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Directed self-assembly (DSA) of block co-polymers (BCPs) has attracted
intensive attention in both academia and industry in recent years. As a ver-
satile and complimentary patterning technique for advanced technology
nodes, DSA could be used to pattern line/space and contact holes for electronic
devices at the 7-nm technology node and beyond. In this paper, we system-
atically investigated the key parameters affecting the formation of defect-free
DSA line/space patterns with the graphoepitaxy approach, which included the
role of surface affinity of the pre-pattern, the critical dimension commensu-
rability between the pre-pattern and the intrinsic pitch of lamellar BCP, the
thickness effect of BCP and, more importantly, the pattern transfer from BCP
to the underlying Si substrate. After process optimization, the 35-nm pitch
(line width �16 nm) line/space patterns were successfully transferred to a Si
substrate from the 200-nm pitch (space width �90 nm) pre-patterns estab-
lished by conventional ArF lithography.

Key words: Block co-polymer, directed self-assembly, graphoepitaxy, pitch
multiplication, surface affinity, pattern transfer, line edge
roughness

INTRODUCTION

In modern microelectronics, the performance of
devices is predominantly driven by the lithographic
resolution, that is, the minimum pitch that could be
resolved by optical lithographic tools. Over the past
decade, ArF immersion lithography (193-nm wave-
length) keeps serving the mainstream manufactur-
ing technique to support device miniaturisation
through continuous innovation on resolution
enhancement techniques (RETs) and double (or
multiple) patterning process. ArF immersion with
multiple patterning has been exploited to produce
the 14-nm logic node in 2014 and is highly expected
to be used for the 10-nm and even for the 7-nm logic
node.1 However, the extra steps required and its
complexity of integration would pose big challenges
not only to the productivity but also on the single

wafer cost.2 As a next-generation lithography tech-
nique, extreme ultraviolet (EUV) lithography (with
a wavelength of 13.5 nm) is the leading candidate
and has received incessant momentum in the last
decade. Compared to the current ArF immersion
with multiple patterning, EUV could provide sub-
stantial benefits in process simplicity with fewer
masks and more flexible two-dimensional designs.1

Although it possesses huge advantages over its
current counterpart, the application of EUV has
been shadowed by the continued delays in the
availability of high-throughput and unsolved mask
defectivity issues.3–5 While improvements of the
power source have been made, especially some
breakthroughs in the last year, there is still a long
way to apply EUV to high-volume manufacturing
(HVM).6 According to the latest estimation, the
most possible scenario is to exercise EUV at the 7-
nm technology node and put it in production at the
5-nm technology node for logic devices.(Received September 30, 2016; accepted March 1, 2017;
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Alternatively, other complementary techniques
made substantial progress during the same time
frame due to the longer-than-expected development
of EUV.1 Directed self-assembly (DSA) of block co-
polymers (BCPs) is one of the most promising alter-
natives which could provide solutions to the sub-10-
nm patterning with low cost when it is combined with
conventional lithography.7 This bottom-up approach
utilizes the phenomenon of self-assembly of BCP
materials to form desired patterns. After selective
removal of one component, the remaining compo-
nents of the BCP could act like the normal photoresist
to achieve pattern transfer. More importantly, the
minimum pitch printable is only determined by the
intrinsic pitch of the BCP material itself rather than
limited by the lithography equipment.8 The DSA
process could be fully integrated with incumbent
semiconductor manufacturing facilities without
huge capital input because of the polymer nature of
the BCP material, which makes the processing of
BCP similar to that of the photoresist widely used.
Continuous efforts have been put to use DSA to form
contact holes and line/space patterns with high
resolution.7–9 The progress made in recent years
highlighted the substantial potential of DSA as a
complementary advanced patterning technique for
sub-10-nm technology node. To fulfil this accomplish-
ment, defectivity and line edge roughness (LER) are
the two most critical challenges to be addressed.
Several modelling simulations have already been
conducted to pinpoint the possible sources of defects
for DSA of BCP, but few experimental proofs have
been accessible so far.10

In this paper, we systematically investigated the
key parameters affecting the formation of defect-
free DSA line/space patterns with the graphoepi-
taxy approach, which included the role of surface
affinity of the pre-pattern, the critical dimension
(CD) commensurability between the pre-pattern
and the intrinsic pitch of lamellar BCP, the thick-
ness effect of BCP and, more importantly, the
pattern transfer from BCP to underlying Si sub-
strate. Wafer level CD uniformity (CDU) and LER
were also examined. Through this study, we demon-
strated our efforts to establish a mature DSA line/
space process and the investigations presented will
benefit further process optimization.

EXPERIMENTAL PROCEDURES

Sub-20-nm line/space patterns were formed by DSA
of lamellar BCP using the graphoepitaxy approach.
Figure 1 shows a schematic process scheme applied in
this study. Firstly, a 63.5-nm-thick oxide layer was
grown on the 200-mm wafer by plasma-enhanced
chemical vapour deposition (PECVD). After bottom
anti-reflective coating (BARC) and photoresist coat-
ing, line/space pre-patterns were printed through an
ArF lithography process. Normal BARC open and
oxide etch processes would transfer pre-patterns in
the photoresist to the oxide layer. These oxide pre-

patterns with desired line/space CD (or pitch) acted as
a template and provided guidance for the subsequent
BCP patterning. Secondly, to facilitate the polymer
domain orientation control, a thin brush layer was
grafted to the bottom and sidewall surfaces of the pre-
pattern followed by the thinner rinse to remove un-
grafted ones. Thirdly, BCP material was spin-coated
and annealed to accomplish phase separation. Finally,
one component of BCP was selectively removed by the
etch process and the other component served as a hard
mask to achieve pattern transfer to the underlying Si
substrate.

BCP investigated in this study was lamellar
polystyren-block-polymethlymethacrylate (PS-b-
PMMA) with symmetric PS: PMMA ratio (50:50).
The intrinsic pitch (L0) of the BCP is around 35 nm.
Brush materials were random polystyren-ran-poly-
methlymethacrylate (PS-r-PMMA) with different
hydrophobicity referred to as brush #A, brush #B,
brush #C and brush #D. All materials were applied
as received from the vendor. The recommended
annealing conditions for BCP and brush materials
were 240�C (for 60 s) and 250�C (for 60 s), respec-
tively. An N2 environment was kept during both
annealing processes. The oxide pre-patterns were
printed by an ArF lithography scanner with a
chemically amplified photoresist and etched by a
reactive ion etching (RIE) process. The DSA pattern
transfer included PMMA removal and subsequent
Si etching, which were carried out on capacitively
coupled plasma (CPP) and inductively coupled
plasma (ICP) RIE tools, respectively.

RESULTS AND DISCUSSION

Effect of Surface Treatment

One critical requirement for DSA of BCP as a
nano-patterning technique is to precisely control the

Fig. 1. A schematic process scheme of line/space patterning by
DSA of lamellar BCP with the graphoepitaxy lithography approach.
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microdomain orientation in thin films such that the
BCP could be used as templates for pattern transfer.
Lamellae and cylinder BCPs that are oriented
perpendicular to the underlying substrate are
highly desired for this purpose. In general, the
orientation of microdomains for BCP thin films is
primarily determined by the interfacial interaction
of each block with the substrate and the free
surface. Parallel oriented domains are normally
observed in nature due to the preferential wetting of
the substrate by one of the block components. To
address this issue, the strategies developed over the
years include solvent annealing,11,12 application of
an electric field,13 a rough substrate 14 and chemical
modification of the substrate.15,16 Potentially, one of
the most robust methods is chemical modification of
the substrate via grafting of random co-polymer
brushes or cross-linkable mats to form a non-
preferential surface (i.e., neutralize the surface).
In a seminal work, Mansky et al.15,17 demonstrated
that hydroxyl-terminated random co-polymers of
PS-r-PMMA could be used as brushes to control the
BCP and the substrate interactions. Through vary-
ing the styrene fraction in the random co-polymer,
the interfacial interactions of PS and PMMA blocks
with the substrate can be tuned in a controllable
fashion.15 Recent development by Han et al.16,18

found that for specific combinations of random
brushes and BCPs there are distinct composition
windows in random co-polymers to achieve perpen-
dicular orientation of BCP microdomains. To under-
stand the perpendicular window shift and obtain as
large as possible of the perpendicular window are of
great interest for DSA of BCP for advanced lithog-
raphy. Our investigation of lamellar PS-b-PMMA
for line/space pitch multiplication started from
finding the suitable brush layers with the largest
perpendicular windows.

Figure 2 showed the effect of brush layer treat-
ment on the degree of BCP lamellar alignment. The
CDSEM images of the left and right are BCP on a
flat substrate and on a topographically patterned
substrate, respectively. In our experiment, four
brush materials with varying hydrophobicity were
spin-coated on both flat Si substrate and topograph-
ically patterned substrate (SiO2 as pre-pattern)
simultaneously. Water contact angle (WCA) mea-
sured on the surfaces modified by brush #A, brush
#B, brush #C and brush #D are 84�, 83�, 81�, and
75�, respectively. As the thickness of the brush
materials coated was higher than the height of the
pre-pattern trenches, the sidewalls and the bottom
of the trenches was equally wetted by the random
brushes. As shown in Fig. 2a and c, both BCPs
showed perpendicular orientation in a flat surface
when using brush #A and brush #B, which implied
the composition of the random co-polymer within
the perpendicular window.18 Furthermore, more
detailed information can be revealed if we examine
the morphology of BCP on topographically confined
substrates. It is the wetting properties of the trench

sidewall that determines the lamellar domains
oriented perpendicular or parallel to the trench
sidewalls, which is critical for lithographic applica-
tion as parallel (to trench sidewalls) lamellar
domains are highly desired for more accurate
pattern placement.19 As shown in Fig. 2b, all BCP
microdomains were oriented perpendicular to both
the substrate and the trench sidewalls, which
indicated brush #A promoted equal PS and PMMA
wetting. Different from Fig. 2b, another type of BCP
alignment appeared as shown in Fig. 2d. The
majority of the BCP domains started to align with
the length of the trench while some of them still
aligned perpendicular to the sidewalls. The domain
alignment change between Fig. 2b and d was
believed to be induced by the surface affinity

Fig. 2. The effect of brush layer treatment on the degree of BCP
lamellar alignment. The CDSEM images of the left and right are BCP
on a blanket area and on topographically patterned substrate,
respectively: (a) and (b) by applying brush #A; (c) and (d) by brush
#B; (e) and (f) by brush #C, and (g) and (h) by brush #D.
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adjustment by the brush materials as all other
process conditions remained the same for both
cases. The subtle hydrophobicity tweaking from
brush #A to brush #B made the trench sidewalls lose
their neutrality partially, and preferentially wet
PMMA slightly. The same phenomenon occurred on
trenches with different size from 150–500 nm. Our
study showed that the combined examination of
orientation of BCP microdomains both on flat
substrates and topographically patterned sub-
strates can provide more accurate information
regarding the ‘perpendicular window’ for brush
materials, which were rarely conducted by previous
studies as only the interfacial interactions between
the BCP and the flat substrate were under consid-
eration.18,20,21 It is known that the microdomain
orientation of a BCP thin film deposited on flat
substrate surfaces is primarily determined by the
interfacial energy at various interfaces, and the
interfacial energy can be expressed as a function of
four interfacial tension terms20:

Finterface ¼ f cA;Bs; cA;Ba; cAB; csa

� �
ð1Þ

where cij is the interfacial tension between two
components i and j, namely block A, block B, the
bottom substrate (s), and air (a). By adjusting
the composition of the random co-polymer brushes,
the interfacial interactions cAs and cBs can be
manipulated. Once the brush layer shows non-
preferential interactions with the two blocks, that
is, Dc ¼ cAs � cBsj j ¼ 0, the microdomain orientation
of the BCP is only determined by the film thick-
ness.20 However, if considering BCP thin films on
topographically confined structures (such as pre-
patterns in our case), the interfacial energy of the
system should include another contribution of
interfacial tension between block components
(A and/or B) and sidewalls of pre-patterns (cA,Bp),
namely:

Finterface ¼ f cA;Bs; cA;Ba; cAB; csa; cA;Bp

� �
ð2Þ

Apparently, the interfacial interactions between cAp

and cBp directly control the lateral alignment of
microdomains along the sidewalls. When
Dc0 ¼ cAp � cBp

�� �� 6¼ 0, which means the sidewalls
preferentially wet one block, the microdomains of
BCP films will align parallel to the sidewalls once
the size of the trench meets the commensuration
conditions (will discuss later).

To get the lamellar PS-b-PMMA microdomains to
fully align parallel along with the trench sidewalls,
a third brush (brush #C) with decreasing hydropho-
bicity was applied and investigated. As shown in
Fig. 2e, the BCP microdomains on the flat substrate
showed mixed morphology with both perpendicular
and parallel orientation with respect to the free
surface. This happens when one component block of
the brush material (PS-r-PMMA) is at the lower or
upper limits of the composition to produce uniform
perpendicular orientation of the block co-polymer

domains.18 If the purpose is to obtain perpendicular
oriented domains, those areas with parallel oriented
domains are commonly referred to as ‘defects’.
Surprisingly, there were no defects for BCP on
brush #C-treated patterned trench areas, as shown
in Fig. 2f. All BCP domains exhibited perpendicular
orientation and aligned parallel to the trench side-
walls, and the well-ordered structures spanned the
trench width. From the lithographic patterning
point of view, the placement of the above BCP
domains is preferred. Different from the conven-
tional graphoepitaxy DSA approach which treats
the bottom and sidewall surfaces separately to make
bottom surface neutral and sidewalls preferentially
wet, our method here apparently is simpler and
more effective.22 The parallel alignment of the
domains along the trench sidewalls was presumed
to be determined by the preferential wetting of
PMMA as brush #C showed higher hydrophilicity
compared to neutral brush #A. Meanwhile, the
physical confinement of the topographical trenches
favoured the perpendicular orientation of the
microdomains, resulting in the different morphol-
ogy of the domains between in flat surface and in
topographical trenches.

With further decrease of the hydrophobicity of the
brush material (brush #D), the wetting property of
the brush-treated surface was dramatically chan-
ged. Figure 2g shows the morphology of BCP
domains on a flat surface treated by brush #D. It
was clear that the surface induced parallel orienta-
tion of domains with terraced structures, confirming
the deviation of non-neutrality for brush #D and its
strongly preferential wetting towards PMMA. Fig-
ure 2h showed the domain morphology on trench-
confined areas by brush #D surface treatment. From
top surface CDSEM images, there is no difference
between Fig. 2f and h. At first glance, both of them
displayed well-organized structures and meet the
requirements of line/space DSA patterning. How-
ever, the morphology (as shown in Fig. 2h) created
by brush #D will bring serious issue for further
pattern transfer using the RIE method. The reason
behind this is that the strong wetting preference of
brush #D towards PMMA made the bottom part of
the BCP domains into an alternating PS/PMMA
double layer rather than being fully perpendicular
through the whole thickness.23

Through the above analysis, brush #C provided
the best surface treatment for lamellar BCP used
for line/space patterning when both bottom and
sidewalls of the topographic guiding trenches were
equally wetted by the same brush material. Further
investigation of film thickness effect, pre-pattern
CD process window and pattern transfer were all
based on brush #C-treated topographic substrates.

Effect of Film Thickness

The thickness of the spin-coated BCP thin film is
one of the key parameters to affect the alignment
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behaviour of microdomains on topographically pat-
terned substrates, regardless of symmetric or asym-
metric block co-polymers.19,22,24 In particular,
controlling the thickness of BCP films on homoge-
nous modified surfaces of topographically patterned
substrates is ultra-important as the desired mor-
phology of microdomains in a confined area is more
thickness-sensitive than those of a heterogeneous
approach.24

Figure 3 showed the lateral alignment of BCP
films on topographically patterned substrates with
different BCP thicknesses. Before the BCP deposi-
tion and annealing, all substrate surfaces were
modified by brush #C which was weakly PMMA
preferential. The adjustment of BCP film thickness
was achieved by changing the spin speed in the
coater. It is well-known in semiconductor processes
that the thickness of a spin-coated resist film is
proportional to the inverse of the spin speed square
root. In this study, the spin speed of BCP films were
chosen from 700 to 2000 revolutions per minute
(rpm). Lower spin speed (< 700 rpm) was not
adopted to ensure wafer level thickness uniformity.
Meanwhile, higher spin speed (>2000 rpm) was
also excluded due to the minimum thickness
requirement for the subsequent etching process.
BCP films with thickness of 26 nm, 30 nm, 37 nm,
and 44 nm were obtained by applying spin speed of
2000 rpm, 1500 rpm, 1000 rpm, and 700 rpm,
respectively, which corresponded to 0.74 L0, 0.86
L0, 1.06 L0 and 1.26 L0 of the intrinsic pitch of the
BPC film. As shown in Fig. 3a, b, and c, all BCP
microdomains were well-organized both vertically
and laterally in which all domains oriented perpen-
dicular with respect to the bottom substrate and
laterally aligned along with the trench length.
These observations can be explained by considering
the surface energy evolution of BCP films in con-
fined area in terms of the BCP thickness change.
For lamellar BCP thin films deposited on preferen-
tial wetting substrates (such as in our case), the
incommensuration between the film thickness (t)
and the natural pitch (L0) of BCP plays the key role
for the perpendicular domain orientation, especially
when t< L0.25,26 If both the top and bottom surfaces
of the BCP films are equally preferentially wetted
by one component, the incommensuration occurs
when t = nL0 (n is an integer). Otherwise, for an
anti-symmetric film (top and bottom surfaces of
BCP films are preferentially wetted by different
components), the incommensuration occurs when
t = (n + 1/2)L0.25 Our BCP films here were anti-
symmetric as the bottom surface was PMMA weakly
preferential wet while the film/air interface was
close to non-preferential after the 240�C annealing
treatment.27,28 Thus, the perpendicular orientation
was preserved at the incommensurate BCP thick-
ness (0.74 L0, 0.86 L0 and 1.06 L0) to avoid the
additional free energy penalty for forming hole or
island structures associated with parallel orienta-
tion.21,22,24 When the BCP thickness increased to

44 nm (1.26 L0), as shown in Fig. 3d, vertical
lamellae formed with an undulating shape which
adhered the overall direction of the trench length.
Similar observations have been found by Park
et al.19 for thick lamellar PS-b-PMMA films on
confining grooves. It is believed that the neutrality
of the substrate becomes less effective when apply-
ing thick BCP films so it cannot support the
perpendicular morphology throughout the whole
film thickness.19

The lateral confinement of BCP domains in the
topographic trenches can be evaluated in a similar
way as discussed above, whereas the decisive
parameter is the trench width rather than the film
thickness. As both sidewalls of the trenches were
homogenously covered by PMMA weakly preferen-
tial brush #C (symmetric wetting), the BCP micro-
domains will align parallel along with the trenches
if the trench width d meets the commensuration
condition d = nL0. From the top–down CDSEM
measurement (not shown), the average top and
bottom CD of the trenches are 131 nm and 120 nm,
respectively. Although the confined lamellar BCP
films experienced varying trench width throughout
the whole film thickness, it is expected that the
assembly process was primarily determined by the
bottom dimension of the trench.19 Considering the
�5-nm thickness of brush #C remaining on each of
the trench sidewalls, the total width of the observed
BCP domain periods (3L0 = 105 nm) is closely com-
mensurate with the lateral confining trenches
(120 – 2 9 5 = 110 nm). During our experiment,

Fig. 3. The dependence of lamellar BCP alignment on the film
thickness. (a) 26 nm; (b) 30 nm; (c) 37 nm and (d) 44 nm. All the
trenches are with a fixed width of around 120 nm (bottom CD).
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we actually found that the BCP films with 3L0

domain periods can accommodate within a range of
trench width (e.g., from 116 to 133 nm). This is
consistent with the findings by Lambooy et al.29 and
Koneripalli et al.30 that the lamellar domains will
stretch and/or compress in confined structures once
there are differences between the confinement
dimension and nL0.

Therefore, both the thickness of BCP films and
the dimension of topographic trenches simultane-
ously influence the orientation of microdomains. For
our homogenously preferential wetted (both the
bottom and sidewalls) case, BCP domains with
perpendicular orientation is achievable once film
thickness t< 1.26L0 (except for t = 0.5L0 as com-
mensuration occurs). Meanwhile, lateral aligned
lamellae along the trench sidewalls can be pre-
served over a range of dimensions when the trench
width is around nL0.

BCP Pattern Transfer

Success of achieving BCP films with desired
domain orientation and lateral placement within
the topographical trenches (pre-patterns) is an
essential pre-requisite of the DSA patterning tech-
nique. However, another more significant challenge
is to accomplish pattern transfer from BCP films
(mask) to the underlying Si substrates with accept-
able CDU and LER as more stringent requirements
have been setup when CD shrinks.31–33 For lamellar
PS-b-PMMA BCP applied for line/space multiplica-
tion, the etching challenges include two steps: (1)
highly selective removal of PMMA while keeping
sufficient PS remaining as an etch mask for subse-
quent pattern transfer; (2) sufficient etching selec-
tivity between PS and the underlying substrate (or
hard mask). During the years, numerous attempts
including wet (chemical) and dry (plasma) etching
processes have been adopted to fulfil the templating
and pattern transfer purpose. For instance, a deep
ultraviolet (DUV) radiation followed by acetic acid
development is usually applied to remove PMMA.34

Nevertheless, one of the major drawbacks for this
wet etching method is the potential of pattern
collapse and shifting.35 More recently, RIE has
attracted much more interest as this process is not
influenced by the capillary effect of solvents, and the
etching selectivity between different polymer com-
ponents can be tuned by the etchants and other RIE
process parameters.35–42 Imamura et al.41 demon-
strated PMMA/PS etching selectivity as high
as> 20 by using CO plasma. Adding H2 gas to the
CO plasma, they achieved elegant balance between
high PMMA/PS etching selectivity and low PS
surface roughness.

We developed and optimized the etch process to
remove PMMA and transfer the remaining PS
features to the underlying Si substrates. For the
PMMA removal, we customized a gas combination
of N2/SF6/CF4/HBr. To enhance the PMMA/PS

etching selectivity, several seconds of N2 bombard-
ment was first introduced. N2 bombardment was
believed to consume both PMMA and PS simulta-
neously. However, it will create a height step
between the two components due to their physical
resistance differences of carbonyl group in PMMA
and aromatic group in PS.41 The height differences
genuinely facilitated the subsequent PMMA
removal by SF6/CF4. It is worthy to note that the
CF4 gas is essential to remove the thin layer of
native silicon dioxide on the top of the Si substrate.
Otherwise, the residual silicon dioxide will
adversely affect the pattern transfer at the second
step. The inclusion of HBr plasma has proven to
improve the PS etch resistance, thus control the
lateral erosion of PS mask.33 It has been reported
that the striation and wiggling issues of 193-nm
photoresists were remarkably alleviated after HBr
cure plasma treatment, enabling lower line width
roughness (LWR).43 As shown in Fig. 4, we pre-
sented one example of the DSA of BCP after
different process stages. Figure 4a showed a SiO2

pre-pattern with a space bottom CD around 90 nm.
Figure 4b showed the BCP morphology after PMMA
removal, which employed the etching recipes as
discussed above. Figure 4c showed the final DSA
line/space patterns in the Si substrate (without SiO2

hard mask removal), which used the remaining PS
lines as a mask and C4F8/SF6 gases as a plasma
source. C4F8/SF6 was designed to etch silicon with
small dimensions such as �20 nm in our case, and
the anisotropic etch behaviour was observed to be
extremely gas flow rate sensitive.37 Increasing the
C4F8:SF6 ratio normally could provide additional
sidewall passivation (formation of CF2), enlarging
the etching anisotropy.37,44 In our study, the initial
C4F8:SF6 ratio was kept at 2.25:1.

To check the pattern transfer performance, we
examined the cross-sectional transmission electron
microscopy (TEM) images of the etched patterns
from a 30 s Si etching process. As shown in Fig. 5,
the silicon lines formed by the DSA process demon-
strated a uniform profile over a range of periods (in
Fig. 5a). Considering the relatively thin thickness
(�30 nm) of the BCP films and the small margin
(etching time) of each etching step, the etching
profile within one pre-pattern depends strongly on
the filling profile of BCP films. It is thus very
challenging to achieve uniform etching profiles for
BCP in different size pre-patterns, sometimes even
within the same pre-pattern.45 Figure 5b shows one
example of the uneven etching profiles due to the
BCP film-filling issue near the edge of the dense
patterns. As can be seen from the different heights
of the two space patterns within the left pre-
pattern, one space pattern height was around
23.2 nm and the adjacent one was around
39.7 nm. It is probable that the short height space
part was blocked by thick BCP films, thus needing
longer etching time to create a height similar to
normal ones. Methods such as deposition of thicker
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BCP films over the pre-pattern trenches and then
planarization of the film surface could solve this
issue.46 A close examination of the etching profile
(as shown in Fig. 5c) showed the silicon line had a
width of around 6 nm, which means a loss of
�10 nm (5 nm of lateral etching each side) over
the 30 s interval. Meanwhile, the etch depth was
estimated to be 45 nm, corresponding to an etch
rate of 90 nm/min. Our result is consistent with
the trend reported by Farrell et al.37 employing the
same gas source.

Figure 6 displays the wafer-level CDU and LER
performance after optimization of the etching pro-
cess and the etching time. As shown in Fig. 6a, the
average CD of the pre-patterns and DSA lines
(silicon) are 89.92 nm (�90 nm) and 16.25 nm
(�16 nm), respectively, which indicated the DSA
line width multiplication by a factor of around 6.

Meanwhile, the CDU of DSA lines (1.06) was
comparable to that of pre-patterns (0.94). Never-
theless, the LER performance of DSA lines was
much worse than that of pre-patterns, as shown in
Fig. 6b. The mean and standard deviation of LER
for pre-patterns and DSA lines are 2.61/0.22 nm
and 4.26/0.39 nm, respectively. This kind of result is
unsurprising as LER performance demonstrated a
strong relationship with choice of hard mask stacks,
etching process conditions and the number of self-
assembled lines.32,47 Post-etch annealing was pro-
ven to be an effective approach to reduce LER.32

Furthermore, improving LER of the template pat-
tern (PS lines) could also help lower incoming LER
before etch transfer.32 Therefore, there is much
room for us to integrate the etch process and the
hard mask stack to reduce LER of DSA line in
silicon. The relevant study is in progress.

Fig. 4. Top–down scanning electron microscopy (SEM) images of (a) pre-pattern; (b) BCP morphology after PMMA removal; and (c) DSA final
pattern on Si substrate.

Fig. 5. Cross-sectional TEM images of silicon line/space patterns formed by PS-b-PMMA transferred into the substrate by an etching process
(over etch). (a), (b) and (c) show features with increasing magnifications.
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CONCLUSIONS

In summary, we systematically investigated the
key parameters affecting the formation of defects
free DSA line/space patterns with the graphoepi-
taxy approach, which included the role of surface
affinity of the pre-pattern, the critical dimension
(CD) commensurability between the pre-pattern
and the intrinsic pitch of lamellar BCP, the thick-
ness effect of BCP and, more importantly, the
pattern transfer from BCP to underlying Si sub-
strate. It was found that the desired lamellar BCP
morphology with perpendicular oriented domains
and lateral alignment along the sidewalls could be
accomplished by selecting brush materials weakly
preferential towards PMMA (or PS) to simultane-
ously modify the surface conditions of the bottom
and sidewalls of the pre-pattern. Meanwhile, BCP
domains with perpendicular orientation are achiev-
able once film thickness t< 1.26L0 (except for
t = 0.5L0 as commensuration occurs). In addition,
lateral aligned lamellae along the trench sidewalls
can be preserved over a range of dimension when
the trench width is around nL0. After process
optimization, the 35-nm pitch (line width �16 nm)
line-space patterns were successfully transferred to
a Si layer from the 200-nm pitch (space width
�90 nm) pre-patterns established by conventional
ArF lithography. These results demonstrated that
DSA of BCP is a promising technique for small pitch
line/space patterning. The investigations conducted

in our study could provide valuable guidance for
DSA of BCP line/space graphoepitaxy process setup
and further process improvements.
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