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ABSTRACT: Control over the orientation of cylindrical block copolymer
microdomains and the position of dislocations using tapered nanochannels is
herein demonstrated. Dislocations are introduced periodically as the channels
become progressively wider. Our high-temperature atomic force microscopy
(AFM) enables us to probe real-time and real-space dislocation movement
directly. Upon annealing, dislocations are observed to move to their equilibrium
positions, where the average free energy of the polymer chains reaches a
minimum. Smaller confinement widths impose a powerful guiding field for
templating domain alignment, as the deviations of the dislocations at the narrower
end of the channel from their equilibrium positions are minimal. Finally, the fluctuations of dislocations across the wedge are
studied under different temperatures, and the perpendicular diffusion coefficients and activation energy are determined. These
experiments demonstrate the ability to control the placement of periodically located dislocations along tapered nanochannels,
offering an efficacious route to placing defects at predetermined locations in such hierarchically assembled nanostructures. This
also suggests the possibility of transporting and concentrating defect-seeking species such as nanoparticle additives into
intentionally selected locations along the tapered channel.

■ INTRODUCTION
Self-assembled systems have proven to be an attractive
fabrication paradigm for nanoscale structures. Diblock copoly-
mers are well-known examples of self-assembling systems.
Depending on the molecular weight and the volume fraction of
each block, block copolymer thin films spontaneously order
into a variety of morphologies, including spheres, cylinders, and
lamellea. These self-assembled patterns have been used as
nanolithographic masks to create patterns on substrates1−3 as
well as templates for the further synthesis of metallic dots4,5 and
nanowires.6,7 However, the application of these materials
require precise control over the orientation of the polymer
domains and formation of long-range ordered nanostructures
free from defects. Techniques that have been used to direct the
assembly process of block copolymer domains and eliminate
defects include electric fields,8−10 flow fields,11−13 directional
crystallization,14 chemical patterning,15−19 and graphoepi-
taxy.20−29 Graphoepitaxy utilizes the topography of the
substrate to order polymer domains. This technique was first
used to achieve long-range order of spherical domains20−22 and
has since been used to align striped patterns of cylin-
der23−26,28,29 or lamellae27 forming block copolymers with
both perpendicular and parallel orientations.
For templating of the block copolymer thin films, it is

essential to understand the response of the system when the
dimensions of the guiding patterns are incommensurate with
the equilibrium periods of the polymers. Several groups have
investigated the effect of lateral confinement on the ordering of
block copolymer thin films, both experimentally and numeri-
cally. Cheng and co-workers30 observed stretching and
compressing of the microdomain spacing perpendicular to the

trench edges to match the trench width. They also found that
larger wavelength undulations in the sidewalls lead to varying
numbers of rows, with dislocations present where the number
of rows changes. Sundrani et al. have studied the growth
mechanism for alignment in the trenches.25,26 They observed
that one or two domains initially align along the edges of the
trenches. On continued annealing, alignment parallel to the
trench edges begins to grow at various spots along the length of
the trench. The domains with perfect alignment grow with
further annealing to assimilate less perfect regions until the
alignment persisted along the entire length of the trenches.
Using SCFT, Takahashi et al. have investigated the effect of
commensurability on the equilibrium defect densities as well as
kinetic rates for defect annihilation.31 However, all of these
studies have focused on confinement imposed by constant-
width templates. A large number of templates must be prepared
in order to ascertain a full picture of the effect of channel width
on the assembly process. Here, we simplify this matter by
employing wedges, with gradually changing channel width, to
guide the self-assembly of block copolymer thin films.
In this study, we have investigated the alignment of cylinder-

forming diblock copolymer thin films in such wedges. As a
wedge turns from narrow to wide, polymer chains in a given
number of cylinders would undergo expansion until a
dislocation is introduced. The equilibrium positions for
dislocations are determined both experimentally and theoret-
ically. At the narrow end of the wedge, smaller confinement
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widths impose powerful guiding fields for templating domain
alignment. As a result, the deviations of dislocations from their
equilibrium positions at the narrow end are smaller than those
at the wide end of the wedges. Finally, the fluctuations of
dislocations across the wedge are studied.

■ EXPERIMENTAL SECTION
A poly(styrene-block-methyl methacrylate) (PS-b-PMMA) block
copolymer, obtained from Polymer Source, Inc., of Dorval, Quebec,
was used in which PMMA forms cylindrical domains with a PS matrix.
The molecular weight was 77 kg/mol with 29 wt % PMMA.
The silicon nitride substrates were spin-coated with a thin layer of

PMMA photoresist and baked in air at 175 °C for more than an hour.
A thin layer of Cr (70 Å) was then deposited onto the substrate using
a homemade evaporator. The topographic patterns were prepared by
electron beam lithography using a Hitachi S-2700 scanning electron
microscope. After exposure, the films were developed in Cr etchant
and then in a 1:3 mixture of methyl isobutyl ketone and isopropyl
alcohol, rinsed extensively with isopropyl alcohol, and dried with
nitrogen. The resulting patterns in the photoresist were converted into
the topographic structures on the substrates by using a 95% CF4 and
5% O2 plasma etch. The remaining photoresist was removed by
placing the substrates in acetone overnight. The nanochannels created
in this manner were about 50 nm deep, and the opening angles of the
wedges used in this study were from 1.5° to 4.5°.
The nanopatterned substrates were cleaned with toluene, acetone,

and methanol using an ultrasonic cleaner and dried with nitrogen. The
washed substrates were spin-coated with PS-b-PMMA block
copolymer in 0.9% toluene solution at 4000−5500 rpm for 60 s and
then preannealed at 523 K under an argon atmosphere.

■ RESULTS AND DISCUSSION
Alignment of Cylinder Domains in the Wedge. When a

block copolymer thin film is spin-coated onto the nano-
patterned substrate, polymer chains flow from the crests into
the nanochannels upon annealing, leaving a featureless wetting
layer on the crests. Copolymer accumulates inside the channels
and phase separation occurs on the nanometer scale.26,32 The
wedges are filled with a layer of PMMA cylinders, which show
fingerprint structures.
Figure 1a presents an AFM phase image of the alignment of

cylindrical domains inside the wedge. PMMA interacting
preferentially with the wedge sidewalls drives the alignment
of cylindrical domains parallel to the edges of the wedges.
Unlike in the nanochannels with a fixed width, the number of
cylindrical domains change gradually in the wedge having a
gradient in channel width. As the channel becomes
progressively wider, the periodicity of the block copolymer
domains deviates from the equilibrium periodicity of the
unconfined domains (d0). The ordered copolymer domains
maintain a fixed number of cylinders by expansion. However,
when the energetic cost of chain deformation becomes too
high, a dislocation will be introduced, with an additional
cylinder introduced into the cylinder arrays. The arrows in
Figure 1a correspond to the positions of the dislocations. The
dislocations are expected to be introduced at an equal interval
Δx = d0/tan α ≈ d0/α, where α is the opening angle of the
wedge.
Figure 1b shows the number of cylinder domains versus the

measured confinement width W expressed in term of d0. W is
the effective width of the wedge, determined by the physical
channel width minus the thickness of the two PMMA brush
wetting layers that form at the surface of the substrate. (The
average thickness of the brush layer is determined to be 42.0
nm from AFM images.) For each number of cylinder arrays N,

the maximum and minimum confined widths are plotted. Here,
the samples have been annealed at 523 K for 24 h to reach their
equilibrium structures. It is observed that for a given number of
cylinder arrays N, they occupy the confined region with the
confinement width from (N − 0.5)d0 to (N + 0.5)d0. At the
narrow end of this region, polymer chains are under
compression, whereas at the wide end, polymer chains are
under expansion. The transition in the number of cylinders
from N to N + 1 is observed to occur when W ≈ (N + 0.5)d0.
Theoretically, the equilibrium position of the dislocation can

be determined by minimizing the free energy of a confined
region of width Nd0 on the left side and (N + 1)d0 on the right
side, as illustrated in Figure 2. The direction along the wedge is
defined as the x-axis, while the direction across it is defined as
the z-axis. Let a dislocation, which transits the number of
cylinders from N to N + 1, be located at the position where the

Figure 1. Alignment of cylinder-forming PS-b-PMMA block
copolymer thin film in the wedge. (a) AFM phase image of ordered
block copolymer domains in the wedge. Dislocations indicated by the
white arrow occur periodically along the channel length. The sample
was annealed at 250 °C for 24 h. (b) Number of cylinder domains, N,
plotted against the confinement width, W, expressed in term of d0,
where d0 is the equilibrium periodicity of the unconfined domains. The
black dots indicate the positions where the dislocations are observed to
be introduced. The transition in the number of cylinders from N to N
+ 1 is observed to occur when W ≈ (N + 0.5)d0.

Figure 2. Geometry of a wedge. Dislocations are indicated by the red
“T”. The direction along the wedge is defined as the x-axis, while the
direction across it is defined as the z-axis. r is the distance of the
dislocation from the midplane of the wedge, and d is the distance from
the midplane to the edge.
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width of edge equals to Wd. Dislocations separate the regions of
compression and expansion of cylindrical domains. Between the
region of the width Nd0 and Wd, the polymer domains are
expanded, while between the region of the width Wd and (N +
1)d0, the polymer domains are compressed. It is known that the
free energy per polymer chain of the confined cylindrical
domains, Ec(W,N), is approximated as Ec(W,N)/E0 = (1/
3)[(W/Nd0)

2 + 2Nd0/W], where E0 is the free energy per chain
of the unconfined bulk block copolymer.30 Therefore, the
average free energy of polymer chains ⟨Ec(Wd,N/N+1)⟩ within
the confined region between the width of Nd0 and (N + 1)d0 is
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where ρ and M are the density and molar mass of the polymer,
NA is Avogadro’s number, and H is the thickness of the polymer
film.
By plugging eq 2 into eq 1, ⟨Ec(Wd,N/N+1)⟩ is determined
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If we assume (2N + 1)2 − 1 ≈ ((2N + 1)2 (such an assumption
is reasonable in our studies, since the smallest N we measure is
6), then eq 3 can be written as
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A plot of the average free energy ⟨Ec(Wd,N/N+1)⟩ is
constructed for each value of N, as shown in Figure 3. The
average free energy has its local minimum when the dislocation
is at the equilibrium position. The width of the wedge at the
equilibrium position for the dislocations, Wde, can be obtained
by minimizing the free energy, ∂⟨Ec(Wd, N/N + 1)⟩/∂Wd = 0.

= +⎜ ⎟
⎛
⎝

⎞
⎠W N d

1
2de 0 (5)

The equilibrium positions for dislocations which transit the
number of cylinders from N to N + 1 are where the width of
wedge equals to (N + 0.5)d0. This is consistent with the
experimental results of Figure 1b.
Motion of Dislocations along the Wedge. Next, let us

examine the motion of dislocations along the wedge, before
they reach their equilibrium positions. Our high-temperature
AFM enables us to probe real-time and real-space structure
evolution directly.
Figure 4 shows the temporal evolutions of dislocations for

different annealing times. Here, the sample has been

preannealed at 523 K for 2 h. The equilibrium positions for
dislocations Wde = (N + 1/2)d0 are indicated by the yellow
dashed lines. The width differences between Wde and Wd and
the distances dislocations travel along the wedge (Δx) at
different annealing times are plotted in Figures 5a and 5b,
respectively. Originally, at t = 0, the dislocations are located at
the narrower end of the wedge, Wd < Wde, for all the values of
N, as shown in Figures 4 and 5a. This behavior may result from
the energy required to form a dislocation and the asymmetry of
the free energy curve. As shown in the inset of Figure 3, the free
energy increases more rapidly from the equilibrium positions at
the wider end compared to the narrower end. It is, therefore,
energetically more favorable for dislocations to form at the
narrower end of the wedge Wd < Wde. And when the width of
the wedge W is smaller than the equilibrium width for
dislocation Wde, the cylinder domains will keep compressed
until the compression energy overweighs the energy required to
subtract a row. This situation is also observed in previous
experiment.30

Thermal annealing facilitates the microdomain rearrange-
ment and drives the confined system to equilibrium. Since
initially dislocations are located at the positions where Wd <
Wde, the cylinder domains betweenWd andWde are compressed.
The compression stresses act on the dislocations a restoring
force, which causes dislocations to translate to their equilibrium
positions.33,34 This behavior is observed in the subsequent
images of Figure 4, in which the dislocations move to the wide
end of wedge to relax the imposed compression. The width
differences between Wde and Wd are decreased as shown in
Figure 5a. Finally, all the dislocations move back to the
equilibrium positions Wd = Wde in Figures 4 and 5a, and the
energy of block copolymer reaches the minimum. The
dislocations will stay at their equilibrium positions with further
increase of annealing time.
We also notice that the dislocations at the wide end of

channel move a longer distance than the ones at the narrow
end as shown in Figure 5b. For example, the dislocation which
transits the number of cylinders from 12 to 13 has moved a
distance of ∼550 nm to reach the equilibrium position, while
the dislocation which transits the number of cylinders from 6 to
7 has only moved a distance of ∼250 nm. This is because that

Figure 3. Average free energy ⟨Ec(Wd,N/N+1)⟩ plotted against the
widths of the channel where the dislocations are introduced, Wd. The
free energy is presented relative to the free energy of the bulk block
copolymer. Inset: plots of the average free energy against the widths of
the channel (solid line) and a perfectly symmetric curve of the free
energy (dashed line). Here, we use N = 7 for an example. The two
curves highlight the asymmetry of the free energy with regard to
deviations from the equilibrium positions.
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the former dislocation is farther away from its equilibrium
position initially than the latter one. As shown in Figure 5a, at t
= 0, the former dislocation is located at the place where Wde −
Wd equals ∼0.9d0, while for the latter dislocation, the width

difference is only about ∼0.2d0. This behavior can be explained
by the steeper energy minima at smaller confinement widths as
shown in Figure 3. A slight deviation from the equilibrium value
would result in large increase in the free energy of the system.
Therefore, the dislocations at the narrower end of the wedge
can not deviate from the equilibrium positions too much
initially. As W increases, the energy minima become shallower,
as the incommensurability at the wide end of the channel can
be distributed over many cylinder domains, and the amount of
distortion of each polymer domain is decreased. Therefore, a
larger deviation from the equilibrium position for a given defect
occurs initially for wider positions in the channel, and such
dislocations at the wider end of the wedge move a longer
distance to reach their equilibrium positions.

Motion of Dislocations across the Wedge. Lateral
confinement of the wedge does not only determine the
positions of dislocations in the x-axis, it also interacts with the
dislocations in the z-axis. Previous simulation studies35 show
that in an ideal situation, where the two sidewalls are equally
smooth, the dislocations form at the midplane of the wedge,
which corresponds to the minimum-energy state. However, the
roughness of the two side walls will move the dislocations
toward the edges of the wedge. In accordance with the
simulation results, we found, in our experiment, the possibilities
of dislocations located near the two side walls of the wedge
being larger than anywhere else in the wedge. The locations of
dislocations in the z direction are quantified by the ratio r/d,
where r is the distance of the dislocation from the midplane of
the wedge and d is the distance from the midplane to the edge,
as is shown in Figure 2. When the positions of dislocations are
at the edge of the wedge, r/d equals 1, while when the positions
of dislocations are at the central line of the wedge, r/d equals 0.
Figure 6 is the histogram of the positions of dislocations for
transitions from N to N + 1. At least 300 dislocations for each
transition were analyzed in samples annealed at 250 °C for 12
h. It is observed that the probabilities for the ratio r/d close to 1
are larger than those for any other values, which means that the
probabilities of dislocations being located near the edge of the
wedge are larger than anywhere else in the wedge. This
behavior is more obvious at the narrow end of the wedge. As
shown in Figure 6, for transition from 6 to 7, the probability of
ratio r/d close to 1 is almost 60%, while for transition from 12
to 13, the probability drops to around 25%. This is because that

Figure 4. Time sequence of AFM phase images showing the motion of dislocations along the wedge. The dislocations are indicated by the white
arrows. The number at the top of each image indicates the time (min:s) when the image is taken. The equilibrium positions for dislocations which
transit the number of the cylinder domains from N to N + 1 are indicated by the yellow dashed lines. The images are taken at 250 °C. Originally, at t
= 0, dislocations are located at the narrower end of the wedge. Upon annealing, all the dislocations translate to their equilibrium positions.

Figure 5. (a) Width differences between Wde and Wd, Wde − Wd and
(b) distances that dislocations move along the wedge, Δx, plotted
against annealing time. Dislocations at the wide end of channel move a
longer distance to their equilibrium positions than the ones at the
narrow end because the latter dislocations do not significantly deviate
from the equilibrium positions initially due to the stronger surface
directing field from the sidewalls at the narrow end of the channel.
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as the wedge becomes wider, the percentage of the surface area
near the edge over all the surface area inside the wedge
decreases. We find, in experiment, when a dislocation reaches
the two cylinder domains next to the side walls, it is very likely
it will be pinned there. Therefore, for transition from 6 to 7, the
percentage of the surface area near the edge over all the surface
area is 4/7, while for transition from 12 to 13, the percentage
decreases to 4/13. Therefore, as the wedge becomes wider, the
probability of finding the dislocations located at the edge area
decreases. We also note, except near the edge, that the
probabilities of dislocations located in other areas in the wedge
are evenly distributed, which means the dislocation can move
freely in the central region of the wedge. This is consistent with
previous experimental results, which indicate that there is little
influence of the template contour on the positions of the
polymer domains across the channel beyond one or two
polymer rows next to the edges.36

After dislocations reach their equilibrium positions in the x
direction, they will keep fluctuating inside the wedge. Next, we
studied the motion of dislocations across the wedge, which is in
the z direction. We only studied the dislocations at the wide
end of the wedges, since the dislocations at the wide end of the
wedges could move freely inside the wedges, while those at the
narrow end of wedges are easily pinned to the two sidewalls.
We studied the motion of dislocations across the wedge

under five different temperatures: 230, 235, 240, 245, and 250
°C. At each temperature, at least four trajectories for ∼200
image frames are imaged with a time resolution of ∼3 min from
230 to 240 °C, ∼42 s at 245 °C, and ∼21 s at 250 °C. As an
example, a representative trajectory of dislocation at 245 °C is
shown in Figure 7. Here, we focus on the dislocations which
transit the number of cylinder domains in the wedge from 10 to
11. Fluctuation behaviors of dislocations across the wedge are
visible in the AFM sequential images, as shown in Figure 7a. In
Figure 7b, we plot the displacements for dislocations over a
time period of ∼4 h. The cylinder domains are numbered as 1,
2, ..., 11 from left to right. If the displacement is 4 on the
trajectory, it means that the dislocation is located at the fourth
cylinder domain counted from left to right. The trajectories
further indicate that the dislocations can move freely across the
central region of the wedge.
Quantitative analysis of z positions of the dislocations with

time was carried out to obtain more information about the

fluctuation behavior of the dislocations. The one-dimensional
mean-square displacement MSD(nΔt) as a function of the time
interval of nΔt is calculated according to the formula37,38

= Δ =
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where z is the position of the dislocation in the z-axis, N is the
total number of positions measured, n is the measurements
index going from 1 to N, and Δt is the time interval between
two consecutive images. For simple 1-dimensional Brownian
motion, MSD(nΔt) = 2DznΔt, where Dz is 1-dimensional
diffusion coefficient. The MSD−nΔt plot is linear with a slope
of 2Dz. In our experiments, the motion of dislocation is
confined diffusion, since the dislocations move inside the wedge
and cannot move out of the area. For confined diffusion, the
MSD−nΔt plot is downward curved with an asymptotic
approach to a finite MSD value, which can be expressed as37−39
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where Lz is the length in the z direction that a dislocation can
move (0 ≤ z ≤ Lz) and τ is the equilibration time. The initial
slope of the MSD curve at t = 0 is 2Dz; then

τ
=D

A
2z (8)

In Figure 8a, the MSD−nΔt curves at the five temperatures
studied are fitted using eq 7, and the resultant values of A, τ,
and Dz are shown in Table 1. As expected, the plot is downward
curved with an asymptotic approach to Lz

2/6. The diffusion
coefficients Dz is defined by the initial slopes. When the
dislocations reach the sidewall of the wedge, it is very likely that

Figure 6. Histogram of the positions of dislocations across the wedge.
The probabilities of dislocations located near the edge of the wedge
are larger than anywhere else in the wedge. However, dislocations can
move freely in the central region of the wedge.

Figure 7. (a) AFM phase image series showing the fluctuation of
dislocations across the wedge. The dislocations are indicated by the
white arrows. The number at the top of each image indicates the time
when the image is taken. All the images are taken at 245 °C. (b)
Displacement versus t curve of the fluctuating dislocations in (a). The
trajectory further indicates that the dislocations can move freely across
the wedge.
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they will be pinned to the surface. Hence, we eliminate the
points from the trajectories when the dislocations are located at
the two cylinder domains next to each side walls. Then the
distance in the z direction that dislocations for transition from
10 to 11 cylinders can move Lz is 7d0. A = Lz

2/6 = 8.2 d0
2,

which is consistent with our fitting results. It further indicates
that the dislocations can move freely across the central wedge.
As temperature increases, the equilibration time decreases
dramatically, as a result of the increase of the diffusion
coefficient Dz, which is given by Dz = A/2τ. The values of
diffusion coefficients agree with perpendicular diffusion
coefficients Dperp determined from previous experiments.28

The temperature dependence of diffusion coefficients (Dz) is
plotted in Figure 8b. The observed temperature dependence
follows an Arrhenius law with the activation energy of EA = 328
± 13 kJ/mol, which compares well with previous measurements
of 377 kJ/mol for 84 kg/mol40 and 270 kJ/mol for 64 kg/
mol41cylinder-forming PS-b-PMMA thin film.

■ SUMMARY
Patterned tapered nanochannels of linearly varying width have
been used to template cylindrical block copolymer micro-
domains. Dislocations occur periodically along the channel
length. Movements of dislocations along and across the
channels are observed using in situ high-temperature AFM
imaging with environmental control. The widths of the channel
at the equilibrium positions of dislocations, which transit the
number of cylinders from N to N + 1, are determined to be (N
+0.5)d0 from both experiments and calculations. Upon
annealing, all dislocations move to and reach their equilibrium
positions. At the narrow end of the channel, confinement
imparts a stronger directing field on the alignment of block
copolymer domains, and consequently, dislocations cannot
deviate significantly from their equilibrium positions. However,
at the wider end, incommensurability is distributed over many
cylinder domains, and large deviation is allowed. Finally, the
fluctuations of dislocations at the equilibrium positions were
studied, and the perpendicular diffusion coefficients and
activation energy are obtained. These experiments clearly
demonstrate the ability to control the placement of periodically
located dislocations along tapered nanochannels, offering an
efficacious route to placing defects at predetermined locations
in such hierarchically assembled nanostructures. This also
suggests the possibility of transporting and concentrating
defect-seeking species such as nanoparticle additives into
intentionally selected locations along the tapered channel.
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