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ABSTRACT: The directed self-assembly (DSA) of two sub-20 nm pitch silicon-containing
block copolymers (BCPs) was accomplished using a double-patterned sidewall scheme in which
each lithographic prepatterned feature produced two regions for pattern registration. In doing
so, the critical dimension of the lithographic prepatterns was relaxed by a factor of 2 compared
to previously reported schemes for DSA. The key to enabling the double-patterned sidewall
scheme is the exploitation of the oxidized sidewalls of cross-linked polystyrene formed during
the pattern transfer of the resist via reactive ion etching. This results in shallow trenches with
two guiding interfaces per prepatterned feature. Electron loss spectroscopy was used to study
and confirm the guiding mechanism of the double-patterned sidewalls, and pattern transfer of
the BCPs into a silicon substrate was achieved using reactive ion etching. The line edge
roughness, width roughness, and placement error are near the target required for bit-patterned
media applications, and the technique is also compatible with the needs of the semiconductor
industry for high-volume manufacturing.
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■ INTRODUCTION

Block copolymer (BCP) lithography has increasingly gained
momentum as a solution for creating the small features required
for high areal density patterning in the storage and semi-
conductor industries.1−3 Line/space patterns formed by BCPs
are particularly attractive to define fin elements for Fin FETs4 or
to define rectangular arrays of islands for magnetic recording bit
patterned media (BPM).5 While BCPs do not form rectangular
lattices naturally, it has been shown that rectangular arrays can be
formed by the orthogonal intersection of two independent line/
space templates.6 The number of available symmetric BCPs
suitable for sub-10 nm lithography is limited, and yet, the single-
digit nm regime is decisive to enable BPM technology above 1.2
Tdot/in2 and to extend semiconductor lithography beyond the
11 nm node. Both applications demand a full pitch below 20 nm
(half pitch below 10 nm). Symmetric poly(styrene-b-methyl
methacrylate), PS-b-PMMA, is the most mature and the most
studied lamellar BCP but is limited by a relatively weak
interaction parameter, χ, that restricts the smallest lithographic
dimensions it can form to around 10−11 nm (20−22 nm full
pitch). Although phase separation at smaller dimensions has
been reported from 19 to 17.5 nm pitch, no pattern transfer of
PS−PMMA has yet been demonstrated in this regime,7−9 so any
directed self-assembly (DSA) solution below 20 nm pitch will

most likely need a BCP with a χ value higher than that of PS-b-
PMMA.
Silicon-containing BCPs are particularly promising to extend

BCP lithography beyond PS-b-PMMA. They commonly exhibit
a χ value that is high enough to enable phase separation below 20
nm full pitch.10−12 Additionally, the silicon in the Si-containing
block can be oxidized to form a densified SiO structure that
provides etch contrast for both removal of the organic block and
for pattern transfer into the substrate. Producing perpendicularly
oriented lamellae to form line/space patterns with Si-containing
BCPs had been, until recently, an elusive goal because the lower
surface energy of the Si-containing block drives the formation of
a preferential wetting layer at the free surface, inducing
orientation of the lamellae parallel to the free interface. In recent
work, this challenge was addressed specifically for block
copolymers based on poly(4-trimethylsilylstyrene), PTMSS, by
designing a polarity-switching top coat that tailors the interfacial
energy at the top of the film to induce perpendicular orientation
of the domains.13−16

Conventional DSA relies on chemical patterns to guide the
self-assembly of BCPs.17−20 Scaling DSA below 20 nm pitch
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involves much more than just a higher χ BCP; the fabrication of
the chemical contrast pattern presents resolution challenges.
Currently the trim-etch flow is being integrated for high volume
manufacturing.21 In this process, a cross-linked polymer mat that
is preferential for one domain of the BCP is coated and patterned
with e-beam and photoresist.22,23 An array of line/space patterns
is exposed on the resist and developed. The pitch in the resist
pattern can be sparse as long as it is commensurate to that of the
block copolymer, but the resist width, wr, must be tuned to match
the width of the one block copolymer domain,wr =

1/2 Lo (Figure
1a). This resist pattern is then used as a mask to etch portions of
the cross-linked polymer mat, generating an array of mat line/
space patterns that matches the dimensions of the resist pattern.
The etched spaces between mat lines in the background region
are backfilled with random copolymer brushes with average
compositions engineered to minimize the interfacial energy with
the overlying block copolymer that contacts these regions. The
top surfaces of the mat lines serve as guiding interfaces that align
the assembled block copolymer. As critical dimensions shrink
below 10 nm and higher χ solutions are required for scaling, DSA
faces two important challenges: (1) it is increasingly difficult for
the faster positive tone resists to achieve resolutions that match
1/2 Lo, and (2) brush chemistries must be independently
developed and tuned for each BCP for each density multi-
plication scheme.24−26

We report a method that allows relaxation of the resolution
requirement of wr in the initial lithographic step by using the
oxidized sidewalls of the PS mat as the guiding interface for DSA.
Utilizing this double patterning technique to generate the
chemical contrast patterns has advantages over the conventional
methods because it multiplies the density of guiding interfaces by

a factor of 2, therefore relaxing the resolution requirement of the
patterned resist to wr = Lo. We use a generic PS mat and PS−OH
brush because its wetting characteristics are intermediate
between the two blocks, which has been determined using
previously reported methodology.14,27 A shallow trench between
the mat and backfilling brush also assists in guiding the BCP
domains, thus combining graphoepitaxy with chemical epitaxy
without the concomitant loss of usable area common to
graphoepitaxy techniques. The effectiveness of this sidewall
double patterning DSA was exemplified by carrying out the first
demonstration of pattern transfer into a Si substrate using a
poly(trimethylsilylstyrene-block-p-methoxystyrene) (PTMSS-b-
PMOST) block copolymer with a full pitch under 20 nm. Two
lithographically relevant dimensions are demonstrated: 19.9 and
17.4 nm full pitch. Supporting evidence for the proposed guiding
mechanism is provided by an elemental mapping from electron
energy loss spectroscopy (EELS). Line roughness and defect
densities are discussed in the context of BPM requirements.

■ EXPERIMENTAL SECTION
We investigated DSA with two lamellae-forming PTMSS-b-PMOST
BCPs with a pitch of 19.9 and 17.4 nm. A random copolymer mat and a
top coat polymer were used to promote perpendicular orientation as
described in previous work.15,28 The random copolymer mat was only
used for undirected assembly and synthesis protocols for the block
copolymers and mat were previously reported.15 Details related to the
material characterization are reported in the Supporting Information.
The fingerprint pattern pitch of the perpendicularly oriented BCPs on
neutral cross-linked surface treatments were measured after thermal
annealing by an image analysis protocol described elsewhere29 and are
denoted hereafter by a numerical subscript corresponding to the pitch.

Figure 1. (a) Process flow for creating doubled patterned oxidized sidewalls on PS mat that serve as guiding interfaces and subsequent BCP directed
assembly, (b) the orientation of individual polymer chains in conventional chemical guiding using the top of the mat as the guiding interface whereWs =
1/2 Lo, and (c) the orientation of individual polymer chains in double-patterned sidewall guiding DSA where the oxidized sidewalls are the guiding
interfaces and where Ws = Lo.
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For DSA, a cross-linkable PS-mat23 and a 1.2 kDa PS−OH brush
(Polymer Source) were used as surface modification materials.
Double-patterned, oxidized polystyrene mat sidewall patterns for

DSA were obtained following the protocol shown in Figure 1a. A Si
substrate coated with 17 nm of a diamond-like carbon (DLC) film by ion
beam deposition (not shown) was coated with 8 nm of PS mat. E-beam
resist (ZEP) was deposited on top of the mat and exposed using a rotary
e-beam tool. The exposed patterns (orange features in Figure 1a)
consisted of line/space arrays with a pitch, Ls, of 2 Lo or 3 Lo and wr = Lo,
where wr is the width of the remaining resist lines and Lo represents the

full pitch of the block copolymer to be used. Following a similar protocol
to that used in conventional chemoepitaxy, the exposed portions of the
mat film were subjected to O2 reactive ion etching (RIE) to form PSmat
stripes. The sidewalls of the PSmat were also oxidized during theO2 RIE
step30 altering their chemistry to form two oxidized sidewalls for every
PS line (darker mat sidewalls in Figure 1a). Similar to the spacer lines in
self-aligned double patterning,31,32 this surface modification of the
sidewalls may be viewed as a double patterning technique.33

In conventional chemical contrast patterns where Ws =
1/2 Lo,

23 the
space between themat lines is backfilled with a random copolymer brush

Figure 2. Cartoon of the pattern transfer process with top-down and cross-section images of PTMSS-b-PMOST19.9 and PTMSS-b-PMOST17.5 at each
etch step. (a) Chemical contrast pattern on DLC (b) BCP film stack after annealing and top coat removal (brief O2 etch was performed for SEM
contrast), (c) after O2 RIE to remove PMOST and oxidize the PTMSS (d) after subsequent CO2 RIE to transfer into DLC (e) after CHF3/CF4 RIE into
Si substrate and carbon removal with CO2 RIE.
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with a composition that minimizes the average interfacial energy with
the portion of the block copolymer that assembles on top. As a result, the
block that has a stronger affinity for the polymer mat assembles on top
and directs the assembly of the film (Figure 1b). This process has proven
to be very robust thanks to the engineering of the boundary conditions
that match the free energy minimum to the lithographically desired
morphology. However, as dimensions scale down below 10 nm, it is
increasingly challenging to trim the width of the prepatterns down to the
desired Ws. The resolution limitations of the guiding line width can be
overcome by patterning guiding lines that are multiples of 1/2 Lo, and the
pitch can be multiplied by increasing the space between the lines by
some integer multiple of Lo.

34 However, the defectivity of these patterns
typically increases with fewer and wider guiding lines.
DSA using double-patterned sidewall guiding lines is believed to

occur by a chain configuration and interaction mechanism that is shown
in Figure 1c. We propose that oxidation of the sidewalls takes place
during the etching of the PS mat,30 which alters the chemistry and
modifies the surface energy of the sidewalls. The backfilling brush was
chosen to be purposely short (1.2 kDa) to produce a shallow trench (∼5
nm) such that a portion of the mat sidewalls is still exposed after brush
backfilling. The oxidized mat sidewall is strongly wet by one of the
polymer blocks. Hence, the assembly is directed by preferential wetting
of the oxidized sidewall inside the shallow trench. On the basis of the
expected wetting behavior of PTMSS and PMOSTwith oxidized PS and
results from cross-sectional transmission electron microscopy, TEM,
detailed later in this study, we believe PTMSS is the “red” block and
PMOST is the “blue” block in Figure 1c. The trench width was chosen to
be commensurate with the block copolymer pitch so that the stripes
align parallel to the trench walls. While the shallow trench plays an
important role directing the assembly by providing confinement, it is not
enough to induce the selective registration between the PMOST
domains and the oxidized sidewalls. It has been reported in the past,
both theoretically and experimentally, that when there is only
topography, the molecules align with their long axes parallel to the
topographic steps, causing the domain stripes to be perpendicular to the
trenches due to restrictions in chain packing.35−38 We observed this
orientation (Figure S3, Supporting Information) with 80 nm pitch
guiding structures with a 40 nm width. Without enough guiding
interfaces to induce parallel orientation, the domains oriented
perpendicular to the guiding lines due to the shallow topography.
The double-patterned sidewall guiding strategy has some elements of

both graphoepitaxy and chemoepitaxy39 but does not sacrifice usable
area because the BCP self-assembles both inside and outside the
trenches. Previous demonstrations of graphoepitaxy with lamellar block
copolymers restrict the assembly only within the guiding trench
rendering the area between trenches unusable.39,40 Figure 1b,c
demonstrates the differences in guiding interface formation and polymer
chain configurations between conventional chemical contrast pattern
guided and double-patterned sidewall guided DSA. It should be noted
that these figures are likely oversimplified. In conventional DSA, there
may be some shallow topography that is not shown in Figure 1b, and the
sidewalls of the mat lines may not be completely vertical in either
strategy.We also note that sidewall oxidation also occurs in conventional
chemoepitaxy; however, the use of longer backfilling brushes that cover
most of the sidewalls are likely to mask or diminish the effect of the
sidewall chemistry.
The wetting behavior of the PS mat, oxidized PS mat, PMOST, and

PTMSS homopolymer films were investigated by water contact angle
measurements.41,42 The PS mat was prepared in a manner identical to
that in the chemical contrast patterns except as a full film without e-beam
patterning. The oxidized PS mat was prepared by exposing a full film PS
mat to the same O2 RIE used in creation of the chemical contrast
patterns to simulate the oxidation of the sidewall on the surface. A
dramatic decrease in the water contact angle was observed for oxidized
PS mat (28°) compared to PS mat (86°). Topography in the guiding
pattern was characterized by AFM, which revealed about a 5 nm height
difference between the backfill brush andmat guiding line. These data, in
addition to the water contact angle details, are reported in the
Supporting Information.

One consequence of the double-patterned sidewall guiding DSA is
that unlike conventional chemical contrast guiding, the combined
surface energy of the substrate (i.e., with weighted contributions from
the guiding structures and backfill brush chemistries) is not necessarily
intermediate to that of the two BCP domains. Conventional chemical
contrast patterns made from polymer mats and brushes have an average
surface energy of the substrate that exhibits neutral wetting. By contrast,
in double-patterned sidewall guiding DSA, the wetting behavior of the
sidewall pins the assembly inside the trench; the chemistry of the
surfaces in the plane of the substrate (the top of the mat and backfilling
brush) are not tuned separately. As a consequence, there may be an
imbalance in the wetting properties that is compensated by the
confinement in the trench and by entropic restrictions set by the film
thickness. Vertical orientation of the BCP domains inside the trench is
induced by the topographic feature and by the preferential sidewall
wetting.39 On top of the mat line, the perpendicular orientation is
sustained over a narrow window of thickness values for which the
vertical orientation is more energetically favored.43,44 Outside of that
narrow thickness process window (1−2 nm), patches of parallel
orientation were observed (image provided in Supporting Information),
indicating that the overall substrate interface is likely off-neutral. In-
plane registration of the domains on top of the mat lines is induced by
interaction with the oxidized sidewalls. Note that the number of guiding
features in this process flow is twice the number of the lithographically
defined lines. In what follows, we keep the standard nomenclature for
the density multiplication factor as the ratio between the pitch of themat
stripes to the pitch of the block copolymer lines (Ls/Lo). Thus, for the
example of Figure 2c, where Ls = 2Lo we refer to a density multiplication
of 2× even when there is one oxidized PS sidewall per every PMOST
domain. For a 3× density multiplication, there are two oxidized PS
sidewalls per every three PMOST domains, and so on.

PTMSS-b-PMOST19.9 was aligned by double-patterned sidewall DSA
at 2× density multiplication with Ls = 40 nm and Ws = 20 nm. Due to
resolution limitations by the e-beam resist, PTMSS-b-PMOST17.4 had to
be aligned at 3× density multiplication with Ls = 52 nm andWs = 17 nm
(Figure 2a). Once the domains of these BCPs were aligned by thermal
annealing with a top coat (Figure 2b), the line pattern was transferred
into the underlying silicon substrate through a series of RIE steps.
Because the silicon in the PTMSS oxidizes during the first RIE step and
silicon oxide is not a good etch mask for pattern transfer into a silicon
substrate with a fluorine etch chemistry, the only etch chemistry
available at the time of these experiments, diamond-like carbon (DLC)
was used as a transfer layer between the oxidized PTMSS and silicon
substrate. After the first oxidation and PMOST removal etch step was
performed (Figure 2c), a subsequent CO2 etch was used to transfer the
silicon oxide pattern into DLC (Figure 2d). The patterned DLC was
used as an etch mask in a CHF3/CF4 etch step to transfer the pattern
into silicon. An additional CO2 etch step was performed to remove any
residual DLC on top of the silicon features (Figure 2e).

The guided PTMSS-b-PMOST19.9 and PTMSS-b-PMOST17.4
patterns were transferred into the substrate with good sidewall quality,
indicating that oxidized PTMSS creates a sufficient etch mask for
transfer into DLC and subsequent transfer into silicon. However, as
observed in Figure 2, the defect rate was significantly larger for PTMSS-
b-PMOST17.4 indicating the need for further optimization. Defect
sources and solutions for PTMSS-b-PMOST19.9 will be discussed later in
this manuscript. We also measured line roughness using an image
analysis described elsewhere45 from square SEM images 1.8 μm long
with a pixel size of 0.9 nm. The line roughness values for PTMSS-b-
PMOST19.9 after oxidizing PTMSS and removing the PMOST, were 3σp
= 2.3 nm, 3σw = 2.3 nm, 3σe = 2.6 nm for placement, width, and edge
roughness, respectively (placement roughness refers to the roughness of
the centroid line). The corresponding values after pattern transfer into
the Si substrate were 3σp = 2.6 nm, 3σw = 2.3 nm, 3σe = 2.9 nm. A
minimal increase in placement and edge roughness occurred after
transfer into Si. The width roughness remained unchanged suggesting
that width roughness is primarily limited by the PTMSS and its
oxidation process. The 1-σ values represent ∼4% of the pitch for the
placement roughness and∼8% of the line width for the width roughness.
For BPM applications, both of these numbers are targeted to be below
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5%.5,46 The placement roughness is already below target, and the width
roughness is promising considering that this is the first demonstration of
DSA and pattern transfer using a Si-containing material with a top coat.
Evidence of silicon oxide etch mask formation from PTMSS

oxidation in the first RIE step was provided by cross-sectional TEM,
with elemental mapping of oxygen, carbon, and silicon from EELS on
the directed PTMSS-b-PMOST19.9 film stack. A cross section of the
sample was imaged after DSA and after removal of the top coat but
before etching. A second image and mapping was acquired after a partial
O2 RIE on the same film to study changes in the elemental composition
of the film changes upon oxidation. Before etching (Figure 3a), silicon is

present only in 10 nm wide rectangular domains within areas that
contain only carbon and oxygen. This is expected because silicon should
be present only in the PTMSS domain and 10 nm wide structures are
consistent with the half-pitch of PTMSS-b-PMOST19.9. From Figure 3b,
it is also apparent that alternating silicon-containing domains penetrate
approximately 8 nm deeper into the film than the alternating set. The
small gap between the silicon-containing domain and the DLC is
interpreted as the PS backfilling brush. One likely interpretation of the
observed configuration is that alternating PTMSS domains sit on top of
the PS mat stripes composed only of carbon, further supporting the
guiding mechanism proposed in Figure 1c and in accordance with the
wetting behavior observed during water contact angle measurements.
This guiding mechanism has been suggested by other researchers, but to
the best of our knowledge, this is the first direct observation.47 The
relative content of silicon, oxygen, and carbon in the horizontal line scan
across the domains is also consistent with the expected elemental
composition. The silicon and oxygen content in the PTMSS and
PMOST domains, respectively, constitute approximately 5−10% of the
total composition of each domain, which is consistent (within

measurement error) with a 1:11 silicon to carbon and 1:9 oxygen to
carbon atomic ratio. Note that the elevated oxygen content in the
PTMSS domain is probably overrepresented since the silicon likely
oxidizes during the TEM sample preparation.

After we performed the same oxygen RIE recipe used in the transfer
of the pattern in Figure 2c but for a shorter time in order to only partially
remove the PMOST, it is again apparent that every other silicon-
containing domain sits on top of a material composed only of carbon
(likely the mat line; Figure 3b). From the image and analysis of the
elemental composition perpendicular to the plane of the film in the
silicon domain, it appears that the silicon in the domain densifies and
shrinks in the z-direction during the O2 RIE. The domains on top of the
mat lines appear to have undergone complete oxidation during this etch
based on the homogeneous silicon and oxygen content of the entire
domain. In the alternating domains that penetrate further toward the
DLC, there appears to be a gradient (partial oxidation) of the silicon
consistent with the fact that etching has not been carried out all the way
to the DLC. This shows that the PTMSS oxidizes as the domain surface
is exposed to the O2 etch to form∼3 nm of a silicon oxide etch mask that
is apparently sufficient to transfer a pattern into 18 nm DLC. The
difference in the total amount of Si between the alternating lines may
explain the observed difference in average line width observed on the
top-down SEM measurements.

A second observation in Figure 3b is that the domains are tilted. The
tilt could be an artifact of sample preparation or could arise from
differences in mechanical properties at the interface between the top
coat and BCP during annealing. One important change that was
implemented during the optimization of the pattern transfer in Figure 2
significantly reduced bridging defects that were initially observed in the
pattern transfer. Initially, a low bias was used in the first O2 RIE step with
the rationale that compared to a high bias step, a low bias would make
the etch more isotropic and more fully oxidize the sidewalls of the
silicon-containing domain. However, bridge defects appeared during
this step and propagated to the transferred line pattern shown in Figure
4a. Surprisingly, switching to a higher bias first O2 RIE step resulted not
only in adequate silicon oxidation and pattern transfer, but also in the
propagation of significantly fewer bridging defects (Figure 4b). The etch
optimization results suggest that the high bias initial step breaks through
the thin part of the bridges, leading to the lower defect rates observed in
Figure 4b.

■ CONCLUSIONS

In summary, a new double-patterned sidewall directed self-
assembly (DSA) was demonstrated with symmetric silicon
containing PTMSS-b-PMOST block copolymers that were
thermally annealed with a top coat. The technique significantly
reduces the resolution demands on the guide line lithography. It
is well suited for sub-10 nm DSA (sub-20 nm full pitch) because
it relaxes the resolution requirements for the resist width from wr

= 1/2 Lo to wr = Lo. Two lithographically relevant dimensions
were demonstrated: 19.9 and 17.4 nm full pitch. The proposed
guiding mechanism, which uses chemical contrast from the
oxidized sidewalls of cross-linked polystyrene as the guiding
interfaces, was supported by a series of experiments probing the
wetting behavior of the materials in the guiding pattern and
elemental mapping of a cross section of the film stack. The
aligned patterns were transferred into a silicon substrate by a
series of RIE steps to provide patterns with good sidewall quality
and roughness. The oxidation of the silicon in the PTMSS
domain during formation of the etch mask was characterized by
elemental mapping of a partially oxidized film stack and the
defect rate was reduced during this step by optimizing the O2

etch conditions.

Figure 3. Cross-sectional TEM analysis of a PTMSS-b-PMOST19.9 film
stack aligned by double-patterned sidewall DSA on DLC on silicon with
a native oxide layer after annealing and after a partial O2 RIE. (a) Cross-
sectional TEM image with dimensions, (b) EELS mapping of image a
showing (red) carbon, (blue) oxygen, and (green) silicon content, and
(c) carbon, oxygen, and silicon composition across the arrows indicated
in the inset images (reproduced from images in panel a).
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■ MATERIALS AND METHODS
The guiding lines used in the chemical patterns were written by
an Elionix rotary e-beam tool on 50 nm ZEP resist which was
coated on 8 nm cross-linked polystyrene mat provided by AZ
materials. The mat had been cross-linked by heating to 290 °C
for 2 h on top of a 17 nm thick layer of diamond-like carbon that
had previously been deposited by ion beam deposition on a
silicon substrate. After writing the circumferential line pattern on
the resist, developing it, and etching the exposed areas to the
DLC with an O2 RIE, hydroxyl-functionalized polystyrene from
Polymer Source with a molecular weight of 1.2 kDa was grafted
to the oxidized DLC at 200 °C for 30 min.
PTMSS-b-PMOST19.9 characterization data can be found in a

report that used the same materials13 and the characterization
data for PTMSS-b-PMOST17.5 are provided in the Supporting
Information. The BCP materials were annealed beneath a spin-
coatable top coat using a procedure developed previously.
Briefly, the BCPs were spin-cast on chemical contrast patterns
from 1 wt % solutions in MIBK at various spin speeds to control
film thickness. For both fingerprint and DSA patterns,
approximately 30 nm thick top coats were spin coated from
methanol. PTMSS-b-PMOST19.9 samples were then annealed at
200 °C for 1.5 min and PTMSS-b-PMOST17.4 samples were
annealed at 180 °C for 4min on a hot plate in air. These thickness
and annealing conditions were optimized to avoid the dewetting
and intermixing of the BCP and TC films that was observed
under some conditions. Top coats were removed by rinsing the
sample with a 5:1 methanol/40% trimethylamine solution in

water solution and then subsequently rinsed thoroughly with
methanol.
RIE was performed using a PlasmaTherm tool. SEM images

were collected on a Zeiss Supra scanning electron microscope.
Film thicknesses were measured by scratching films and
measuring the height by AFM. AFM images were collected on
an ICON AFM. Cross-sectional TEM images with EELS
mapping on PTMSS-b-PMOST19.9 samples were provided by
Nanolabs.
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