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Abstract: Recent advances in high-performance flexible electronic devices have increased the demand
for more diverse and complex nanofabrication methods; high-resolution, high-efficiency, and low-cost
patterning strategies for next-generation devices are therefore required. In this study, we demonstrate
the formation of dewetting-induced hierarchical patterns using two self-assembled materials: block
copolymers (BCPs) and colloidal crystals. The combination of the two self-assembly methods
successfully generates multiscale hierarchical patterns because the length scales of the periodic
colloidal crystal structures are suitable for templating the BCP patterns. Various concentric ring
patterns were observed on the templated BCP films, and a free energy model of the polymer chain was
applied to explain the formation of these patterns relative to the template width. Frequently occurring
spiral-defective features were also examined and found to be promoted by Y-junction defects.

Keywords: directed self-assembly; block copolymers; colloidal crystal; self-assembly; dewetting;
surface-directed dewetting

1. Introduction

Block copolymers (BCPs) have been extensively studied for decades, owing to their in-
herent ability to produce highly ordered two-/three-dimensional (2D/3D) nanostructures.
BCPs have many applications in diverse fields, including electronics [1–3], photonics [4–7],
plasmonics [8,9], filtration [10–12], and energy devices [13–16]. In particular, with the
development of various methodologies for controllable BCP patterning, such as directed
self-assembly (DSA), BCPs have attracted considerable attention as candidates for next-
generation lithography. The DSA method guides the BCP patterning process with graphoepi-
taxial or chemoepitaxial templates which are typically fabricated using conventional lithog-
raphy techniques, such as photolithography and e-beam lithography [17–21].

Similar to BCPs, colloidal crystals obtained via the self-assembly of colloidal particles
can be used in bottom-up nanofabrication for generating regular patterns with high effi-
ciency and low cost [22–27]. Significantly, the length scales of periodic colloidal crystals,
which range from hundreds of nanometers to several micrometers, are highly suitable for
their application as guiding templates for the patterning of BCPs. Despite this compatibility,
there have been relatively few reports on the control of BCP patterns using colloidal crystal
templates; for example, Brassat et al. and Jung et al. previously reported the fabrication
of BCP patterns inside topographic templates prepared via metal deposition through a
lithographic mask composed of colloidal crystals [28–30].

The dewetting of thin films, which is a separation phenomenon induced by incom-
patible interfacial energies between the surface and film, is another useful method for
micro/nanoscale separation or patterning of various materials, including metals, nanopar-
ticles, and polymers [31–35]. In particular, the dewetting of BCP thin films has been shown
to produce micro/nanoscale hierarchical patterns [36,37]. To control dewetting more pre-
cisely, a surface-directed dewetting method using a guiding template, fabricated by either
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chemical or topographic patterning, has been proposed [38–42]. Among these two meth-
ods, chemical patterning, which induces dewetting based on the differences in the surface
energy across the patterned area, is the simpler and more versatile method.

In this study, we demonstrate the formation of dewetting-induced hierarchical patterns
by combining two self-assembled materials: block copolymers and colloidal crystals. Here,
a chemically patterned template was used to direct the dewetting of the BCP film. Various
concentric ring patterns were formed, the dimensionality and number of which depended
on the diameter or spacing of the circular guiding template. A free energy model of the
polymer chains was then applied to explain the behavior of BCP pattern formation through
the guiding template. In addition, the generation of frequently occurring spiral-defective
features was examined in detail.

2. Materials and Methods
2.1. Preparation of Colloidal Particles and Multilayered Colloidal Crystals

Polystyrene (PS) particles with diameters of 250 and 430 nm were synthesized using
emulsifier-free emulsion polymerization [43]. To prepare the 430 nm PS colloidal particles,
deionized water (450 mL) was first poured into a reactor and maintained at 70 ◦C while
stirring at 350 rpm. Thereafter, sodium styrene sulfonate (0.06 g), comonomer, and sodium
hydrogen carbonate (0.25 g), a buffer, were added to the reactor. After 10 min, the styrene
monomer (50 g) was added to the solution. After 1 h, potassium persulfate (0.25 g) was
added as an initiator. Polymerization was performed for 18 h in a nitrogen atmosphere. The
same procedure was used to prepare 250 nm PS colloidal particles; however, the content of
sodium styrene sulfonate was modified to 0.75 g for these reactions.

Next, 1100 nm PS particles were synthesized using dispersion polymerization [44].
First, 0.01 g of poly(vinylpyrrolidone) (PVP) (Mw = 10,000, Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in 25 mL of ethanol (99.5 %, Samchun chemicals, Seoul, South Korea).
Subsequently, 2 g of styrene monomer (Sigma-Aldrich) was added, and the solution was
stirred at 350 rpm at 70 ◦C to ensure complete mixing. Thereafter, 3 mL of 5 mM aqueous
ammonium persulfate (APS, Sigma-Aldrich) was added to the solution. Polymerization
was performed for 18 h with sufficient stirring.

To fabricate the multilayered colloidal crystals, a 0.1 wt.% PS colloidal suspension in
40 mL deionized water was prepared with 0.001 wt.% PVP (Mw = 55,000, Sigma-Aldrich).
A glass slide was cleaned with ethanol and treated with O2 plasma (2 min, 50 W, Tergeo
plasma cleaner, PIE Scientific, Union City, CA, USA) to render the surface hydrophilic. The
glass slide was then coated by dipping it vertically into the PS colloidal suspension and
placed in an oven at 70 ◦C overnight [45].

2.2. Preparation of the Guiding Template

A PS brush layer was applied to a silicon substrate by spin coating a 1% hydroxyl-
terminated PS (Mw = 11 kg mol−1, Polymer Source Inc., Dorval, QC, Canada) solution
in toluene (99.5 %, Daejung chemicals & metals, Gyeonggi-do, South Korea), followed
by baking at 170 ◦C for 12 h and rinsing. A non-close-packed hemispherical colloidal
crystal monolayer was then deposited on the PS brush substrate by transferring the surface
layer of a multilayered colloidal crystal via thermal transfer printing [46]. For the transfer,
the prepared multilayered colloidal crystal was exposed to an O2 plasma (2–4 min, 90 W.
Thereafter, a flat PDMS pad was placed on the surface-etched crystal with an applied
pressure of approximately 100 kPa. The surface colloidal layer was subsequently peeled
away by lifting the PDMS pad from the colloidal crystal. Afterward, the PDMS pad was
placed on the heated PS brush substrate (which was maintained above the glass transition
temperature (Tg) of PS; ~115 ◦C), and a small pressure was applied for conformal contact.
A non-close-packed hemispherical colloidal crystal monolayer on the PS-brushed substrate
was obtained by peeling the PDMS pad from the substrate.

The exposed sections of the PS brush layer were then removed by O2 plasma etching
(2 min, 90 W). Afterward, a fluorinated self-assembled monolayer (F-SAM) was deposited
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on the exposed areas of the substrate by dipping the sample in a 0.5 wt.% solution of
heptadefluoro-1,1,2,2-tetrahydrodecyl trichlorosilane (HDFS, Sigma-Aldrich) in n-hexane
(95 %, Duksan, Gyeonggi-do, South Korea) for 10 min (see Figure S1 for the various
concentrations used). The patterned F-SAM/PS brush guiding template was then obtained
by dissolving the PS colloidal particle layer in toluene for 30 min.

2.3. Dewetting of the BCP Film on the Guiding Template

A 1.5 wt.% solution of polystyrene-block-polydimethylsiloxane (PS-b-PDMS)
(Mw = 45.5 kg mol−1; PS (31 kg mol−1)-b−PDMS (14.5 kg mol−1), Polymer Source Inc.) in
toluene or propylene glycol monomethyl ether acetate (PGMEA, 99.9 %, Samchun chem-
icals) was spin coated onto the prepatterned F-SAM/PS brush template to induce the
dewetting of the BCP film. The BCP film was then solvent-vapor annealed by placing the
sample in a glass chamber containing a 5:1 mixture of toluene and n-heptane (1.5 mL) for
5 h at room temperature. Afterward, the films were plasma etched (CF4, 5 s, 50 W; O2, 30 s,
90 W) to reveal the oxidized PDMS cylinder structures.

2.4. Imaging, Characterization, and Pattern Analyses

The surface morphologies of the BCP films and colloidal crystals were examined
using scanning electron microscopy (SEM) (Sigma 500, Carl Zeiss, Oberkochen, Germany).
The colloidal crystal samples were coated with Pt before SEM imaging. Contact angles
were measured using a contact angle analyzer (phoenix 300 touch, SEO, Gyeonggi-do,
South Korea). The number of rings (nr) in each sample was determined by examining
175 concentric ring patterns across 10 different SEM images.

3. Results
3.1. Fabrication of the Guiding Template

Figure 1 shows the experimental process for the fabrication of dewetting-induced
hierarchical patterns of block copolymers using a colloidal crystal template. Briefly, steps
i–v illustrate the formation of a non-close-packed hemispherical colloidal crystal monolayer
on a PS brush-coated substrate via thermal transfer [46]. The exposed PS brush layer is then
removed by O2 plasma treatment (step vi); after etching, the PS brush area masked by the
colloidal particles remains. Subsequently, the F-SAM HDFS is deposited on the etched areas
of the substrate (step vii). A chemical-guiding template composed of a hexagonal array
of circular PS brush features separated by an F-SAM layer is then obtained by dissolving
the PS colloidal particles (step viii). A BCP solution is then spin coated onto the guiding
template (step ix); the area-selective dewetting of the BCP thin film occurs by the local
migration of the solution from the F-SAM-layered area to the PS brush-coated features.
Finally, the dewetted BCP thin film is solvent annealed in a chamber containing a toluene-
heptane (5:1) mixture to induce the self-assembly of PDMS cylinders in the PS matrix.
CF4/O2 plasma etching then selectively removes the PDMS skin layer and PS domain to
reveal the oxidized PDMS cylinders (step x).

An SEM image of the colloidal crystal monolayer transferred to a PS brush-coated
silicon substrate is presented in Figure 2a. The non-close-packed features of the colloidal
array enable sufficient separation between the masked PS brush-coated areas for the
subsequent deposition of F-SAM. Moreover, the colloidal particles are deformed into a
hemispherical shape during the transfer process because the heating of the substrate above
the Tg of PS causes the partial melting of the PS colloidal particles, thereby flattening
the contact area with the substrate (inset image of Figure 2a). This large contact area
provides a sufficient masking area for the substrate during the O2 plasma etching and
F-SAM deposition processes. Figure 2b presents an SEM image of the resulting F-SAM/PS
brush-patterned substrate, showing a clear separation between the F-SAM-treated and PS
brush-coated areas.
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3.2. Dewetting of the BCP Film on the Guiding Template 
The choice of solvent at the dewetting stage is important because the dewetting of 

BCP occurs during the spin-coating process, where the local migration of the solution via 
solvent evaporation occurs. Toluene and PGMEA are the most widely used solvents for 
preparing PS-b-PDMS BCP solutions [47,48]. The contact angles of these two solvents on 
differently coated silicon substrates were investigated (Figure 3a). Regardless of the sol-
vent used, the F-SAM-treated substrate shows the highest contact angles, which can be 
attributed to the extremely low surface energy imparted by the fluorinated interface [49]. 

Figure 1. Schematic of the overall experimental process: (i) Multilayered colloidal crystal structure;
(ii) O2 plasma etching of the surface layer of the colloidal crystal; (iii) peeling of the surface layer
of the colloidal crystal using a PDMS stamp; (iv) transfer of the colloidal crystal monolayer to the
PS brush substrate; (v) resulting non-close-packed hemispherical colloidal crystal monolayer on
the PS brush substrate; (vi) O2 plasma etching to remove the exposed areas of the PS brush layer;
(vii) F-SAM deposition on the exposed surfaces; (viii) F-SAM-patterned guiding template upon the
removal of the colloidal particles; (ix) area-selective dewetting of the BCP thin film; (x) microphase
separation of the BCP film via solvent vapor annealing.
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3.2. Dewetting of the BCP Film on the Guiding Template

The choice of solvent at the dewetting stage is important because the dewetting of
BCP occurs during the spin-coating process, where the local migration of the solution
via solvent evaporation occurs. Toluene and PGMEA are the most widely used solvents
for preparing PS-b-PDMS BCP solutions [47,48]. The contact angles of these two solvents
on differently coated silicon substrates were investigated (Figure 3a). Regardless of the
solvent used, the F-SAM-treated substrate shows the highest contact angles, which can be
attributed to the extremely low surface energy imparted by the fluorinated interface [49].
Among the two solvents, toluene presents consistently higher contact angles than PGMEA
on the various surfaces; this may be because the surface tension of toluene (28.5 mN/m) is
relatively higher than that of PGMEA (26.9 mN/m) [50,51].
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the guiding template after spin coating with BCP/toluene.

The driving force of the surface-directed dewetting process is the difference in wet-
tability between the F-SAM-treated and PS brushed-coated surfaces (see Figure S2 for
macroscopic dewetting studies of BCP films on F-SAM- and PS brush-coated surfaces). The
contact angle experiment revealed that the difference in the wettability of toluene between
these surfaces is larger than that of PGMEA; therefore, the dewetting phenomenon occurs
to a higher extent when toluene is used as a solvent for the BCP solution. The experimental
results (Figure 3b,c) are in good agreement with this expectation. When the BCP film is pre-
pared via spin coating with BCP/PGMEA on the guiding template, dewetting is negligible
(Figure 3b). Although a continuous film is formed without dewetting, the self-assembled
pattern of the BCP film is affected by the chemical pattern underneath the film. As shown by
the red circles in Figure 3b, the BCP film on the PS brush-coated areas forms a concentric or
spiral-like pattern. The large surface energy difference between the F-SAM- and PS-coated
areas induces chain mobility differences during the annealing process [52], which can affect
pattern formation. This result is similar to that of the chemoepitaxy method which controls
the pattern of the BCP film via a chemical pattern underneath the film [17,18,53]. Figure 3c
shows an SEM image of a dewetted BCP film on the guiding template obtained by spin
coating the BCP solution using toluene as the solvent. The BCP patterns are selectively
formed on the PS brush-coated areas owing to the large difference in wettability between
these and the F-SAM-treated substrate. The BCP patterns form concentric rings, similar to
those formed on previously reported circular templates [54,55]. The concentration of the
BCP solution also affects the final morphology of the dewetted film, as shown in Figure S3.

An advantage of using a template formed from colloidal crystals is that the diameter
and spacing of the final pattern can be adjusted by controlling the etching time or diameter
of initial colloidal particles. Figure 4a-i–c-i shows the change in the particle size of the
multilayered colloidal crystal surface layer before transfer, which depends on the O2 plasma
etching time. The center-to-center interparticle distance remains constant throughout the
etching process, whereas the particle diameter decreases and the interparticle spacing
widens with increased etching time. Figure 4a-ii–c-ii shows SEM images of the hemispher-
ical colloidal crystal monolayers after transfer from the respective multilayered crystals;
here, the particle diameters and interparticle spacings are replicated after the transfer step.
When the BCP is deposited and dewetted on the final templates, the resulting patterns also
exhibit noticeable variations, as shown in Figure 4a-iii–c-iii.
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When the initial colloidal crystal is etched for 2 min, the resulting BCP film pattern is
poorly defined because of the narrow F-SAM area formed by the small interparticle spacing
of the template (Figure 4a-iii). However, when the etching time is increased to 3 min,
the resulting template provides sufficient space for the F-SAM deposition; consequently,
the final BCP film exhibits clear feature separation after dewetting. The center-to-center
distance of the 3 min-etched template is 430 nm, corresponding to the initial size of the
colloidal particles and the average diameter of the final dewetted BCP film, which is 350 nm.
The process affords a BCP pattern with four concentric rings (including the central dot), as
shown in Figure 4b-iii. Furthermore, as the etching time is increased to 4 min, the average
BCP pattern diameter decreased to 320 nm, forming a BCP pattern with three concentric
rings (Figure 4c-iii).

3.3. Analysis of the BCP Concentric Ring Patterns

Figure 5a shows SEM images illustrating the morphology change of the BCP patterns
depending on the size of the guiding template. Various diameter of F-SAM guiding
templates (153–907 nm) were obtained by varying the etching time and the initial particle
size of colloidal crystals. The number of concentric rings in each BCP pattern varies
with the template size; however, differences in feature sizes within the same sample may
occur because of the non-uniformity of the synthesized colloidal particles. To analyze the
relationship between the feature dimensions and the template size, the number of rings
(nr) was measured with respect to the template diameter (d) (Figure 5b). The concentric
ring patterns inside the template may include either a PDMS dot or small PDMS ring in the
center, as shown in the separated rows of Figure 5a. In the subsequent analysis, the central
dot was categorized as a ring. The graph shows that as the diameter of the template (d) is
increased, the number of concentric rings increases in a stepwise manner. This tendency
can be explained by the difference in the free energy of the confined BCP molecules, which
changes with the template diameter.
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Figure 5. (a) SEM images of BCP concentric ring patterns fabricated with guiding templates of various
sizes. Rows display the PDMS concentric rings with (top) and without (bottom) the PDMS central dot.
(b) Number of concentric rings (nr) as a function of the diameter of the template (d). (c) Schematics of
concentric rings formed in a circular trench template (top) and a line pattern formed in a linear trench
template (bottom). (d) Free energy per confined polymer chain relative to the bulk free energy per
polymer chain (Fc/F0) as a function of the template width (w) for each value of n. Red arrows indicate
the difference in the free energy between the commensurate and incommensurate states.

Turner’s free energy model has previously been used to explain the free energy changes
of lamellae-forming BCP between two plates; this can also be applied to the formation of
BCP cylinders in a confined template [56–58]. The concentric ring pattern differs from the
line pattern associated with Turner’s free energy model; however, as shown in Figure 5c,
the concentric ring pattern can be converted into a line pattern form that can be applied
to this model, for example, BCP patterns with three concentric rings (nr = 3) formed in
a circular template of diameter d can be converted into a line pattern form with a line
number (n) of six in a template with a width w. The periodicity at the equilibrium state, L,
is consistent in both the concentric ring and line patterns.

The simple equation form of Turner’s model provides an expression for the free energy
per polymer chain under confinement (Fc) relative to the free energy in the bulk polymer
(F0) [57]:

Fc

F0
=

1
3

(
λ2 +

2
λ

)
(1)

where λ = w/nL0; n is the number of lamellae or cylinders; and L0 is the natural periodicity
of the BCP pattern. In this study, L0 was measured as 38.5 nm.

Figure 5d shows the free energy as a function of w for each value of n calculated using
Equation (1). This graph indicates that a specific n will be selected to yield the lowest free
energy for a defined w. As w increases, the free energy penalty from the incommensurate
state increases, leading to a transition from n to (n + 1). Consequently, as w increases, the
value of n that yields the lowest free energy in the template also increases. This is in good
agreement with the results shown in Figure 5b.

Notably, the free energy cost owing to the incommensurate state, as indicated by the
red arrows in Figure 5d, decreases as w increases. This is because more BCP molecules
share the tensile or compressive strain energy induced by the incommensurate state at a
wider w; the incommensurate energy cost per molecule therefore becomes smaller. This
phenomenon can also be observed in the experimental results shown in Figure 5b. In the
transition region, the overlap in nr is small when d is small (as indicated by the red ellipse in
Figure 5b); however, the overlaps become larger as d increases. For example, wide overlaps
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between nr values of 9 and11 were observed in the region of d = 800 nm (as indicated by
the blue ellipse in Figure 5b).

3.4. Analysis of Common Defective Features in the BCP Patterns

In addition to the concentric ring pattern, defective features were formed on the
circular guiding templates. The most common defect feature is the spiral structure, as
shown in Figure 6a. In a previous study, we revealed that the spiral structures of a BCP
film are created when the geometrical symmetry of the circular template is broken [55].
Therefore, BCP spiral structures could be fabricated by purposefully introducing artificial
defects into a circular template [55,59].
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Figure 6. (a) SEM images of a dewetted BCP film on a guiding template prepared using 1100 nm
colloidal particles. BCP patterns in the colored boxes exhibit spiral morphologies. Right-hand side
panels show magnified images of the spiral structures (false-colorized), where the dotted circles
indicate Y-junctions (yellow circles = diverging; red circles = converging). (b) Dewetted BCP film on
a guiding template prepared using 430 nm colloidal particles. Colored boxes indicate merged BCP
patterns from two adjacent template areas. (c) Dewetted BCP film with a perforated lamellar pattern.

The colored boxes in Figure 6a indicate spiral structures in a BCP pattern. Upon
magnification, the images reveal that the spiral structures are accompanied by Y-junctions
(as indicated by the yellow circles). In the common BCP line pattern, the Y-junction defects
affect only adjacent areas (see Figure S4), whereas in the circular confined geometry, the
presence of a Y-junction breaks the geometrical symmetry of the BCP pattern, leading to the
formation of a spiral structure. In general, a BCP pattern is formed from the template edge
and propagates inward [60,61]; therefore, it can be concluded that the inner spiral structure
originates from the outer Y-junction. Here, the direction of the Y-junction determines
the chirality of the spiral structure; a spiral arc is formed in the direction in which the
Y-junction diverges. Y-junctions were therefore formed in different directions in the areas
highlighted by the yellow and red boxes in Figure 6a, resulting in spirals with right- and
left-handed chiralities, respectively. Moreover, the spiral structures in the green and blue
boxes in Figure 6a indicate that the presence of two Y-junctions (yellow circles) affords a
double spiral structure, where each Y-junction generates a separate spiral arc. In contrast,
converging Y-junctions near the center of the patterned area (highlighted by the red circles)
form in the direction opposite to that of the outer Y-junctions (yellow circles, diverging
Y-junction), which results in the convergence of the two separate spiral arcs.

Another commonly observed defect is the merging of two adjacent templated patterns
(Figure 6b). These double structured patterns form when the PDMS cylinders are connected
between adjacent regions. Spiral-like structures are then generated owing to the geometrical
asymmetry that arises as a result. Additionally, perforated lamellar patterns can be obtained
by changing the solvent vapor annealing conditions (Figure 6c). This occurs because toluene
and n-heptane can induce a selective swelling of the PS and PDMS domains, respectively
(solubility parameters: δTol = 18.2 MPa1/2, δHep = 15.3 MPa1/2, δPS = 18.5 MPa1/2, and
δPDMS = 15.5 MPa1/2) [62]. For example, increasing the n-heptane content of the solvent
mixture (resulting in a 1:1 ratio) at the annealing step increases the effective volume fraction
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of the PDMS domain, thereby forming the perforated lamellar morphology shown in
Figure 6c [47].

4. Conclusions

In this study, we demonstrated the formation of dewetting-induced hierarchical pat-
terns using two self-assembled materials: BCPs and colloidal crystals. The combination of
these two self-assembly methods successfully generates multiscale hierarchical patterns
because the length scales afforded by the periodic colloidal crystal structures enables the
formation of distinct F-SAM- and PS brush-coated regions that are suitable for guiding the
BCP patterns. The use of a dewetting method directed by such a chemical template results
in a simple and versatile patterning process that does not require a topographic template.
The dewetted BCP films exhibit concentric ring patterns with internal structures that can
be controlled by the diameter or spacing of the fabricated circular guiding template. A free
energy model was applied to analyze these patterns; it was subsequently found that the
interaction of the relative free energy of the polymer chains with respect to the template
width determines the number of concentric rings formed in the final pattern. In addition,
the formation of common spiral defects was investigated; the results revealed that the
formation of Y-junction defects was closely related to the generation of spiral morphologies
in the BCP films.

This hierarchical patterning method is of particular interest because it provides a
link between the nanoscale patterning offered by BCPs and the long-range microscale or
sub-microscale patterning afforded by colloidal crystal templates. The combined tech-
niques described here therefore offer considerable potential for the development of mi-
cro/nanofabrication methods for patterning diverse functional materials.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/polym15040897/s1: Figure S1: SEM images of dewetted block
copolymer (BCP) films formed on F-SAM/PS brush-patterned substrates. F-SAM layer was pre-
pared using various concentrations of heptadefluoro-1,1,2,2-tetrahydrodecyl trichlorosilane (HDFS)—
(a) 0.1 wt.%, (b) 0.2 wt.%, and (c) 0.5 wt.%; Figure S2: Optical microscopy images of BCP films on
(a) PS brush-coated and (b) F-SAM-coated substrates. Toluene was used as the solvent for the BCP
solution; Figure S3: SEM images of BCP films spin coated with 2.0 wt.% BCP solutions in (a) PGMEA
and (b) toluene; Figure S4: SEM images of BCP films spin coated with 2.0 wt.% BCP solutions in
(a) PGMEA and (b) toluene; Figure S4: SEM images of Y-junctions (yellow circles) in the BCP* pattern
(parallel cylinders) formed without the use of a template.
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