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Hierarchical Ordering of Quantum Dots and Liquid with
Tunable Super-Periodicity into High Aspect Ratio Moiré

Superlattice Structure

Soo-Yeon Cho, Hwan-Jin Jeon, Jong-Seon Kim, Jong Min Ok, and Hee-Tae Jung*

In this work, a new approach for construction of high aspect ratio complex
moiré superlattice structure with versatile super-periodicity is developed
using the moiré fringe and secondary sputtering lithography. Wide assort-
ments of high aspect ratio complex superstructures having different features
on a 10 nm scaled wall are easily fabricated from simple starting components.
More important is the finding of a new microscale phenomenon, consisting
in trapping fluids in the centres of the moiré hexagonal fringes, as the con-
sequence of the modulation of local hydrophilicty of the pattern. Using this
phenomenon, target materials can be selectively and hierarchically confined
within the moiré superlattice. Hierarchical nanoparticles (QDs) ordering with
tunable super-periodicity into selective area of moiré superlattice are suc-
cessfully demonstrated by just solution-casting of toluene based QD solu-
tion on patterned surfaces. This observation is expected to elucidate the key
morphological factors that govern the physics of liquid behavior on a complex

including both bottom-up and top-down
approaches, have been developed for the
fabrication of complex superlattice struc-
tures using the moiré fringe technique.
Several bottom-up fabrication methods,
which include block-copolymers,l DNA
crystals,’) polymer microparticles,® col-
loidal crystals,”) and self-assembled nano-
rod arrays,®% have been suggested for the
formation of moiré superlattice structures.
However, such soft-material-based moiré
superlattice  structures contain many
defects and imperfections over a large
area, limiting their potential application in
areas such as plasmonic substrates,!%11]
hard templates for lithography, and
self-assembly.l'2141 On the contrary, top-

patterned substrate. Accordingly, in the near future, this facile approach for
complex superlattice structure could be used as optical substrate for imaging
applications and open interesting perspectives in the assembly processes and

the handling of the nano-microsized particles.

1. Introduction

The development of complex lateral superlattice structures com-
posed of nano-particles or nanopatterns has greatly enhanced
the performance of a variety of nanotechnology and optoelec-
tronic devices.!-3l Recently, moiré fringes resulting from the
mismatch between two lattices were shown to be a powerful tool
for the generation of micro- and nanoscale complex superlattice
structures.[l These patterns, initially only of aesthetic interest,
can now be fabricated easily onto a wide assortment of super-
structures having various feature dimensions, through simple
modification of the mismatch angles. A variety of methods,
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down approaches such as nano-imprint
lithography,®!  ion-beam lithography,'®!
mechano-photopatterning,l'’]  and rota-
tional-photolithography!'®  produce a
highly crystalline superstructure without
defects and imperfections, and with high
accuracy and reproducibility.

Despite considerable progress in this area, major challenges
remain in the development of complex nano-scaled moiré pat-
terns with multiple functions and multiple materials, and more
research is required to greatly expand their application range.
It is essential that the target materials for building up moiré
patterns be diverse, from soft to hard materials, forming a
robust superstructure. Having a diverse range of materials as
candidates for forming moiré patterns can widen their range of
application. In addition, complex superlattice structures having
diverse functional properties should require only a simple fabri-
cation method with high throughput, without needing complex
process conditions or specialized optically sensitive materials.

In the study described below, we have developed a new pro-
cedure for the construction of multi-functional complex moiré
superlattice structures, through an advanced secondary sput-
tering lithography (SSL) technique. The SSL technique devel-
oped by our group can achieve 10 nm scale nano-patterns
through the secondary sputtering phenomenon during the
ion-bombardment process.'>?2 A significant step was taken
towards the realization of complex nano-scaled moiré superlat-
tice structures, through the use of a multi-step SSL procedure.
Along with control over the misorientation angle, we achieved
highly periodic and high aspect ratio moiré superlattice
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structures over large areas. In addition, various complex moiré
superlattice structures, including hole-cylindrical, ellipsoidal,
and triangular shaped patterns, can be easily fabricated using a
single pillar-shaped master pattern.[1921.22]

Interestingly the resulting high aspect ratio complex moiré
superlattice structures show a unique liquid trapping property:
When a thin liquid layer was placed on the moiré substrate, the
liquid droplet was selectively and periodically confined within
the core of the hexagonal moiré superlattice, which has a rela-
tively low pattern density. In addition, we demonstrate that high
aspect ratio nano-scaled complex superstructures show inten-
sive capillary forces on liquid droplets. Combining advantages
of these two phenomena (moiré fringe and secondary sput-
tering phenomenon), we successfully demonstrate that nano
particles (quantum dots (QDs)) can be selectively and periodi-
cally self-ordered into predetermined area of moiré superlat-
tice structure. This unique substrate can potentially be used
as optical substrates of imaging applications and plasmonic
substrate while providing micron and sub-micron alignment
ability.

This simple, rapid, and versatile superlattice fabrication pro-
cess offers the potential for the production of multi-functional
and multi-material structures with unique shapes. While dif-
ficult to achieve with previous lithographic techniques, this is
made possible by the moiré fringe technique and SSL.

2. Result and Discussion

The schematic in Figure 1 illustrates the process to fabricate
a moiré superlattice structure with 10 nm walled hole-cylinder
patterns using a double-step SSL technique. Firstly, the gold
particles of the bottom gold layer (20 nm) were etched and
emitted to the side surface of polystyrene (PS) pre-patterns
with wide angle distribution, through the secondary sput-
tering phenomenon during the Ar ion-bombardment process™”!
(Figure 1a). It is noteworthy to mention that while we used gold
as the target material in this study, different types of metal or
semiconductor moiré superlattice structures can be prepared,
provided that different target layers are deposited onto a sub-
strate.l' Then, =400 nm thick PS films were spin-coated onto
the patterned hexagonal shape of the hole-cylinder substrate
with a =10 nm wall thickness resulting from the first SSL pro-
cess (Figure 1b). The PS layer should be thick enough to cover
the entire area of the pre-patterned hexagonal array. An iden-
tical PDMS mold to that used in the first SSL process was then
pressed onto the PS surface at various misorientation angles
(Figure 1c). The second PS pre-pattern was formed above the
glass transition temperature (T,) by capillary force within the
hole-cylinder hexagonal array, and the residue was removed by
the RIE process (Figure 1d). Finally, repeating the secondary
sputtering phenomenon with the same procedure as in the first
process, we can generate high aspect ratio moiré superlattice
structures with complex nano hole-cylinder patterns (=10 nm
wall thickness). Because SSL pattern shows ultra-thin wall
thickness (10 nm) and high aspect ratio (3) characteristics, the
first SSL pattern didn't significantly etched out during aniso-
tropic etching of second ion-milling process. As the degree of
misorientation is varied from a small angle (Figure le) to a
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large angle (Figure 1f), hexagonal moiré superstructures with
various feature dimensions and densities can be fabricated. As
a result, complex superlattice structures having a broad range
of periodicity can be prepared from a single pre-pattern by a
combined SSL and moiré fringe technique. It is important to
note that additional patterning processes (triple, quadruple, and
multi-step processes) can be performed to fabricate more com-
plicated superstructures.!??

Figure 2a shows a representative scanning electron micro-
scope (SEM) image of a high aspect ratio complex moiré
superstructure on a glass substrate, revealing the formation of
a highly ordered, periodic lateral superlattice over a large area
(5 mm x 5 mm). The moiré pattern was formed by the double-
step SSL process, in which the single hexagonal array under-
went a secondary SSL process at a rotation angle of 15°. A fast
Fourier transform (FFT) shows that the moiré superlattice con-
sists of a single crystalline structure with an average hexagon
periodicity of 3.5 um (inset, left-bottom of Figure 2a). A magni-
fied image shows novel nano-scale hole-cylinder arrangements
with a periodically varying motif distribution (inset, top-right of
Figure 2a). In the central part of a single moiré pattern, two
hole-cylinder patterns precisely overlap, giving rise to a rela-
tively low pattern density. The farther from the center of the
hexagon, the more isolated overlapped motifs become, gener-
ating higher pattern density. Magnified SEM images and AFM
height profiles further confirm that individual gold hole-cylin-
ders in the superlattice array have a high aspect ratio (h/w = 30)
and extremely small wall size (10 nm) (Figure 2b). In Figure 2c
we show a photograph of the moiré pattern fabricated on a flex-
ible PET film substrate. As the SSL technique enables fabrica-
tion of robust pattern arrays having high adhesion to the sub-
strate, the fabrication of a complex superstructure on a flexible
polymer substrate is realized. Due to the high aspect ratio of
the gold nano pattern, our moiré superstructure is highly opti-
cally transparent (=75%), in spite of the high density of com-
plex superstructures.

As moiré fringes are highly sensitive to the misorientation
angle between the superimposed layers,/?}l a wide assortment
of complex superstructures can be easily fabricated from a
single pre-pattern simply by varying the misorientation angle
(Figure 3). Figures 3a—f show various moiré superlattice struc-
tures generated from six different misorientation angles (20°,
14°,10°, 8°, 5°, and 1°). As the misorientation angle decreases
from 20° to 1°, the FFTs exhibit more regular six-fold sym-
metry (inset, top-right of Figure 3a-f). In particular, for 6 =
20°, a complex aperiodic pattern resembling a 2D quasi-crys-
talline array was fabricated. This array exhibits almost 12-fold
symmetry, which is incommensurate with the typical order of
a moiré pattern. The corresponding periodicities in the moiré
superstructures of Figure 3a—f are measured as 3, 4.9, 6.4, 7.5,
16.6, and 45 pm, respectively. Accordingly, moiré patterns with
feature dimensions in the range of =3 pm to =40 pm can be
fabricated by changing the misorientation angle from 6 = 1° to
6 = 20°. The experimental measurements of the periodicities
of the moiré patterns are in good agreement with the value cal-
culated by the elementary superlattice theory (calculated data
and graph is shown in Supporting Information Figure S2).
In fact, the periodicity of the hexagonal moiré pattern is well
described by the Rayleigh relation, D = d/[2sin(6/2)],* in
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Figure 1. Schematic illustration showing the fabrication of a high aspect ratio moiré superlattice structure. a) The gold particles of the bottom gold
layer (25 nm) were etched and emitted to the side surface of PS pre-patterns with a wide angle distribution, via the secondary sputtering phenomenon.
b) The resulting patterned substrate was spin-coated with a thick layer of PS. c) A PDMS mold with the same lattice constant was pressed onto the PS
surface at various misorientation angles. d) Using RIE the residue is removed and the secondary SSL process is then repeated. e,f) According to the
rotation angle, various superstructures are fabricated.

which the periodicity (D) of the moiré pattern depends on the  is 60°. For example, for the misorientation angles 6 = 10°, 50°
lattice constant (d) of a single motif and the misorientation (=60 — 10), and 70° (=60 + 10), the periodicity (D) is estimated
angle (6). As a single element of the superlattice is hexago-  to be =6 pm. In addition, if the misorientation angle is equal
nally organized, the Rayleigh relation is valid only when 0°< 6  to multiples of the hexagonal periodicity (60°), the superim-
< 30°, and when the angular periodicity in the moiré pattern  posed motifs exhibit no distinct angular difference. Therefore,
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Figure 2. a) SEM image of a representative moiré superlattice structure. The periodicity of the superlattice is 3.5 pm, and the size of each moiré hexagon
is 5 pm. The inset on the top-right shows decreasing density of the patterned area, and the inset on the bottom-left shows the FFT pattern of the SEM
image. b) SEM image of a representative single SSL array. Nano hole-cylinders are highly organized into the hexagonal superlattice. AFM data confirm
a high aspect ratio (=30) and extremely small wall size (10 nm). c) Photo-image of the moiré superlattice fabricated on a flexible PET film. Due to the
uniqueness of the SSL pattern, the superstructure shows high optical transparency (=75%) (bottom graph).

the precisely overlapped hexagonal array of the SSL pattern We found that our complex moiré superlattice structures
can be generated from superimposed patterns, if the position — with high aspect ratio are very useful for highly selective
of the second pattern is well-controlled with respect to the liquid trapping with super-periodicity. Figure 4a,b illustrates
first set of hexagonal motifs (see Supporting Information, an optical microscope image and a possible mechanism for
Figure S3). liquid trapping on the moiré superlattice structure. Once the
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Figure 3. SEM images of various complex moiré superlattice structures. The superlattices are formed with a misorientation angle of a) 20°, b) 14°,
c) 10°, d) 8°, e) 5°, and f) 1°. The FFTs of the moiré patterns are shown in the insets (top-right of each figure). The yellow hexagonal dashed line indi-
cates the periodicity and size of the moiré hexagon. Based on the elementary theory of the moiré fringe, as the rotation angle decreases (20° — 1°),

the periodicity of the superlattice increases (3 pm — 45 pm).

three-phase line of water began to shrink (corresponding to
the flow of water from left (A) to right (C)), the unique optical
images formed by the diffraction of light within the thin film of
water could be observed (region B in Figure 4a,b). Consecutive
snapshots of this process are shown in Figure 4c. After =1.0 s
of evaporation, the water films are densely confined within the
core region of the hexagonal moiré pattern. Considering
Bragg's law (nA = 2d sin6) with a wavelength of visible light, it
is expected that the liquid was densely and regularly confined
within each moiré hexagon, creating a periodic liquid droplet
superlattice on the surface (Figure 4d-f). The confined water
within each moiré hexagon has about =300 nm thickness calcu-
lated by Bragg’s low, showing a long-range order of hexagonal
periodicity. This is a consequence of the fact that the moiré vari-
ation in pattern density of the gold hole-cylinder structure with
a high aspect ratio has a strong effect on the pinning forces of

Adv. Funct. Mater. 2014, 24, 6939-6947
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the liquid on the pattern, resulting locally tuned wettability of
patterned surfaces.

In order to further verify the periodic liquid trapping
behavior, we implemented a controllable boundary confine-
ment of commercial ink solution (water mixed with black ink)
on the superlattice substrate. Figure 5a shows optical micro-
scope images of a moiré superlattice structure before (left of
image) and after (right of image) the application of ink solu-
tion. It is apparent that the black ink solution was trapped
only in the central region of the hexagonal moiré superlattice.
For both large (=10 pm) and small (=5 pm) hexagonal moiré
superlattices, the ink solutions were trapped only in the central
region of the hexagon. As this unique superlattice structure has
a high aspect ratio, strong capillary forces acting on the liquid
might be present in each hole-cylinder pattern, enabling inten-
sive trapping of the ink solution (see Supporting Information,
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Figure 4. a,c—f) Optical microscope images of the evaporation procedure on a high aspect ratio moiré superlattice structure and b) schematic of the

flow of a water droplet on the patterned surface. a) A thick droplet of water flows on the “C” region. The ‘A’

region is almost dry. The intermediate

region B shows diffracted light, indicating the confinement of water. c) Snapshots of the evaporation process (clockwise from top-left image). e) With
an enlarged image, a hexagonally organized confined liquid droplet is clearly seen behind the evaporation line. d) At the bluish region, a thin layer of
water is confined and f) at the reddish region, a thick layer of water is confined within the hexagonal moiré patterns.

Figure S5). However, because the area specific density of the
superlattice is significantly different between the central and
edge regions of each moiré hexagon, the strength of the applied
capillary forces is also different. This implies that the ink solu-
tion can be trapped within each moiré hexagon due to differ-
ence of hydrophobicity derived from specific density of the
moiré patterns and finally selectively trapped in central part of
the gold hole-cylinder pattern (right image of Figure 5b). There-
fore, the ink solution was not trapped at the edge of the moiré
hexagon (left image of Figure 5b). As a result, it is expected that
by varying the periodicity of the moiré superlattice by simple
modulation of the misorientation angles, control of the liquid
trapping site can be achieved.

Using this unique property, we successfully demonstrate
hierarchical nanoparticles (QDs) ordering with tunable super-
periodicity into selective area of moiré superlattice by just
solution-casting of toluene based QD solution on patterned sur-
faces. Delivering of nanoparticles or other solution-processed
nanomaterials into user-defined array is a hard challenging
area that applied to various research fields of basic science and
technology.[?>! For example, by delivering the bio-markers into
a several square micrometers of hot-spot structure in which
electromagnetic energy is concentrating, the superior plas-
monic imaging application can be performed.l?® Figure 6a—c
shows confocal microscope image of hierarchically ordered
QDs superlattice with tunable super-periodicity from submicro
to =20 micrometer scale. Left column of figure shows confocal
scanning images and right column of figure shows combined
image of optical microscope images and confocal scanning

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

images. SEM images (inset, top-right of Figure 6a—c) show orig-
inal moiré superlattice template for each QD ordering experi-
ments. The combined images demonstrate that QD particles
are only trapped in core parts of each moiré hexagon following
super-periodicity of superlattice structure and not trapped in
edge parts of each hexagon. With varying the periodicity of
moiré superlattice structure by modification of misorientation
angles, we easily modulate the alignment shape and super-
periodicity. It is important to note that various kinds of nano-
micro sized solution-processed particles can be easily ordered
in moiré superlattice structure by just changing casted solution.

3. Conclusion

In conclusion, we have developed a new approach for the
construction of complex superlattice structures with versa-
tile super-periodicity using moiré fringe and secondary sput-
tering phenomenon. Wide assortments of high aspect ratio
complex superstructures having different features on a 10 nm
scaled wall were easily fabricated from simple starting com-
ponents. In addition, as a result of the unique combination of
the moiré fringe and SSL hole-cylinder pattern, we observed a
novel micro-hydrodynamic phenomenon: Liquid is selectively
trapped during evaporation on the patterned surfaces, a process
dependent on the periodicity of the moiré superlattice struc-
ture. Using this phenomenon, we can selectively and hierar-
chically confine target materials within the moiré superlattice.
Our observation is expected to elucidate the key morphological

Adv. Funct. Mater. 2014, 24, 6939-6947
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Figure 5. a) Optical microscope images of a hexagonally confined solution within a moiré superlattice structure, indicating super-periodicity. Due to
the unique wetting property of the complex moiré pattern, solutions tend to be confined within the central part of each hexagon regardless of the size
of the hexagon. b) Captured molecules within 3D hole-cylinder patterns are clearly shown (optical microscope image, left). Due to the high density of
the SSL pattern in the edge area, difference of hydrophobicity is induced. The cohesive force on the liquid droplet is applied to the central part, which

has a low pattern density (SEM image, right).

factors that govern the physics of liquid behavior on a complex
patterned substrate. Accordingly, in the near future, this facile
approach for complex superlattice structure could be used as
optical substrate for imaging applications and open interesting
perspectives in the assembly processes and the handling of the
nano-micro size particles.

4. Experimental Section

Fabrication of Moiré Pattern: We used a silicon master mold consisting
of a hexagonally patterned array of cylindrical posts, each being
400 nm in diameter and with 1000 nm of spacing. The entire area of
the pattern was 10 mm x 10 mm. To realize secondary sputtering, a thin
polystyrene (PS) film (2 wt% of PS (molecular weight = 18 000 g mol™")
in anhydrous toluene) was spin-coated onto a glass substrate. Then, the
poly(dimethylsiloxane) (PDMS) mold (Sylgard 184, Dow Corning; 10:1

Adv. Funct. Mater. 2014, 24, 6939-6947
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ratio of prepolymer to curing agent) was pressed onto the PS spin-coated
surface and heated above the glass transition temperature (135 °C) in
a vacuum oven in order to drive the PS polymer into the void spaces
of the mold pattern by capillary forces. The fabricated PS pattern array
on the substrate was subsequently removed under low vacuum O,/CF,
RIE (40/60 sccm, pressure: 20 mTorr, RF power: 80 W). Following that,
Au was deposited on the array by a thermal evaporation process, up to
25 nm layer thickness. An ion-milling process with Ar* gas was then
applied to the pre-patterned surface sputtering pre-deposited Au layer.
Finally, O, RIE (100 sccm, pressure: 20 mTorr) was used to remove the
core PS polymer, resulting in the SSL pattern array. To make the moiré
superlattice structure, polystyrene (PS) film at a high concentration
(8 wt% of PS (molecular weight = 18 000 g mol™") in anhydrous toluene)
was again spin-coated onto the fabricated hexagonal SSL pattern array
with =400 nm film thickness, and the same PDMS mold was pressed
onto the surface at various misorientation angles. This embossing
process was done on a hot plate (155 °C), and, by repeating the same
SSL procedure, a moiré superlattice structure consisting of gold hole-
cylinder patterns can be obtained. To fabricate flexible superlattice

wileyonlinelibrary.com

6945

dadvd T1Tind



-
™
<
[
-l
wd
=
™

6946

FUNCTIONAL

www.afm-journal.de

a) Large moiré superlattice

Confocal image

Medium moiré superlattice

Confocal image

C) Small moiré superlattice

Confocal image

'a\
M“h‘\liir’ﬁ

www.MaterialsViews.com

Confocal + optical microscope image

Confocal + optical microscope image

Confocal + optical microscope. image

Figure 6. a—c) Confocal microscope image of a hierarchically ordered quantum dots (QDs) superlattice within the moiré superstructure. Insets (top-
right) show the SEM image of each moiré superlattice structure. Regardless of the periodicity of the moiré pattern (sub-ym to 20 pm), the target
nano-materials (QDs) are highly organized in the central parts of the moiré superstructure following super-periodicities of original moiré templates.

array, 5 cm x 5 cm PET film attached to Si wafer is used as substrate.
Same procedure for secondary sputtering and moiré fringe technique is
followed.

Liquid Confinement: A patterned glass substrate was placed on an
optical microscope and 20pL of distilled water was placed on the moiré
patterns. The entire evaporation procedure was then recorded. In order
to elucidate the exact mechanism of self-assembly of the water droplets,
20 pL of distilled water mixed with black pen ink (monami153, Korea)
was placed on the moiré patterns. After evaporation, core assembled
structures were observed.

Quantum Dots Ordering within Moiré Superlattice Structures: CdS-
ZnSe core-shell structure QDs were purchased from QD solution in
a 15 mg mL™ toluene-based solution (A,, = 578 nm, A, = 594 nm).

wileyonlinelibrary.com
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The QD solution was further diluted with toluene to a concentration
of 1 mg mL™'. A patterned glass substrate was spin-coated with
100 pL of this toluene based QD solution. After spin-coating process,
patterned substrate is dried in room temperature for 20 min. With
confocal microscope (LMS510 META NLO, Carl Zeiss), fluorescence
image of QD ordering is obtained. To observe the fluorescence signals
from the QDs with an excitation wavelength of 578 nm, a 543 nm
HeNe laser was used as the input source with a BP 565-615 filter at
80% power.

Characterization: SEM (Sirion FE-SEM, FEI) was used to obtain
images and to confirm the composition of materials. The incident
energy of the electron beam was between 1 and 10 kV. The evaporation
procedure and droplet structure were observed using an optical

Adv. Funct. Mater. 2014, 24, 6939-6947
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microscope (OM) (LV-100POL, Nikon) equipped with a charge-coupled
device (CCD) camera.

Supporting Information

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