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P
rogress in advanced CMOS technol-
ogy is increasingly reliant on a com-
plex blend of device, interconnect,

patterning and circuit design innovation.
Breakthroughs in one of these areas can
often drive the others forward at an unex-
pected pace. An example of this can be
found by examining the move from con-
ventional MOSFETs to the FinFET transistor.
A FinFET is composed of an ensemble of
discrete single crystal Si mesas or “fins”
having widths on the order of 10 nm and
heights in the 20�40 nm range. The raised
geometry of the fin allows the gate elec-
trode towrap around the body of the device
providing improved control over the fields
in the channel. Compared to conventional
MOSFETs where the gate can only apply a
field to one side of the channel, the FinFET
shows better performance at smaller gate
lengths. This advantage has driven the

semiconductor industry to move toward
FinFET-based device technology starting at
the 22 nm process node.1

The spatial frequency, or pitch, of the fins
is an integral part of FinFET device and
circuit design. The impact of fin pitch on
layout density is obvious. Denser fin pitch
also leads to a reduction in parasitic capaci-
tance and, consequently, lower power or
higher operating speed.2 Identifying an op-
timal fin pitch ultimately must balance de-
sign and performance considerations with
process technology reality. High-resolution,
high-throughput photolithography is cur-
rently limited to a pitch resolution of
∼80 nm. However, a fin pitch of 60 nm
produced by a sublithographic pitch reduc-
tion technique was used for 22 nm node
FinFETs.1 This fin pitch was selected be-
cause it offered a more optimal choice for
device and circuit performance compared
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ABSTRACT Directed self-assembly (DSA) of lamellar phase block-co-

polymers (BCPs) can be used to form nanoscale line-space patterns.

However, exploiting the potential of this process for circuit relevant

patterning continues to be a major challenge. In this work, we propose a

way to impart two-dimensional pattern information in graphoepitaxy-

based lamellar phase DSA processes by utilizing the interactions of the

BCP with the template pattern. The image formation mechanism is

explained through the use of Monte Carlo simulations. Circuit patterns

consisting of the active region of Si FinFET transistors, referred to as Si

“fins”, were fabricated to demonstrate the applicability of this technique

to the formation of complex patterns. The quality of the Si fin features

produced by this process was validated by demonstrating the first functional DSA-patterned FinFET devices with 29 nm-pitch fins.
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to an 80 nm fin pitch, which would have arguably been
a more predictable decision. This advance in effective
pitch resolution marks the first time sublithographic
patterning has been used in a high performance logic
technology. Even ignoring effects on yield, the use of
sublithographic pitch reduction increases process
complexity and, in turn, elevates production cost.
Regardless, this was a step the semiconductor industry
was willing to take in order to maximize the potential
benefit of FinFET transistors.
Scaling of the fin pitch below 60 nmwill be required

in future process nodes. Demonstrations of FinFET
devices and circuits suitable for the 14 nm node have
been reported by sublithographic halving of the mini-
mum pitch of 193 nm based photolithography result-
ing in a 40 nm fin pitch. Moving beyond this design
point will either require a reduction in the minimum
lithographic resolution or a further innovation in sub-
lithographic patterning technology. For this reason,
the concept of forming line-space patterns by directed
self-assembly (DSA) of block copolymers (BCPs) has
received a significant amount of attention in recent
years. DSA of BCPs has been shown to result in pitch
reduction of lithographically printed template patterns
with reports of minimum feature pitches below
20 nm.3,4 Early work by C. Black and co-workers de-
monstrated a FinFET-like transistor with a 40 nm fin
pitch patterned by DSA.5 The fin patterns were formed
using a one-dimensional graphoepitaxy-based self-
assembly process with rectangular trenches in various
substrates.6 In spite of these promising results, further

work on FinFET transistor fabrication using DSA has yet
to be published. This is in part due to the complexity
associated with turning the regular features formed by
DSA into the type of pattern constructs required for
scaled FinFET devices and circuits.
In this work, we demonstrate a way to impart two-

dimensional (2D) pattern information in graphoepitaxy-
based lamellar phase line-space DSA processes. This is
accomplished by exploiting the interactions of the BCP
with the template pattern and the introduction of
limited 2D geometry in the template design. DSA is
then performed using a poly(styrene-block-methyl
methacrylate) (PS-b-PMMA) BCP with a natural length,
Lo, of 29 nm. 2D self-assembly with PS-b-PMMA in a
graphoepitaxy-based process was previously shown to
form a limited set of complex structures, such as bent
vertical lamellar domains and concentric vertical cy-
lindrical domains.7 However, the image formation
mechanism was not studied. In this paper, we apply
Monte Carlo simulations of the self-assembly process
to reveal how 2D patterns can be directly formed in the
PMMA phase of a PS-b-PMMA BCP. Using plasma
etching to remove the PMMA phase followed by a
tone inversion process, we demonstrate that this im-
age can be used to produce raised Si features suitable
for FinFET device fabrication. The resulting patterns
can be further customized by conventional litho-
graphic and etching techniques to form patterns
well suited for FinFET logic and memory circuits.
We illustrate the concept by demonstrating the
synthesis of example circuit patterns including the

Figure 1. In DSA graphoepitaxy, interaction between guiding patterns and the preferred polymer domain provides unique
capabilities for self-aligned customization. Using PS-b-PMMA graphoepitaxy with HSQ guiding patterns as an example, we
found two interesting phenomena: (a) PMMA half-domains adjacent to HSQ lines do not participate in pattern transfer into
subsequent hardmask layers during reactive ion etch, resulting in only full PMMAdomains being transferred. (b)Monte Carlo
simulations show that the PMMAhalf domains can beprotected by their adjacent PS half domainwhen there is a∼0.5Lo thick
surface layer around guiding lines. When introducing certain two-dimensional structures into the guiding pattern, one can
cleanly truncate a PMMAdomain. Simulations confirmed the feasibility of this type of two-dimensional graphoepitaxy with a
preferred line-space orientation. If we use the PMMAphase for image formation, we can now form complex two-dimensional
patterns with self-aligned customization. (c) Monte Carlo simulation and (d) an experimental example showing how PS-b-
PMMA interacts with HSQ templates when there are two-dimensional structures on the template. The PMMA domains are
partially etched to improve image contrast. The brightest lines correspond to the HSQ template, the darkest lines correspond
to etched PMMA domains, and the lines in the middle are the remaining PS domains.
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demonstration of functioning DSA-patterned FinFET
transistors with a fin pitch of 29 nm.

RESULTS AND DISCUSSION

In DSA graphoepitaxy, the topography of the sub-
strate registers and orients the BCP microdomains. For
graphoepitaxy with lamellar BCP, the sidewalls of the

template patterns preferentially interact with one do-
main of the BCP while the bottom surface is kept
chemically neutral allowing lamellar line-space pat-
terns to form parallel to the sidewalls of the template.
Figure 1a shows an example using PS-b-PMMA gra-
phoepitaxy with SiOx guiding patterns formed by
electron beam lithography of hydrogen silsesquioxane

Figure 2. Fin formation using patterns from the PMMA-phase. (a) Process flow for forming groups of silicon on insulator (SOI)
fins with a controlled fin spacing. A tone inversion operation is applied after etch transferring the DSA pattern into an organic
planarizing layer (OPL). The tone inverted image is then transferred into a finhardmask layer and20 nmof SOI. (b) A topdown
scanning electronmicroscope (SEM) imageof a group offins formedwith the process shown in (a). The space betweengroups
of fins is defined by the DSA guiding pattern. (c) A transmission electron microscope (TEM) image of 29 nm pitch SOI fins
formed with the process shown in (a).

Figure 3. Fin circuit demonstrations with DSA-patterned fins. (a) Logic and (b) SRAM fin patterning example showing the fin
design, template design, and fins after etch transfer into SOI.8 Several highly desirable features for FinFET circuit design are
demonstrated in this example, including the formation of group of 2�4 fins and a 1�2 fin transition between different
numbers of fins. When DSA graphoepitaxy templates are used as the self-aligned cutmask between groups of fins, partial fin
removal due tomisalignment of the hardmask can be completely avoided. A second, less critical cutmask is used to generate
fin breaks along the groups of fins. The pitch of all dense lines is 29 nm.
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resist (HSQ). Electron beam irradiation converts HSQ
into a low quality SiOx. These SiOx features preferen-
tially attract PMMA domains. It is expected that the
number of PS domains can be modulated by adjusting
the spacing between two adjacent template features.
However, we found two interesting phenomena by
more carefully examining the DSA behavior at the
template pattern sidewalls. First, the PMMA half-
domains adjacent to HSQ features unexpectedly were
not revealed after exposure to an RIE process designed
to selectively remove the PMMAphase.7 Consequently,
only full PMMA domains participated in further pattern
transfer. This also creates an unpatterned region be-
tween two groups of full PMMA phases that is the
combined width of the template feature, the half
PMMA phases on either side of the template and the
full PS phases adjacent to the half PMMA phases. The
second surprising phenomenon we discovered was
that the introduction of 2D geometry in the guiding
pattern can cleanly truncate PMMA domains perpen-
dicular to the guiding pattern sidewall. This provides a
way to terminate a limited number of lines in a group
while allowing others to run continuously over longer
distances. Moreover, the position of the line ends is
aligned to the template sidewall.
Monte Carlo simulations are a valuable tool for

understanding the behavior of BCPs during the DSA
process. Three-dimensional (3D) simulations of DSA
conducted in the presence of a template pattern show
that the PMMA half domains adjacent to the sidewall
can be wrapped by their adjacent PS half domain if
there is an ∼0.5Lo thick surface wetting layer of BCP
over the guide pattern. This is shown in Figure 1a,b. The
physical situation required to produce this result can be
engineeredbychoosing a templatematerialwithproper
chemical affinity to PMMA, the correct template height,
and BCP thickness. Further simulations of 2D template
geometries confirmed that the truncation of the PMMA
phase arises from a dislocation-like structure stabilized
by the template pattern. This is shown in Figure 1c,d.
The ability to design a template that introduces self-

aligned pattern-free region between groups of lines
coupled with the ability to deterministically truncate
specific lines provides two useful tools to form images
in the PMMA phase of the PS-b-PMMA BCP. The ability
to achieve arbitrary grating-to-grating spacing using
thismethod also relieves the restriction of having a uni-
versal single pitch grid as required for most chemical-
epitaxy techniques. These images naturally lend them-
selves to the types of pattern constructs required to
form fins in FinFET devices and circuits. However, the
image formed after PMMA removal requires a tone
inversion operation before it can be used to pattern the
raised features required for fin patterning. An overview
of the process we have developed is shown in Figure 2.
In brief, the PMMA image is transferred into an organic
planarizing layer (OPL) and a SiOx-like film is spin-cast

onto the wafers. A series of plasma etching processes
are used which result in the creation of the PMMA
image in the remaining SiOx-like material. The tone-
inverted image is then ultimately transferred into a
20 nm thin Si on insulator (SOI) layer using an addi-
tional plasma etch process to form groups of SOI fins.
Figure 2b shows a top down SEM image of a group of
fins formed using this process. Figure 2c shows a trans-
mission electronmicroscope (TEM) image of the 29 nm
pitch SOI fins.
Forming the fin patterns for more complicated

circuit patterns requires the creation of fin-free regions

Figure 4. SOI devices with 29 nm-pitch fins fabricated using
e-beam templated DSA lithography. (a) Using the process
flow described in Figure 2a, groups of 5 fins were etched
into SOI. A 193nm lithography step is used to retain only the
desired groups of SOI fins to form the active device. Because
the edges of the 193 nm cut mask land in the regions
generated by DSA templates, there is sufficient overlay
budget and no partial fins are produced. A gate first process
is then applied to form an isolated gate defined by e-beam
lithography. After spacer formation, the finned source and
drain are merged with a selective in situ phosphorus doped
silicon epitaxial process. (b) Drain current versus gate
voltage for a 5-fin FinFET device, demonstrating clear FET
behavior with DSA patterned 29 nm-pitch fins. (c) Drain
current versus source-drain voltage (Vds) for the same
device. The flat drain current level at high Vds indicates
good short channel DIBL control.
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between blocks of adjacent fins. An example of this can
be seen in a layout example of a FinFET logic circuit
shown in Figure 3a.9 In this example, 5 basic constructs
are required to form the desired pattern (see Support-
ing Information formore details). The final fin pattern is
accomplished through a combination of tone inverted
graphoepitaxy to define the groups of fins and trans-
verse cuts across entire groups of fins accomplished
with an additional lithography step to form the fin-free
regions. This additional patterning process creates an
artifact of the removed fin in the underlying buried
oxide layer (BOX), commonly referred to as BOX textur-
ing (see Methods section for more details). Figure 3b
shows the fin pattern of a 6 transistor (6T) static
random access memory SRAM array and the corre-
sponding DSA fins before and after the additional
customization process.
Finally, in order to confirm the quality of such

precustomized fins, we demonstrate the first func-
tional DSA-patterned FinFET devices with 29 nm pitch
SOI fins using a “gate first”, high-k metal gate (HKMG)
integration scheme (see Methods for more details). As
shown in Figure 4a, groups of 5 fins were etched into
SOI using the processes described in Figure 2a. A
193 nm lithography customization step then is used
to retain only the desired groups of SOI fins to form the
active device. The edges of the 193 nm customization
pattern were designed to land in the pattern free
regions generated by the DSA templates. This pro-
duces sufficient margin in the overlay budget to avoid
the creation of partially removed fins. A “gate first”
integration scheme, where the gate stack materials are
first deposited over the entire wafer then patterned
using subtractive patterning processes, is applied to
form an isolated gate line. After spacer formation, the
finned source and drain are merged with a selective
in situ phosphorus doped silicon epitaxial process to
provide source-drain doping and reduce external

resistance. Figure 4b,c shows electrical measurements
of a 5-fin device. The device I�V curve shows reason-
able on�off characteristics for a short channel device,
such as an on�off ratio of 105, low drain induced
barrier lowering (DIBL), and subthreshold slope of
70mV/decade. Moreover, subthreshold slope andDIBL
degradation associated with gross fin width variation
was not observed.10,11 These results confirmed that the
graphoepitaxy-based DSA-pattern technique produces
fins with sufficiently low variation and that a standard
HKMG process can be exercised at 29 nm fin pitch. The
on current can be further improved by optimizing
junction formation, epitaxy formation, and silicide pro-
cess, tasks that are beyond the scope of this work.

CONCLUSION

Line-space patterning with BCP DSA has been an
active field of study for many years. Use of the DSA
process to deterministically fabricate arbitrary circuit
designs with nanoscale features remains as a major
area of exploration. Combining previous efforts to
improve the quality of pattern transfer8 and the self-
aligned customization scheme proposed in this paper,
we demonstrated the first 29 nm pitch DSA-patterned
FinFET devices with a standard semiconductor device
fabrication process. Continued work to reduce line-
width and feature profile variation will further improve
device performance. Advances on this front are antici-
pated through the use of improved BCP materials,
advanced tone inversion materials, and state of the
art pattern transfer techniques including advanced
plasma etch reactors. While numerous reports on the
defectivity of DSA-based patterning techniques have
been published,12 it is difficult to associate those
studies with the work described in this publication.
This form of DSA-based patterning will most likely
require unique defectivity learning applied to a tar-
geted patterning application.

METHODS
Experimental results in this study were conducted on full

200mmwafers prepared using “production-style” semiconduc-
tor fabrication tools. The SOI device substrate is first coated
with an OPL, which consists of a 30 nm amorphous carbon
film deposited with chemical vapor deposition (CVD) at 550 �C.
The hard mask material consists of 10 nm of plasma enhanced
CVD (PECVD) SiN, deposited at 200 �C. Finally, a thin neutral
layer13 is spin-coated, annealed at 220 �C for 2 min, and
rinsed to remove excess polymer brush before patterning
of the DSA template and BCP coating. The template material
used in this study was HSQ, a negative-tone electron-beam
resist, patterned with electron beam lithography.7 After HSQ
development with TMAH, PS-b-PMMA BCP is coated and
annealed at 250 �C for 2 min. The BCP used in this study
is a 29 nm pitch PS-b-PMMA BCP from AZ Electronic Materials
(AZ #18). The HSQ and BCP thicknesses are both 50 nm.
All other aspects of the DSA process presented in this
work are compatible with 193 nm immersion lithography
processes.13

After forming the DSA patterns, an O2-based plasma etching
process is used for removing PMMA domains selectively from
the BCP, and a CF4-based etch process is used to transfer the
remaining PS pattern into the hard mask layer. Following the
hard mask etch, the pattern is transferred into the underlying
OPL using an O2-based plasma etch process. Fundamental
studies on DSA based pattern transfer of FEOL materials are
described elsewhere.8,14 A tone-inversion process is then ap-
plied in the OPL layer by spin coating a spin-on dielectric
material, IRM-007, from JSR Corporation, etching back to reveal
theOPL, followedby removal of theOPLwith a further O2-based
ashing. Note that the remaining hard mask layer on the surface
of the OPL is consumed during the etch back of the dielectric
material. This pattern is then transferred into a 10 nm thin layer
of low pressure CVD silicon nitride. This layer is used as a hard
mask for further patterning of the 20 nm thin SOI layer.
After fin formation, the fins regions are further defined with

an additional customization process patterned by 193 nm
lithography and plasma etching. This process is designed to
remove fins selective to the BOX layer. However, texturing of the
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BOX occurs leaving a faint artifact of the fin resulting from
texturing of the BOX. This can be avoided through the incor-
poration of additional films and use of further plasma etch
processes. In contrast, the fin-free regions created by the
template pattern and adjacent BCP phases do not leave any
residual pattern in the underlying BOX layer. A high-k metal
gate stack is then deposited over the fins. The gate stack
consists (from the bottom) of 2.2 nm of a hafnium-based
dielectric, a 3 nm thin Ta-based electrode, a 30 nm thin
amorphous silicon layer, and a 50 nm silicon nitride layer.
Electron-beam lithography and plasma etching are used to
define the gate pattern using procedures typical in a “gate first”
FinFET integration scheme. This results in the removal of the
gatestack materials from all areas of the substrate except the
gate pattern regions. After gate formation, a self-aligned 10 nm
silicon nitride spacer is formed by a novel spacer etch process
with a ZEON Chemicals proprietary gas based chemistry,
leaving spacer materials only on the gate sidewalls.15 Finally,
the device source, drain, and contact pads are merged with a
selective in situ phosphorus doped silicon epitaxial process. A
nickel silicide process is applied on the merged silicon pads to
further reduce contact resistance.
Single chain in mean-field Monte Carlo simulations16 were

carried out to explore the effects of trench width, sidewall
variation, and guide pattern wetting on the self-assembly
process. Lamella-forming block copolymers were modeled as
bead�spring chainswith 20 beads each of PS and PMMAat a χN
parameter of 16 kBT and compressibility κ of 25 kBT. Doi�
Edwards bonds with an equilibrium length of 2.93 lattice units
were used, making the bulk Rg of each chain approximately 7.5
lattice units. The bead number density was 21 beads per lattice
cell. The equilibrium lamellar period of thismodel in a thin film is
28 lattice units, allowing a mapping of 1 lattice unit ∼1 nm. A
variety of simulation volumes were explored, typically of the
order 300 nm � 120 nm � 29 nm. Guiding pattern geometries
were introduced to the system by a pair of static fields, a neutral
field used to create excluded volumes like raised guide lines,
and a selective field used to create an affinity between the
simulated guide lines and the PMMA phase. The neutral field
was also used to create an artificial “vapor” interface for the
simulations of guide pattern wetting. The selective field favored
contact with PMMA over PS by 2.0 kBT. Each system was
simulated for 5000 Monte Carlo sweeps, with 1 move/bead/
sweep and mean-field updates after each sweep. The PS and
PMMA densities from the final configurations were collected
and visualized using OpenDX.17 All calculations were carried
out on an IBM BlueGene/P supercomputer at IBM Research,
Almaden.
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