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Background of the Invention  Field of the Invention [0001} This
invention relates generally to integrated circuit fabrication and,
more  particularly, to printing techniques. Description of the
Related Art (0002] As a consequence of many factors, including demand
for increased  portability, computing power, memory capacity and
energy efficiency, integrated circuits are  continuously being made
more dense. The sizes of the constituent features, e.g., electrical
devices and interconnect lines, that form the integrated circuits are
constantly being decreased  to facilitate this scaling. [0003] The
trend of decreasing feature size is evident, for example, in memory
circuits or devices such as dynamic random access memories (DRAMs),
flash memory, static  random access memories (SRAMs), ferroelectric
(FE) memories, etc. To take one example,  DRAM typically comprises
millions of identical circuit elements, known as memory cells. In
general, a capacitor-based memory cell, such as in conventional DRAM,
typically includes  two electrical devices: a storage capacitor and
an access field effect transistor. Each memory  cell is an
addressable location that can store one bit (binary digit) of data. A
bit can be  written to a cell through the transistor and can be read
by sensing charge in the capacitor.  Some memory technologies employ
elements that can act as both a storage device and a  switch (e.g.,
dendritic memory employing silver-doped chalcogenide glass) and some
nonvolatile memories do not require switches for each cell (e.g.,
magnetoresistive RAM) or  incorporate switches into the memory
element (e.g., EEPROM). By decreasing the sizes of  the electrical
devices that constitute a memory cell and the sizes of the conducting
lines that  access the memory cells, the memory devices can be made
smaller. Additionally, storage  capacities can be increased by
fitting more memory cells on a given area in the memory WO
2007/127496 PCT/US2007/011524  devices. The need for reductions in
feature sizes, however, is more generally applicable to  integrated
circuits, including general purpose and specialty processors. 100041
The continual reduction in feature sizes places ever greater demands
on the  



techniques used to form the features. For example, photolithography
is commonly used to  pattern these features. Typically,
photolithography involves passing light through a reticle  and
focusing the light onto a photochemically-active photoresist
material. Just as a slide has  an image to be projected onto a
screen, the reticle typically has a pattern to be transferred to a
substrate. By directing light or radiation through the reticle, the
pattern in the reticle can be  focused on the photoresist. The light
or radiation causes a chemical change in the illuminated  parts of
the photoresist, which allows those parts to be selectively retained,
or removed, as  desired, relative to parts which were in the shadows.
Thus, the exposed and unexposed parts  form a pattern in the
photoresist. It will be appreciated that this pattern can be used as
a mask  to form various features of an integrated circuit, including
conductive lines or parts of  electrical devices. 100051 Because
lithography is typically accomplished by projecting light or
radiation onto a surface, the ultimate resolution of a particular
lithography technique depends  upon factors such as optics and light
or radiation wavelength. For example, the ability to  focus
well-defined patterns onto resist depends upon the size of the
features and on the  wavelength of the radiation projected through
the reticle. It will be appreciated that  resolution decreases with
increasing wavelength, due, among other things, to diffraction.
Thus, shorter wavelength radiation is typically required to form
well-resolved features, as the  sizes of the features decrease.
Consequently, to facilitate reductions in feature sizes, lower  and
lower wavelength systems have been proposed. [0006] For example, 365
nm, 248 nm, 193 nm and 157 nm wavelength systems  have been developed
as features sizes have decreased. Additional reductions in feature
sizes,  e.g., down to 20 rim features, may require even shorter
wavelength systems. For example, X- ray based lithography, using
X-ray radiation instead of light, has been proposed to form very
small features, such as 20 nm features. Another proposed technology
is extreme ultraviolet  (EUV) lithography, using, e.g., 13.7 nm
radiation. X-ray and EUV lithography, however, are  expected to be
prohibitively expensive to implement. In addition to cost, the
techniques face  -2 WO 2007/127496 PCT/US2007/011524  various
technical obstacles. For example, for X-ray lithography, these
obstacles include  difficulties in forming high quality reticles
which are sufficiently opaque to X-rays and  



difficulties in devising resists which are sufficiently sensitive to
the X-rays. Moreover, rather  than using optics to focus radiation on
the resist, some X-ray systems place the reticle close  to the
resist, to directly expose the resist to X-rays passing through the
reticle. This can cause  complications in aligning the reticle with
the resist and, in addition, places significant  demands on the
flatness of both the reticle and the resist. In addition, X-ray
lithography can  use reflective as opposed to refractive optics,
which can require a complete redesign of  optical elements and
related systems. Similarly, other high resolution lithography
techniques,  including ion beam and electron beam lithography, have
their own technical and practical  obstacles, including high
complexity and costs. [0007] Accordingly, there is a continuing need
for high resolution methods to  pattern small features on
semiconductor substrates. Summary of the Invention [0008] According
to one aspect of the invention, a method is provided for  forming a
pattern over a semiconductor substrate. The method comprises
providing a  plurality of pitch multiplied features overlying the
semiconductor substrate. A self- organizing material is provided
between the pitch multiplied features. Segregation of  chemical
moieties forming the self-organizing material is initiated. [0009]
According to another aspect of the invention, a method is provided
for  forming a mask pattern. The method comprises forming a plurality
of spacers by pitch  multiplication. A film is deposited between the
spacers. The film is annealed to form a  repeating pattern of
features within the film. [0010] According to yet another aspect of
the invention, a method is provided for  semiconductor fabrication.
The method comprises providing a plurality of lines having a  pitch
of about 200 run or less. A pattem comprising block copolymers is
formed between the  plurality of lines. [0011] According to another
aspect of the invention, a method is provided for  mask formation.
The method comprises providing a pattern of spacers over a
semiconductor  -3 WO 2007/127496 PCT/US2007/011524  substrate. The
method also comprises providing a homogeneous mask material extending
between the spacers. The mask material is exposed to an etchant to
form a pattern of voids in  



the exposed mask material. [0012] According to yet another aspect of
the invention, a method of  semiconductor processing is provided. The
method comprises forming a first set of block  domains over a
semiconductor substrate. The first set of block copolymers includes a
plurality of separated groups of block domains. The block domains are
formed substantially  by like blocks of a block copolymer. A second
set of block domains is subsequently formed  in spaces between the
separated groups of block domains. [0013] According to another aspect
of the invention, a partially fabricated  integrated circuit is
provided. The partially fabricated integrated circuit comprises a
plurality  of copolymer guides overlying a semiconductor substrate,
the guides having a pitch of about  200 nm or less. The partially
fabricated integrated circuit also comprises block copolymers
disposed between the plurality of copolymer guides. Brief Description
of the Drawings [0014] The invention will be better understood from
the Detailed Description of  the Preferred Embodiments and from the
appended drawings, which are meant to illustrate  and not to limit
the invention, and wherein: [0015] Figure 1 is a schematic
cross-sectional side view of a partially formed  integrated circuit,
in accordance with preferred embodiments of the invention; [0016]
Figures 2 is a schematic cross-sectional side view of the partially
formed  integrated circuit of Figure 1 after forming features in a
photoresist layer, in accordance with  preferred embodiments of the
invention; [0017] Figure 3 is a schematic cross-sectional side view
of the partially formed  integrated circuit of Figure 2 after etching
through a hard mask layer, in accordance with  preferred embodiments
of the invention; [0018] Figure 4 is a schematic, cross-sectional
side view of the partially formed  integrated circuit of Figure 3
after removing the photoresistphotoresist and transferring a  -4 WO
2007/127496 PCT/US2007/011524  pattern from the hard mask layer to a
temporary layer, in accordance with preferred  embodiments of the
invention; [0019] Figure 5 is a schematic, cross-sectional side view
of the partially formed  



integrated circuit of Figure 4 after a hard mask layer removal, in
accordance with preferred  embodiments of the invention; [0020]
Figure 6 is a schematic, cross-sectional side view of the partially
formed  integrated circuit of Figure 5 after depositing a layer of a
spacer material, in accordance with  preferred embodiments of the
invention; [00211 Figure 7 is a schematic, cross-sectional side view
of the partially formed  integrated circuit of Figure 6 after a
spacer etch, in accordance with preferred embodiments  of the
invention; 10022] Figure 8 is a schematic, cross-sectional side view
of the partially formed  integrated circuit of Figure 7 after
removing a remaining portion of the temporary layer to,  leave a
pattern of spacers, in accordance with preferred embodiments of the
invention; 100231 Figure 9 is a schematic, cross-sectional side view
of the partially formed  integrated circuit of Figure 8 after
depositing a layer of a block copolymer solution, in  accordance with
preferred embodiments of the invention; 100241 Figure 10 is a
schematic, cross-sectional side view of the partially formed
integrated circuit of Figure 9 after self-organization of the block
copolymers, in accordance  with preferred embodiments of the
invention; 100251 Figures 11 and 12 are schematic, cross-sectional
top views of the partially  formed integrated circuit of Figure 10
showing two exemplary copolymer arrangements  resulting from the
self-organization of the block copolymers, in accordance with
preferred  embodiments of the invention; [00261 Figure 13 is a
schematic, cross-sectional side view of the partially formed
integrated circuit of Figure 12 after selectively removing one of two
block copolymer blocks,  in accordance with preferred embodiments of
the invention; [00271 Figure 14 is a schematic, cross-sectional side
view of the partially formed  integrated circuit of Figure 13 after
transferring the pattern defined by the block copolymers  into the
underlying substrate, in accordance with preferred embodiments of the
invention; -5 WO 2007/127496 PCT/us2007/011524  [0028] Figures 15 is
a schematic, cross-sectional side view of a partially formed
integrated circuit after transferring a pattern defined by the block
copolymers into a hard  



mask layer and then into an underlying substrate, in accordance with
preferred embodiments  of the invention; [0029] Figure 16 is a
schematic, cross-sectional side view of a partially formed
integrated circuit after forming spacers on sidewalls of mandrels, in
accordance with other  preferred embodiments of the invention; [0030]
Figure 17 is a schematic, cross-sectional side view of the partially
formed  integrated circuit of Figure 16 after depositing a layer of a
block copolymer solution, in  accordance with preferred embodiments
of the invention; [0031) Figure 18 is a schematic, cross-sectional
side view of the partially formed  integrated circuit of Figure 17
after self-organization of the block copolymers, in accordance  with
preferred embodiments of the invention; [0032] Figure 19 is a
schematic, cross-sectional side view of the partially formed
integrated circuit of Figure 18 after selectively removing one of two
copolymer blocks,  transferring the pattern formed by the remaining
copolymer blocks into an underlying  hardmask layer and removing the
remaining copolymer blocks, in accordance with preferred  embodiments
of the invention; [0033] Figure 20 is a schematic, cross-sectional
side view of the partially formed  integrated circuit of Figure 19
after depositing a layer of filler material to fill in spaces
between the spacers and planarizing to expose the mandrels, in
accordance with preferred  embodiments of the invention; [0034]
Figure 21 is a schematic, cross-sectional side view of the partially
formed  integrated circuit of Figure 20 after removing the mandrels,
in accordance with preferred  embodiments of the invention; [0035]
Figure 22 is a schematic, cross-sectional side view of the partially
formed  integrated circuit of Figure 21 after depositing a second
layer of a block copolymer solution,  in accordance with preferred
embodiments of the invention; -6  WO 2007/127496 PCT/US2007/011524
[0036] Figure 23 is a schematic, cross-sectional side view of the
partially formed integrated circuit of Figure 22 after
self-organization of block copolymers, in accordance with  preferred
embodiments of the invention; 



(0037] Figure 24 is a schematic, cross-sectional side view of the
partially formed  integrated circuit of Figure 23 after selectively
removing one of two copolymer block species  relative to the other
block species and relative to the filler material, in accordance with
preferred embodiments of the invention; [0038] Figure 25 is a
schematic, cross-sectional side view of the partially formed
integrated circuit of Figure 24 after transferring the patterned
formed by the remaining blocks  into the underlying hardmask layer
and removing the filler material, in accordance with  preferred
embodiments of the invention; and [0039] Figure 26 is a schematic,
cross-sectional side view of the partially formed  integrated circuit
of Figure 25 after transferring a pattern defined by the copolymer
blocks  into an underlying substrate, in accordance with preferred
embodiments of the invention. Detailed Description of the Preferred
Embodiments [0040] The ability of block copolymers to self-organize
can be used to form mask  patterns. Block copolymers are formed of
two or more chemically distinct blocks. For  example, each block can
be formed of a different monomer. The blocks are preferably
immiscible or thermodynamically incompatible, e.g., one block can be
polar and the other  can be non-polar. Due to thermodynamic effects,
the copolymers will self-organize in  solution to minimize the energy
of the system as a whole; typically, this causes copolymers to  move
relative to one another, e.g., so that like blocks aggregate
together, thereby forming  alternating regions containing each block
type or species. For example, if the copolymers are  formed of polar
and non-polar blocks, the blocks will segregate so that non-polar
blocks  aggregate with other non-polar blocks and polar blocks
aggregate with other polar blocks. It  will be appreciated that the
block copolymers may be described as a self-organizing material
since the blocks can move to form a pattern without application of an
external force to direct  the movement of individual molecules,
although heat may be applied to increase the rate of  movement as
noted below. -7 WO 2007/127496 PCT/US2007/011524  (0041] In addition
to interactions between the block species, the self-organization of
block copolymers can be influenced by topographical features, such as
steps on the surface  on which the block copolymers are deposited.
For example, a diblock copolymer, a  



copolymer formed of two different block species, can form alternating
regions which are each  formed of a substantially different block
species. When the self-organization occurs in the  area between the
walls of a step, the steps can interact with the blocks such that
each of the  alternating regions formed by the blocks can be made to
extend parallel to the walls. [0042] Such self-organization can be
useful in forming masks for patterning  features during semiconductor
fabrication processes. For example, one of the alternating  regions
can be removed, thereby leaving the other regions to function as a
mask. The mask  can be used to pattern features such as electrical
devices in an underlying semiconductor  substrate. [0043] It will be
appreciated that the size of the alternating regions is related to
the size of the block copolymers and can be on the order of
nanometers or tens of  nanometers. Various lithography methods, such
as X-ray, EUV, ion beam and electron beam  lithography are possible
candidates for forming the closely-spaced step features. However,
application of these methods, as noted above, has various technical
and practical obstacles  which can make their use impractical and
prohibitively expensive. [0044] In preferred embodiments of the
invention, rather than defining the steps  in a single lithography
step, relatively large features are first defined and smaller step
features  are then derived from the relatively large features. Block
copolymers are then applied around  the steps and allowed to
self-organize in the space between the step, or guide, features. Some
of the blocks are subsequently selectively removed. The remaining
block species can be used  as a mask for subsequent patterning of
underlining materials during, e.g., the fabrication of  integrated
circuits. [0045] Preferably, pitch multiplication is used to form the
small step features. For  example, a relatively large feature can be
patterned by conventional photolithography to form  a pattern of
temporary placeholders, or mandrels. Spacers are formed on the sides
of the  mandrels and the mandrels are then removed, leaving a pattern
of free-standing spacers which  can function as guides for directing
the self-organization of block copolymers. -g WO 2007/127496
PCT/us2007/011524  [0046] Pitch multiplication advantageously allows
the formation of small, closely spaced step features which might
otherwise be formed using newer, relatively complex and  



expensive lithography techniques. Advantageously, conventional,
proven and relatively  inexpensive lithography techniques can be
utilized, thereby reducing costs and increasing  process reliability.
Moreover, the self-organizing behavior of block copolymers allows the
reliable formation of very small features, thereby facilitating the
formation of a mask with a  very small feature size. For example,
features having a critical dimension of about 50 urn or  less, more
preferably, about 30 nm or less and, more preferably about 20 nm or
less can be  formed. [0047) Reference will now be made to the
Figures, wherein like numerals refer to  like parts throughout. It
will be appreciated that the Figures are not necessarily drawn to
scale.  [0048] In a first phase of methods according to the preferred
embodiments, a plurality of spacers is formed over a substrate by
pitch multiplication. Suitable pitch  multiplication techniques are
described in U.S. Patent No. 5,328,810, issued to Lowrey et al.,  and
U.S. Patent Application No. 11/214,544, by Tran et al., filed
8/29/05. The entire  disclosures of these references are incorporated
by reference herein. It will be appreciated that  the preferred
embodiments can be applied to form masks used in the fabrication of
various  integrated circuits. These integrated circuits can include,
e.g., memory chips or computer  processors. [0049] With reference to
Figure 1, a cross-sectional side view of a partially  formed
integrated circuit 100 is illustrated. Various layers 120-140 are
preferably provided  above a substrate 110 to facilitate pitch
multiplication. The materials for the layers 120-140  overlying the
substrate 110 are preferably chosen based upon consideration of the
interaction  of the layers with block copolymer materials to be used
and of the chemistry and process  conditions for the various pattern
forming and pattern transferring steps discussed herein.  Because
patterns in upper layers are preferably transferred to lower layers
during pitch  multiplication, lower masking layers 130, 140 between a
selectively definable layer 120 and  the substrate 110 are preferably
chosen so that they can be selectively etched relative to other
exposed materials. It will be appreciated that a material is
considered selectively, or  preferentially, etched when the etch rate
for that material is at least about 2-3 times greater,  -9 WO
2007/127496 PCT/US2007/011524  preferably at least about 10 times
greater, more preferably at least about 20 times greater and,  



most preferably, at least about 40 times greater than that for
surrounding materials. Because an  objective for the layers 120-140
is to allow well-defined patterns to be formed above the  substrate
110, it will be appreciated that one or more of the layers 120-140
can be omitted or  substituted, or additional layers can be added, if
suitable other materials, chemistries and/or  process conditions are
used. (0050] It will be appreciated that the "substrate" to which
patterns are transferred  can include a layer of a single material, a
plurality of layers of different materials, a layer or  layers having
regions of different materials or structures in them, etc. These
materials can  include semiconductors, insulators, conductors, or
combinations thereof. For example, the  substrate can comprise doped
polysilicon, an electrical device active area, a silicide, or a
metal layer, such as a tungsten, aluminum or copper layer, or
combinations thereof. In some  embodiments, the mask features
discussed below can directly correspond to the desired  placement of
conductive features, such as interconnects, in the substrate- In
other  embodiments, the substrate can be an insulator and the
location of mask features can  correspond to the desired location of
insulation between conductive features, such as in  damascene
metallization. 10051] With continued reference to Figure 1, the
selectively definable layer 120  overlies a hard mask, or etch stop,
layer 130, which overlies a temporary layer 140, which  overlies the
substrate 110. The selectively definable layer 120 is preferably
photodefinable,  e.g., formed of a photoresist, including any
photoresist known in the art. For example, the  photoresist can be
any photoresist compatible with 157 am, 193 nm, 248 nm or 365 rim
wavelength systems, 193 rim wavelength immersion systems. Examples of
preferred  photoresist materials include argon fluoride (ArF)
sensitive photoresist, i.e., photoresist  suitable for use with an
ArF light source, and krypton fluoride (KrF) sensitive photoresist,
i.e., photoresist suitable for use with a KrF light source. ArF
photoresists are preferably used  with photolithography systems
utilizing relatively short wavelength light, e.g., 193 nm. KrF
photoresists are preferably used with longer wavelength
photolithography systems, such as  248 nm systems. In addition, while
pitch multiplication can obviate the need to define  extremely small
features with expensive, relatively new direct formation techniques
such as  -10 WO 2007/127496 PCT/US2007/011524  



extreme ultraviolet systems (including 13.7 urn wavelength systems)
or electron beam  lithographic systems, such systems can also be
used, if desired. In addition, maskless  lithography, or maskless
photolithography, can be used to define the selectively definable
layer 120. In other embodiments, the layer 120 and any subsequent
resist layers can be  formed of a resist that can be patterned by
nano-imprint lithography, e.g., by using a mold or  mechanical force
to form a pattern in the resist. [0052] The material for the hard
mask layer 130 preferably comprises an  inorganic material. Exemplary
materials include silicon oxide (SiO2), silicon or a dielectric
anti-reflective coating (DARC), such as a silicon-rich silicon
oxynitride. Preferably, the hard  mask layer 130 is a dielectric
anti-reflective coating (DARC). Using DARCs for the hard  mask layer
130 can be particularly advantageous for forming patterns having
pitches near the  resolution limits of a photolithographic technique.
The DARCs can enhance resolution by  minimizing light reflections,
thus increasing the precision with which photolithography can  define
the edges of a pattern. [0053] The temporary layer 140 is preferably
formed of amorphous carbon, which  offers very high etch selectivity
relative to the preferred hard mask materials. More  preferably, the
amorphous carbon is a form of amorphous carbon that is highly
transparent to  light and that offers further improvements for photo
alignment by being transparent to the  wavelengths of light used for
such alignment. Techniques for forming such transparent  carbon can
be found in A. Helmbold, D_ Meissner, Thin Solid Films, 283 (1996)
196-203.  The entire disclosure of this reference is incorporated
herein by reference. [0054] With reference to Figure 2, the
photodefinable layer 120 is exposed to  radiation through a reticle
and then developed to leave a pattern comprising features 122  which
are formed of photodefinable material. It will be appreciated that
the pitch of the  resulting features 122, e.g., lines, is equal to
the sum of the width of a line 122 and the width  of a neighboring
space 124. If desired, the dimensions of the line 122 can be adjusted
by  using, e.g., an isotropic etch to decrease both the height and
the width of the line 122. The  pitch of the features 122 can be,
e.g., about 200 nm or about 120 nm. [0055] With reference to Figure
3, the pattern in the photodefinable layer 120 is  transferred to the
hard mask layer 130 thereby forming features 132 in the hard mask
layer  -ll 



WO 2007/127496 PcT/us2007/011524  130. In particular, Figure 3 shows
the features 122 and 132 in isolation. The pattern transfer  is
preferably accomplished using an anisotropic etch, such as an etch
using a fluorocarbon  plasma, although a wet (isotropic) etch may
also be suitable if the hard mask layer 130 is  sufficiently thin.
Preferred fluorocarbon plasma etch chemistries include CFH3, CF2H2,
CF3H and CF4/HBr. Resist forming the photodefinable layer 120 can
optionally be removed,  e.g., by plasma ashing. In the illustrated
embodiment, the resist removal can be delayed and  advantageously is
efficiently performed in a single step with etching of the temporary
layer  140. [0056] With reference to Figure 4, the pattern in the
photodefinable layer 120 and  the hard mask layer 130 is transferred
to the temporary layer 140 to allow for deposition of a  layer 150 of
spacer material (Figure 6). It has been found that the temperatures
used for  spacer material deposition are typically too high for
photoresist to withstand. Thus, the  pattern is preferably
transferred from the features 122 in the photodefinable layer 120
(Figure  3) to the temporary layer 140, which is formed of a material
that can withstand the process  conditions for spacer material
deposition and etch, discussed below. In addition to having  higher
heat resistance than photoresist, the material forming the temporary
layer 140 is  preferably selected such that it can be selectively
removed relative to the material for the  spacers 152 (Figure 7) to
be formed and any underlying material, e.g., the substrate 110. As
noted above, the layer 140 is preferably formed of amorphous carbon
and, more preferably,  transparent carbon. [0057] The pattern of
features 122 in the modified photodefinable layer 120 is  preferably
transferred to the temporary layer 140 using an 02-containing plasma,
e.g., a  plasma containing SO2, 02 and Ar. Other suitable etch
chemistries include a C12/02/SiCI4 or  SiCl4/O2/N2 or HBr/O2/N2/SiCI4
containing plasma. Advantageously, the SO2-containing  plasma is used
as it can etch carbon of the preferred temporary layer 140 at a rate
greater than  20 times and, more preferably, greater than 40 times
the rate that the hard mask layer 130 is  etched. A suitable
S02-containing plasma is described in U.S. Patent Application No.
10/931,772 to Abatchev et al., filed August 31, 2004, the entire
disclosure of which is  incorporate herein by reference. It will be
appreciated that the SO2-containing plasma can  simultaneously etch
the temporary layer 140 and also remove the features 122 formed from



-12 WO 2007/127496 PCT/US2007/011524  the photodefinable layer 120.
The resulting lines 142 in the temporary layer 140 constitute  the
placeholders or mandrels along which a pattern of spacers 152 (Figure
7) will be formed. [00581 With reference to Figure 5, the material
132 from the hard mask layer 130  (Figure 4) can be removed to
facilitate later spacer formation by leaving the temporary layer  140
exposed for subsequent etching (Figure 8). The preferred hard mask
layer 130 can be  removed using a buffered oxide etch (BOE), which is
a wet etch comprising HF and NH4F. 100591 Next, as shown in Figure 6,
a layer 150 of spacer material is preferably  blanket deposited
conformally over exposed surfaces, including the hard mask layer 130
(if  remaining) and the top and sidewalls of the mandrels 142. The
spacer material can be any  material that can act as a mask for
transferring a pattern to the underlying substrate 1 10 and  allows
for etch selectivity relative to one or more block species of a block
copolymer, as  discussed below. The spacer material preferably: 1)
can be deposited with good step  coverage; and 2) can be deposited at
a temperature compatible with the temporary layer 140.  Preferred
materials include silicon, silicon oxides and silicon nitrides. In
the illustrated  embodiment, the spacer material is silicon oxide,
which provides particular advantages in  combination with other
selected materials of the masking stack. [00601 Preferred methods for
spacer material deposition include chemical vapor  deposition, e.g.,
using 03 and TEOS to form silicon oxide, and atomic layer deposition,
e.g.,  using a silicon precursor with an oxygen or nitrogen precursor
to form silicon oxides or  nitrides, respectively. The thickness of
the layer 150 is preferably determined based upon the  desired width
of the spacers 152 (Figure 8). Preferably, the step coverage is about
80% or  greater and, more preferably, about 90% or greater.
Advantageously, atomic layer deposition  allows for a high degree of
control over the thickness of the deposited layer 150. This control
can be especially beneficial when forming guides for block
copolymers, since the self- organization of the block copolymers is
influenced by the thickness of the deposited block  copolymer
material and since the height of the spacers 152 is preferably
sufficiently close to  the thickness of the block copolymer material
(to be deposited) to allow some block  copolymer material to overlie
the spacers 152 while still being continuous with copolymer  material
between the spacers 152. Advantageously, as noted below, having
copolymer  



-13 WO 2007/127496 PCT/US2007/011524  material overlying the spacers
152 can provide a reservoir of copolymer material which can  guard
against the depletion of copolymers during copolymer
self-organization. [0061] With reference to Figure 7, the silicon
oxide spacer layer 150 is then  subjected to an anisotropic etch to
remove spacer material from horizontal surfaces 154 of the  partially
formed integrated circuit 100. Such an etch, also known as a spacer
etch, can be  performed using a fluorocarbon plasma, e.g., containing
CF4/CHF3, C4Fs/CH2F2 or CHF3/Ar  plasma. [0062] With reference to
Figure 8, the mandrels or temporary placeholders 142  (Figure 7) are
next removed to leave freestanding spacers 152. The mandrels 142 are
selectively removed using an organic strip process- Preferred etch
chemistries include a  oxygen-containing plasma etch, such as an etch
using SO2. (0063] As noted above, the height of the spacers 152 can
influence the  organization of block copolymers, as noted below. As a
result, the spacers 152 can optionally  be trimmed, e.g., using an
anisotropic etch. In other embodiments, the height of the mandrels
142 (Figure 6) and/or the thickness of the temporary layer 140
(Figure 1) can be selected so  as to form spacers 152 of the desired
height. [0064] With continued reference to Figure 8, pitch
multiplication has thus been  accomplished. In the illustrated
embodiment, the pitch of the spacers 152 is roughly half that  of the
photoresist lines 122 and spaces 124 (Figure 2) originally formed by
photolithography.  For example, where the photoresist lines 122 had a
pitch of about 400 nm, spacers 152  having a pitch of about 200 nm or
less can be formed. In some embodiments where the  photoresist lines
122 had a pitch of about 200 run, spacers 152 having a pitch of about
100  nm or less can be formed. [0065] Block copolymers are next
applied and block copolymer self-organization  is facilitated to form
a mask pattern over the substrate 110. A suitable method for forming
self-organized block copolymer patterns is disclosed in Block, IEE
Transactions in  Nanoteclmology, Vol. 3, No. 3, September 2004. The
entire disclosure of that reference is  incorporated by reference
herein. [0066] With reference to Figure 9, a film 160 of block
copolymer material is  



deposited between and over the spacers 152. The copolymer comprises
blocks of polymer  - 14 WO 2007/127496 PCT/US2007/011524  material
which can be selectively etched relative to one another and can
self-organize in a  desired and predictable manner, e.g., the blocks
are preferably immiscible and will segregate  under appropriate
conditions to form domains predominantly containing a single block
species. In the exemplary illustrated embodiment, the copolymer is a
diblock copolymer,  comprising, e.g., polystyrene (PS) and
poly-methylmethacrylate (PMMA) in a 70:30  PS:PMMA ratio with a total
molecular weight of 64 kg/mol. The diblock copolymer can be  provided
dissolved in a solvent, e.g., toluene. Preferably, the copolymers are
substantially all  the same size and composition, to increase the
predictability and regularity of the patterns  formed by the
self-organization of the copolymers. It will be appreciated that the
total size of  each diblock copolymer and the ratio of the
constituent blocks and monomers are preferably  chosen to facilitate
self-organization and to form organized block domains having desired
dimensions. The block copolymers have an intrinsic polymer length
scale, the average end- to-end length of the copolymer in film,
including any coiling or kinking, which governs the  size of the
block domains. Longer copolymers may be used to form larger domains
and  shorter copolymers may be used to form smaller domains. The
block copolymer can be  deposited by various methods, including,
e.g., spin-on coating, spin casting, brush coating or  vapor
deposition. [0067] The thickness of the copolymer film 160 can be
chosen based upon the  desired pattern to be formed by the
copolymers- It will be appreciated that, up to a particular
thickness related to the polymer length scale and the environment in
which the polymers are  disposed, e.g., the distance between and the
height of the spacers 152, the copolymers will  typically orient to
form alternating, substantially lamellar domains that form parallel
lines, as  viewed in a top-down view (Figure 11). Such lamellae can
be used to pattern, e.g.,  interconnects, or the lateral extension of
the lamellae can be limited to form isolated features,  e.g.,
transistor gates. Above a particular thickness related to the polymer
length scale and the  environment in which the polymers are disposed,
the copolymers will typically orient to form  vertically-extending
pillars, such as cylinders, or spheres (Figure 12). The cylinders can
advantageously be used to pattern isolated features, e.g., vias or
transistor gates. Thus, the  



pattern to be formed can advantageously be selected by appropriate
selection of copolymer  film thickness. Alternatively, other
variables, such as copolymer composition or process  15 WO
2007/127496 PCT/US2007/011524  conditions can be modified to
facilitate the formation of vertically extending pillars or
horizontally extending lamellae for a given thickness through
appropriate selection of  interfacial interactions between the blocks
of the copolymer as well as the substrate surfaces.  The thickness of
the film 160 can be greater than, equal to or less than the height of
the  spacers 152. As noted below, a thickness which is greater than
the height of the spacers can  have advantages for providing a
copolymer reservoir. In other embodiments, a thickness  which is
equal to or, more preferably, less than the height of the spacers can
be advantageous  by forming isolated islands of copolymers between
the spacers 152, thereby preventing cross- diffusion of copolymers
between the islands. [00681 For forming lamellae, the copolymer film
thickness is preferably less than  about the length scale of the
copolymer. For example, in the illustrated embodiment, the  copolymer
length scale is about 35 nm and the thickness of the films is
preferably about 35  nm or less, more preferably, about 30 nm or less
and, most preferably, about 25 nm or less.  In one embodiment, the
thickness is about 20 nm. 10069] With reference to Figure 10, the
block copolymers in the copolymer film  160 are allowed to
self-organize. The self-organization can be facilitated and
accelerated by  annealing the partially-fabricated integrated circuit
100. The temperature of the anneal is  preferably chosen to be
sufficiently low to prevent adversely affecting the block copolymers
or the partially-fabricated integrated circuit 100. In the
illustrated embodiment, the anneal is  preferably performed at a
temperature of less than about 250C, more preferably, less than
about 200C and, most preferably, about 180C. Advantageously, the
anneal can also cause  cross-linking of the copolymers, thereby
stabilizing the copolymers for later etching and  pattern transfer
steps. [00701 The pattern of lamellae resulting after the anneal is
shown in Figure 10.  Domains 162 of one block species, e.g., PS, and
domains 164 of the other block species, e.g,,  PMMA, alternate
between the spacers 152. It will be appreciated that the sizes of the
block  domains are determined by the sizes of the block species
forming them. 



[0071] With reference to Figure 11, a top-down view of the partially
fabricated  integrated circuit of Figure 10 is shown. The PS domains
162 can be seen alternating with  -16 WO 2007/127496
PCT/US2007/011524 the PMMA domains 164. Both domains 162 and 164
extend along the length of the spacers  152. 100721 With reference to
Figure 12, in other embodiments, the thickness of the  copolymer film
160 (Figure 9) is chosen so as to form vertically extending cylinders
(or other  isolated pillar shapes, including pillars having
rectangular or cubic horizontal cross-sectional  areas) comprising PS
and PMMA. The resulting arrangement, from a top-down view, has
regions 162a of PS surrounded by regions 164a of PMMA. Such an
arrangement can be  useful for forming, e.g., contact vias. In
addition, the pillars can advantageously be applied  in some
arrangements for patterning arrays of features, particularly dense
arrays of features,  such as capacitors for memory applications,
including DRAM. In such arrangements, the  pillars can have a
rectangular or cubic horizontal cross-sectional area, which can have
advantages by providing a higher surface area structure. 10073] With
reference to Figure 13, the PMMA domains 164 of Figures 10 and I 1
are selectively removed; leaving behind the spacers 152 and the PS
domains 162. The  removal can be accomplished by performing a wet
etch, e.g., using acetic acid as an etchant.  In other embodiments, a
dry or anisotropic etch may be appropriate where one of the domains
can be etched at a faster rate than the other. It will be appreciated
that the dimensions of the  resulting features can vary, depending on
the size of the copolymer used and process  conditions. In some
embodiments, the resulting pattern can advantageously comprise PS
domains having a critical dimension of about 20 nm separated by
spaces of about 20 run. It  will be appreciated that in other
embodiments, the PS domains 162 and/or the spacers 152  can be
removed instead, thereby leaving the PMMA domain 164, with or without
the spacers  152. 100741 With reference to Figure 14, the spacers 152
and domains 162 can be used  as a mask for processing of the
underlying substrate 110. For example, the substrate 110 can  be
etched through the mask using, e.g., an anisotropic etch that
selectively etches the  substrate relative to both the spacers 152
and domains 162 to transfer the pattern in the mask  



to the substrate 110. In one example, where the spacers 152 are
formed of silicon oxide and  the substrate 110 is formed of silicon,
the substrate 110 can be selectively etched relative to  the spacers
152 and to the block domains 162 using a fluorine-based dry etch
chemistry, e.g.,  -17 WO 2007/127496 PCT/US2007/011524  such as that
used to selectively remove silicon layers relative to photoresist. It
will be  appreciated that where the substrate 110 comprises layers of
different materials, a succession  of different chemistries,
preferably dry-etch chemistries, can be used to successively etch
through these different layers, if a single chemistry is not
sufficient to etch all the different  materials- It will also be
appreciated that, depending upon the chemistry or chemistries used,
the spacers 152 and the domains 162 may be etched. Consequently, with
reference to Figure  15, in some embodiments, the pattern formed by
the spacers 152 and domains 162 can be  transferred to an underlying
hard mask layer 170, having good etch selectivity relative to
substrate materials, before etching the substrate 110. [00751 While
the invention is not bound by theory, it will be appreciated that the
different block species can self-aggregate due to thermodynamic
considerations in a process  similar to the phase separation of
materials. The self-organization is guided by the spacers  152
(Figure 9), which encourage the constituent blocks of the block
copolymers to orient  themselves along the length of the spacers 152.
It will be appreciated that the self- organization can result in a
more efficient packing of the copolymer species, such that
copolymers available for the self-organization can be depleted if the
copolymer film 160  extends over too large of an expanse, causing an
area in the middle of the expanse to be  formed without organized
copolymers. In some embodiments, it will also be appreciated that
the copolymer film 160 is preferably sufficient thick to extend above
the spacers 152 to  provide a reservoir of copolymers for the
self-organization which occurs between the spacers  152. Moreover,
the distance between the spacers 152 is preferably chosen to be
sufficiently  small to minimize the depletion effect that can occur
over large expanses. [00761 In other embodiments, the reservoir
region above the spacers 152 can be  enlarged beyond the spacers 152.
Such an enlargement can have advantages for forming  well-defined
block domains between relatively widely separated spacers 152. 100771
With reference to Figure 16, the steps shown with reference Figures
1-6  



can be used to form spacers 152 on the sides of mandrels 142,
resulting in a partially  fabricated integrated 102. The spacers 152
and mandrels 142 overly a hardmask layer 112,  which overlies a
substrate 110. 18 WO 2007/127496 PCT/US2007/011524  10078] With
reference to Figure 17, a first layer 162 of block copolymer material
is deposited between the spacers 152 and also over the spacers 152
and the mandrels 142.  Advantageously, the mandrels 142 provide a
relatively large surface area which allows the  formation of a large
reservoir 164 of block copolymer material. The block copolymer
material can be similar to the block copolymer material discussed
above, comprising, e.g., PS  and PMMA, and can have a selected
thickness as noted above. 100791 With reference to Figure 18, the
copolymers are allowed to self-organize,  which can be accelerated
by, e.g., annealing the partially fabricated integrated circuit 102.
After the self-organization, a first set of alternating domains 162
of one block species, e.g.,  PS, and domains 164 of the other block
species, e.g., PMMA, are formed in the open space  between the
spacers 152. [0080] With reference to Figure 19, some of the block
domains, e.g., the block  domains 164, are selectively removed, the
pattern defined by the remaining domains 162 is  transferred to the
underlying hardmask layer 112 (e.g., by an anisotropic etch selective
for the  hardmask layer 112) and the domains 162 are also removed,
leaving behind a pattern of  features 114 in the hardmask layer 112.
It will be appreciated that, in a top down view, the  features 114
can be lines or cylinders, as shown in Figures 11 and 12. [0081] With
reference to Figure 20, a fill layer 116 is deposited around and over
the features 114 to fill in the spaces between the spacers 152. The
fill layer 116 is preferably  formed of a planarizing material that
can be spun on and that can fill the gaps between the  features 114.
Examples of planarizing materials for the fill layer 116 include
photoresist or a  spin on dielectric (SOD). The fill layer 116 can be
planarized, e.g., by chemical mechanical  polishing, or etched back
to ensure that the mandrels 142 are exposed, as illustrated. [0082]
With reference to Figure 21, the mandrels 142 are selectively
removed.  With reference to Figure 22, a second layer 180 of
copolymer material is deposited. The  copolymer material preferably
occupies the open space between the spacers 152 and also  



overlies the remaining parts of the layer 116, forming a reservoir
184 of copolymer material  over those areas. It will be appreciated
that the copolymer material can be the same as that  deposited to
form the layer 162 (Figure 17), although the material for the layers
180 and 162  can be different in some embodiments. -19 WO 2007/127496
PCT/US2007/011524  [0083] With reference to Figure 23, copolymers in
the copolymer layer 180 self organize, e.g., during an anneal, to
form a second set of alternating block domains 186 and  188. With
reference to Figure 24, one of the domains, e.g., the domains 186,
are selectively  removed, leaving behind the domains 188. 10084] With
reference to Figure 25, the pattern defined by the domains 188 is
transferred to the underlying hardmask layer 112 (e.g., by an
anisotropic etch selective for the  hardmask layer 112) and the
remainder of the fill layer 116 is removed. Depending upon  process
parameters and the interactions of the blocks of the block copolymer
material with  each other and with exposed surfaces, the features 114
and 188 can appear, in a top down  view, as lines or isolated
cylinders (Figures 11 and 12, respectively). [0085] Advantageously,
in other embodiments, because the features 114 and 188  have been
formed separately, those features can be made to organize into
different patterns by  establishing the appropriate conditions of the
desired type of pattern. For example, the  features 114 can form a
pattern of cylinders, while the features 188 can form a pattern of
lines. This can be accomplished, e.g., by using different copolymer
compositions to form  each of the features 114 or 188, or by
increasing the tendency of the blocks to form lines by  decreasing
the height of the spacers 152, e.g., during a CMP or etch back
process to expose  the mandrels 142 (Figure 20). In addition, the
size and/or spacing between features 114 or  188, whether lines
and/or vertical pillars, can advantageously be varied by, e.g.,
appropriate  selection of chemical species and process conditions.
[00861 With reference to Figure 26, the spacers 152 and the domains
114 and 152  can be used as a mask for processing of the underlying
substrate 110. As illustrated, the  pattern defined by the domains
114 and 152 can be transferred to the substrate 110 using,  e.g., an
anisotropic etch selective for the material forming the substrate
110. As noted above,  in some embodiments, the pattern can first be
transferred to one or more intervening  



hardmask layers (not shown) before being transferred to the substrate
110. [0087] It will be appreciated that various modifications of the
preferred  embodiments are possible. For example, while discussed in
the context of diblock  copolymers, the copolymers can be formed of
two or more block species. Moreover, while  the block species of the
illustrated embodiment are each formed of a different monomer, the
-20 WO 2007/127496 PCT/US2007/011524  block species can share
monomer(s). For example, the block species can be formed of
different sets of monomers, some of which are the same, or can be
formed of the same  monomer, but in a different distribution in each
block. Preferably, the different sets of  monomers form blocks having
different properties which can drive the self-organization of  the
copolymers. [0088] In some embodiments, the hardmask and/or temporary
layer overlying the  substrate can be omitted. For example, the
photodefinable material can be formed of or  replaced by a material
which has compatible with the temperatures and other conditions for
spacer formation. In the illustrated embodiment, however, the
hardmask and spacer layers  are preferred for allowing high quality
pattern transfers and for forming high quality spacers. [0089] Also,
while "processing" through a mask layer preferably involves etching
an underlying layer, processing through the mask layers can involve
subjecting layers  underlying the mask layers to any semiconductor
fabrication process. For example,  processing can involve ion
implantation, diffusion doping, depositing, or wet etching, etc.
through the mask layers and onto underlying layers. In addition, the
mask layers can be used  as a stop or barrier for chemical mechanical
polishing (CMP) or CMP can be performed on  any of the layers to
allow for both planarization and etching of the underlying layers, as
discussed in U.S. Provisional Patent Application No. 60/666,031,
filed March 28, 2005, the  entire disclosure of which is incorporated
by reference herein. [0090] In addition, while illustrated applied to
an exemplary sequence for  fabricating integrated circuits, it will
be appreciated that the preferred embodiments can be  applied in
various other applications when the formation of patterns with very
small features is  desired. For example, the preferred embodiments
can be applied to form gratings, disk drives,  storage media or
templates or masks for other lithography techniques, including X-ray
or  



imprint lithography. [0091] Accordingly, it will be appreciated by
those skilled in the art that these and  various other omissions,
additions and modifications may be made to the methods and
structures described above without departing from the scope of the
invention. All such  modifications and changes are intended to fall
within the scope of the invention, as defined  by the appended
claims. -21 I CLAIM: 1. A method for forming a mask pattern,
comprising:  forming a plurality of spacers by pitch multiplication;
depositing a film between the spacers; and annealing the film to form
a repeating pattern of features within the film. 2. The method of
Claim 1, wherein forming the plurality of spacers comprises:
providing a plurality of mandrels; forming spacers on sidewalls of
the mandrels; and removing the mandrels to leave free-standing
spacers which constitute the  plurality of spacers. 3. The method of
Claim 1, wherein the features are chosen from the group  consisting
of vertical lamellae, isolated pillars and spheres. 4. The method of
Claim 1, wherein the film at least partially overlies the spacers.
5. The method of Claim 1, wherein the film comprises a solution
comprising  block copolymers, wherein annealing the film comprises
causing a segregation of blocks that  form the block copolymers. 6.
The method of Claim 1, further comprising exposing the film to an
etchant to  selectively remove film material among the repeating
pattern of features. 7. The method of Claim 6, further comprising
processing an underlying layer of  material through the repeating
pattern of features. 8. The method of Claim 7, wherein processing the
underlying layer of material  comprises etching the repeating pattern
into the underlying material. -22 


