w0 20197100899 A 1 |0 000 0000 YO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 00 O 00 00 0 A T

International Bureau

/ (10) International Publication Number
(43) International Publication Date = WO 2019/100899 A1
31 May 2019 (31.05.2019) WIPO | PCT
(51) International Patent Classification: Lake High-Tech Development Zone, Wuhan, Hubei 430074
HOI1L 21/033 (2006.01) HOIL 21/768 (2006.01) (CN).
(21) International Application Number: (72) Inventors: FAN, Luming;, Room 7018, No.18, Huaguang
PCT/CN2018/111834 Road, Guandong Science and Technology Industrial Park,

East Lake High-Tech Development Zone, Wuhan, Hubei
430074 (CN). HUA, Ziqun; Room 7018, No.18, Huaguang

25 October 2018 (25.10.2018) Road, Guandong Science and Technology Industrial Park,
(25) Filing Language: English East Lake High-Tech Development Zone, Wuhan, Hubei
430074 (CN). LI, Bifeng; Room 7018, No.18, Huaguang

(22) International Filing Date:

(26) Publication Language: English Road, Guandong Science and Technology Industrial Park,
(30) Priority Data: East Lake High-Tech Development Zone, Wuhan, Hubei
201711183484.8 23 November 2017 (23.11.2017) CN 430074 (CN). CAO, Qingchen; Room 7018, No.18,

Huaguang Road, Guandong Science and Technology In-
dustrial Park, East Lake High-Tech Development Zone,
‘Wuhan, Hubei 430074 (CN). FENG, Yaobin; Room 7018,
No.18, Huaguang Road, Guandong Science and Technol-
ogy Industrial Park, East Lake High-Tech Development

(71) Applicant: YANGTZE MEMORY TECHNOLOGIES
CO.,LTD. [CN/CN]; Room 7018, No.18, Huaguang Road,
Guandong Science and Technology Industrial Park, East

(54) Title: METHOD AND STRUCTURE FOR CUTTING DENSE LINE PATTERNS USING SELF-ALIGNED DOUBLE PAT-
TERNING

w

el

[e]

@
___._____.«V.{h__.____

(57) Abstract: Embodiments of a method for forming a semiconductor structure including disposing an insulating layer on a substrate,
disposing a first dielectric layer on the insulating layer, and forming a plurality of mandrel lines on the first dielectric layer. The method
also includes forming one or more groups of discontinuous mandrel line pairs with a first mask, wherein each of the one or more groups
includes 2N numbers of discontinuous mandrel line pairs, and N numbers of intersections of space lines and a space channel, wherein N
is a whole number. The method further includes disposing a second dielectric layer on the mandrel lines and the discontinuous mandrel
line pairs, and forming dielectric spacers on sidewalls of the mandrel lines and the discontinuous mandrel line pairs. The method further
includes removing the mandrel lines and the discontinuous mandrel line pairs to form spacer masks, forming one or more groups of
blocked regions using a second mask, and forming openings extended through the first dielectric layer with a conjunction of the spacer

[Continued on next page]



WO 2019/100899 A1 | N1 )08 00 0000 Y 00O

Zone, Wuhan, Hubei 430074 (CN). XIA, Zhiliang; Room
7018, No.18, Huaguang Road, Guandong Science and
Technology Industrial Park, East Lake High-Tech Develop-
ment Zone, Wuhan, Hubei 430074 (CN). HUO, Zongliang;
Room 7018, No.18, Huaguang Road, Guandong Science
and Technology Industrial Park, East Lake High-Tech De-
velopment Zone, Wuhan, Hubei 430074 (CN).

(74) Agent: NTD UNIVATION INTELLECTUAL PROP-
ERTY AGENCY LTD.; 10th Floor, Tower C, Beijing
Global Trade Center, 36 North Third Ring Road East,
Dongcheng District, Beijing 100013 (CN).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))

masks and the second mask. The method also includes removing the spacer masks and the second mask to expose the top surfaces of
the first dielectric layer, disposing an objective material in the openings, and forming objective lines with top surfaces coplanar with
the top surfaces of the first dielectric layer.
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METHOD AND STRUCTURE FOR CUTTING DENSE LINE PATTERNS USING
SELF-ALIGNED DOUBLE PATTERNING

CROSS-REFERENCE TO RELATED APPLICATIONS AND
INCORPORATION BY REFERENCE

[0001] This application claims priority to Chinese Patent Application No. 201711183484.8,

filed on November 23, 2017, which is incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure generally relates to the field of semiconductor technology, and

more particularly, to a method for forming a three-dimensional (3D) memory.

BACKGROUND

[0003] Planar memory cells are scaled to smaller sizes by improving process technology,
circuit design, programming algorithm, and fabrication process. However, as feature sizes of
the memory cells approach a lower limit, planar process and fabrication techniques become
challenging and costly. As such, memory density for planar memory cells approaches an
upper limit. A three-dimensional (3D) memory architecture can address the density limitation

in planar memory cells.

BRIEF SUMMARY

[0004] Embodiments of a method for cutting dense line patterns using self-aligned double
patterning for a three-dimensional (3D) memory are described in the present disclosure.

[0005] In some embodiments, a method for cutting dense line patterns for page buffers in a
3D memory periphery using self-aligned double patterning (SADP) is described. The method
includes exposing a portion of two adjacent mandrel lines of a page buffer using a first mask
designed with optical proximity correction (OPC), removing the portion and forming two
discontinuous mandrel line pairs. The method also includes disposing a dielectric layer over
the mandrel lines of the page buffer and forming dielectric spacers along the sidewalls of

mandrel lines. The method further includes removing the mandrel lines selectively over the
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dielectric spacers. The method also includes blocking a portion of the dielectric spacers using
a second mask, disposing a conductive layer and forming conductive lines in between the
dielectric spacers that are not blocked by the second mask.

[0006] In some embodiments, the conductive layer includes a discontinuous pattern across
three adjacent conductive lines.

[0007] In some embodiments, the dielectric layer includes silicon oxide, silicon nitride,
silicon oxynitride, and/or combinations thereof.

[0008] In some embodiments, the disposing of the conductive layer includes physical vapor
deposition (PVD), atomic layer deposition (ALD), and chemical vapor deposition (CVD).

[0009] In some embodiments, the conductive layer includes metal or doped silicon.

[0010] In some embodiments, the method for cutting dense line patterns for page buffers in
the 3D memory periphery using SADP further includes a planarization process to from
conductive layers coplanar with patterned structures on the wafer.

[0011] In some embodiments, the metal used for conductive layer includes tungsten, cobalt,
copper, and aluminum.

[0012] In some embodiments, the number of line patterns formed by the dielectric spacers is
twice the number of the mandrel lines. Two pairs of dielectric spacer lines along the two
discontinuous mandrel line pairs are also discontinuous at the corresponding locations. There
are two dielectric spacer cross-bars connecting the discontinuous dielectric spacer lines
within each pair. The second mask blocks the central space between the two pairs of
discontinuous dielectric spacer lines. Two ends of the second mask extend along the two
pairs of dielectric spacers, covering the space in between them.

[0013] In some embodiments, the second mask includes a width no more than the distance
between the outer edges of the two center dielectric spacers. The second mask also includes a
width no less than the distance between the inner edges of the two center dielectric spacers.

[0014] In some embodiments, a 3D NAND memory chip can include a page buffer with
cutting patterns formed by SADP using any one of the processes stated above.

[0015] Other aspects of the present disclosure can be understood by those skilled in the art in

light of the description, the claims, and the drawings of the present disclosure.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate embodiments of the present disclosure and, together with the
description, further serve to explain the principles of the present disclosure and to enable a
person skilled in the pertinent art to make and use the present disclosure.

[0017] Fig. 1 illustrates an example of top-down and cross-sectional views of a
semiconductor structure with a plurality of mandrel lines formed on a first dielectric layer, in
accordance with some embodiments of the present disclosure.

[0018] Fig. 2 illustrates an example of top-down and cross-sectional views of a
semiconductor structure with a disruptive region formed by a first mask, in accordance with
some embodiments of the present disclosure.

[0019] Fig. 3 illustrates an example of top-down and cross-sectional views of a
semiconductor structure disposed with a second dielectric layer, in accordance with some
embodiments of the present disclosure.

[0020] Fig. 4 illustrates an example of top-down and cross-sectional views of a
semiconductor structure with dielectric spacers, in accordance with some embodiments of the
present disclosure.

[0021] Fig. 5 illustrates an example of top-down and cross-sectional views of a
semiconductor structure with spacer masks, in accordance with some embodiments of the
present disclosure.

[0022] Fig. 6 illustrates an example of top-down and cross-sectional views of a
semiconductor structure with a block region using a second mask, in accordance with some
embodiments of the present disclosure.

[0023] Fig. 7 illustrates an example of top-down and cross-sectional views of a
semiconductor structure with openings formed in the first dielectric layer using a conjunction
of a second mask and spacer masks, in accordance with some embodiments of the present
disclosure.

[0024] Fig. 8 illustrates an example of top-down and cross-sectional views of a
semiconductor structure with openings in the first dielectric layer, in accordance with some

embodiments of the present disclosure.
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[0025] Fig. 9A and 9B illustrate examples of top-down and cross-sectional views of
semiconductor structures with objective material lines formed in the first dielectric layer, in
accordance with some embodiments of the present disclosure.

[0026] Fig. 10 illustrates an example process flow, in accordance with some embodiments of
the present disclosure.

[0027] The features and advantages of the present invention will become more apparent from
the detailed description set forth below when taken in conjunction with the drawings, in
which like reference characters identify corresponding elements throughout. In the drawings,
like reference numbers generally indicate identical, functionally similar, and/or structurally
similar elements. The drawing in which an element first appears is indicated by the leftmost
digit(s) in the corresponding reference number.

[0028] Embodiments of the present disclosure will be described with reference to the

accompanying drawings.

DETAILED DESCRIPTION

[0029] Although specific configurations and arrangements are discussed, it should be
understood that this is done for illustrative purposes only. A person skilled in the pertinent art
will recognize that other configurations and arrangements can be used without departing
from the spirit and scope of the present disclosure. It will be apparent to a person skilled in
the pertinent art that the present disclosure can also be employed in a variety of other
applications.

2 <¢

[0030] It is noted that references in the specification to “one embodiment,” “an embodiment,”

2 <

“an example embodiment,” “some embodiments,” etc., indicate that the embodiment
described can include a particular feature, structure, or characteristic, but every embodiment
can not necessarily include the particular feature, structure, or characteristic. Moreover, such
phrases do not necessarily refer to the same embodiment. Further, when a particular feature,
structure or characteristic is described in connection with an embodiment, it would be within

the knowledge of a person skilled in the pertinent art to affect such feature, structure or

characteristic in connection with other embodiments whether or not explicitly described.
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[0031] In general, terminology can be understood at least in part from usage in context. For
example, the term “one or more” as used herein, depending at least in part upon context, can
be used to describe any feature, structure, or characteristic in a singular sense or can be used
to describe combinations of features, structures or characteristics in a plural sense. Similarly,

2 <

terms, such as “a,” “an,” or “the,” again, can be understood to convey a singular usage or to
convey a plural usage, depending at least in part upon context. In addition, the term “based
on” can be understood as not necessarily intended to convey an exclusive set of factors and
may, instead, allow for existence of additional factors not necessarily expressly described,
again, depending at least in part on context.

[0032] It should be readily understood that the meaning of “on,” “above,” and “over” in the
present disclosure should be interpreted in the broadest manner such that “on” not only
means “directly on” something, but also includes the meaning of “on” something with an
intermediate feature or a layer therebetween. Moreover, “above” or “over” not only means
“above” or “over” something, but can also include the meaning it is “above” or “over”
something with no intermediate feature or layer therebetween (i.e., directly on something).

2 ¢

[0033] Further, spatially relative terms, such as “beneath,” “below,” “lower,” “above,”
“upper,” and the like, can be used herein for ease of description to describe one element or
feature’s relationship to another element(s) or feature(s) as illustrated in the figures. The
spatially relative terms are intended to encompass different orientations of the device in use
or process step in addition to the orientation depicted in the figures. The apparatus can be
otherwise oriented (rotated 90 degrees or at other orientations) and the spatially relative
descriptors used herein can likewise be interpreted accordingly.

[0034] As used herein, the term “substrate” refers to a material onto which subsequent
material layers are added. The substrate includes a top surface and a bottom surface. The top
surface of the substrate is where a semiconductor device is formed, and therefore the
semiconductor device is formed at a top side of the substrate. The bottom surface is opposite
to the top surface and therefore a bottom side of the substrate is opposite to the top side of the
substrate. The substrate itself can be patterned. Materials added on top of the substrate can be

patterned or can remain unpatterned. Furthermore, the substrate can include a wide array of

semiconductor materials, such as silicon, germanium, gallium arsenide, indium phosphide,
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etc. Alternatively, the substrate can be made from an electrically non-conductive material,
such as a glass, a plastic, or a sapphire wafer.

[0035] As used herein, the term “layer” refers to a material portion including a region with a
thickness. A layer has a top side and a bottom side where the bottom side of the layer is
relatively close to the substrate and the top side is relatively away from the substrate. A layer
can extend over the entirety of an underlying or overlying structure, or can have an extent
less than the extent of an underlying or overlying structure. Further, a layer can be a region of
a homogeneous or inhomogeneous continuous structure that has a thickness less than the
thickness of the continuous structure. For example, a layer can be located between any set of
horizontal planes between, or at, a top surface and a bottom surface of the continuous
structure. A layer can extend horizontally, vertically, and/or along a tapered surface. A
substrate can be a layer, can include one or more layers therein, and/or can have one or more
layer thereupon, thereabove, and/or therebelow. A layer can include multiple layers. For
example, an interconnect layer can include one or more conductor and contact layers (in
which contacts, interconnect lines, and/or vias are formed) and one or more dielectric layers.

[0036] As used herein, the term “nominal/nominally” refers to a desired, or target, value of a
characteristic or parameter for a component or a process step, set during the design phase of a
product or a process, together with a range of values above and/or below the desired value.
The range of values can be due to slight variations in manufacturing processes or tolerances.
As used herein, the term “about” indicates the value of a given quantity that can vary based
on a particular technology node associated with the subject semiconductor device. Based on
the particular technology node, the term “about” can indicate a value of a given quantity that
varies within, for example, 10-30% of the value (e.g., £10%, £20%, or £30% of the value).

[0037] In the present disclosure, the term “horizontal/horizontally/lateral/laterally” means
nominally parallel to a lateral surface of a substrate. In the present disclosure, the term “each”
may not only necessarily mean “each of all,” but can also mean “each of a subset.”

[0038] As used herein, the term “3D memory” refers to a three-dimensional (3D)
semiconductor device with vertically oriented strings of memory cell transistors (referred to
herein as “memory strings,” such as NAND strings) on a laterally-oriented substrate so that

the memory strings extend in the vertical direction with respect to the substrate. As used
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herein, the term “vertical/vertically” means nominally perpendicular to the lateral surface of
a substrate.

[0039] In some embodiments, a NAND string or a 3D memory includes a semiconductor
pillar (e.g., silicon channel) that extends vertically through a plurality conductor/dielectric
layer pairs. The plurality of conductor/dielectric layer pairs are also referred to herein as an
“alternating conductor/dielectric stack.” An intersection of the conductor layer and the
semiconductor pillar can form a memory cell. The conductor layer of the alternating
conductor/dielectric stack can be connected to a word line at back-end-of-line, where a word
line can electrically connect one or more control gates. The top of the semiconductor pillar
(e.g., transistor drain region) can be connected to a bit line (electrically connecting one or
more semiconductor pillars). Word lines and bit lines are typically laid perpendicular to each
other (e.g., in rows and columns, respectively), forming an array of the memory. A memory
chip may have one or more array blocks or banks. An array bank can also be divided into
smaller array segments. Array is the core area performing storage function in a memory chip.
To achieve higher bit density, the number of 3D memory stacks is increased greatly, adding
complexity and cost in manufacturing.

[0040] A memory chip has another part, called periphery, that provides supporting functions
to the core. Periphery includes many digital, analog, and/or mixed-signal circuits, for
example, row and column decoders, drivers, page buffers, sense amplifiers, timing and
controls. Peripheral circuits use active and/or passive semiconductor devices, such as
transistors, diodes, capacitors, resistors, etc.

[0041] To reduce cost per bit, the dimensions of critical features for semiconductor devices
are aggressively scaled down. Advanced lithography has provided smaller critical
dimensions using illumination source with shorter wavelength, for example, deep ultraviolet
(DUV) laser at 193 nm. To reduce diffraction when the minimum dimensions becomes a
fraction of the 193 nm wavelength, reticle enhancement techniques are used, for example
phase-shift mask and optical-proximity correction (OPC), in addition to optical equipment
improvements, for example, lenses with higher numerical apertures, immersion techniques,
off-axis illumination and/or the use of multiple sources. Computational lithography and
design rule restrictions (for example, limiting bidirectional features, etc.) can further enhance

patterning capability using existing lithography systems. Before extreme ultraviolet (EUV)
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technology 1s commercially viable, double patterning is a technique enabling manufacturing
on sub-30nm process nodes. Double patterning splits dense patterns into two interleaved
patterns of less-dense features using two lithography masks and a litho-etch, litho-etch
(LELE) process. The main issue of double patterning is the misalign of these two lithography
levels. An alternative technique such as self-aligned double patterning (SADP) or spacer-
assisted double patterning can provide finer pitches.

[0042] Self-aligned double patterning (SADP) uses a material wrapping around a source
element (also called “mandrel”) that is defined by a lithography mask. Using sidewall image
transfer, metal that fills in between the spacers can form a metal line. Critical features of
SADP are determined by the spacers surrounding the source element and not directly by any
features on the mask. The remaining design features can be achieved using a cut mask.

[0043] It is desirable to design the lines straight and of equal width and/or spacing on critical,
lower metal layers such as metal one (M1) and metal two (M2) as well as local interconnect
and gate metals. At these levels, pattern density can be further increased through layout
design and a cut mask. For example, at M2 level in a page buffer of a 3D memory periphery,
low-voltage and high voltage bit lines can share the same metal lines on an M2 mask and can
be separated using a cut mask in the subsequent processes. Therefore it is desirable to have a
reliable technique that can cut dense patterns using SADP.

[0044] Various embodiments in the present disclosure provide methods and structures for
cutting dense line patterns for metal interconnects in a 3D memory. Dense lines are usually
cut with a single mask. One or more groups of dense lines can be cut in a group of three
using a plurality of staggered shapes, each shape having an offset of a line pitch. As the line
pitch goes below 50 nm, alignment between cutting shapes and dense metal lines becomes
very difficult with tolerance of a single pitch. In the present disclosure, a first cutting mask
can be used to cut mandrel lines at larger pitch and a second cutting mask can be used to
further separate dense features with relaxed alignment tolerance. Although metal line
patterning is described in this disclosure as an example, the disclosed methods and structures
can be used for patterning dense lines in chip design and manufacturing in general.

[0045] Fig. 1 illustrates a schematic top-down (top) and cross-sectional views (bottom) of an
exemplary semiconductor structure 100 according to some embodiments, wherein the

semiconductor structure 100 having a plurality of mandrel lines 101. The mandrel lines 101
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have a width of “a;” and a spacing of “b;.” In some embodiments, the mandrel lines 101 can
have different width and spacing. For illustration purpose, the mandrel lines 101 of the same
width “a;” and the same spacing “b;” are used herein for simplicity. A pitch “p;” of the
mandrel lines (also called line pitch) refers to a repeating period, e.g., the distance from one
edge of a mandrel line to a corresponding edge of an adjacent mandrel line. The pitch “p;” 1s
equivalent to a sum of “a;” and “b;.” The width “a;” can be a dimension in between about 5
nm to 40 nm, about 10 nm to about 35 nm, about 15 nm to about 30 nm, about 19 nm to
about 29 nm, or the like. The spacing “b;” can be a dimension in between about 15 nm to 120
nm, about 30 nm to about 95 nm, about 45 nm to about 90 nm, about 30 nm to about 60 nm,
or the like. The pitch “p;” of the mandrel lines can be a dimension in between about 20 nm to
160 nm, about 40 nm to about 140 nm, about 60 nm to about 120 nm, about 49 nm to about
89 nm, or the like.

[0046] A cross-sectional view of the semiconductor structure 100 along line 102 is shown at
the bottom of Fig. 1. The semiconductor structure 100 includes a substrate 103, an insulating
layer 104, a first dielectric layer 106 and the plurality of mandrel lines 101 disposed on top of
the first dielectric layer 106.

[0047] In some embodiments, the substrate 103 used for the semiconductor structure 100
includes any suitable material for supporting the structure. For example, the substrate 103
can include silicon, silicon germanium (S1Ge), silicon carbide, silicon on insulator (SOI),
germanium on insulator (GOI), glass, gallium nitride, gallium arsenide, etc., and/or
combinations thereof. In some embodiments, the substrate 103 can further include
semiconductor devices, for example, metal oxide semiconductor field effect transistors
(MOSFETs), diodes, resistors, capacitor, inductors, etc., fabricated on top of the
semiconductor material described herein.

[0048] The insulating layer 104 is disposed on top of the substrate 103 and can include
silicon oxide, silicon nitride, silicon oxynitride, and/or high-k dielectric films such as
hafnium oxide, zirconium oxide, aluminum oxide, tantalum oxide, magnesium oxide, or
lanthanum oxide films, and/or combinations thereof. The insulating layer 104 can be
disposed using techniques such as chemical vapor deposition (CVD), physical vapor
deposition (PVD), plasma-enhanced CVD (PECVD), low pressure chemical vapor deposition
(LPCVD), high density plasma (HDP) chemical vapor deposition, rapid thermal chemical
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vapor deposition (RTCVD), metal organic chemical vapor deposition (MOCVD), atomic
layer deposition (ALD), sputtering, thermal oxidation or nitridation, CVD using a furnace
system, any other suitable deposition method, and/or combinations thereof.

[0049] The first dielectric layer 106 is disposed on top of the insulating layer 104 and can
include any suitable insulators that is different from the insulating layer 104, for example,
silicon oxide, silicon nitride, silicon oxynitride, TEOS, spin-on-glass, boron or phosphorus
doped silicon oxide, etc., and/or combinations thereof. The formation of the first dielectric
layer 106 can include any suitable deposition methods such as CVD, PVD, PECVD, LPCVD,
RTCVD, high-density-plasma (HDP) CVD, CVD using a furnace system, sputtering, spin-on
coating, etc., and/or combinations thereof. In some embodiments, forming of the first
dielectric layer 106 can also include a planarization process, such as chemical mechanical
polishing (CMP), to form a planar surface.

[0050] The forming of the mandrel lines 101 includes disposing a sacrificial material on top
of the first dielectric layer 106 and patterning the sacrificial material. The sacrificial material
used for the mandrel lines 101 can be any suitable dielectric material, such as silicon oxide,
silicon nitride, silicon oxynitride, and/or combinations thereof. The sacrificial material used
for mandrel lines 101 can also be any suitable semiconductor material, such as amorphous or
polycrystalline silicon or silicon germanium. The disposing of the sacrificial material
includes techniques such as CVD, PVD, PECVD, LPCVD, RTCVD, high-density-plasma
(HDP) CVD, CVD using a furnace system, sputtering, spin-on coating, etc., and/or
combinations thereof. The sacrificial material includes a thickness “H” in a range between 10
nm to 1000 nm. The thickness “H” of the sacrificial material determines the height of
mandrel lines 101.

[0051] The patterning of the sacrificial material to form a plurality of the mandrel lines 101
includes a lithography process followed by an etching process, wherein the lithography and
etching processes are known to those skilled in the art and are included herein for entirety.
The lithography process can include short wavelengths of light such as deep ultraviolet of
248 nm or 193 nm. The lithography process can also include 193 nm immersion process. The
lithography process can further include a phase-shifting photomask and/or a photomask with
optical proximity correction. In addition to photoresist, anti-reflective coatings can be used to

improve lithography quality and reduce minimum feature size. The etching of the sacrificial
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material can also include a hard mask in addition to photoresist. The hard mask can be
another polymer, a dielectric material, or combinations thereof. The etching process can
include a dry etching, such as reactive-ion-etching (RIE). The etching process can also
include a trimming step (e.g., laterally etching the photoresist and/or the hard mask) prior to
etching the sacrificial material to further shrink the width “a;” of the mandrel lines 101. In
some embodiments, the mandrel line 101 includes a straight sidewall, 1.e. perpendicular to a
top surface of the substrate 103. Straight sidewalls provide advantages of dimensional control
of the width “a;,” the spacing “b;” and the pitch “p;” of the mandrel lines 101 in multiple
dense line patterning.

[0052] Fig. 2 illustrates a schematic top-down (top) and cross-sectional views (bottom) of an
exemplary semiconductor structure 200 according to some embodiments, wherein the
semiconductor structure 200 having a group of 2N numbers of discontinuous mandrel line
pairs 212, wherein N can be any whole number. For simplicity, two discontinuous mandrel
line pairs 212 (i.e., N=1) are illustrated in Fig. 2-Fig. 9A of the present disclosure. The
discontinuous mandrel line pair 212 includes two end surfaces 212e, wherein the distance
between the two end surfaces 212¢ includes a gap with a dimension of “g”.

[0053] The forming of the discontinuous mandrel line pairs 212 includes exposing a portion
of the 2N numbers of adjacent mandrel lines 101 with a first mask (not shown), removing the
exposed portion of the 2N numbers of mandrel lines, forming 2N numbers of discontinuous
mandrel line pairs 212, and forming N numbers of intersections 214 of space lines 216 and a
space channel 218, wherein the space lines 216 are parallel to the mandrel lines 101, and
wherein the space channel 218 is perpendicular to the mandrel lines 101. The exposing and
removing of the portion of the 2N numbers of adjacent mandrel lines 101 can use similar
techniques as the patterning process for mandrel lines 101, including a similar lithography
process followed by a similar etching process. The designed features on the first mask used
to form 2N numbers of discontinuous mandrel lines 212 can have a width “g” and a length
“2N(b;+a;).” Accordingly, the lithography alignment between the first mask and the
semiconductor structure 200 can have a tolerance about “b;/2.”

[0054] In some embodiments, semiconductor structure 200 can have one or more groups of
discontinues mandrel line pairs 212, and the one or more of groups can include different

numbers of discontinuous mandrel line pairs 212.
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[0055] The cross-sectional view of semiconductor structure 200 along line 102 is also shown
in Fig. 2, wherein the portion of the 2N numbers of mandrel lines 101 is removed at the
location of discontinuous mandrel line pairs 212.

[0056] Fig. 3 illustrates a schematic top-down (top) and cross-sectional views (bottom) of an
exemplary semiconductor structure 300 according to some embodiments, wherein a second
dielectric layer 320 1s disposed on the semiconductor structure 200 (in Fig. 2), covering all
the surfaces of the semiconductor structure 200.

[0057] The second dielectric layer 320 can include any suitable dielectric materials that is
different from the mandrel line 101, for example, silicon oxide, silicon nitride, silicon
oxynitride, high-k dielectric films such as hafnium oxide, zirconium oxide, aluminum oxide,
tantalum oxide, magnesium oxide, or lanthanum oxide films, and/or combinations thereof.
The second dielectric layer 320 can be disposed using techniques such as CVD, PVD,
PECVD, LPCVD, HDP-CVD, RTCVD, MOCVD, ALD, sputtering, thermal oxidation or
nitridation, CVD using a furnace system, and/or combinations thereof.

[0058] The second dielectric layer 320 includes a thickness “d;” on sidewalls of the mandrel
lines 101 and the discontinuous mandrel line pairs 212. The thickness “d;” of the second
dielectric layer 320 depends on the profile of the sidewall of the mandrel lines 101 and the
discontinuous mandrel line pairs 212, and/or the deposition technique used for the second
dielectric layer 320. The second dielectric layer 320 also includes a thickness “d,” on the end
surfaces 212e of the discontinuous mandrel line pairs 212. The second dielectric layer 320
further includes a thickness “d;” on a horizontal surface (e.g., the top of the mandrel lines
101, the discontinuous mandrel line pairs 212, and the first dielectric layer 106). The
thickness “d;” on the sidewalls of the mandrel lines 101 and the discontinuous mandrel line
pairs 212 can be the same as the thickness “d;” and “d,,” and in this example, the dielectric
spacer is “conformal” to the mandrel lines 101 and the discontinuous mandrel line pairs 212.
In some embodiments, the thickness “d;” or “d,” can also be larger or smaller than the
thickness “ds.” In some embodiment, the second dielectric layer 320 includes a height
equivalent to the height “H” of the mandrel lines 101 or the discontinuous mandrel line pairs
212, wherein the height “H” can be greater than the thickness “d;.” In some embodiments,
the thickness “d;” of the second dielectric layer 320 can be less than the half size of the

spacing “b;,” such that the second dielectric layer 320 does not pinch off the spacing between
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two adjacent mandrel lines 101 or the discontinuous mandrel line pairs 212. In some
embodiments, the thickness “d,” of the second dielectric layer 320 can also be less than the
half size of the gap “g,” such that the second dielectric layer 320 does not pinch off the space
channel 218 at the intersection 214.

[0059] Fig. 4 illustrates a schematic top-down (top) and cross-sectional views (bottom) of an
exemplary semiconductor structure 400 according to some embodiments, wherein dielectric
spacers 422 are formed on the sidewalls of the mandrel lines 101, and wherein dielectric
spacers 424 are formed on the sidewalls of the discontinuous mandrel line pairs 212. The
semiconductor structure 400 also includes dielectric spacers 424e formed on the end surfaces
212e¢ of the discontinuous mandrel line pairs 212. The forming of the dielectric spacers
422/424/424e includes an anisotropic etching process, such as RIE. In some embodiments,
the second dielectric layer 320 can be silicon nitride. In this example, the RIE process
includes etchant, for example, O,/N,/ CF4, NF5;, CHF5, C4F5, and/or combinations thereof.
Anisotropic RIE can include low-pressure plasma system to increase mean-free path of the
ions and reduce random scattering. During anisotropic etching, the ions strike the
semiconductor structure 400 in a vertical direction, perpendicular to the substrate 103. In
some embodiment, the height “H” (shown in Fig. 3) of the second dielectric layer 320 can be
greater than the thickness “ds;” on a horizontal surface (e.g., the top of the mandrel lines 101,
the discontinuous mandrel line pairs 212, and the first dielectric layer 106). Therefore, the
second dielectric layer 320 on a horizontal surface can be removed, while there are remaining
second dielectric layers 320 on the sidewalls of the mandrel lines 101, the discontinuous
mandrel line pairs 212 and the end surfaces 212¢, forming the dielectric spacers 422/424 with
a thickness “da,” and the dielectric spacers 424e with a thickness “ds.” In some embodiments,
the second dielectric layer thickness “d;” can be the same as thickness “d,” in Fig. 3. In this
example, the thickness “d;” of dielectric spacers 422/424 can be the same as thickness “ds”
of dielectric spacers 424e.

[0060] Fig. 5 illustrates a schematic top-down (top) and cross-sectional views (bottom) of an
exemplary semiconductor structure 500 according to some embodiments. The forming of the
semiconductor structure 500 includes removing the sacrificial material of the mandrel lines
101 and the discontinuous mandrel line pairs 212 from semiconductor structure 400 (shown

in Fig. 4), leaving stand-alone dielectric spacers 522 and 524/524e (also referred to as spacer
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masks 522/524/524e). The spacer masks 522 refer to the stand-alone dielectric spacers
formed along the mandrel lines 101, also referred to as dielectric spacer lines. The spacer
masks 524/524e refer to the stand-alone dielectric spacers formed along the discontinuous
mandrel line pairs 212, also referred to as discontinuous dielectric spacer lines and dielectric
spacer cross-bars, wherein spacer masks 524 and 524e are parallel and perpendicular to the
spacer masks 522, respectively.

[0061] The removing of sacrificial material of the mandrel lines 101 and the discontinuous
mandrel line pairs 212 includes any suitable dry etching or wet etching process that is
selective over the dielectric spacers 422/424/424e (in Fig. 4), e.g., etching the sacrificial
material at a higher etching rate than etching the dielectric spacer 422/424/424e. In some
embodiments, the dielectric spacers 422 can be silicon nitride, and the mandrel lines 101 and
the discontinuous mandrel line pairs 212 can be silicon oxide. In this example, the sacrificial
material of the mandrel lines 101 and the discontinuous mandrel line pairs 212 can be
removed using wet chemistry, for example, hydrofluoric acid (HF) or buffered oxide etchant
(BOE). The sacrificial material can also be removed by RIE using CF4, CHF3, C,Fs, or C;Fg,
etc.

[0062] In some embodiments, the semiconductor structure 500 includes the spacer masks
522 having a width “ds.” The semiconductor structure 500 also includes the spacer masks
524 having a width “ds” in the direction parallel to the spacer masks 522. The semiconductor
structure 500 further includes the spacer masks 524e having a width “d;” in the direction
perpendicular to the spacer masks 522. The widths “ds” and “d;” of spacer masks
522/524/524e are determined by the dielectric spacer thickness “ds” and “ds,” respectively. In
some embodiments, the width “d4” can have the same value as the width “ds.” In this
example, the width “ds” can have the same value as the width “d;.”

[0063] After forming the semiconductor structure 500, the spacing between two adjacent
spacer masks 522 includes a spacing “cs,” wherein “c¢=bgs - 2ds,” namely, spacing “bs”
subtracts twice the dimension of the width “ds” of the spacer masks. The spacing between
two adjacent spacer masks 522 also includes a spacing “ag,” wherein “as” 1s determined by
the width “a;” of the mandrel line 101 (in Fig. 1). The pitch of the spacer masks 522 includes
pitch “pe” or pitch “p7.” Pitch “ps” refers to a sum of width “as” and width “de,” 1.e.,

“pes=astds.” Pitch “p;” refers to a sum of spacing “cs” and width “ds,” 1.e., “p7=c¢tds.” The
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sum of pitch “ps” and pitch “p7” 1s equivalent to the sum of “as” and “bs,” 1.€., “p7tps=
agtdst cetds=astbes,” which can be the same as the pitch “p;” of the mandrel lines 101,

2

wherein the pitch “p,” refers to the sum of width “a;” and width “b;,” 1.e., “p;=a;+b;.”
Therefore through the processes described above (e.g., sacrificial mandrel and spacer
formation), the large pitch “p;” of mandrel lines 101 (in Fig. 1) can be split into smaller
pitches “ps” and “p7” (in Fig. 5). Using spacer image transfer, dense lines with small pitch
can be achieved through mandrels of larger pitch.

[0064] In some embodiments, spacer masks 522/524 can have constant pitch. Constant pitch
refers to the situation when pitch “ps” and “p;” are of the same value. Equivalent pitch “pg”
and pitch “p7” can be formed through layout design and/or processing. In some embodiments,
spacing “as” and “c¢” can have the same dimension, wherein “as” can be determined by the
width “a;” of the mandrel lines 101, and “cs” can be determined by “bs-2ds,” €.g., spacing of
mandrel lines 101 and width of spacer mask 522. In this example, pitch “ps,” defined as
“pes=astds,” can be the same as pitch “p7,” defined as “p7=cs+ds.”

[0065] In some embodiments, spacer mask 522/524 can have equal line width ds and spacing
a¢ and cg, as well as constant pitch pe/p7. In this example, “ds=as=cs.” Because, by definition,
ce=bs-2ds, accordingly, bs=3ds=3as. In the other words, the width ds and the spacing as of
spacer masks 522/524 can be one third of the dimension “bs” of the mandrel lines 101.
Because spacing as and dimension bg can be determined by the width a; and spacing b; of
mandrel lines 101 in Fig. 1, in this example, the width “a;” of mandrel lines 101 can be one
third of the spacing “b;.” For example, “a;” or “as’can be designed as 20 nm, and “b,” or “bs”
can be designed as 60 nm, while “ds” can also be chosen as 20 nm after spacer mask
formation. In this example, spacing “ce” can be “ce=bgs - 2d¢=20 nm”. Therefore, the
semiconductor structure 500 can have equal line width and spacing of 20 nm, with a constant
pitch pg and p7 of 40 nm. In this example, the designed features on the first mask used to
form two discontinuous mandrel lines 212 can have a length 160 nm, and the lithography
alignment between the first mask and the semiconductor structure 200 can have a tolerance
about 30 nm.

[0066] The semiconductor structures in the present disclosure can include process variations
resulting from, for example, lithography, etching and/or deposition. Therefore feature sizes

(e.g., width, spacing, pitch, and/or thickness) can be different from the dimensions described
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herein. The relationships and equations of the dimensions can be modified accordingly.
These adjustments are known to those skilled in the art and are omitted for simplicity herein.

[0067] Because the spacer masks 522 are formed on the sidewalls of mandrel lines 101, the
spacer masks 522 can be twice as many as the mandrel line 101. In some embodiment, the
semiconductor structure 200 (Fig. 2) includes one or more groups of discontinuous mandrel
line pairs 212, wherein one group includes 2N numbers of discontinuous mandrel line pairs
212 (N can be any whole number). Thereby, the semiconductor structure 400 (Fig. 4)
includes 4N numbers of dielectric spacers 424 and 4N numbers of dielectric spacers 424e.
Accordingly, the semiconductor structure 500 includes 4N numbers of space masks 524 and
4N numbers of spacer masks 524e. In Figs. 2-5, N is set as 1 for illustration purpose.

[0068] The semiconductor structure 500 also includes N numbers of intersections 514 of
space lines 516 and a space channel 518, wherein the space lines 516 are parallel to the
spacer masks 524 and the space channel 518 is perpendicular to the spacer masks 524.

[0069] In some embodiments, the spacer masks 524 (parallel to spacer masks 522) can also
have width “ds” and spacing “as.” Space lines 516 can have a dimension similar to spacing
“c¢.” Spacer masks 524 also include similar pitches as “ps” and “p7” for spacer masks 522.

[0070] The spacer masks 524e (dielectric spacer cross-bars), formed on the end surfaces
212e¢ of discontinuous mandrel line pairs 212, include the width “d;.” Accordingly, space
channel 518 can have a width, described as “g-2d;,” namely, gap “g” subtracts twice the
width “d;” of the spacer masks 524e.

[0071] Fig. 6 illustrates a schematic top-down (top) and cross-sectional views (bottom/left)
of an exemplary semiconductor structure 600 according to some embodiments. The
semiconductor structure 600 includes one or more groups of blocked regions 630 using a
second mask (not shown), wherein the forming of each group includes disposing the second
mask over the N numbers of intersections 514 (shown in Fig. 5 wherein N=1), forming N
numbers of blocked regions 630, and disconnecting the corresponding space lines 516 and
space channels 518. The blocked region 630 include a width “s,” measured in the direction
perpendicular to the spacer masks 522. The blocked region 630 also include a length “t,”
measured in the direction parallel to the spacer masks 522. The blocked region 630 formed
by the second mask extends along the direction of the spacer masks 524 and includes at least

a portion of each spacer masks 524J adjacent to the space lines 516 at the intersections 514.
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In some embodiments, the blocked region 630 formed by the second mask includes length “t”
larger than gap “g”. In some embodiments, the blocked region 630 formed by the second
mask includes width “s” larger than spacing “cs.” The blocked region 630 formed by the
second mask also includes width “s,” wherein the width “s” can be less than the dimension
“bs.” In some embodiments, the alignment tolerance of the second mask (or the blocked
regions) can be less than half of the width “ds” of the spacer masks 524, such that the

blocked region 630 does not cover the adjacent spacing “as.” In some embodiments, the

alignment tolerance of the second mask (or the blocked regions) can be less than dimension

M, such that the blocked region 630 does not cover spacing 631 adjacent to the spacer

masks 524. For example, if as=d¢=cs=20 nm and bs=60 nm, the width “s” of the blocked
region 630 can be designed as 40 nm. The lithography alignment tolerance for the second
mask can be as tight as 10nm to block the space line 516, but not the other two adjacent
spacing “a¢.” The lithography alignment tolerance for the second mask can also be about
50nm, to further block the two adjacent spacing “a6”, but not the spacing 631.

[0072] The cross-sectional views along line 102 and 632 are also shown, wherein the width
of the blocked region seen in the cross-sectional view along line 102 is width “s,” and the
width of the blocked region together with the spacer mask 524 seen in the cross-sectional
view along line 632 can be similar to dimension “be.” The second mask used to form blocked
region 630 can be a photoresist or a hard mask such as silicon oxide, silicon nitride or
polymer, and can use lithography and/or patterning processes similar to the ones used for
mandrel line 101.

[0073] Fig. 7 illustrates a schematic top-down (top) and cross-sectional views (bottom/left)
of an exemplary semiconductor structure 700 according to some embodiments. The forming
of the semiconductor structure 700 includes forming a plurality of openings 740 extended
through the first dielectric layer 106 with a conjunction of spacer masks 522/524/524e and
the blocked region 630 formed by the second mask. Shown in the cross-sectional views along
line 102 and line 632, the openings 740 extend through the first dielectric layer 106 and
expose at least a portion of the insulating layer 104. The forming of the openings 740 can
include dry etching, for example, RIE. In some embodiments, the first dielectric layer 106
can be silicon oxide, and the etching of the first dielectric layer 106 can include RIE using

CF4, CHF3, CyFs, or CsFg, etc. In some embodiments, the insulating layer 104 can be silicon
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nitride. In this example, the insulating layer 104 can function as an etch-stop layer during the
forming of the opening 740, wherein the etch rate of the insulating layer 104 can be slower
than the etch rate of the first dielectric layer 106.

[0074] Fig. 8 illustrates a schematic top-down (top) and cross-sectional views (bottom/left)
of an exemplary semiconductor structure 800 according to some embodiments, wherein the
spacer masks 522/524/524e and the second mask are removed and the top surfaces of the first
dielectric layer are exposed. The semiconductor structure 800 includes a plurality of
openings 840, corresponding to the openings 740 in Fig. 7. The patterns of the spacer masks
522/524/524e and the blocked regions 630 can be transferred into the first dielectric layer
106 with similar dimensions, wherein the dimensions in the first dielectric layer 106 are also
referred to as spacing “as” and “cs,” width “ds” and *“s,” and dimension “bs” and “t.” As
stated previously, the changes of the dimensions due to process variations are omitted for
simplicity herein, and can be included with some modification by those skilled in the art.

[0075] Fig. 9A illustrates a schematic top-down (top) and cross-sectional views (bottom/left)
of an exemplary semiconductor structure 900 (N=1) according to some embodiments. Fig.
9B illustrates a schematic top-down of an exemplary semiconductor structure 901 (N=2)
according to some embodiments. The forming of the semiconductor structures 900 and 901
include disposing an objective material in the openings 840 (in Fig. 8) and forming objective
lines 950 and discontinuous line pairs 960 with top surfaces 950s coplanar with the top
surface 106s of the first dielectric layer 106, wherein the forming of coplanar surfaces
includes a planarization process such as chemical mechanical polishing. In some
embodiments, the insulating layer 104 of the semiconductor structure 900/901 can include
one or more conductive structures, in contact with the objective lines 950/960. In this
example, the semiconductor structure 950/960 can be metal level M2 and the conductive
structures in the insulating layer 104 can be metal level M1 and/or connecting via.

[0076] The objective material for objective lines 950/960 can include a semiconductor or a
conductor. The conductor can include tungsten, cobalt, copper, or aluminum. The
semiconductor can include silicon, silicon germanium, polycrystalline silicon, polycrystalline
silicon germanium, amorphous silicon, amorphous silicon germanium, with or without

doping.

18



WO 2019/100899 PCT/CN2018/111834

[0077] In some embodiments, the semiconductor structure 900/901 includes a plurality of
objective lines 950 formed in the first dielectric layer 106. The semiconductor structure
900/901 also includes one or more disruptive regions 955, wherein one disruptive region 955
includes 3N numbers of discontinuous line pairs 960/960s. In Fig. 9A, an exemplary
semiconductor structure 900 with N=1 is shown, while in Fig. 9B, an exemplary
semiconductor structure 901 with N=2 is shown. The semiconductor structure 900/901
further includes 2N bars, each intersecting perpendicularly with the objective lines 950J
adjacent to the disruption region 955. The disruptive region 955 includes similar objective
material and structure as objective lines 950, e.g., coplanar surfaces with the first dielectric
layer 106.

[0078] In some embodiments, the objective lines 950 include a number twice as many as the
mandrel lines 101. Compared with semiconductor structures 600 and 700 in Fig. 6 and 7, the
semiconductor structure 900 includes patterns appearing to be “reversed,” e.g., the lines (the
spacer masks 522/524/524e) of semiconductor structures 600/700 become spaces (the first
dielectric layer 106 in Fig. 9A and 9B), and the spaces (spacing “as” and “cs”) in Fig. 6 and 7
become lines (objective lines 950 and discontinuous line pairs 960 in Fig. 9A and 9B). In the
other words, the objective lines 950 and the discontinuous line pairs 960 have a line width
that can be the same as spacing “as” and/or “cs.” The objective lines 950 and the
discontinuous line pairs 960 also have a pitch that can be the same as pitch “pg” or pitch “p7,”
wherein pitch “ps” can be equal to pitch “ps” under the conditions discussed previously.
Compared with the pitch “p;” of mandrel lines, the objective lines 950 and the discontinuous
line pairs 960 can have smaller pitch of “p6” and “p7.” In some embodiments, the object
lines 950 and discontinuous line pairs 960 include a width “as” or “ce” in a range between
about 5 nm to 40 nm, about 10 nm to about 35 nm, about 15 nm to about 30 nm, about 19 nm
to about 29 nm, or the like, and a spacing “ds” in a range between about 5 nm to 40 nm,
about 10 nm to about 35 nm, about 15 nm to about 30 nm, about 10 nm to about 20 nm, or
the like.

[0079] In the disruptive region 955, the discontinuous line pairs 960 include a gap wherein
the gap can be the gap “g” in Fig. 2 and can be determined by the first mask. The distance

between two adjacent discontinuous line pairs 960 also includes a dimension similar to the

dimension “bs” and can be determined by the first mask. The distance between the nearest
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two bars can be determined by the second mask and is referred to as “s” herein. Situated in
between two discontinuous line pairs 960, discontinuous line pair 960s includes a distance of
“t,” determined by the second mask.

[0080] Referring back to Fig. 2 and Fig. 6, a combination of the first mask (in Fig. 2) and the
second mask (in Fig. 6) are used to cut dense line patterns with self-aligned double patterning
(SADP) through spacer image transfer to form the semiconductor structure 900. Using two
cutting mask, the lithography alignment tolerance or process window can be increased. With
a single cutting mask, the alignment tolerance is a half of spacing “ds,” such that the cutting
shape will not be disposed over the adjacent lines. With two cutting masks, the alignment

tolerance can be increased to a half of spacing “b;” of the mandrel lines for the first mask

(see Fig. 2) and 3%2& for the second mask (see Fig. 6).

[0081] Using a similar example described previously, “a;” or “as”’can be designed as 20 nm,
and “b;” or “bs” can be designed as 60 nm. In this example, the pitch “p;” of the mandrel
lines 101 can be 80 nm and the alignment tolerance of the first mask to form discontinuous
mandrel lines 212 in Fig. 2 can be 30 nm. Width “ds” of spacer masks can also be chosen as
20 nm. In this example, spacing “c¢” therefore can also be “c¢= bg- 2ds =20 nm.” The

2 <

semiconductor structure 900 can have equal line width “as ,” “cs” and spacing “ds” of 20 nm,
with a pitch ps equal to p7 of 40 nm. The alignment tolerance for the second mask can be 50
nm. Using a single cutting mask for 20 nm /20 nm line/spacing, the alignment tolerance at
lithography process can be as small as 10 nm. Therefore using two cutting masks, process
window can be greatly improved.

[0082] Fig. 10 illustrates an exemplary method to cut dense line patterns using self-aligned
double pattering, according to some embodiments. The processing steps of the method 1000
can be used to form semiconductor structures illustrated in Figs. 1-9B. The processing steps
shown in method 1000 are not exhaustive and other processing steps can be performed as
well before, after, or between any of the illustrated process steps. In some embodiments,
some processing steps of exemplary method 1000 can be omitted or other processing steps
not described here for simplicity can be added. In some embodiments, processing steps of
method 1000 can be performed in a different order and/or vary.

[0083] At process step 1010, an insulating layer is disposed over a substrate and a first

dielectric layer 1s disposed over the insulating layer. The substrate can be the substrate 103 in
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Fig. 1. Similarly, the insulating layer can be the insulating layer 104, and the first dielectric
layer can be the first dielectric layer 106. The substrate, the insulating layer and the first
dielectric layer can include similar materials as the substrate 103, the insulating layer 104,
and the first dielectric layer 106, respectively, and can be disposed using similar techniques.
The first dielectric layers can include silicon nitride, silicon oxide, silicon oxynitride or a
combination thereof.

[0084] Also at process step 1010, a sacrificial material 1s disposed on top of the first
dielectric layer. The sacrificial material can be the sacrificial material for mandrel lines 101
in Fig. 1. The sacrificial material is then patterned to form a plurality of mandrel lines on the
first dielectric layer. The patterning process includes lithography and etching.

[0085] At process step 1020, one or more groups of discontinuous mandrel line pairs are
formed using a first mask. The discontinuous mandrel lines can be the discontinuous mandrel
lines 212 in Fig. 2. A group of discontinuous mandrel line pairs can include 2N numbers of
discontinuous mandrel line pairs and N numbers of intersections of space lines and a space
channel, wherein N can be any whole number. The forming of one group of discontinuous
mandrel line pairs includes exposing a portion of 2N numbers of adjacent mandrel lines with
a first mask, removing the exposed portion of 2N numbers of mandrel lines, and forming the
space lines parallel to the mandrel lines and the space channel perpendicular to the mandrel
lines.

[0086] At process step 1030, a second dielectric layer is disposed on the mandrel lines and
discontinuous mandrel line pairs. The second dielectric layer can be the second dielectric
layer 320 in Fig. 3, and can include similar materials and can be disposed by similar
techniques. The second dielectric layers can include silicon nitride, silicon oxide, silicon
oxynitride or a combination thereof.

[0087] At process step 1040, dielectric spacers are formed on sidewalls of the mandrel lines
and discontinuous mandrel line pairs, wherein the dielectric spacers can be the dielectric
spacers 422/424 in Fig. 4 and can be formed using similar techniques.

[0088] At process step 1050, the mandrel lines and discontinuous mandrel line pairs are
removed to form stand-alone dielectric spacers or spacer masks. The spacer masks can be the

spacer masks 522/524 in Fig. 5 and can be formed using similar techniques.
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[0089] At process step 1060, one or more groups of blocked regions are formed using a
second mask. The blocked regions can be the blocked regions 630 in Fig. 6 and can be
formed using similar techniques. The forming of one group of blocked regions using the
second mask includes disposing the second mask over the N numbers of intersections of
space lines and the space channel, and disconnecting the space lines and the space channel
with the blocked regions. The blocked region formed by the second mask extends along the
direction of the spacer masks and includes at least a portion of each spacer masks adjacent to
the space lines at the intersections. The blocked region formed by the second mask also
includes a width no more than the distance between two adjacent mandrel lines. The blocked
region formed by the second mask can also include a width no more than the distance
between one or more discontinuous spacer mask.

[0090] At process step 1070, openings are formed in the first dielectric layer with a
conjunction of spacer masks and the second mask. The openings can be the openings 740 in
Fig. 7 and can be formed using similar techniques.

[0091] At process step 1080, spacer masks and the second mask are removed to expose the
top surface of the first dielectric layer. The structure is similar to structure 800 in Fig. 8.

[0092] At process step 1090, an objective material is disposed in the openings and objective
lines are formed with top surfaces coplanar with the top surface of the first dielectric layer.
The objective lines are similar to the objective lines 950 in Fig. 9A and 9B and can be
formed using similar techniques. The objective material can include a semiconductor or a
conductor. The conductor includes tungsten, cobalt, copper, or aluminum. The
semiconductor includes silicon, silicon germanium, polycrystalline silicon, polycrystalline
silicon germanium, amorphous silicon or amorphous silicon germanium.

[0093] The forming of objective lines in the openings with top surfaces coplanar with the top
surfaces of the first dielectric layer includes a planarization process such as chemical
mechanical polishing.

[0094] The object lines include a width in a range between about 5 nm to 40 nm, about 10
nm to about 35 nm, about 15 nm to about 30 nm, about 19 nm to about 29 nm, or the like,
and a spacing in a range between about 5 nm to 40 nm, about 10 nm to about 35 nm, about

15 nm to about 30 nm, about 10 nm to about 20 nm, or the like.
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[0095] In some embodiments, a method for forming a semiconductor structure includes
disposing an insulating layer on a substrate and disposing a first dielectric layer on top of the
insulating layer. The method also includes forming a plurality of mandrel lines on the first
dielectric layer. The method also includes forming one or more groups of discontinuous
mandrel line pairs with a first mask, wherein each of the one or more groups includes 2N
numbers of discontinuous mandrel line pairs and N numbers of intersections of space lines
and a space channel, wherein N is a whole number. The method further includes disposing a
second dielectric layer on the mandrel lines and discontinuous mandrel line pairs, forming
dielectric spacers on sidewalls of the mandrel lines and the discontinuous mandrel line pairs,
and removing the mandrel lines and the discontinuous mandrel line pairs to form spacer
masks. The method also includes forming one or more groups of blocked regions using a
second mask, forming openings extended through the first dielectric layer with a conjunction
of spacer masks and the second mask, and removing the spacer masks and the second mask
to expose top surfaces of the first dielectric layer. The method further includes disposing an
objective material in the openings and forming objective lines with top surfaces coplanar
with the top surfaces of the first dielectric layer.

[0096] In some embodiments, a semiconductor structure includes a plurality of object lines
formed in a first dielectric layer, and one or more disruptive regions, wherein each of the one
or more disruptive regions includes 3N numbers of discontinuous line pairs and 2N bars,
each intersecting perpendicularly with the objective lines adjacent to the disruption region,
wherein N is a whole number.

[0097] The foregoing description of the specific embodiments will so fully reveal the general
nature of the present disclosure that others can, by applying knowledge within the skill of the
art, readily modify and/or adapt, for various applications, such specific embodiments,
without undue experimentation, and without departing from the general concept of the
present disclosure. Therefore, such adaptations and modifications are intended to be within
the meaning and range of equivalents of the disclosed embodiments, based on the disclosure
and guidance presented herein. It is to be understood that the phraseology or terminology
herein is for the purpose of description and not of limitation, such that the terminology or
phraseology of the present specification is to be interpreted by the skilled artisan in light of

the disclosure and guidance.
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[0098] Embodiments of the present disclosure have been described above with the aid of
functional building blocks illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the description. Alternate boundaries can be
defined so long as the specified functions and relationships thereof are appropriately
performed.

[0099] The Summary and Abstract sections can set forth one or more but not all exemplary
embodiments of the present disclosure as contemplated by the inventor(s), and thus, are not
intended to limit the present disclosure and the appended claims in any way.

[0100] The breadth and scope of the present disclosure should not be limited by any of the
above-described exemplary embodiments, but should be defined only in accordance with the

following claims and their equivalents.

24



WO 2019/100899 PCT/CN2018/111834

WHAT IS CLAIMED IS:

A method for forming a semiconductor structure, comprising:
disposing an insulating layer on a substrate;
disposing a first dielectric layer on the insulating layer;
forming a plurality of mandrel lines on the first dielectric layer;
forming one or more groups of discontinuous mandrel line pairs with a first mask,
wherein each of the one or more groups comprises:
2N numbers of discontinuous mandrel line pairs; and
N numbers of intersections of space lines and a space channel,
wherein N is a whole number;
disposing a second dielectric layer on the mandrel lines and the discontinuous
mandrel line pairs;
forming dielectric spacers on sidewalls of the mandrel lines and the discontinuous
mandrel line pairs;
removing the mandrel lines and the discontinuous mandrel line pairs to form spacer
masks;
forming one or more groups of blocked regions using a second mask;
forming openings extended through the first dielectric layer with a conjunction of the
spacer masks and the second mask;
removing the spacer masks and the second mask to expose top surfaces of the first
dielectric layer;
disposing an objective material in the openings; and
forming objective lines with top surfaces coplanar with the top surfaces of the first

dielectric layer.

The method of claim 1, wherein the one or more groups of discontinuous mandrel line pairs
further comprises:

2M numbers of discontinuous mandrel line pairs; and

M numbers of intersections of space lines and a space channel,

wherein M 1s a whole number different from N;
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The method of claim 1, wherein the forming of one group of discontinuous mandrel line pairs,
comprises:

exposing a portion of 2N numbers of adjacent mandrel lines;

removing the exposed portion of the 2N numbers of adjacent mandrel lines;

forming the space lines parallel to the mandrel lines and the space channel

perpendicular to the mandrel lines.

The method of claim 1, wherein the forming of one group of blocked regions using the
second mask, comprises:
disposing the second mask over the N numbers of intersections of the space lines and
the space channel; and

disconnecting the space lines and the space channel with the blocked regions.
The method of claim 1, wherein the blocked region formed by the second mask is formed to
extend along the direction of the spacer masks and comprises at least a portion of each of the

spacer masks adjacent to each of the space lines at the intersections.

The method of claim 5, wherein the blocked region formed by the second mask is formed to

comprise a width no more than a distance between two adjacent mandrel lines.

The method of claim 1, wherein the first and second dielectric layers are formed to comprise

silicon nitride, silicon oxide, silicon oxynitride or a combination thereof.

The method of claim 1, wherein the objective material is formed to comprise a

semiconductor or a conductor.

The method of claim 8, wherein the conductor is formed to comprise tungsten, cobalt, copper,

or aluminum.
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11.

12.

13.

14.

15.

16.
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The method of claim 8, wherein the semiconductor is formed to comprise silicon, silicon
germanium, polycrystalline silicon, polycrystalline silicon germanium, amorphous silicon or

amorphous silicon germanium.

The method of claim 1, wherein the object lines are formed to comprise a width in a range

between 19 nm to 29 nm.

The method of claim 1, wherein the object lines are formed to comprise a spacing in a range

between 10 nm to 20 nm.

A semiconductor structure, comprising:
a plurality of object lines formed in a first dielectric layer; and
one or more disruptive regions, wherein each of the one or more disruptive regions
comprises:
3N numbers of discontinuous line pairs; and
2N bars, each intersecting perpendicularly with the objective lines adjacent to
the disruption region,

wherein N 1s a whole number.

The semiconductor structure of claim 13, wherein one or more disruptive regions further
comprises:

3M numbers of discontinuous line pairs; and

2M bars, each intersecting perpendicularly with the objective lines adjacent to the
disruption region,

wherein M 1s a different whole number from N.

The semiconductor structure of claim 13, wherein the object lines comprise a width in a

range between 19 nm to 29 nm.

The semiconductor structure of claim 13, wherein the object lines comprise a spacing in a

range between 10 nm to 20 nm.
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18.

19.

20.
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The semiconductor structure of claim 13, wherein the first dielectric layer is disposed on an

insulating layer.

The semiconductor structure of claim 17, wherein the insulating layer comprises conductive

structures in contact with the objective lines.

The semiconductor structure of claim 13, wherein the objective lines comprise tungsten,

cobalt, copper, or aluminum.
The semiconductor structure of claim 13, wherein the objective lines comprise silicon, silicon

germanium, polycrystalline silicon, polycrystalline silicon germanium, amorphous silicon or

amorphous silicon germanium.
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