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Introduction

Symmetric diblock copolymers self-assemble into lamellar
microdomains which can be used to create line and space patterns
on substrates by controlling the orientation of microdomains.1-4

Previously, it has been reported that the orientation of lamellar
microdomains can be controlled perpendicular to the surface by
modifying the substrate surface to become nonselective to each
domain.5,6 For practical use of the block copolymer based
patterns for nanofabrications, of great interest is precise control
over the lateral placement of lamellar microdomains. Commonly
predefined guiding patterns containing chemical and/or topo-
graphical contrast have been used to direct the lateral placement
of lamellae on substrates.7-18

In the absence of guiding patterns, the lamella microdomains
produce fingerprint-like surface patterns on nonselective sub-
strates as reported previously with a variety of model diblock co-
polymers, where the most well-studied diblock copolymer is poly-
(styrene-b-methyl methacrylate) (PS-b-PMMA).7-9,11,13,14,16-18

The fact that this fingerprint-like pattern contains many regions
of high curvature of bent lamellae suggests the cost of lamellae
bending may be relatively small.14 Previously, Nealey and
co-workers reported that the lamellar microdomains of PS-b-
PMMA faithfully follow the lithographically predefined surface
patterns of chemical contrast.7,13 They showed that bent block
copolymer lamellae could be obtained when homopolymers were
added to the copolymer. More recently, Wilmes et al. examined
the extent to which patterns with different curvatures can be
created within the same block copolymer thin films.14 They
showed that the lamellae conform to patterns with radii of
curvature equal to the equilibrium domain spacing. In this Note,
we report our investigation on the bending characteristics of
lamellar microdomains resulting from directed assembly using
topographic guiding patterns. We designed the topographic
guiding patterns as elbows with varying corner angles. By
controlling the surface of guiding patterns nonselective to the
microdomains, we rendered the orientation of lamellae perpen-
dicular to the surfaces of bottom and sidewalls of the guiding
patterns. Detailed experimental observation of the degree of
bending and tilting of lamellae at the sidewall surface is reported
along with a theoretical investigation using self-consistent-field
calculations, which provide additional knowledge regarding the
free energy and interfacial characteristics of the experimentally
observed morphologies. We also extended our investigation to a
block copolymer hybrid system which is a mixture of an organic

diblock copolymer, poly(styrene-b-ethylene oxide) (PS-b-PEO),
and an organosilicate (OS) resin.19,20 The effect of larger orienta-
tional correlation length of the hybrid system on the bending
property of lamellar microdomains will be discussed.

Experimental Section

Materials. Symmetric poly(styrene-b-methyl methacrylate)
(PS-b-PMMA) and asymmetric poly(styrene-b-ethylene oxide)
(PS-b-PEO) were purchased from Polymer Source, Inc., and
used as received. The number-averaged molecular weights (Mn)
of PS-b-PMMA and PS-b-PEO were 36 kg/mol (18 kg/mol for
PS, 18 kg/mol for PMMA) and 31.3 kg/mol (19 kg/mol for PS,
12.3 kg/mol for PEO), respectively. The organosilicate (OS)
used in this work was a copolymer of methyltrimethoxysilane
and tetraethylorthosilicate having molecular weight of about
2 kg/mol and T/Q ratio of 75/25. Nitroxide-mediated living
free-radical polymerization was performed to synthesize a
hydroxyl-terminated random copolymer of styrene and methyl
methacrylate (PS-r-PMMA)with 58 vol% styrene. Polymethyl-
glutarimide (PMGI SF2) was purchased from Microchem
and used to prepare nonselective surface to PS-b-PEO/OS
hybrid.

Fabrication of Substrates. The fabrication of topographic
guiding patterns began with patterning a photoresist film of
poly(methyl methacrylate) (PMMA,Mn = 950 kg/mol, Micro-
chem) using electron beam lithography (Vistec VB6, 100 keV).
After developing the photoresist patterns and rinsing with DI
water, a 15 nm layer of chromium (Cr) was deposited by
evaporation. Ultrasonication of the samples in N-methylpyrro-
lidone (NMP) for 15 min mechanically removed the remaining
resist and the overlying deposited metal. This standard liftoff
process resulted in 180 nm wide Cr features that were used as
an etch mask for fabrication of channel-like patterns with
varying dimensions. A reactive ion etch (RIE) with CF4

gas was performed to etch unprotected regions of the SiO2

substrate. After a 50 nm etch, the remaining Cr was removed
using a commercial Cr etchant (Transene). The resulting struc-
tures were 50 nm high and formed elbow-like patterns that
ranged in angle (θ) from 30� to 170� in 20� increments and in
spacing from 200 to 800 nm.

Block Copolymer Thin Films. Details on the preparation of
surface patterns using lamellar microdomains of PS-b-PEO/OS
hybrid system have been described previously.20 Here we briefly
discuss the process. A 20 nm thick PMGI layer was deposited on
the prepatterned substrates which are cleaned by UV/O3 treat-
ment. The PMGI layer serves as a nonselective surface to
two domains of the hybrid, i.e., PS and PEO þ OS. Propylene
glycol monomethyl ether acetate (PGMEA)was used to prepare
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1 wt % solutions of PS-b-PEO and heated at 100 �C to dissolve
the block copolymer completely. Then, PS-b-PEO solutions in
PGMEA were mixed with 1 wt % OS solutions in propylene
glycol propyl ether (PGPE) to prepare the hybrid solution. To
generate the lamellar morphology of hybrid copolymers, the
weight ratio of PS-b-PEO/OS was set to 55/45. After deposition
of the hybrid copolymer solution onto the substrates, the system
was held for 30 s under a toluene atmosphere and then spun at
2000 rpm for 45 s. The as-cast samples were subsequently baked
at 180 �C for 30 min to cross-link OS as well as remove residual
solvents.

For surface patterning of PS-b-PMMA, a thin layer of
hydroxyl-terminated PS-r-PMMA was deposited onto UV/O3

treated topographic patterns from1wt%PGMEAsolution and
then heated under nitrogen at 200 �C for 2 h. Unanchored PS-r-
PMMAwas rinsed away using PGMEA.APGMEA solution of
PS-b-PMMA was spun-cast to generate thin films on the sub-
strate. Thickness of the PS-b-PMMA film was measured to be
∼30 nm on the flat region of the substrate. The samples were
subsequently placed on a hot plate and annealed at 190 �C for 24
h in a nitrogen environment. A previous study suggests that the
PS-b-PMMA thin films show morphology close to equilibrium
state under this annealing condition.18

Characterization. The resulting morphologies were imaged
using a field emission scanning electron microscope (FESEM,
LEO 1550 VP) under the acceleration voltage of 15 kV without
any metal deposition. The evaluation of film thickness was
performed with NanoSpec/AFT 4150 (Nanometrics Inc.).

Self-Consistent-Field Calculations. Since the polymer self-
consistent-field (SCF) theory has been well developed, we only
provide a brief summary of the SCF calculations here; readers
are referred to, e.g., ref 21 for detailed derivation and explana-
tion of this theory. To compare against the laboratory measure-
ments, we perform two-dimensional SCF calculations in real
space, without a priori knowledge of the possible morphologies.
The formalism explicitly accounts for the conformational en-
tropy of A-B diblock copolymer chains (modeled by Gaussian
chains in external fields) and the repulsion between A and B
segments (modeled by the Flory-Huggins χ parameter). In
accordance with experiment conditions, the SCF calculations
are performed at χN= 25, where N= 733 is the total number
of segments on each PS-b-PMMA chain, and we assume the
same statistical segment length of a= 0.66 nm and bulk density
for both PS and PMMA segments.

Results and Discussion

Figure 1a schematically represents the experimental process
for preparing samples. The process is simple and straightforward:
(1) preparation of substrates with guiding elbow patterns; (2)
deposition of nonselective layer on topographic guiding patterns
of silicon followed by assembly of block copolymer (or block
copolymer hybrid). Figure 1b shows detailed dimensions of the
elbow-like topographic guiding patterns prepared by E-beam
lithography. Elbow corner angle (θ) and gap between sidewalls
are controlled from 30� to 170� and from 200 to 800 nm,
respectively. The height of topographic guiding patterns was
maintained at 50 nm and the length of linear section of the elbow
patterns was 2 μm, which is far longer than the distance that a
defect can propagate.18

PS-b-PEO/OS Hybrid on the Elbow Patterns. The char-
acteristics of PS-b-PEO/OS hybrid material have been re-
ported previously.19,20 The material shows strong segrega-
tion between two microdomains due to the inorganic nature
of the OS; hence, it extends the accessible dimensions of
microdomains down to the sub-10 nm range. The high
content of silicon in OS gives significantly improved plasma
etching contrast, which makes process schemes for device
fabrication much simpler. Compared to typical organic

diblock copolymers such as PS-b-PMMA, the hybrid exhi-
bits a lower number density of defects, partly due to the ∼5
times larger orientational correlation length. Morphology
and dimensions of microdomains can be readily tuned
through the mixing composition and molecular weight of
PS-b-PEO, respectively. The material composition used in
this study yields lamellar microdomains of period L0≈ 43 nm.
Figure 2a shows a series of plan-view SEM images of the
hybrid lamellae guided by elbow patterns with different
corner angles (θ). To evaluate the effect of individual elbow
patterns on the ordering of lamellae, these images are taken
from the most outer elbow patterns (E5 in Figure 1b). The
thick, brightest lines in the SEM images correspond to
the E-beam guiding patterns, while thin gray and dark lines
correspond to the PEO þ OS and PS domains, respectively.
It is noted that the lamellae align between two sidewalls
of the elbows in such a way as to form arclike patterns.
This behavior is observed with elbow patterns of the corner
angle (θ) ranging from 30� to 110�. A transition in
the alignment of lamellae takes place for 110� e θ e 130�.
For elbow patterns with θ g 130�, lamellar microdomains
do not bend to connect the two sidewalls of the elbow
pattern.

Figure 2b shows the bending behavior of lamellae in
paired elbows, where the patterns are parallel with fixed
gap distances (E1 to E4 in Figure 1b). We focused on the
behavior of lamellar microdomains in 200 and 300 nm gaps
as the lamellae in the patterns with the 400 nm gap show
similar behavior to the individual elbow patterns described
above. For both 200 and 300 nm gaps, we observed the
lamellae align to the direction perpendicular to the side-
walls of the elbow patterns. Bent lamellae were observed
near the corners of the elbow patterns. Note that the
bending behavior of lamellae is different from the single
elbow patterns in Figure 2a mainly due to the interaction
between two parallel sidewalls of the paired elbow pat-
terns. Bending of lamellae at the corner of the elbow
patterns is observed for θ up to 130�. Defective patterns
are observed at the corner when θ = 150�. No significant
effect of the elbow corner is observed with elbow patterns
when θ = 170�.

The large orientational correlation length of the PS-b-
PEO/OS hybrid system makes it straightforward to observe
the bending behavior of lamellae over relatively large areas.

Figure 1. Schematic of the process used to direct the assembly of
lamellae-forming block copolymers on topographic guiding patterns
with bending geometries. (a) The procedure begins with the deposition
of neutral layer followed by directed self-assembly of block copolymer
thin films. (b) Diagram of topographic guiding patterns.
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However, themorphology of this hybrid is not in equilibrium
but rather kinetically trapped during spin-coating due to the
strong repulsive interaction between the two microdomains.
To investigate more detailed characteristics of lamellae
bending under equilibrium (or near-equilibrium) conditions,
we examined the behavior of a model organic diblock co-
polymer, poly(styrene-b-methylmethacrylate) (PS-b-PMMA).

PS-b-PMMA on the Elbow Patterns. Figure 3a shows
plan-view SEM images of PS-b-PMMA on E5 elbow pat-
terns. For the molecular weight of PS-b-PMMA chosen for
this study, wemeasured the lamellar period to beL0=28 nm
by 2D fast Fourier transformation (FFT). For the lamellar
microdomains in Figure 3a, the bright and dark regions
correspond to PS and PMMA microdomains, respectively.
The number of lamellar microdomains bent at the corner is
much less than in the hybrid system, e.g., 3 for PS-b-PMMA
and 13 for PS-b-PEO/OS at 90�, even though PS-b-PMMA
has smaller periodicity of lamellae, which is very likely due to
the smaller orientational correlation length of PS-b-PMMA.
It is interesting to note that the bending-unbending transi-
tion takes place over the same range of θ as the hybrid
material, that is, 110� to 130�.

As shown in Figure 3b, we investigated the behavior of
lamellar microdomains in paired (parallel) elbow patterns.
Attention is focused on the 200 nm gap dimension because
of the high number density of defects in lamellae observed
in the gaps bigger than 300 nm. Similar to the behavior of
the PS-b-PEO/OS hybrid, the linear portion of the parallel
elbow patterns (gap between E1 and E2) is filled with
lamellae aligned orthogonal to the sidewalls of the elbows.
It is interesting to note that the angles between lamellae and
the sidewalls are not exactly 90�, and they vary with the
distance from the corner of elbow patterns. The plot in
Figure 4 shows the average tilting angles (j) of lamellae as a

function of elbow corner angles θ. The tilting angle j was
measured for the fifth through seventh lamellae from the
corner of the E1 elbow patterns. As shown in Figure 4, j
values are not constant but exhibit maxima and minima
within the range of θ investigated in this study. This
behavior is likely due to the fact that the tilting angles are
determined by the free energy, which is balanced with the
degree of bending of lamellae induced by the elbow patterns
with various corner angles. For a given value of θ, j
increases with the number of lamellar microdomains from
the corner of elbow patterns. A simple geometric argument
shows that (π - θ)/2 give the lower limit of j, and we note
that our measured j value at θ = 30� is subject to large
error due to the presence of defects. More insights will be
discussed below in connection with the self-consistent-field
calculations.

The difference in alignment of lamellae in single elbow
patterns (E5, Figure 3a) and paired parallel elbow patterns
(E1 andE2, Figure 3b) is very similar to that in hybrid system.
A bending-unbending transition of PS-b-PMMA lamellae is
observed for 130�e θe 150�, andmore defects are observed
at the bending point of the elbow patterns than in the hybrid
material.

Self-Consistent-Field Calculations. In this section we pre-
sent our 2D self-consistent-field (SCF) results for symmetric
PS-b-PMMA diblock copolymers. The 2D SCF calculations
are performed in the rectangular unit cell shown in Figure 5,
where periodic boundary conditions are applied in the x
(horizontal) direction and reflecting boundary conditions
are applied in the y (vertical) direction. Two parallel walls are
placed at a separation distanceD1= 100 nm to represent the
topographic elbow patterns. The length of each wall, L =
312 nm in this case, together with θ determines the cell size
Ly. The cell size Lx is chosen such that, under the periodical

Figure 2. Top-downSEM images of lamellarmicrodomains in PS-b-PEO/OS thin films on (a) single and (b) paired elbowpatterns with varying angles
(θ) from 30� to 170� in 20� increments.
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boundary conditions, the distance D2 between the two walls
as marked in the figure is 200 nm. To exclude copolymers

from the regions occupied by the walls while maintaining
good numerical performance of SCF calculations,22 we
impose the following overall copolymer segmental density
profile in our calculations:23

φAðrÞþφBðrÞ ¼ 1þ 1

2

tanh
½x-x1ðyÞ� sinðθ=2Þþ η

τ=4
tanh

½-xþx1ðyÞ� sinðθ=2Þþη

τ=4

þ tanh
½x-x2ðyÞ� sinðθ=2Þþη

τ=4
tanh

½-xþ x2ðyÞ� sinðθ=2Þþη

τ=4

8>>>><
>>>>:

9>>>>=
>>>>;

where φA(r) and φB(r) are the normalized segmental den-
sities (volume fractions) of A and B segments, respec-
tively, at position r = (x,y); x1(y) and x2(y) denote the

x-coordinates of the two wall centers, with the relation
|x2(y) - x1(y)| = D1/sin(θ/2); and we set η = 3.65 nm and
τ = 2.92 nm.

Figure 3. Top-down SEM images of lamellae-forming PS-b-PMMA thin films on (a) single and (b) paired elbowpatterns with varying angles (θ) from
30� to 170� in 20� increments.

Figure 4. Variation of lamellae tilting angle j with the elbow pattern
angle θ. The inset shows SCF results ofjmeasured at different lamellar
interfaces with θ = 70�.

Figure 5. Unit cell (area enclosed by the dashed lines) used in our SCF
calculations. The sidewalls of the topographic elbow patterns are
represented by the two parallel shaded walls in our unit cell, and the
unit cell is duplicated in both x- and y-directions according to the
boundary conditions applied.
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In addition to predicting φA(r) and φB(r), that is, the
morphology at equilibrium, the SCF calculations further
provide us with the corresponding free energy density fc(r)
and its components, which can help identify the formation
mechanism of the equilibrium morphology. In particular,
the mean-field free energy (of mixing) per chain is Fc =

R
dr

fc(r)/φhCV, where V is the system volume and φhC =
R
dr

[φA(r)þφB(r)]/V is the average copolymer segmental density,
and fc(r) has two contributions: fAB(r) � χNφA(r)φB(r)
corresponds to the local repulsion between A and B seg-
ments, and the chain elastic free energy density fel(r) is
associated with the chain conformational entropy.

Figure 6a,c shows the segmental density (volume fraction)
profiles of lamellae confined in paired elbow patterns at
different elbow pattern angles θ obtained from SCF calcula-
tions. When θ= 70� (Figure 6a), the lamellar domains form
arc structures in the inner regions close to the elbow corners
and bend structures farther away from the corners. Such
structures were referred to as “chevron” kinks by Gido and
Thomas.24 The bend structures terminate in the linear re-
gions of the elbow patterns, where aligned lamellae connect-
ing the sidewalls form. Similar results are also found at θ=
90� and 110� (data not shown). At θ= 130� (Figure 6c) and
150� (data not shown), the SCF calculations show that the
lamellae break and form “Omega” kinks24 in the inner
regions close to the elbow corners. Finally at θ = 170�
(data not shown), only aligned lamellae connecting the side-
walls are obtained. These morphologies are in good agree-
ment with the experimental observations discussed above
when θ g 50�. Note that the experimental results exhibit

more defects, partly due to the larger gap width than that
used in our calculations; on the other hand, we have used
different initial guesses in our SCF calculations and at each θ
only the morphology with the lowest Fc (i.e., the equilibrium
morphology) is presented.

The tilting angle j of lamellar domains with respect to the
sidewalls are also measured in SCF calculations. Since the
titling angle depends on the distance from the elbow corner,
we measure j at the fifth lamellar interface from the elbow
corner in the larger gap, in accordance with the experiments.
The tilting angle is 90� when lamellae are confined between
two parallel neutral walls. For lamellae confined between
paired elbow patterns, the SCF results in Figure 4 show that
j first decreases with increasing θ and then increases
abruptly to ∼90� at θ = 130�. These are in good agreement
with the experimental data also shown in Figure 4.

The variation of j with θ can be understood from the free
energy densities provided by the SCF calculations. Figure 6b
shows the chain elastic free energy density fel(r) at θ = 70�,
where fel(r) is high in the middle of A-rich and B-rich
domains (due to the localization of chain ends) and even
higher at the bend vertices. These peaks indicate that the
formation of bend structures involves significant penalty in
chain conformational entropy. To reduce the degree of
bending of lamellae and thus alleviate such a high entropic
penalty, lamellae tilt at an angle j< 90� with respect to the
sidewalls. Since a neutral sidewall promotes perpendicular
lamellae orientation,22 a tilting angle j < 90� increases the
chain elastic free energy close to the wall. In other words,
there is a balance between the bending and tilting of lamellae

Figure 6. Segmental density profile φA(r)/[φA(r)þ φB(r)] of symmetric diblock copolymers confined between paired elbow patterns at (a) θ=70� and
(c)θ=130�, obtained fromSCFcalculations. The sidewalls are representedby theblank regions in (a) and (c). Parts (b) and (d) show the corresponding
distribution of the chain elastic free energy fel(r) in units of kBT per chain. In all cases, our unit cell is duplicated in the y direction according to the
reflecting boundary condition.
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confined between the elbow patterns. As θ increases from 70�
to 110�, reducing the lamellae bending at the cost of increasing
lamellae tilting dominates, which explains the decrease in j.

As θ further increases, decreases in j are not sufficient to
reduce the bending penalty. Lamellae thus break and form
“Omega” kinks, i.e., defects with highly localized chain
elastic free energy density as shown in Figure 6d. This
behavior is more effective in reducing the entropic penalty
in other regions and thus lowering the overall free energy of
the system. Therefore, j increases abruptly to almost 90�
when θ = 130�.

Because of the large cell size (Lx) required for smaller
elbow corner angles, SCF calculations were not performed
for θ<70�. The bending of lamellae in such cases, however,
can be inferred from the results at θ= 70�, where, as lamellae
move closer to the elbow corners, the space in between the
elbow patterns becomes smaller. In such small confined
spaces, forming bend structures with vertices of high elastic
free energy density is not favored; instead, arc structures with
less bending (no vertices) form. The same phenomenon
occurs as θ decreases, where lamellae tend to form arc
structures as shown in Figure 3b at θ = 30�. The lamellae
bending is therefore reduced at the cost of increasing lamellae
tilting. This is clearly shown by the results in the inset of
Figure 4 at θ = 70�, where j decreases as lamellae move
closer to the elbow corner, in accordance with the decrease of
j as θ decreases from 70� to 30� as observed in experiments.

Finally, it should be noted that, using 2DSCF calculations
in reciprocal space,Matsen25 andDuque et al.26 studied kink
boundaries between two lamellar grains in bulk. For sym-
metric diblock copolymers at χN = 20, Matsen found
“chevron” kinks when the angle θ0 between the lamellar
normals of the two grains was less than 78� and “Omega”
kinks when θ0> 104�.25 In this study, the lamellar interfaces
near the sidewalls were not always straight as shown in
Figure 6. If we approximate θ0 ≈ θ þ 2j - 180�, however,
our real-space SCF results are consistent with those of
Matsen. It is interesting to note that both A and B domains
in our “Omega” kinks form elongated protrusions, as shown
in Figure 6b, similar to Figure 7d in ref 26. An important
difference between the bulk systems studied in refs 24-26 and
our confined systems is that the defects are nonequilibrium
structures in the bulk but are equilibrium structures in the
confined systems.

Conclusion

This work demonstrates that bending and arc geometries of
lamellar microdomains in block copolymer films can be formed
within angled corners of topographic guiding patterns that
exhibit a nonselective wetting property, thereby providing an
important extension of the capabilities of the graphoepitaxial
techniquewhich is currently limited to creating straight line/space
patterns either parallel or perpendicular to the sidewalls of
guiding patterns. We used lamellae-forming PS-b-PEO/OS hy-
brid and organic PS-b-PMMA diblock copolymers that revealed
similar bending trends. For the single elbow pattern, lamellar
domains formed closed loop geometry between two linear sec-
tions of an elbow when θ e 110�, and bending-unbending
transition of lamellae occurred at 110� e θ e 130�. For paired
elbow patterns, bending and arc geometries of lamellar micro-
domains were formed when θ e 130�, induced by a delicate

balance between the lamellae bending and tilting with respect to
the sidewalls, while for θ g 130� lamellae broke and “Omega”
kinks were formed. The formation of these structures is well
explained by 2D real-space self-consistent-field calculations,
which provide additional free energy information and are in
good agreement with experiments. The ability to generate non-
linear geometries of lamellar microdomains using neutral topo-
graphic guiding patterns where the degree of angled topographic
patterns governs the bending of lamellae assembly is of significant
importance, since it could open new design rules for surface
patterning for a wide range of applications including semicon-
ductor device fabrications.
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