure
pattern has an 85 nm CB pitch. That is, a mask 210 with rectangular features 202 having a 76
nm pitch results in exposure pattern having elliptical exposed regions 14 with an 85 nm CB
pitch. Defocusing the dipole illumination had no discernable effect on the exposure pattern.
[0056] Figure 6 illustrates (A) simulated results of exposure through a 72 nm pitch mask
according to an embodiment of a method of the invention under “best focus” conditions and
(B) under 50 nm defocus conditions. As in the previous embodiment, the exposed regions 14
have an elliptical shape. The exposure pattern of this embodiment has a CB pitch of 78 nm.
[0057] Figure 7 illustrates (A) simulated results of exposure through a 70 nm pitch mask

according to an embodiment of a method of the invention under “best focus” conditions and
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(B) under 50 nm defocus conditions. As in the previous embodiments, the exposed regions
14 have a substantially elliptical shape. In this embodiment, the exposure pattern has a CB
pitch of 78 nm. As in the previous embodiments, defocusing the dipole illumination has no
effect on the exposure pattern.

[0058] Figure 8 illustrates (A) simulated results of exposure through a 68 nm pitch mask
according to an embodiment of a method of the invention under “best focus” conditions and
(B) under 50 nm defocus conditions. Exposure through this mask 210 results in a exposure
pattern with elliptical exposed regions 14 with a CB pitch of 76.5 nm. Defocusing the dipole
illumination has no substantial effect on the exposure pattern, but some CD variation was
observed.

[0059] Figure 9 illustrates simulated results of exposure through a 67 nm pitch mask
according to an embodiment of a method of the invention under “best focus™ conditions.
Exposure through this mask results in a exposure pattern with elliptical exposed regions 14
with a CB pitch of 75.6 nm. Large CD variation was observed.

[0060] 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 embodiments 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.
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WHAT IS CLAIMED IS:
1. A photolithography mask, comprising a plurality of mask features, wherein
adjacent mask features are separated by a gap and are offset from each other such that

individual mask features have one-side dense portions and two-side dense portions.

2. The mask of claim 1, wherein:

the individual mask features have a characteristic length;

for the one-side dense portions, a nearest adjacent mask feature is more than 3
characteristic lengths distant; and

for the two-side dense portions, a nearest adjacent mask feature is less than 3

characteristic lengths distant.

3. The mask of claim 2, wherein:

the individual mask features are rectangular with longer sides oriented in a first
direction and shorter sides oriented in a second direction perpendicular to the first direction;

the characteristic length comprises the longer side length;

the gap is measured between the longer sides of adjacent mask features; and

the offset is measured as an orthogonal displacement of shorter sides of adjacent mask

features in the first direction.

4. The mask of claim 3, wherein:

the plurality of mask features comprise a stepped row of offset rectangular mask
features in which all of the gaps and all of the offsets between adjacent mask features are
substantially the same;

the one-side dense portions are located in two opposing sides of each mask feature
which are offset with respect to an adjacent mask feature; and

the two-side dense portions are located in between the two one-side dense portions.

5. The mask of claim 4, wherein a distance measured orthogonally from a first mask
feature centerline oriented in the first direction to an adjacent second mask feature centerline

oriented in the first direction defines a pitch, and the pitch is between 60 and 80 nm.
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6. The mask of claim 5, wherein an angle between a first point located at an
intersection of the first mask feature centerline and a first shorter side of the first mask feature
with a corresponding second point located at an intersection of the second mask feature
centerline and a corresponding first shorter side of the second mask feature ranges from 55 to

70 degrees.

7. The mask of claim 6, wherein:
the angle ranges from 57 to 68 degrees;
a CB pitch imaginary line connects the first point to the second point; and

the CB pitch imaginary line length ranges from 70 to 90 nm.

8. The mask of claim 4, wherein:

a length of the longer sides of the mask features ranges from 63 to 73 nm;
a length of the shorter sides of the mask features ranges from 33 to 43 nm;
the offset between adjacent mask features ranges from 30 to 70 nm; and

the gap between adjacent mask features is greater than 30 nm.

9. The mask of claim 4, wherein the mask is square or rectangular, and the stepped
row of offset mask features extends along an imaginary line which is oriented at an angle

ranging from 25 to 35 degrees to a side of the mask.

10. The mask of claim 9, wherein the mask is configured to be positioned at an angle
ranging from 25 to 35 degrees with respect to an imaginary horizontal line in a

photolithography exposure tool.

11. The mask of claim 1, wherein the mask comprises a substantially opaque phase

shift mask having the plurality of mask features which are substantially transparent.

12. A photolithography method, comprising:

providing a substantially opaque mask having N stepped rows of offset, substantially
transparent, rectangular mask features, where N is an integer and N>2; and

illuminating a photoresist layer located over an underlying material with dipole
illumination through the substantially transparent, rectangular mask features in the

substantially opaque mask to form 2N rows of exposed regions in the photoresist layer;
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wherein the exposed regions have a substantially elliptical or substantially circular

shape when viewed from above the photoresist layer.

13. The method of claim 12, wherein adjacent mask features in each row of offset,
substantially transparent, rectangular mask features are separated by a gap and are offset from
each other such that individual mask features have one-side dense portions and two-side

dense portions.

14. The method of claim 13, wherein:

the rectangular individual mask features have a characteristic length which
corresponds to a shorter side length of the individual mask features;

for the one-side dense portions, a nearest adjacent mask feature is more than 3
characteristic lengths distant; and

for the two-side dense portions, a nearest adjacent mask feature is less than 3

characteristic lengths distant.

15. The method of claim 14, wherein:

the individual rectangular mask features comprise longer sides oriented in a first
direction and shorter sides oriented in a second direction perpendicular to the first direction;

the gap is measured between the longer sides of adjacent mask features; and

the offset is measured as an orthogonal displacement of shorter sides of adjacent mask

features in the first direction.

16. The method of claim 15, wherein:

all of the gaps and all of the offsets between adjacent mask features in the stepped row
of offset rectangular mask features are substantially the same;

the one-side dense portions are located in two opposing sides of each mask feature
which are offset with respect to an adjacent mask feature; and

the two-side dense portions are located in between the two one-side dense portions .

17. The method of claim 15, wherein:
a distance measured orthogonally from a first mask feature centerline oriented in the
first direction to an adjacent second mask feature centerline oriented in the first direction

defines a pitch, and the pitch is between 60 and 80 nm;
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an angle between a first point located at an intersection of the first mask feature
centerline and a first shorter side of the first mask feature with a corresponding second point
located at an intersection of the second mask feature centerline and a corresponding first
shorter side of the second mask feature ranges from 55 to 70 degrees; and

a pitch between the exposed regions in the photoresist layer in each of the 2N rows

ranges from 70 to 85 nm.

18. The method of claim 17, wherein:
the angle ranges from 57 to 68 degrees;
a CB pitch imaginary line connects the first point to the second point; and

the CB pitch imaginary line length ranges from 70 to 90 nm.

19. The method of claim 17, wherein:

a length of the longer sides of the mask features ranges from 63 to 73 nm;

a length of the shorter sides of the mask features ranges from 33 to 43 nm;

the exposed regions have the substantially elliptical shape of approximately 30 to 50
nm in length and 15 to 25 nm in width or the substantially circular shape approximately 15-
25 nm in radius;

the offset between adjacent mask features ranges from 30 to 70 nm; and

the gap between adjacent mask features is greater than 30 nm.

20. The method of claim 12, wherein the mask comprises a square or rectangular
mask which is rotated at an angle ranging from 25 to 35 degrees with respect to an imaginary
horizontal line in a photolithography exposure tool, such that the N stepped rows of offset
mask features extend along an imaginary line which is oriented substantially parallel to the

imaginary horizontal line and at an angle ranging from 25 to 35 degrees to a side of the mask.

21. The method of claim 12, further comprising:

developing the exposed photoresist layer, wherein the photoresist layer comprises a
positive photoresist;

removing the exposed regions in the developed photoresist layer to expose portions of

the underlying material; and
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removing the exposed portions of the underlying material, thereby forming 2N rows

of openings in the underlying material.

22. The method of claim 21, wherein:
the underlying material comprises an insulating layer located over a NAND memory
device; and

the 2N rows of openings comprise contact openings to the NAND memory device.

23. The method of claim 21, wherein:

the underlying material comprises an insulating layer located over a substrate; and

the 2N rows of openings comprise 2N rows openings in the insulating layer in which
2N rows of damascene pillar shaped memory cells comprising a semiconductor steering

element and a storage element are formed.

24. The method of claim 12, further comprising:

developing the exposed photoresist layer, wherein the photoresist layer comprises a
negative photoresist;

removing unexposed portions of the photoresist layer to leave pillar shaped exposed
regions of the developed photoresist layer; and

removing portions of the underlying material that are not covered by the pillar shaped

exposed photoresist regions, thereby forming 2N rows of pillars in the underlying material.

25. The method of claim 24, where the underlying material comprises at least one
semiconductor layer, and the 2N rows of pillars comprise 2N rows of pillar shaped memory

cells comprising a semiconductor steering element and a storage element.

26. The method of claim 12, further comprising:

developing the exposed photoresist layer, wherein the photoresist layer comprises a
negative photoresist;

removing unexposed portions of the photoresist layer to leave pillar shaped exposed
regions of the developed photoresist layer; and

depositing a blocking material layer around the pillar shaped exposed photoresist

regions;

21-



WO 2012/138557 PCT/US2012/031423

removing the pillar shaped exposed photoresist regions to expose portions of the
underlying material in openings in the blocking material layer; and
removing the exposed portions of the underlying material, thereby forming 2N rows

of openings in the underlying material.

27. A photolithography method, comprising:

providing a mask having a plurality of mask features, wherein adjacent mask features
are separated by a gap and are offset from each other such that individual mask features have
one-side dense portions and two-side dense portions; and

illuminating a photoresist layer located over an underlying material with dipole
illumination through the plurality of mask features in the mask to form exposed regions in the

photoresist layer.
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