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Sub-5 nm Dendrimer Directed Self-Assembly with
Large-Area Uniform Alignment by Graphoepitaxy

Kangho Park, Woo-Bin Jung, Kiok Kwon, Oleg D. Lavrentovich, and Hee-Tae Jung*

Directed self-assembly (DSA) using soft materials is an important method
for producing periodic nanostructures because it is a simple, cost-effective
process for fabricating high-resolution patterns. Most of the previously

resolution BCP nanopatterns, which can
overcome resolution limitations present
in top-down lithographic approaches. The
DSA of BCPs provides periodic nano-

reported DSA methods exploit the self-assembly of block copolymers, which
generates a wide range of nanostructures. In this study, cylinders obtained
from supramolecular dendrimer films with a high resolution (<5 nm) exhibit
planar ordering over a macroscopic area via guiding topographical templates
with a high aspect ratio (>10) and high spatial resolution (=20 nm) of guiding
line patterns. Theoretical and experimental studies reveal that this property is
related to geometrical anchoring on the meniscus region and physical surface
anchoring on the sidewall. Furthermore, this DSA of dendrimer cylinders is
demonstrated by the non-regular geometry of the patterned template. The
macroscopic planar alignment of the dendrimer nanostructure reveals an
extremely small feature size (~4.7 nm) on the wafer scale (>16 cm?). This
study is expected to open avenues for the production of a large family of
supramolecular dendrimers with different phases and feature dimensions

oriented by the DSA approach.

1. Introduction

The directed self-assembly (DSA) of soft materials such as
block copolymers (BCPs),[!! colloids,??! liquid crystals,®l and
supramolecules has received substantial attention for the gen-
eration of highly ordered and densely packed nanostructures.
DSA techniques have previously been used to fabricate high
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structures with features 3-50 nm in size
according to the microphase-segregation
of incompatible polymeric blocks.5>*!
The organized alignment of BCPs can
be induced by the use of different DSA
techniques involving chemical patterns,”]
neutral surfaces,®®! top-coats,””! topograph-
ical patterns,l'”  nano-confinement,!
mechanical shearing forces,'? electric
fields,3] and magnetic fields.' These
DSA processes of BCPs generate highly
periodic nanostructures with a low defect
level,l"” and result in dense areal packing
of nanopatterns with a feature size of
sub-10 nm.[1°)

Among the various soft building blocks,
supramolecular dendrimers are remark-
ably attractive due to their advantageous
properties such as small feature sizes
(ranging from approximately 1 nm to around 10 nm), diversity
in chemical functionality, and fast ordering times (in the order
of min) to self-assembly.'’”! The challenges for supramolecular
structures that can be used as the template for nanolithog-
raphy are orientation control, thin film formation, and pattern
transfer. In the beginning, the orientation of the dendrimer
materials has to be controlled in a monolayer over a large
area. In the next step, lithographic methodologies for selective
etching, such as selective metal fixation'® and selective polym-
erization,!'l have to be followed. After enhancing the etching
contrast of monolayer dendrimer films, the pattern transfer
should be carried out for the creation of metal nanopatterns
and inorganic arrays. For achieving precise pattern transfer
to a substrate, highly oriented supramolecular structures over
large areas are required. It has been shown that the orientation
of the supramolecular structures can be controlled using sur-
face anchoring,?”! geometrical confinement,?*?2 and external
fields.?3] These techniques have generated the planar or home-
otropic orientation of self-assembled small molecules.! There
have been studies that examine the planar ordering of liquid
crystalline structures with sub-5 nm periodicities.** Supramo-
lecular structures with a sub-5 nm feature size can be oriented,
but the development of large-area alignment control is essential
in order to apply these self-assembling nanostructures to the
future high-resolution bottom-up lithography.

In this study, we reported a planar ordering of cylindrical
structures (diameter =4.75 nm) based on dendrimers over a
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macroscopic area (4 cm x 4 cm) in thin films by topographical
templates with high-aspect-ratio (>10) and high-resolution
(=20 nm) line patterns. We further controlled the ratio of den-
drimer film thickness to guiding pattern height, then con-
firmed different orientations of dendrimer cylinders. There
were two competing mechanisms, geometrical anchoring and
physical surface anchoring, which determined the alignment
direction of dendrimer cylinders. Furthermore, we examined
DSA of cylindrical structures by using curved line patterns.

2. Results and Discussion

2.1. Alignment of Dendrimer Cylinders with High
Aspect Ratio Line Patterns

Figure 1 shows the procedure for preparing well-aligned cylin-
ders from supramolecular dendrimer films with a long-range
lateral order by graphoepitaxy. In this study, a taper-shaped
dendrimer material (Figure 1a) comprising a long aliphatic tail
group was examined, which has been reported to form a stable
cylindrical structure.??l Notably, previous experiments have
verified that this technique is not limited to a specific supra-
molecular material, and a large family of dendrimers with dif-
ferent chemistries and feature dimensions can be used. The
dendrimer material used herein can be spin-coated in various
solvents, which is advantageous for the fabrication of a large-
area uniform film on a substrate and for the simple control
of film thickness. High-resolution (width (w) =20 nm) Au line
patterns with different spacings (spacing between lines (s)
~500 nm-10 um) and different heights ((h) =130-250 nm) were
used as guiding templates, which were prepared by secondary
sputtering lithography (SSL) (Figure S3, Supporting Informa-
tion).?’ These high-resolution line templates provided minimal
dead spaces (=1%), which are considerably less than those of
conventional microchannels (=50%). In addition, the high
aspect ratio of the line patterns is advantageous for control-
ling the anchoring energy.?! Different metals or semiconduc-
tors aside from gold can be used as guiding templates provided
that different metals or semiconductors can be deposited onto
a substrate. A =120-nm-thick supramolecular dendrimer film
was obtained by spin-casting a 1 wt% dendrimer solution in
chloroform onto the line patterns without additional surface
treatment. By cooling the dendrimer film from its isotropic
melt (87 °C) to room temperature at a rate of =1 °C min!, cyl-
inders with a parallel alignment were obtained (Figure 1b).
Atomic force microscopy (AFM) images revealed the long-
range planar alignment of highly ordered dendrimer cylin-
ders in the presence of a high-resolution Au line template
(width (w) =20 nm, space (s) =2 um, and height (h) =250 nm)
(Figure 1c). The cylinders were coherently aligned, and the
cylinder axes were parallel to the patterned line axis over the
entire substrate surface. Even at the interfaces between the den-
drimer cylinders and line templates, the alignment direction
of the cylindrical structures was parallel to the direction of the
line pattern (Figure S4, Supporting Information). Variations in
surface profile observed in the height-mode AFM, were on the
scale of a few nanometers and were driven by the variation in
thickness of the dendrimer film during heating and cooling.
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The corresponding fast Fourier transform (FFT) pattern clearly
revealed two spots, and the line connecting the two spots was
perpendicular to the patterned line direction, indicative of the
parallel alignment of the cylinders with respect to the guiding
line template axis. A high-magnification AFM image confirmed
that the cylinders with a d =4.75 nm were highly elongated
along the line template axis (inset of Figure 1c).

Notably, highly ordered cylinders, which were parallel to the
patterned line axis, were consistently produced over the entire
guiding template area (4 cm X 4 cm). Figure 2 shows the long-
range ordering of the cylinders, which were oriented parallel
to the line pattern, over a centimeter-scale wafer. High-aspect-
ratio line templates (w =20 nm, s =2 um, and h =250 nm) were
fabricated (Figure 2a), then a =120-nm-thick dendrimer film
was casted onto the line patterns (4 cm X 4 cm) and annealed
after cooling the film from its isotropic melt state to room tem-
perature at a rate of =1 °C min~!. To investigate the order and
orientation of the supramolecular dendrimer cylinders, which
were created on the patterned area, polarized optical micro-
scopy (POM) images were recorded (Figure 2b). A uniform
color under the crossed polarizer was observed within the pat-
terned area, indicative of the uniform alignment of the cylin-
ders, whereas a fan-shaped texture, which was characteristic
of a cylindrical liquid crystalline phase, was observed in the
non-pattered region, indicative of non-uniform alignment. The
orientation of the cylinders on the patterned area was further
examined by POM images in the presence of a 530 nm 1A wave
plate at rotations of —45° and +45° to the polarizer. By the rota-
tion of the line pattern filled with dendrimer cylinders at —45°
to the polarizer, a blue color was observed, whereas at a rotation
of the line direction +45° to the polarizer in the presence of the
1A wave plate, a red color was observed. This result indicates
that the dendrimer cylinders are parallel to the patterned line
axis.?’]

Grazing-incidence small-angle X-ray scattering (GISAXS)
analysis (Figure 2c) was carried out to obtain precise evidence
regarding the uniform planar alignment of the dendrimer cyl-
inders within the line pattern with long-range ordering. With
the penetration of the incidence X-ray beam into the patterned
line axis (left of Figure 2c), a clear three-point diffraction pattern
(i-e., Miller indices [100], [110], and [0-10] of a 2D hexagonal
cylinder) was observed at g =1.311 nm—-1 (period =4.79 nm).
Only a [100] (q =1.303 nm-1, period =4.82 nm) stacking peak
was observed when the incident X-ray beam penetrated per-
pendicular to the patterned line axis (right of Figure 2c). A dif-
fraction pattern around the beam stopper corresponded to the
scattering of an incident X-ray beam on the wall of the guiding
patterns. GISAXS results confirmed that the dendrimer cylin-
ders are coherently aligned parallel to the line pattern over large
areas.

Planar-aligned dendrimer cylinders were directly observed
by AFM analysis within the guiding template area (Figure 2d).
Bright and relatively dark regions in the AFM image revealed the
patterned Au lines and dendrimer film, respectively. To investi-
gate the alignment direction of the dendrimer cylinders along
the patterned line axis, FFT patterns of the AFM image were
recorded at five positions (red spots) along a straight line. As
shown in each FFT pattern, the dendrimer cylinders exhibited
the same orientation along the patterned line axis. In addition,
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Figure 1. Self-assembly and alignment control of dendrimer cylinders, and characterization. a) Molecular structure and self-assembly of the dendrimer
material used. b) Schematic of the aligning dendrimer cylinders confined on the patterned area (width of 20 nm, space of 2 um, and height of 250 nm).
c) AFM image of the dendrimer cylinders along line patterns. Insets show the corresponding FFT and magnified images.
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Figure 2. Large-area alignment of dendrimer cylinders with planar ordering. a) Photograph of a dendrimer film on 4 cm x 4 cm patterned area and the
SEM image of the high-aspect-ratio line patterns (width of 20 nm, space of 2 um, height of 250 nm). b) Reflection POM images of uniformly aligned
dendrimer cylinders within the patterned area by rotation at —45° and +45° to the polarizer. Reflection POM images under a 530 nm 1A wave plate by
rotation at —45° and +45° to the polarizer. ¢) The GISAXS pattern of dendrimer cylinders confined in line patterns. The incident X-ray beam was either
parallel to the pattern direction (left) or perpendicular to the pattern direction (right). d) AFM image of the line patterned area filled with dendrimer

cylinders and the corresponding FFT images of each marked position.

the FFT patterns in the lateral positions (perpendicular to the line
axis, green spots) revealed that the orientation direction of the
dendrimer cylinders is identical to the guiding template. Notably,
this ordering behavior was not limited to the marked region,
and the dendrimer cylinders were aligned parallel along the line
patterns at arbitrary positions over the entire patterned area.

To understand the effects of the ratio of pattern height to film
thickness on the orientation of the cylinders, the precise thick-
ness control of the dendrimer film in the pattern template was
achieved by varying the dendrimer solution concentration and
maintaining consistent guiding template dimensions. Figure 3
shows the alignment of the dendrimer cylinders confined in
the patterned line template (w =20 nm, s =2 um, h =250 nm)
with variation in the ratio of the dendrimer film thickness (t)
to the pattern height (k). When a dendrimer cylinder was filled
in a high-resolution line pattern with t/h = 0.5 (at a dendrimer
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thickness of =120 nm and a dendrimer solution concentration
of 1 wt%), uniform blue POM images were observed for the
dendrimer film filled in the line pattern, which was rotated
at —45° to the polarizer in the presence of the 11 wave plate
(Figure 3a, top). These results revealed the uniform align-
ment of the dendrimer cylinders over large areas. AFM height
images confirmed that the dendrimer cylinders are parallel to
the line patterns over large areas (Figure 3a, middle). Bottom
of Figure 3a shows a schematic of the cylinder alignments
along the Au line pattern direction. When a dendrimer film of
a higher thickness (1.5 wt%) was filled into the line patterns
within a range of 0.5 < t/h < 1, non-uniform alignment, which
corresponded to the coexistence of red and blue, was observed
in the reflected POM images; this alignment possibly corre-
sponded to the presence of a number of small domains with
different orientations in the observed region (Figure 3b, top).
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Figure 3. Alignment direction depending on the dendrimer film thickness. Characterization of aligned dendrimer cylinders with reflection POM images
under a 1A wave plate by rotation at —45° to the polarizer (top), and AFM images (middle) corresponding to the reflection POM images. Schematics of
aligned dendrimer cylinders depending on the ratio of the dendrimer film thickness (t) to the pattern height (h) (bottom). a) The dendrimer cylinders
confined in line patterns (w =20 nm, s =2 um, h =250 nm) with the ratio t/h =0.5. b) 0.5 <t/h <1 ¢) t/h =1, and d) t/h > 1.

AFM analysis clearly revealed the presence of a cylinder array
with two orientations around the line pattern (Figure 3b,
middle). Although two different orientations were observed
in the AFM image, a large number of different orientations
existed within a single channel over a macroscopic area, as dis-
played in Figure 3b, bottom. Interestingly, the uniform planar
orientation of the dendrimer cylinders with a long-range order
was again generated when the dendrimer film was cast with
the same thickness as the pattern height (¢/h = 1, with a den-
drimer film of 250 nm and a dendrimer solution concentra-
tion of 2 wt%). The magenta color of the POM image for the
line pattern with a t/h = 1 revealed the uniform orientation of
the dendrimer cylinders over large areas (Figure 3c, top). The
AFM image (Figure 3c, middle) provided clear evidence for the
formation of dendrimer cylinders that were oriented perpen-
dicular to the Au line pattern (Figure 3c, bottom). When the
thickness of the dendrimer film was greater than the pattern
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height (t/h > 1), relatively large domains (=20 um) of dendrimer
cylinders with different orientations were observed in the
reflection POM (Figure 3d, top) and AFM (Figure 3d, middle)
images. For t/h > 1, dendrimer cylinders, which were located
on the dendrimer film surface, might not be effectively guided
by the line patterns; thus, a non-uniform planar orientation is
observed as shown at the bottom of Figure 3d.

2.2. Competing Mechanisms for Alignment

The richness of the experimental scenarios investigating the
alignment of the supramolecular dendrimers suggested the
possibility of at least two competing mechanisms for their
alignment. These mechanisms are associated with: i) the
physical surface anchoring of the cylinders on the Au walls and
ii) the so-called geometrical anchoring imposed by the tilted
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dendrimer—air interface in the wedge-like meniscus region
near Au walls; this geometrical anchoring originates from the
elastic energy of the liquid crystal.

2.2.1. Physical Surface Anchoring on the Au Walls

Previously, several surfaces were reported to favor the perpen-
dicular alignment of dendrimer cylinders.?” This alignment
was also observed in rectangular microchannels, and several
surfaces (including Teflon AF, carbon, and Polyethylenimine
(PEI)) favored perpendicular alignment (Figures S10 and S11,
Supporting Information). Thus, it is expected that the Au ver-
tical walls of the pattern provoke a similar homeotropic surface
alignment (Figure S12, Supporting Information). Such an align-
ment can be characterized by the Rapini-Papoular anchoring
potential in the form of f,, = 1w sin?g, where W is the surface
anchoring coefficient and ¢ is the angle between the x-axis
normal to the Au wall and the local director 7. The surface
anchoring penalty for any realignment from the homeotropic
alignment can be estimated per unit length of the micro-
channel as Fo, = 7% sin?g, where 7 is the average thickness of
the dendrimer film and o2 = 1 is a positive-definite dimension-
less coefficient that accounts for a small difference between t
and the actual height of the dendrimer film measured at the Au
wall (which is slightly greater than t because of the meniscus
geometry, Figure 4a—d).

2.2.2. Geometrical Anchoring Caused by the Tilted
Dendrimer-Air Interface

Experiments demonstrated that when the dendrimer film is less
than the height (h) of the Au walls, the dendrimer—air interface
was not flat (Figure S13, Supporting Information). It was instead
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tilted by some nonzero angle y with respect to the horizontal
bottom substrate (Figure S14, Supporting Information). This
meniscus effect was clearly observed in Figure 4a 4,b, and the
dendrimer—air interface struck the Au wall at /2 —y= 1.33 (76°).

To preserve the tangential orientation to the air interface and
bottom substrate, and to maintain the alignment close to the
homeotropic alignment at the Au wall, the director must form
a splay configuration, as shown in Figure 4c. If the director
remains in the x-z plane, the elastic energy splay?®! is expressed
as ki = Kzltls 7* per unit length of the microchannel; here, K;; rep-
resents the splay elastic constant (expected to be extremely high
for cylinder phasesi?)); and s represents the channel width.
This elastic energy can dramatically decrease if the director is
reoriented away from the x-z plane and aligned parallel to the
Au walls. If the angle between the x-z plane and the director
is denoted as is ¢, then the elastic energy per unit area of the

horizontal x-y plane is expressed as follows[?33%:

F, = Kzltis [aurcsin(sin)/cosq))]2 (1)

For any non-zero tilt ¥, the elastic energy clearly exhibited
a single minimum, corresponding to ¢ = m/2, that is, to the
director being aligned parallel to the y-axis, and hence parallel
to the Au walls (Figure 4d). This preferred orientation of the
director, originating from the elastic response of the material
with a tilted confinement, has been referred to as “geometrical
anchoring.”128:3%

Different alignment regimes observed experimentally for dif-
ferent values of the ratio t/h can be explained by the balance
of the two types of anchoring, as follows. The total energy per
unit length of the microchannel is represented by the sum
F = F + F,uah, which can be expressed for small tilts y< 1 as:
os’ + awE
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Figure 4. The meniscus of the dendrimer-air interface and the alignment direction according to elastic energy. Non-flat geometry of the dendrimer—air
interface caused by a meniscus near Au walls. a) Tilted SEM image of the dendrimer-air interface. b) Calculated meniscus between the Au walls and
the dendrimer film by AFM analysis. Mechanistic scheme of the geometrical anchoring at the tilted dendrimer—air interface. c) Homeotropic alignment
at the Au wall resulting in splay deformations with a high elastic energy. d) Elastic energy is reduced to zero when the cylinders are aligned parallel to

the Au walls; the energy cost is related to the physical surface anchoring.
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The total energy minimum was clearly ¢ = m/2 for a small
thickness of the dendrimer film, t < t;, where the latter term
is the characteristic length determined by the tilt of the inter-
face yand is defined as:

_ K
fer =£1/SV“ 3)

Here, K;y/W is the anchoring extrapolation length. Using
typical experimental values of y= 0.24, s = 2 um, and assuming
o =1 and K;;/W = 0.1 um,?”) the critical thickness of the film
below which the dendrimer cylinders align perpendicularly to
the Au walls, that is, at ¢ = 7/2, is =100 nm; this result is in
good agreement with the experimental data. This regime corre-
sponds to the experimental case of the cylinders aligned parallel
to the patterned line axis when t/h = 0.5

If T > %, the model above predicts that the physical sur-
face anchoring becomes comparable to the elastic cost of
deformations. Thus, the cylinders might be either parallel or
perpendicular to the Au walls. This regime most likely corre-
sponds to the experimentally observed misaligned textures for
0.5 < t/h < 1. When t/h = 1, the meniscus tilt angle vanishes,
y = 0; thus, Fy = 0, and the only energy to minimize is the
physical anchoring energy, F,., = az;’ L sin’, which yields ¢ = 0,
that is, cylinders aligned perpendicularly to the Au walls, as
observed in the experiments (Figure S15, Supporting Infor-
mation). Finally, when t/h > 1, the alignment action of the Au
walls diminished as the area of contact between Au and the
dendrimers decreased, and the alignment became irregular
(Figure 3).

Our study represents the ordering behavior of the den-
drimer cylinders in line patterns comprising Au on a Si sub-
strate, the patterns of which were not subjected to surface
modification. This investigation did not completely explain
the ordering behavior of dendrimer cylinders depending on
various surface properties of line patterns and bottom sub-
strates, but it demonstrated the directing mechanism to better
understand the DSA of dendrimer cylinders.

2.3. Alignment of Dendrimer Cylinders with Bent Line Patterns

To investigate the feasibility of the DSA of dendrimer cylinders
with a directed line axis, a 150° bent line pattern with a high
aspect ratio (w =20 nm, s =2 um, h =300 nm) was designed
(Figure 5a). A dendrimer solution (1 wt%) in chloroform was
created and spin-coated onto the patterned area, and the den-
drimer film was then cooled from its isotropic melt state to
room temperature at a rate of 1 °C min™' to obtain a contin-
uous alignment direction along the line patterns. After cooling,
the alignment of the 100-nm-thick dendrimer cylinders filled
in the patterned area, as was confirmed by the AFM images
(Figure 5b). The meniscus between the dendrimer film and air
interface near the Au wall was clearly observed, where the tilted
angle of the dendrimer-air interface was 19°. The tilted angles
of the dendrimer—air interface near the Au walls were the same
at any position at which the meniscus was measured, including
near the angled patterns (Figure S16, Supporting Information).
Figure 5c shows a series of AFM images of the dendrimer
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cylinders in five regions of the 150° bent line patterns. AFM
was used for the direct observation of the oriented dendrimer
cylinder, which was confined in the line pattern. Notably, the
dendrimer cylinders, which were located inside the curved line
pattern, bent smoothly along the line axis without significant
defects. The connected line of five white arrows (Figure 3c),
which indicates the representative orientation of a cylinder
in each region, exhibited the same curvature of the 150° bent
line patterns. Moreover, the highly magnified AFM image of
position 3 clearly revealed bent dendrimer cylinders along the
curved guide pattern. To demonstrate that the orientation of
the cylinder was effectively guided by the high-resolution pat-
tern in the non-planar dimension, average directional angles
of the cylinder, which were obtained from five regions on the
curved area, were analyzed. The average direction of the den-
drimer cylinder, existing inside the pattern of the observed
region, is represented as a normal line (red line, A) with respect
to the connection line (blue line) between two spots of the cor-
responding FFT patterns. The average directional angle (®) is
defined as the angle between the red normal line (A) and the
vertical line (B). The average direction angle (®) from position
1 to position 5 changed from 12.49° to —17.47°. Particularly, the
directional angle difference of positions 1 and 5 was 29.97°; this
value matches the angle difference (=30°) of the guide patterns
of positions 1 and 2, thereby providing additional evidence that
the direction of the ordered dendrimer cylinders follows the
guide pattern.

3. Conclusion

In this study, a method for the DSA of supramolecular den-
drimers with a high resolution (<5 nm) by graphoepitaxy was
successfully developed. Cylinders from supramolecular den-
drimer films with a high resolution exhibited a planar ordering
with long-range lateral (>4 cm x 4 cm) order via topographical
templates with a high aspect ratio (>10) and high spatial reso-
lution (=20 nm). The alignment direction of the cylinders was
critically dependent on the ratio of the dendrimer film thick-
ness (t) to the pattern height (h) of the guiding template.
The dendrimer cylinder exhibited a parallel planar orienta-
tion along the guiding line at t/h =0.5, whereas it exhibited a
perpendicular orientation with respect to the line template at
t/h =1. Theoretical calculations demonstrated that this result is
related to two competing mechanisms: i) the physical surface
anchoring of the cylinders on the Au walls and ii) the geomet-
rical anchoring imposed by the tilted dendrimer-air interface,
originating from the elastic energy of the liquid crystal. Hence,
the orientation of a high-resolution dendrimer cylinder over
a macroscopic area was achieved by guiding topographical
templates, with a high aspect ratio and spatial resolution, via
simple thickness control.

The remained challenges of supramolecular structures, which
have to be solved for nanolithography, are the formation of a
monolayer film and pattern transfer to a substrate. After accom-
plishing these challenges, dendrimer-based bottom-up lithog-
raphy will be a potential technique to generate dense areal packing
of sub-5 nm patterns. Furthermore, supramolecular templating
method is expected to be applied for different supramolecules,
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ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Height (um)
o
o

10 15 20 25
Distance (pm)

Figure 5. Alignment of dendrimer cylinders with bent line patterns. a) Schematic of the aligning dendrimer cylinders by the 150° bent line patterns of
a high aspect ratio (width of 20 nm, space of 2 um, height of 300 nm). b) AFM images of the dendrimer films filled in the 150° bent line patterns and
measured meniscus at the dendrimer—air interface near the Au walls by AFM analysis. c) Continuous AFM images and the corresponding FFT images

of the dendrimer cylinders along the bent line patterns.

such as cubic, hexagonal, lamellae, and other complex structures,
then various sub-5 nm pattern designs will be proposed.

4. Experimental Section

Materials: A taper-shape dendrimer, propyl 3,4,5-tris(3,4,5-tris(4-
(dodecyloxy)benzyloxy) benzyloxy)benzoate, was synthesized according
to a previously reported method (Figures S1 and S2, Supporting
Information).22311 The phase transition was described as follows: Cr.
—22 °C, Col, 86 °C, Iso.

Preparation of a Silicon Trench: Rectangular microchannels were
fabricated on Si(100) wafers by photolithography, the features of which
were controlled by tuning the wet etching conditions.??

Preparation of High-Aspect-Ratio Line Patterns: A polystyrene (PS)
film (M, = 18000 g mol™', 5 wt% solution in anhydrous toluene)
was spin-coated on a silicon wafer comprising a native oxide layer
(=20 nm). A polydimethylsiloxane (PDMS) mold (Sylgard 184 and
curing agent, 10:1 by weight, Dow Corning), which was replicated from
the silicon pattern (width of 1 um, space of 1 um, depth of 600 nm),
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was placed on the PS film. The PS film was filled into the spaces of
the PDMS mold above the glass transition temperature (135 °C) under
vacuum conditions. The 20-nm gold film was deposited onto the PS
pre-pattern by e-beam evaporation. The gold film was deposited on the
sidewall of the PS pre-pattern by Ar* ion milling. The PS pre-pattern
was removed by reactive ion etching (RIE, O,, 100 sccm, 20 mTorr).
High-aspect-ratio line patterns were obtained after the removal of the
PS pre-pattern.

Alignment of Dendrimer Cylinders: The dendrimer solution (dissolved
in chloroform (Aldrich)) was spin-coated (3000 rpm, 30 s) onto the line
patterns. Samples heated above the isotropic temperature (87 °C) using
a hot stage (LTS350, Linkam) were cooled to the room temperature at a
rate of 1 °C min~".

Characterization:  Textures of the dendrimer-based cylindrical
structures were observed by polarized optical microscopy (LV-100POL,
Nikon) equipped with a 530 nm 14 wave plate and a charge-coupled
device (CCD) camera. Surface morphologies of the cylindrical structures
and the dendrimer film thickness were observed by tapping-mode
atomic force microscopy (AFM, Bruker, Multimode-8). AFM images
were analyzed by Nanoscope analysis. Scanning electron microscopy
(SEM, S-5000, Hitachi) images were recorded to observe the dendrimer—

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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air interface near the Au walls. GISAXS measurement was carried out
at the Pohang Accelerator Laboratory (PAL) with the small-angle X-ray
scattering (3C1 SAXS) beamline.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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