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ABSTRACT: We demonstrate that a minimal topographic pattern with a conﬁnement depth (D) much less than the
domain spacing of block copolymers (L0) can be used to achieve highly ordered hexagonal arrays or unidirectionally
aligned line patterns over large areas. Cylinder-forming poly(styrene-b-ethylene oxide) (PS-b-PEO) thin ﬁlms were
prepared on a series of minimal single trench patterns with diﬀerent widths (W) and D. Upon thermal annealing, hexagonal
arrays of cylindrical microdomains propagated away from the edges of a single trench, providing insight into the minimum
pitch (P) of the trench necessary to fully order hexagonal arrays. The conﬁnement trench D of 0.30L0, the W in the range of
1.26L0 to 2.16L0, and the P as long as 18.84L0 were found to be eﬀective for the generation of laterally ordered hexagonal
arrays with the density ampliﬁcation up by a factor of 17, within the minimally patterned trench surfaces of 100 μm by 100
μm. Furthermore, we produced line patterns of cylindrical microdomains by using solvent vapor annealing on the
minimally patterned trench surfaces. However, highly aligned line patterns could be achieved only on the patterned surface
with P = 5.75L0, W = 1.26L0, and D = 0.30L0 because the inﬂuence of the minimally patterned trench surface on the lateral
ordering decreased as the P and W increase at the ﬁxed D, resulting in poor ordering. These ﬁndings suggest that the
minimal topographic pattern is more eﬀective in guiding hexagonal arrays than in guiding line patterns.
KEYWORDS: block copolymers, directed self-assembly, cylindrical microdomains, minimal topographic patterns, lateral ordering

T

the topographic patterns typically have a conﬁnement depth
(D) that is comparable to or larger than the domain spacing of
BCPs (L0), so that the microdomains in ﬁlms with thicknesses
of one period or less can be trapped within conﬁnement
regions and lateral order can be controlled with relative ease. In
this case, previous studies have shown that one of the key
factors in controlling the lateral ordering is the conﬁning
edge.22−24 For example, Kramer and co-workers observed that
the conﬁning edge, that is, the sidewall of the trench, imparted
both orientational and translational order to hexagonal arrays of

he self-assembly of block copolymers (BCPs) in thin
ﬁlms has received considerable attention for many
applications, including bit-patterned media1 and the
generation of lithographic masks,2 due to the formation of
highly ordered arrays of nanoscopic microdomains, like
lamellae, cylinders, or spheres.3 However, without the use of
an external ﬁeld to bias the assembly, long-range lateral order is
lacking, with grains of ordered BCP nanostructures typically
only several microns in size, which limits many practical
applications.4 To overcome this issue, a number of strategies to
direct the self-assembly, so-called directed self-assembly (DSA)
methods, have been developed.5−8 Among them, graphoepitaxy, that is, the use of topographically patterned substrates,
is one of the most widely used techniques.9−21 In this approach,
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Figure 1. Schematic illustration of the DSA of BCP thin ﬁlms on minimal single trench patterns. (a) Minimal single trench patterns were
fabricated on the silicon substrate with a native oxide layer. The blue dashed square indicates the deﬁned W and D of the trench. (b) PS-bPEO thin ﬁlms were prepared by spin-coating and then thermally annealed at 150 °C under vacuum for 1 day. (c) Thermally annealed PS-bPEO thin ﬁlms showed two distinct regions of cylindrical microdomains across the single trench patterns. (d) Schematic cross-sectional
illustration of the two distinct regions from the red dashed square in (c).

spherical microdomains, but the inﬂuence of the conﬁning edge
on the lateral ordering decayed with increasing distance from
the edge, resulting in poor ordering near the middle of the
conﬁnement.22,23 As a result, the ﬁnal grain size of BCP
microdomains is limited by the conﬁnement width (W). To
overcome this limitation, chemically patterned substrates25−29
or a combination of topographic patterning with the epitaxial
self-assembly30 have been developed, so that the grain size can
be increased to 100 μm by 100 μm.26,29 In an alternative
approach, several types of minimal topographic patterns, such
as shallow trenches,31,32 dot patterns with low topography,33,34
or sinusoidal patterns,35 have been used in the DSA process.
Compared to using the typical topographic patterns, the use of
minimal topographic patterns can increase the ﬁnal grain size of
the microdomains by several orders of magnitude because the
conﬁnement D is much less than L0, allowing BCP microdomains to span across the patterned surface. More recently,
some research groups have reported the combination of
minimal topographic patterns (shallow trenches) with chemoepitaxy to overcome the patterning resolution challenges.36,37
However, the unanswered questions still remain in the ﬁeld of
the DSA process using minimal topographic patterns.
Previously, we have shown that the sapphire faceted substrates
can direct the self-assembly of cylinder-forming BCP thin ﬁlms,
producing highly ordered hexagonal arrays38 or unidirectionally
aligned line patterns39 over macroscopic length scales. This
sapphire faceted substrate is one type of the minimal
topographic patterns because the amplitudes of the facets,
that is, the conﬁnement D, are much less than L0. However, the
major drawback of using this substrate is the diﬃculty of
understanding the underlying guiding mechanism, in terms of
the commensurability between the pattern dimensions and L0,
due to the distribution of the amplitudes and the pitches of the
facets.
Here, we present a novel approach to study the minimum
amount of topographic patterning necessary to successfully
guide the self-assembly of cylinder-forming BCP thin ﬁlms.
Minimal single trench patterns with diﬀerent W and D were
used to investigate the propagation of order of BCP
microdomains away from the conﬁning edge. Upon thermal
annealing, the important observation was the propagation of
hexagonal arrays of cylindrical microdomains oriented normal
to the ﬁlm surface away from the edges of a single trench. This
propagation of the hexagonal arrays can be attributed to the
gradient in the ﬁlm thickness from the edges of the minimal
single trench. Based on these results, we fabricated the
minimally patterned trench surfaces by integration of the

minimal single trench patterns by varying the pitch (P) of the
trench that can be used to generate highly ordered hexagonal
arrays over large areas. Moreover, we produced line patterns of
cylindrical microdomains oriented parallel to the ﬁlm surface by
using solvent vapor annealing (SVA) on the minimally
patterned trench surfaces for comparison.

RESULTS AND DISCUSSION
We ﬁrst examined the self-assembly behavior of cylinderforming poly(styrene-b-ethylene oxide) PS-b-PEO (Mn = 20.0
kg mol−1 for PS block and Mn = 6.5 kg mol−1 for PEO block)
thin ﬁlms on minimal single trench patterns. In the bulk, the
observed L0 of PS-b-PEO was 26.8 nm (see Supporting
Information, Figure S1). Figure 1 shows the schematic
illustration of the procedure for the DSA of PS-b-PEO thin
ﬁlms. Using electron-beam lithography (EBL) and inductively
coupled plasma reactive ion etching (ICP-RIE), we fabricated
minimal single trench patterns, with D < L0 in all cases, on the
same silicon substrate having a native oxide layer to maintain
the same experimental conditions such as the annealing
temperature and the initial ﬁlm thickness (Figure 1a). Next,
PS-b-PEO thin ﬁlms were prepared by being spin-coated from
benzene solutions onto single trench patterns and subsequently
annealed at 150 °C under vacuum for 1 day (Figure 1b). The
thicknesses of the ﬁlms were ∼39 nm (1.46L0), as measured on
a ﬂat silicon substrate prior to thermal annealing. After thermal
annealing, the ﬁlms showed two distinct regions of cylindrical
microdomains associated with the underlying single trench
pattern. This is shown in Figure 1d, an enlargement of the
dashed red square in Figure 1c: (1) a single trench region and
(2) a propagation region.
Figure 2a−c shows representative scanning force microscopy
(SFM) phase (ﬁrst row) and height (second row) images and
height proﬁles (third row) of thermally annealed PS-b-PEO
thin ﬁlms under the same annealing conditions on the single
trench patterns with diﬀerent W and D. As shown in the phase
images (ﬁrst row in Figure 2a−c), the PS-b-PEO thin ﬁlms
produced two distinct regions of cylindrical microdomains over
each single trench, as shown in the schematic illustration in
Figure 1d. The ﬁrst was in the single trench, where cylindrical
microdomains showed diﬀerent orientations: perpendicular
(Figure 2a, W = 2.69L0, D = 0.31L0), a mixture of perpendicular
and parallel (Figure 2b, W = 3.90L0, D = 0.56L0), and parallel
(Figure 2c, W = 10.10L0, D = 0.55L0), depending on W and D.
In the SFM phase images, the brighter and darker areas
correspond to PS and PEO microdomains, respectively. Each
inset shows a magniﬁed image of the cylindrical microdomains
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Figure 2. Directed BCP thin ﬁlms on minimal single trench patterns. (a−c) First row shows representative SFM phase images of thermally
annealed PS-b-PEO thin ﬁlms on minimal single trench patterns with diﬀerent W and D. Each inset shows a magniﬁed image of cylindrical
microdomains in the single trench (blue region), exhibiting perpendicular (a), a mixture of perpendicular and parallel (b), and parallel (c)
orientation. The second row presents respective SFM height images of the ﬁrst row. Scale bars, 200 nm. The third row corresponds to
respective height proﬁles of the second row. (d) Propagation surface distance of hexagonal arrays of cylindrical microdomains oriented
normal to the ﬁlm surface away from the edges of a single trench. (e) Measured variation in height between the middle of the single trench
region and ﬂat surface. The x-axis in (d) and (e) shows the designated single trench patterns from nos. 1−16.

Table 1, for nos. 1 and 2, cylindrical microdomains in the
trench showed perpendicular orientation. Interestingly, for nos.
3−8, cylindrical microdomains in the trench had a mixture of
orientations, but for nos. 9−16, cylindrical microdomains with
parallel orientation were observed in the trench. Indeed, in the
case of cylindrical microdomains conﬁned within trenches, a

in the single trench (blue region). The observed diﬀerent
orientations as a function of W and D are summarized in Table
1. It is noted that the fabricated single trenches were designated
as nos. 1−16 (see Supporting Information, Figure S2 and Table
S1), where our attempts to vary D with ﬁxing W were
unsuccessful due to our lithographic limitations. As seen in
7917
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two regions was less than ∼2 nm. Interestingly, the variation
abruptly increased to ∼6 nm for no. 3 and showed ﬂuctuations
between nos. 3 and 8, whereas between nos. 9 and 16, the
variation gradually increased. In all cases, these variations can
be attributed to the polymer ﬂowing from the outside of the
trench into the single trench region due to the increased
mobility of the polymer and capillary action during thermal
annealing.44−46 It should be noted that the orientation of the
cylindrical microdomains in BCP thin ﬁlms is very sensitive to
the ﬁlm thickness.47,48 Therefore, the observed propagation of
cylindrical microdomains oriented normal to the ﬁlm surface
away from the edges of the single trench is related to the
gradient in the ﬁlm thickness from the edges of the trench
(height proﬁles in Figure 2a−c). In other words, with
decreasing ﬁlm thickness from the outside of the trench to
near the edges of the single trench, the orientation of cylindrical
microdomains changes from parallel to perpendicular due to
frustration arising from the incommensurability between the
ﬁlm thickness and L0. This observation agrees well with the
thickness-induced transition in the orientation of cylindrical
microdomains in poly(styrene-b-methyl methacrylate) (PS-bPMMA) thin ﬁlms at the edge of island structures.49 Also,
similar eﬀects of the ﬁlm thickness on the abrupt transition in
the orientation of cylindrical microdomains were reported on
PS-b-PMMA ﬁlms conﬁned within the deep trench patterns43,44,50 and near the nanoparticles embedded in PS-bPMMA thin ﬁlms.51 However, we note that the relationship
between the propagation distance of hexagonal arrays and the
gradient in the ﬁlm thickness remains unclear.
Based on observations in the minimal single trench
experiments, the propagated hexagonal arrays of cylindrical
microdomains away from the edges of the single trenches were
predicted to overlap at a minimum separation distance between
two parallel single trenches, generating hexagonal arrays over
large areas without producing cylindrical microdomains
oriented parallel to the ﬁlm surface. To do this, cylindrical
microdomains in the single trench regions must be oriented
normal to the ﬁlm surface. The minimal change in height
between the single trench region and the ﬂat surface is
necessary because a large change in height near the edge of the
trench can produce a grain boundary.22 As a result, the
conditions of pattern nos. 1 and 2 can be regarded as a target to
design minimally patterned trench surfaces by varying P of the
trench. The minimum P was determined to be ∼150 nm by
considering the propagation distances (left and right) of pattern
nos. 1 and 2 in Figure 2d. Consequently, we fabricated
minimally patterned trench surfaces with four diﬀerent
dimensions (see Supporting Information, Figure S6 and
Table S2) to validate the predictions. We note that our
attempts to vary P with ﬁxing both W and D were unsuccessful
due to our lithographic limitation, such as the proximity eﬀect
in the EBL process.
Figure 3a−c shows SFM phase (ﬁrst row) and height
(second row) images of thermally annealed PS-b-PEO thin
ﬁlms on the minimally patterned trench surfaces with P =
5.75L0, W = 1.26L0 (Figure 3a), P = 12.69L0, W = 1.97L0
(Figure 3b), and P = 18.84L0, W = 2.16L0 (Figure 3c), while D
was ﬁxed at 0.30L0. It is noted that thermal annealing was
performed in the same manner as the single trench experiments. As shown in the phase images of Figure 3a−c, when P
was increased from 5.75L0 to 18.84L0, the distance over which
the orientation of the cylindrical microdomains normal to the
ﬁlm surface propagated away from the edges of the trench

Table 1. Orientation of Cylindrical Microdomains in the
Single Trench Region for 16 Diﬀerent Trench Dimensions
no.

W (nm)

D (nm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

2.52L0
2.69L0
3.32L0
3.62L0
3.75L0
3.77L0
3.80L0
3.90L0
4.04L0
4.41L0
6.57L0
7.47L0
8.27L0
8.85L0
9.52L0
10.10L0

0.20L0
0.31L0
0.35L0
0.50L0
0.54L0
0.47L0
0.52L0
0.56L0
0.45L0
0.47L0
0.55L0
0.56L0
0.56L0
0.54L0
0.55L0
0.55L0

orientation
perpendicular

mixture of perpendicular and parallel

parallel

number of factors, such as the time of thermal annealing with
the trench dimensions,40 the interplay of the ﬁlm thickness and
surface wetting characteristics,41 and the ﬁlm thickness
variations caused by the diﬀerent trench dimensions,42,43 can
inﬂuence the orientation of cylindrical microdomains. In
particular, as thermal annealing proceeds, there is continuous
decrease in the thickness of BCP ﬁlms across the trench
pattern, namely, at the center of the trench, near the sidewall,
and on the mesa due to the simultaneous process of the
polymer ﬂowing from the mesas into the trench and
evaporation of the trapped solvent.42 On the basis of these
factors, in our study, the change in the orientation of cylindrical
microdomains can be thought of as a consequence of variation
in thickness of the ﬁlms in the single trench regions. Since both
W and D were varied at the same time for 16 single trenches,
the ﬁlm thicknesses within the single trenches could be allowed
to approach the critical ﬁlm thickness that favors perpendicular
(nos. 1 and 2), a mixed of perpendicular and parallel (nos. 3−
8), or parallel (nos. 9−16) orientation.
As seen in the phase images of Figure 2a−c, another distinct
feature was the propagation of the cylindrical microdomains
oriented normal to the ﬁlm surface away from the edges of a
single trench to the outside of the trench. Here, the (10) planes
of hexagonal arrays were oriented parallel to the direction of the
trench. To determine the distance over which this orientation
propagates away from the edges of the single trench, two SFM
images, 3 μm by 3 μm in size, were randomly selected from
each sample (see Supporting Information, Figure S5). As
shown in Figure 2d, in the case of nos. 1 and 2, they showed
nearly the same propagation distance (left (black square) and
right (red circle)), but in the case of nos. 3−16, the propagation
distance was markedly increased, showing large deviations.
From the height images and proﬁles (second and third row in
Figure 2a−c), it is seen that the underlying single trench
patterns led to variation in the thickness of PS-b-PEO ﬁlms
across the trenches without a breakage in the ﬁlms, due to the
minimal geometry of the trench (D < L0), so that the surfaces
of the ﬁlms were not ﬂat. To measure the variation in height
between the middle of the single trench region and the ﬂat
surface, two SFM images, 3 μm by 3 μm in size, were taken
from each sample. As shown in Figure 2e, for nos. 1 and 2
(relatively small trench dimensions), the variation between the
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Figure 3. Directed BCP thin ﬁlms on minimally patterned trench surfaces. (a−c) First row shows SFM phase images of thermally annealed PSb-PEO thin ﬁlms on minimally patterned trench surfaces with diﬀerent dimensions. The arrows of each image indicate the underlying
trenches, where a single row of PEO cylinders oriented normal to the ﬁlm surface exists. The inset of each image shows the corresponding 2D FFT. The second row presents respective SFM height images of the ﬁrst row. Scale bars, 200 nm. (d) Schematic illustration of the proposed
mechanism for the generation of laterally ordered hexagonal arrays by using the minimally patterned trench surface. (e−g) Orientational
correlation function, G6(r), was calculated from thermally annealed PS-b-PEO thin ﬁlms (phase images in (a−c)), where r is the distance and
a is the average domain spacing.

overlapped on the mesas, eventually producing laterally ordered
hexagonal arrays with few defects within the entire surfaces of
∼100 μm by 100 μm for each sample. This behavior is identical
to our prediction and can be related to pattern ampliﬁcation,

where the self-assembly of PS-b-PEO ampliﬁes, that is,
eﬀectively reduces, the minimum dimension to the repeat
period of PEO cylinders by a factor of 6 (Figure 3a), 11 (Figure
3b), and 17 (Figure 3c). It was also found that the surfaces of
7919

DOI: 10.1021/acsnano.6b03857
ACS Nano 2016, 10, 7915−7925

Article

ACS Nano
the ﬁlms (height images in Figure 3a−c) were nearly ﬂat, where
the root-mean-square (rms) roughness was less than 1.0 nm
(see Supporting Information, Figure S8). The 2-D fast Fourier
transform (FFT) in the inset of each phase image in Figure 3a−
c shows not only six sharp ﬁrst-order peaks but also multiple
higher-order peaks, indicating characteristics of very highly
ordered hexagonal arrays of the microdomains. As indicated by
arrows in Figure 3a−c, it is noteworthy that a single row of
PEO cylinders oriented normal to the ﬁlm surface was formed
in the trench regions, while the size of PEO cylinders appeared
smaller with increasing W. This smaller size could be attributed
to frustration arising from the incommensurability between the
W and L0. The values of W of 1.97L0 (Figure 3b) and 2.16L0
(Figure 3c), which are closer to 2L0, more favor two rows of
PEO cylinders in the trench, but there is only a single row of
cylinders, imposing a large chain stretching on the polymer.
Therefore, cylindrical microdomains relieve the imposed
frustration of chain packing at a given W by decreasing the
size of PEO cylinders. Figure 3d shows the schematic
illustration of the proposed mechanism for the generation of
hexagonal arrays of PS-b-PEO microdomains over large areas
by using the minimally patterned trench surfaces, where P of
the minimal single trench is varied. Figure 3e−g shows the
orientational order of the hexagonal arrays, which was
calculated from the SFM phase images in Figure 3a−c using
the orientational correlation function, G6(r).52 The values of
G6(r) are 0.83 (Figure 3e), 0.81 (Figure 3f), and 0.84 (Figure
3g), where the value of G6(r) for a perfect hexagonal lattice is 1.
Each G6(r) decays very little (Figure 3e) or does not decay
(Figure 3f and g) over the average domain spacing of 100,
indicating the presence of long-range orientational order in this
range. We also used the translational correlation function,
GT(r),52 to calculate the translational order of the hexagonal
arrays (see Supporting Information, Figure S9). For the
patterned surface with P = 5.75L0, W = 1.26L0, and D =
0.30L0 (phase image in Figure 3a), the hexagonal arrays showed
quasi-long-range translational order over the average domain
spacing of 30. It should be noted that thermal drift distortions
in SFM images can inﬂuence the calculation of translational
order.53
The transition in the orientation of cylindrical microdomains
between the minimally patterned trench surface and
unpatterned surface at four diﬀerent edges (left, right, top,
and bottom) was examined, as shown in Figure 4a. It should be
noted that the cylindrical microdomains far away from the
patterned surface were oriented predominantly parallel to the
ﬁlm surface because of the preferential interaction between the
PEO block and the oxide layer on the silicon substrate (Figure
4b). Figure 4c shows SFM phase images of the cylindrical
microdomains at four diﬀerent edges of the minimally
patterned trench surface with P = 18.84L0, W = 2.16L0, and
D = 0.30L0. It was evident that the orientation of the cylindrical
microdomains changed after a given distance (left and right
image in Figure 4c). This behavior was observed in the
propagation region in the minimal single trench experiments.
Also, without the direct inﬂuence of the edge of the trench, the
same propagation phenomenon was observed at both the top
and bottom edges. These results show the eﬀect of the
minimally patterned trench surfaces on the orientation of
cylindrical microdomains and demonstrate how highly ordered
hexagonal arrays can be achieved over large areas. However, in
our study, when P = 25.11L0, W = 1.81L0, and D = 0.23L0,

Figure 4. Transition in the orientation of cylindrical microdomains
between the minimally patterned trench surface and unpatterned
surface. (a) Schematic illustration of four diﬀerent edges (left,
right, top, and bottom) on the patterned surface. (b−d) SFM phase
images of thermally annealed PS-b-PEO thin ﬁlms at diﬀerent
areas. (b) Cylindrical microdomains far away from the patterned
surface. (c) Cylindrical microdomains at four diﬀerent edges on the
patterned surface with P = 18.84L0, W = 2.16L0, and D = 0.30L0.
(d) Cylindrical microdomains at the right edge and middle area on
the patterned surface with P = 25.11L0, W = 1.81L0, and D =
0.23L0. Scale bars, 300 nm.

mixed orientations (perpendicular and parallel) were observed
(Figure 4d).
We further studied the inﬂuence of the minimally patterned
trench surfaces on the lateral ordering of line pattern of
7920
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Figure 5. Time evolution of SFM phase images of PS-b-PEO thin ﬁlms exposed to THF and water vapors on the minimally patterned trench
surface with P = 5.75L0, W = 1.26L0, and D = 0.30L0. SFM images of 40, 60, and 70 min annealed samples were overlaid with the colorized
grain maps. The arrow in each image indicates the underlying trench direction. The color wheel in the 70 min sample shows the orientation of
line patterns of cylindrical microdomains. Scale bars, 200 nm.

was observed with increased SVA time, ﬁnally producing highly
aligned line patterns of cylindrical microdomains (70 min),
which are parallel to the underlying trench direction. However,
when the initial ﬁlm thickness was increased from 1.46L0 to
1.72L0, the minimally patterned trench surface with P = 5.75L0,
W = 1.26L0, and D = 0.30L0 generated ﬁngerprint patterns of
cylindrical microdomains (see Supporting Information, Figure
S12). This result indicates that the ﬁlm thickness is also an
important parameter to direct the self-assembly process. Similar
eﬀects of the ﬁlm thickness were reported on hexagonal arrays
of PS-b-PEO microdomains on the sinusoidal patterns35 and
sapphire faceted substrates.38
Figure 6a−c shows SFM phase images of solvent-vaporannealed PS-b-PEO thin ﬁlms under the same annealing
conditions on the minimally patterned trench surfaces with
diﬀerent dimensions. In contrast to guiding the hexagonal
arrays of cylindrical microdomains oriented normal to the ﬁlm
surface, the inﬂuence of the minimally patterned trench surface
on directing the self-assembly of line patterns of cylindrical
microdomains oriented parallel to the ﬁlm surface diminished
as the P and W increase at the ﬁxed D of 0.30L0. As seen in
Figure 6a, the highly aligned line patterns with very few defects
were achieved on the patterned surface with P = 5.75L0, W =
1.26L0, and D = 0.30L0. However, discernible defects began to
increase on the patterned surface with P = 12.69L0, W = 1.97L0,
and D = 0.30L0 (Figure 6b). As a result, the line patterns of
cylindrical microdomains were partially aligned with the
underlying patterned surface with P = 18.84L0, W = 2.16L0,
and D = 0.30L0, showing many defects, such as dislocations and

cylindrical microdomains oriented parallel to the ﬁlm surface.
In the ﬁrst step, PS-b-PEO thin ﬁlms were prepared onto the
minimally patterned trench surfaces. Then, SVA was performed
using tetrahydrofuran (THF), a good solvent for both blocks,
and water, a selective solvent for PEO block. The initial ﬁlm
thicknesses were 1.46L0, which are identical to the ﬁlm
thicknesses in thermal annealing experiments. To prevent the
ﬁlms from dewetting during SVA, the PS-b-PEO thin ﬁlms were
preswollen in water vapor for 10 min (see Supporting
Information, Figure S10). Figure 5 shows SFM phase images
of solvent-vapor-annealed PS-b-PEO thin ﬁlms on the
minimally patterned trench surface with P = 5.75L0, W =
1.26L0, and D = 0.30L0 at diﬀerent annealing times. An
interesting feature was that initial hexagonal arrays of cylindrical
microdomains oriented normal to the ﬁlm surface began to
change into line patterns of cylindrical microdomains oriented
parallel to the ﬁlm surface by connecting with adjacent PEO
microdomains at the early stage of SVA (15 min). This
observation is consistent with our previous results.31,39,54
Recently, Mokarian-Tabari et al. demonstrated that the
transition in the orientation of cylindrical microdomains in
PS-b-PEO thin ﬁlms from perpendicular to parallel is related to
the swelling during SVA process, reaching a critical thickness
which favors parallel orientation.55 For the 40 min annealed
sample, the orientation of cylindrical microdomains was
completely changed to being parallel to the surface, where
the SFM image was overlaid with the colorized grain map. In
addition, the grain coarsening of the microdomains with
annihilation of defects such as disclinations and dislocations
7921
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Figure 6. (a−c) SFM phase images of solvent-vapor-annealed PS-b-PEO thin ﬁlms on minimally patterned trench surfaces with diﬀerent
dimensions. Scale bars, 200 nm. (d) Average defect density of line patterns of cylindrical microdomains on the patterned surfaces.

determine the minimum P of the trench necessary to direct the
self-assembly process. For PS-b-PEO thin ﬁlms on the ﬂat
silicon substrate, cylindrical microdomains were oriented
parallel to the ﬁlm surface due to the preferential interaction
of the PEO block with the oxide layer on the silicon substrate.
However, for this ﬁlm thickness on the minimal single trench
patterns, the underlying trench resulted in the ﬁlm thickness
variation over the trench, leading to two distinct regions (single
trench and propagation) of cylindrical microdomains. Within
the single trench region, the diﬀerent dimensions of each single
trench pattern play an important role for approaching the
critical thickness of BCP ﬁlms that can favor perpendicular, a
mixture of perpendicular and parallel, or parallel orientation of
cylindrical microdomains. As a result, the perpendicular
orientation could be achieved in the single trench region
when W = 2.52L0 with D = 0.20L0 or W = 2.69L0 with D =
0.31L0. However, in the propagation region, we found that
hexagonal arrays of cylindrical microdomains oriented normal
to the ﬁlm surface propagated away from the edges of the single
trench. This can be attributed to the gradient in the ﬁlm
thickness from the edges of the single trench, imposing
frustration on BCP microdomains arising from the incommensurability between the ﬁlm thickness and L0. Based on
these observations, the key to success in overlapping the
propagated hexagonal arrays of cylindrical microdomains was
integration of minimal single trench patterns by varying P of
the trench. Our results show that the dimensions of minimally
patterned trench surfaces required to generate laterally ordered
hexagonal arrays were the D of 0.30L0 with the W in the range

disclinations (Figure 6c). To measure defect density of line
patterns of cylindrical microdomains, six SFM images were
randomly selected from each sample. The size of each image
was 5 μm by 5 μm. As shown in Figure 6d, the line patterns
exhibited very few defects less than 0.1 μm−2 on the patterned
surface with P = 5.75L0, W = 1.26L0, and D = 0.30L0. The
defect density of line pattern increased slightly to ∼0.9 μm−2 on
the patterned surface with P = 12.69L0, W = 1.97L0, and D =
0.30L0. However, the defect density increased rapidly to ∼17
μm−2 on the patterned surface with P = 18.84L0, W = 2.16L0,
and D = 0.30L0. Since both P and W are varied at the same time
at the ﬁxed D of 0.30L0, it is unclear to determine which
dimension has a strong inﬂuence on the increase of the defect
density of the line pattern. However, from these results, the
minimally patterned trench surface appears to be more eﬀective
at guiding hexagonal arrays of cylindrical microdomains
oriented normal to the ﬁlm surface than line patterns of
cylindrical microdomains oriented parallel to the ﬁlm surface,
although these BCP microdomains were produced by the
diﬀerent annealing methods (thermal annealing and SVA).

CONCLUSION
In summary, we have demonstrated the eﬀect of the minimally
patterned trench surfaces on the lateral ordering of cylindrical
microdomains in PS-b-PEO thin ﬁlms under thermal annealing
or SVA. For thermal annealing experiments, the minimal single
trench patterns with diﬀerent W and D (with D < L0) were
used to explore the propagation of order of PS-b-PEO
microdomains away from the edges of the trench that can
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Digital Instruments) operated in the tapping mode. The SFM tip has a
pyramidal shape with a nominal radius of curvature of ∼6 nm at the tip
apex.
Scanning Electron Microscopy (SEM). SEM images of the
minimally patterned trench surfaces were obtained using a JEOL JSM7001F FESEM operated with an acceleration voltage of 5 and 10 kV.
Small-Angle X-ray Scattering (SAXS). PS-b-PEO solution (10
wt %) in benzene was immersed in liquid nitrogen for 10 s and then
moved to a vacuum oven quickly. After being dried at room
temperature for 20 h, the sample was annealed at 150 °C under
vacuum for 1 day and then slowly cooled to room temperature. This
bulk sample of PS-b-PEO was collected onto a Kapton ﬁlm. SAXS
measurements were done at the University of Massachusetts, Amherst,
using an in-house setup from Molecular Metrology Inc. It uses a 30 W
microsource (Bede) with a 30 μm by 30 μm spot size matched to a
Maxﬂux optical system (Osmic), leading to a low-divergence beam of
monochromatic Cu Kα radiation (wavelength λ = 0.1542 nm).
Image Analysis. To investigate the propagation surface distances
of hexagonal arrays and height variation across the single trenches, two
SFM images, 3 μm by 3 μm in size, were randomly taken from each
sample (single trench patterns from nos. 1−16). These images were
analyzed using Image-Pro Plus (Media Cybernetics) and NanoScope
Analysis (Bruker Corp.) software. The defect density of line patterns
on the minimally patterned trench surfaces was measured using ImageJ
software. To do this, six SFM images, 5 μm by 5 μm in size, were
randomly selected from each sample. For the colorized grain maps of
line patterns, SFM images were processed using MATLAB (MathWorks) and Image-Pro Plus (Media Cybernetics). The line edge
roughness of the minimal single trench patterns and minimally
patterned trench surfaces was analyzed using SuMMIT software (EUV
Technology).

of 1.26L0 to 2.16L0 and the P as long as 18.84L0. Moreover, we
produced line patterns of cylindrical microdomains by using
SVA on the minimally patterned trench. However, unlike
guiding the hexagonal arrays, the guiding eﬀect of the minimally
patterned trench surface on the line patterns decreased as the P
and W increase at the ﬁxed D of 0.30L0. We achieved highly
ordered line patterns of cylindrical microdomains only on the
patterned surface with P = 5.75L0, W = 1.26L0, and D = 0.30L0.
Thus, it is likely that the minimally patterned trench surface is
more eﬀective in directing the self-assembly of hexagonal arrays
than that of line patterns in BCP thin ﬁlms.

METHODS
Fabrication of Minimal Single Trench Patterns. Si(100) wafers
(International Wafer Service, Inc.) with a 2 nm native oxide layer were
cleaned in acetone under sonication, followed by rinsing with
isopropyl alcohol (IPA), and then blown dry with nitrogen. PMMA
photoresist (950 kg mol−1, Microchem Corp.) ﬁlms with a thickness of
150 nm were prepared by being spin-coated onto the silicon substrate
and baked at 180 °C for 3 min. A total of 16 single trench patterns
were exposed on the PMMA photoresist using EBL (JEOL JSM7001F FESEM with a JC Nabity nanometer pattern generation
system) with an accelerating voltage of 30 kV, a beam current of 28−
35 pA, and an area dose of 110−220 μC cm−2. All exposed patterns
were developed in a 2:1 (v/v) mixture of IPA and methyl isobutyl
ketone for 1 min, rinsed in IPA for 1 min, thoroughly rinsed in
running deionized water for 30 s, and blown dry with nitrogen. After
development, ICP-RIE (Trion Phantom III) with O2 plasma (21 W
ICP, 26 W RIE, 100 mTorr, 35 sccm O2) was used to remove resist
residues, and then CF4 plasma treatment (27 W ICP, 39 W RIE, 12
mTorr, 40 sccm CF4) was performed to transfer the single trench
patterns to the underlying silicon substrate. After pattern transfer, the
residual PMMA photoresist was removed in acetone under sonication,
followed by O2 plasma treatment (320 W ICP, 107 W RIE, 250
mTorr, 49 sccm O2).
Fabrication of Minimally Patterned Trench Surface. The
minimally patterned trench surfaces were also fabricated in the same
fashion as the single trench patterns with an adjustment to the EBL
operating conditions: an accelerating voltage of 30 kV, a beam current
of 25−88 pA, and an area dose of 145−435 μC cm−2 were used. The
size of each patterned surface was 100 μm by 100 μm.
DSA of BCP Thin Films under Thermal Annealing. Both the
minimal single trench patterns and minimally patterned trench
surfaces were cleaned with the carbon dioxide snow jet, followed by
UV-Ozone cleaning (UVO cleaner model 342, Jelight Company Inc.).
PS-b-PEO (Mn = 20.0 kg mol−1 for PS block and Mn = 6.5 kg mol−1 for
PEO block, PDI = 1.06) was purchased from Polymer Source, Inc. and
used as received. PS-b-PEO thin ﬁlms were prepared by spin-coating
from 0.8% (wt/v) PS-b-PEO solution in benzene onto the minimal
single trench patterns or minimally patterned trench surfaces.
Subsequently, the samples were annealed at 150 °C under vacuum
for 1 day. Prior to thermal annealing, the thicknesses of PS-b-PEO
ﬁlms on the ﬂat silicon substrate were ∼39 nm, as measured by the
ellipsometer (model LSE, Gaertner Scientiﬁc Corp.).
DSA of BCP Thin Films under SVA. PS-b-PEO thin ﬁlms were
prepared by spin-coating from 0.8% (wt/v) PS-b-PEO solution in
benzene onto the minimally patterned trench surfaces. Before SVA,
the ﬁlm thicknesses on the ﬂat silicon substrate were ∼39 nm, as
measured by the ellipsometer. SVA was performed in the sealed jar
(volume of the jar = 46.5 cm3, surface area of THF = 12.6 cm2, and
surface area of water = 1.3 cm2) at room temperature. The PS-b-PEO
thin ﬁlms were preswollen in water vapor for 10 min to avoid
dewetting, followed by SVA with THF and water vapor environment
for 60 min. The in situ thickness of the PS-b-PEO ﬁlm on the ﬂat
silicon substrate during SVA was monitored using the reﬂectometer
(F20-UV, FILMETRICS Inc.).
SFM. The morphologies of PS-b-PEO thin ﬁlms on the minimal
topographic patterns were investigated by SFM (Dimension 3100,
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