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N
anosphere lithography (NSL), also
known as colloidal lithography,
employs a monolayer or bilayer of

close-packed colloidal spheres as masks to
create patterns on the underneath sub-
strates.1 Compared with traditional litho-
graphic tools such as photolithography,
e-beam lithography (EBL), and focused-ion
beam (FIB) milling, NSL holds great advan-
tages because of its high throughput and
low cost. In particular, NSL has been widely
used to fabricate periodic plasmonic metal
nanoparticle arrays, resulting in triangular-
shaped and quasi-spherical nanoparticles
from monolayer and bilayer sphere masks,
respectively.2,3 Other shapes of nanostruc-
tures, such as nanodisks,4,5 nanocrescents,6�8

and nanorings,9 have also been fabricated
through a multistep fabrication process
involving dry etching and/or angled
deposition.10�13 These nanostructures with
miscellaneous shapes are promising candi-
dates for a number of applications, such as
surface-enhanced spectroscopy,7,14 photo-
catalysis,15 active plasmonics,16�19 and
biochemical sensing.20,21 Very recently,
Nemiroski and colleagues have expanded
the capability of NSL via sequential metal
deposition from different angles through

plasma-etched microspheres to fabricate
periodic complex metasurfaces.22

In general, the colloidal sphere masks are
fabricated with various methods such as
drop-casting, spin-coating, and convective
self-assembly.23�26 The quality of themasks
is critical for achieving well-defined metal
nanoparticle arrays. Tremendous efforts
have been made to obtain high-quality
monolayer or bilayer colloidal layers.26�28

In particular, convective self-assembly has
been developed for large-area patterning in
horizontal25,29 or vertical versions,24 where
colloidal spheres self-assemble into close-
packed crystals as a result of the capillary
force and hydrodynamic force. The crystals
formed this way assume configurations
with minimal free energy, leading to a
hexagonal-close-packing (HCP) pattern for
a monolayer crystal and face-centered-
cubic (FCC) pattern for a multilayer crystal.
In practice, the crystalline structure is com-
plicated by substrate defects and external
disturbances during the self-assembly
process. Usually, HCP and FCC structures
coexist for bilayer or bulky crystals together
with structural defects such as cracks,
vacancies, and dislocations. Choi et al.
took advantage of the various crystalline

* Address correspondence to
Chen.Kai@nims.go.jp;
Nagao.Tadaaki@nims.go.jp;
zheng@austin.utexas.edu.

Received for review February 11, 2015
and accepted May 28, 2015.

Published online
10.1021/acsnano.5b00978

ABSTRACT We have developed moiré nanosphere lithography (M-NSL),

which incorporates in-plane rotation between neighboring monolayers, to

extend the patterning capability of conventional nanosphere lithography

(NSL). NSL, which uses self-assembled layers of monodisperse micro/

nanospheres as masks, is a low-cost, scalable nanofabrication technique

and has been widely employed to fabricate various nanoparticle arrays.

Combination with dry etching and/or angled deposition has greatly

enriched the family of nanoparticles NSL can yield. In this work, we introduce a variant of this technique, which uses sequential stacking of polystyrene

nanosphere monolayers to form a bilayer crystal instead of conventional spontaneous self-assembly. Sequential stacking leads to the formation of moiré

patterns other than the usually observed thermodynamically stable configurations. Subsequent O2 plasma etching results in a variety of complex

nanostructures. Using the etched moiré patterns as masks, we have fabricated complementary gold nanostructures and studied their optical properties.

We believe this facile technique provides a strategy to fabricate complex nanostructures or metasurfaces.
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structures and demonstrated versatile nanopatterning
based on reactive ion etching (RIE) of bilayer and
trilayer crystals.30,31 Still, the self-assembly process
has limited the colloidal crystalline structures to a few
configurations due to the energy minimization. As a
result, it has remained challenging to further expand
the morphologies of nanostructures that can be
achieved with NSL.
Herein, we add another twist for nanopatterning

with NSL. Unlike conventional formation of a bilayer
crystal in a single spontaneous self-assembly step, we
sequentially construct a bilayer crystal in a layer-by-
layer fashion from monolayers of colloidal spheres at
the water�air interface. This sequential packing allows
for the formation of moiré patterns through the in-
plane twist or rotation between the ordered domains
in the bottom and top layers. O2 plasma etching on the
bilayer moiré crystals leads to a variety of unorthodox
nanopatterns. Moiré patterns, the superposition of
periodic layers, have been used for image process-
ing,32 anticounterfeit measures,33�35 and refractive
index sensing.36 More recently, plasmonic quasicrys-
tals have been fabricated using moiré patterns as
masks.37,38 These plasmonic quasicrystals could offer a
broadband, polarization-independent response show-
ing potential for novel light-trapping techniques.39�41

Moiré NSL (M-NSL) was coined for our proposed
technique to emphasize the formation of moiré crys-
tals with this simple yet highly effective extra step.
We used these etched structures as masks to fabricate
the complementary gold nanostructures with tunable
optical properties. M-NSL has considerably expanded
the capability of conventional NSL and provided
a new strategy to engineer exotic plasmonic nano-
antennas42,43 and metasurfaces.44�46

RESULTS AND DISCUSSIONS

Colloidal Bilayer Formation. Figure 1a illustrates the
experimental setup we used for the formation of
colloidal layers as masks for M-NSL. The polystyrene
(PS) nanospheres self-assemble into a close-packed
monolayer at the air/water interface (see Methods
section). Subsequentwater draining transfers themono-
layer onto a clean substrate or onto another mono-
layer already deposited on the substrate (indicated as
“substrate” in Figure 1a). The container of the water
reservoir is inclined at ∼5� to the horizontal surface,
which helps to drive the floating monolayer toward
the lower side of the container where the substrate
is located. As the water is slowly draining out of the
container, the lower corner also forms a confined envi-
ronment for the floating monolayer, facilitating the
stacking of the second layer on the substrate.

Comparedwith conventional self-assembly process,
this sequential deposition of one monolayer on top
of another provides the opportunity for the in-plane
rotation between the two layers. The relative rotation

transforms the yielded structures of bilayer crystals and
leads to the formation of moiré patterns. The bilayer
formation process with spontaneous self-assembly and
layer-by-layer stacking is schematically illustrated in
Figure 1b and c, respectively.

In conventional spontaneous self-assembly as shown
in Figure 1b, the attractive capillary force between the
spheres enables the formation of close-packed bilayer
crystals on substrates.Water flows to this region bringing
more colloidal spheres and driving the continuous
growth of the crystal. As the water evaporates from the
colloidal crystals, the spheres in the top layer settle down
on the interstices of the bottom layer because this
configuration is thermodynamically favored. Experimen-
tally, other configurationsmay coexist due to the defects
and the small free-energy difference among the config-
urations.However, it has remained challenging to control
the formation of different configurations, limiting
their application as lithography masks. In our sequential
stacking of bilayer crystals as illustrated in Figure 1c,
an additional tuning factor is introduced: the relative
in-plane rotation between the top and bottom layer.
During the stacking process, the PS spheres in the top

Figure 1. (a) Illustration of the setup for the formation of
monolayer and bilayer PS spheres at the water�air inter-
face. The sizes of the components are not scaled to their
actual dimensions. The substrate is either a clean glass slide
for the first monolayer deposition or an already-deposited
monolayer ready for stacking of the second layer. (b) Cross-
sectional illustration of conventional spontaneous self-
assembly process for the formation of bilayer crystals. The
spheres in the top layer reside in the interstices of the
bottom layer dictatedby thermodynamic stability. (c) Cross-
sectional illustration of layer-by-layer sequential stacking
for colloidal bilayer formation. The spheres in the top layer
can reside on the top and on the shoulder of the spheres as
well as in the interstices of the neighboring spheres of the
bottom layer. The different color for the spheres used in (c)
is just for the sake of clarity between the first and second
layer. The spheres are the same.
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layer are joined together by the van derWaals force, and
thus they lack freedomofmovement, unlike those in the
conventional method illustrated in Figure 1b. Further-
more, the top layer is confinedby thewater front and the
container boundary. As a result, the positioning of the
PS spheres in the top layer is considerably affected, and
they not only can stay in the interstices of neighboring
spheres in the bottom layer but also stay on top or
shoulder of the spheres in the bottom layer, which are
considered not stable and inaccessible in conventional
spontaneous self-assembly. The van der Waals force is
strong enough to ensure that the positioning of the top
layer is not affected as the water dries off.

The positioning freedom of the top layer over the
bottom layer opens up a newwindow of opportunities
for tuning patterns. The rotational disorder of the top
layer spheres results in the formation of moiré patterns
as detailed later in the text. An equivalent scenario
is observed in the case of graphene, wherein twisted
adjacent layers are observed, in turn yielding the
patterns.47 In a separate work, secondary sputtering
lithography and block copolymer moiré superstruc-
tures have been employed for creating various super-
lattice structures.48,49 Hence, the usage of moiré
patterns has proved to be a versatile technique for
the formation of complex superlattices and plasmonic
nanostructures.37,38,50,51 With the ability to incorporate
moiré patterns in NSL, we have managed to generate
complex nanopatterns in a high-throughput and low-
cost way.

Complex Nanopatterning. After construction of the
bilayer crystals with sequential stacking, the samples

were exposed to O2 RIE. Figure 2 shows the scanning
electron microscopy (SEM) images of one type of
nanopattern of the bilayer crystals after the O2 etching.
In all the panels, the top and bottom layers are
distinguishable based on the contrast of the image.
The top layer appears white, while the bottom layer
appears grayish with the void space between the
etched spheres as black.

Figure 2a and b show SEM images of one type
of nanopattern with different magnification, and
Figure 2c shows a zoom-in SEM image of a “repeating”
unit of the pattern: a star-like void pattern (black
region) surrounded by six similar features. It is clear
that not all the spheres in the top layer dwell on the
interstices of the spheres in the bottom layer. The
colloidal spheres in the bottom layer no longer appear
spherical after the dry etching due to the masking of
the top layer, as evidenced in Figure 2c and d. It is also
noted that, as shown in Figure 2a and b, the config-
uration of each unit is not exactly the same, and thus
the structure does not precisely repeat itself. However,
the units do have high resemblance to each other.
The variation can be further minimalized when the
patterns are fabricated with defect-free high-quality
monolayers of colloidal spheres.

Furthermore, other components with different
shapes can be systematically added to the “repeating”
unit to build more complex patterns, as shown in
Figure 3. Similar to Figure 2, the white, gray, and black
regions in the SEM images of Figure 3 correspond to
the top layer, bottom layer, and the void spaces be-
tween the spheres. From panel a to d, the “repeating”

Figure 2. SEM images of one type of nanopattern of a bilayer crystal after RIE. Panels a, b, and c have differentmagnifications,
and panel d shows a 30� tilted view of the same area as in panel c.
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unit grows in size while retaining the hexagonal spatial
arrangement, which is also the geometrical configura-
tion for colloidal monolayers. As the unit becomes
bigger, its central region, where the top spheres reside
almost exactly on the bottom spheres, also becomes
bigger and its surrounding region is filled with more
voids of different shapes such as triangle, curved
shape, and other irregular shapes. All the patterns
exhibit a long-range order with few scattered defects
(Figure 3). Notably, the intricate patterns exhibit high
symmetry. As shown in Figure 3d, the triangular voids

and the curved voids collocatewith each other in away
that either group exhibits 6-fold rotational symmetry.

In addition to those large-scale regular complex
patterns, smaller irregular patterns were also created
during the M-NSL process. Figure 4 shows star-like
patterns with the variable arrangements of a “repeat-
ing” unit. The individual star-like structure is similar to
the one in the central part of the “repeating” unit in
Figure 2c. However, the individual star-like structures
can be arranged as triplets (Figure 4a), twins (Figure 4a
and b), or well-separated individuals (Figure 4b).

Figure 3. SEM images of a series of gradually changing patterns: the unit is growing bigger from top to bottom. The left
column gives a broad overview for each pattern, and the right column gives a zoom-in view of each “repeating” unit.
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Conventional spontaneous self-assembly cannot
achieve those elaborate patterns as discussed above.
When bilayer colloidal crystals fabricated from sponta-
neous self-assembly are exposed to O2 etching, the
vast majority of the nanovoids are triangular-shaped
interstices with few other patterns caused by defects
in the crystals (Figure S1, Supporting Information). By
contrast, M-NSL is capable of producing both triangular
interstices and other variants, as shown in Figure 5.

Mechanism of Pattern Formation. The M-NSL consider-
ably expands the variety of resulting nanopatterns in
comparison to conventional NSL because the top layer
has rotational and translational degrees of freedom.
The origin of the structures shown in the above SEM
images canbe explained by considering thedifferences
in the relative rotation angle between the top and
bottom monolayers, i.e., the moiré patterns.

In the case of conventional NSL, which results in
triangular interstices (Figure S1, Supporting Informa-
tion), the relative rotation between the top and bottom
layers is regarded as zero and the translation of the top
layer makes the spheres reside in the interstitial sites of
the bottom layer due to thermodynamic stabilization.
A perfect alignment of the two layers where all the
spheres of the layers are on top of each other corre-
sponds to zero rotation and translation. Figure 6 depicts
the mechanism for the formation of various patterns
based on the variable rotation angles.

The schematics in Figure 6a�d correspond to the
patterns in the SEM images of Figure 3a�d. A decrease
in the relative rotation angle between the top and
bottom layers results in an increase of the unit size and

the periodicity of the moiré patterns. With a low
rotation angle of below 10�, a few triangular interstices
form (Figure 3c andd) because of the existence of areas
with the top layer spheres in the interstices of the
bottom layer similar to the conventional NSL. A larger
rotation anglewill result in the smaller unit in themoiré
patterns and form more complex patterns (Figure 3a
and b). Due to the numerous mismatch possibilities,
a minute change in the relative angle can result in
different patterns. Further increase of the rotation
angle above 30� results in the repetition of patterns
due to the hexagonal symmetry of the sphere layers.
It should be noted that we use solid circles to represent
the spheres in the top (gray) and bottom (black) layers
in Figure 6. However, as shown in Figure 2, the spheres
in the bottom layers are no longer spherically shaped
after dry etching, which accounts for the discrepancy
between the schematics and SEM images.

In our current experimental setup, the rotation angle
between the top and bottom layer was not deliberately
controlled, and all the demonstrated moiré patterns
were fabricated on the same single substrate. However,
it is possible to fabricate large-area patterns on
substrates or a single moiré pattern on an individual
substrate by creating monolayers of spheres with large
single-crystalline domains and deliberately controlling
the rotation angle between the top and bottom layers.
It is noted that Figure 6 illustrates the ideal cases of
the experiments: two single-crystal layers with the
same period. In practice, the period can vary to some
degree and become incommensurate. Thus, it is possi-
ble to form photonic quasicrystals using our proposed

Figure 4. SEM images of star-like nanopatterns with variable arrangements: (a) star-like patterns arranged as triplets and (b)
separated star-like patterns. Left and right columns are overview and zoom-in images, respectively.
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methodhere. There is no limit on the number of stacked
layers, which is a major advantage of this layer-by-layer
technique. With the possibility of precisely controlling
the angular offsets or the rotational angles between the
layers, M-NSL will allow the low-cost fabrication of large-
area, quasicrystalline metasurfaces.

Complementary Gold Nanostructures. Akin to the widely
used NSL in plasmonics, the complex patterns of colloi-
dal crystals created by M-NSL can act as lithographic
masks to produce elaborate plasmonic nanostructures
on substrates. As a demonstration, we fabricated gold
nanostructures of different patterns as shown in the
panels a�d in Figure 7. These gold nanostructures
closely resemble the patterns of the dark regions
(voids) in the SEM images of the colloidal crystals as
masks (Figures 3 and 4). As shown in the SEM images,
each pattern consists of major micrometer-range Au
structures as well as other smaller sub-micrometer Au
nanoparticles. Fourier transform infrared (FTIR) transmis-
sion measurements (Figure 7e) revealed that each
gold pattern exhibits distinctive plasmon resonances,

providing an effective approach toward metasurfaces
with tailored optical responses. It is noted that these
Au patterns were deposited on a soda glass substrate,
which cut off the transmission lower than 2000 cm�1,
resulting in the noise on the spectra. Numerical simula-
tions using the finite-difference time-domain (FDTD)
method were carried out to calculate the transmission
of the gold patterns in panels a�d. The simulated
transmission spectra (Figure 7f) match well with the
experimental spectra (Figure 7e), showing the dipole
resonances of the elongated structures and the ring-like
structures. Although the constituent gold nanoparticles
exhibit highly anisotropic shapes, thegoldnanopatterns
have great polarization stability against the excitation
light, as areas of each gold nanopattern contain gold
nanoparticles with different orientations. Notably, some
of common structures for plasmonics and metamater-
ials such as bowtie and split-ring antennas are also
observed in the SEM images, demonstrating the great
potential of M-NSL for fabrication of nanostructures for
light manipulation.

CONCLUSIONS

In conclusion, M-NSL provides an efficient and facile
technique for the fabrication of complex patterns and
plasmonic nanostructures on substrates. Unlike the
conventional NSL, which employs spontaneous self-
assembly of colloidal layers, M-NSL exploits the bilayer
colloidal crystals made via sequential layer stacking
that allows the in-plane rotation between the top
and bottom layers. The freedom of relative movement
between the top and bottom layer leads to the forma-
tion of moiré patterns that are thermodynamically
unfavorable in the self-assembly process. Combined
with dry etching and physical vapor deposition,
these moiré patterns gave rise to a variety of novel
plasmonic nanostructures. Such metal nanostructures
with dimensions ranging from sub-micrometer to
several micrometers, together with the abundant sharp
features and nanogaps, show potential applications in
surface-enhanced optical spectroscopy and biochem-
ical sensing.
It is of great importance to be able to further develop

M-NSL and widen its applications. First, we need to
obtain large-area single-crystal nanosphere mono-
layers. Currently we have domain sizes on the order
of 60�70 μm2. Larger single crystals will facilitate the
construction of robust patterns. Second, techniques
for the precise control of relative rotational angles
between the neighboring layers are highly desired in
order to obtain rationally designed moiré patterns.
Lastly, controllable stacking of trilayers or multilayers
needs to be realized. Current random stacking results
in reduced size of the moiré pattern as more layers
are added. These randomly stacked layers present
challenges for subsequent etching and material de-
position. With the above achievements, M-NSL will

Figure 5. SEM images of triangular interstices (a) and their
variants (b and c) in the bilayer colloidal crystals after RIE
based on M-NSL.
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enable high-throughput, low-cost, robust fabrication
of a variety of moiré patterns. The use of different sizes
of nanospheres and variable combinations of the

etching and deposition parameters will further enrich
achievable patterns and metasurfaces with tailored
properties for a wide range of applications.

METHODS
Materials. Sulfate-functionalized polystyrene nanospheres

(∼4%, Thermo Scientific Inc.) with a diameter of 510 nm were
concentrated by centrifugation at 2000g for 10 min. The nano-
sphereswere finally dispersed,∼10%, in aDIwater/ethanolmixture
(1:1 volume ratio) with ultrasonication. Small glass substrates
(1 � 2 cm) were cut from regular soda-lime glass slide (1-9645-01,
ASONE Corporation, Japan) and cleaned by 5min ultrasonication
in acetone, ethanol, and DI water. The substrates were further
cleaned in a mixture of NH4OH/H2O2/H2O (1:1:5 volume ratio) at
80 �C, leading to hydrophilic surfaces. Finally, the substrates were
washed with copious DI water and stored in DI water.

Fabrication. Aplastic container (polystyrene, 70� 40� 15mm,
AS ONE Corporation, Japan) was used as the water reservoir,
as shown in Figure 1a. The container was tilted ∼5� from the
laboratory table surface. The sphere suspensions were dispersed
onto the tilted glass slide, as shown in Figure 1a. The sphere
suspensions flow toward the water�air�glass intersection
before they spread out at the water�air interface. After a
monolayer of spheres is formed on the water surface, the water
is slowly drained out of the container with a syringe pump
(NE-1000X, New Era Pump Systems, Inc.), transferring themono-
layer of spheres onto a clean substrate or onto another mono-
layer of spheres on the substrate. Finally the sampleswere left to
dry in ambient environment.

It is noted that, for the second (or top) layer deposition, extra
efforts were taken to submerge the substrates with the first
(or bottom) layers in water to avoid the release of the first layers
from the substrates by the large surface tension of water.
Specifically, the substrates were first left in ethanol solution in
the tilted container.We slowly addedwater into the ethanol and
subsequently drained the mixtures. For each cycle of draining,
enough solution was left in the container to keep the substrates
submerged. We repeated this process until the solution in the
container was almost 100% water, upon which the submerged
substrates with the monolayers remained intact.

Dry etching of the bilayer colloidal crystals was performed
inside a commercial ICP (inductively coupled plasma)-RIE sys-
tem (CE-300I, ULVAC Inc.) with O2 plasma (20 sccm, antenna RF
power of 200 W, and bias RF power of 5 W). The etching time is
∼90 s. Using the etched crystals as masks, we deposited 5 nm
of Cr and 70 nm of gold onto the samples by electron-beam
deposition (UEP-3000-2C, ULVAC Inc.). The Cr film served as
the adhesion layer between gold and glass substrates. The
PS crystals were selectively removed by ultrasonication of
the samples in toluene for 5 min. SEM images of the colloidal
crystals and the gold nanostructures were collected using a
Hitachi FE-SEM (SU8200).

FTIR Measurements. The optical transmission spectra of
gold nanostructures were recorded with an FTIR microscope
(Continuμm, Thermo Fisher Scientific Inc.) with a 50 � 50 μm2

Figure 6. Illustration of relative rotation of (a) 19�, (b) 12�, (c) 9�, and (d) 7.5� between the bottom (black) and top (gray)
monolayers of spheres, leading to the formation of various moiré patterns.
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aperture. During the measurements, the microscope interior
was constantly purgedwith N2 while the samples were exposed
to air on the sample stage. We used a feature known as
“automatic atmospheric suppression” in the microscope soft-
ware OMNIC (version 9, Thermo Fisher Scientific Inc.) to remove
the CO2 andH2O absorption lines. This feature does not interfere
with the acquisition of the spectra. The transmitted light through
the samples was collected using a liquid-nitrogen-cooled
mercury cadmium telluride (MCT) detector. The transmittance
was calculated using a plain glass slide as the reference.

FDTD Simulations. Numerical simulations on the optical proper-
ties of gold nanostructures were conducted using the commer-
cially available package FDTD Solutions from Lumerical Inc. The
geometries of the gold nanostructures used in the simulations
were from the models directly imported from the SEM images.
Normally incident plane waves were used as light sources. The
transmitted lightwas collectedby a two-dimensional detector that
was positioned below the gold nanostructures. Perfectly matched
layers (PMLs) were applied at all boundaries. The refractive index
of theglass substratewas set to be 1.4, and theoptical constants of
gold in the infrared region were obtained from ref 52.
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