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ABSTRACT

In this paper, we investigate the self-assembly of hierarchical nanostructures using monodispersed nanospheres with two different diameters.
Our approach is to use a two-step method where the assembly of larger 200 nm nanospheres is used to direct the assembly of smaller 50 nm
particles. This self-assembly technique is based on Langmuir–Blodgett assembly and has low equipment cost when compared with tradi-
tional lithography methods. We examine the effects of substrate surface treatment, solution concentration ratio, and spin speeds on the
quality of the hierarchical assembly. The fabricated samples are examined using optical and scanning electron microscopy to investigate
assembly yield. Various defect types are identified and mitigated by process control. The ability to create more complex assembly can result
in smaller features and can enhance the performance of photonics and nanostructured surfaces.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003027

I. INTRODUCTION

Recent developments in top-down nanolithography have helped
in pushing the limits of semiconductor manufacturing for next-
generation consumer electronics.1 Such methods include optical,
electron-beam,2 and nanoimprint lithography,3–5 which can also be
used for fabricating integrated chip, microelectromechanical systems
(MEMS), and biomedical devices. As these methods are widely used,
there are newer upcoming technologies considered next-generation
lithography. Some examples include extreme ultraviolet lithography
(EUV),6,7 multibeam electron-beam,8,9 and two-photon polymeriza-
tion.10,11 These advances in nanopatterning have also enabled
research in novel nanostructured materials, including nanolattices
with better mechanical properties and enhanced stiffness scaling at
low density,12,13 dust-mitigating nanostructured surfaces,14 and nano-
phononics with dynamic tunable colors.15

In addition to top-down lithography approaches, bottom-up
self-assembly techniques can also provide new opportunities
because of low equipment cost and high scalability for nanomanu-
facturing.1 In this approach, nanoscale elements self-organize into
functional geometries with the most energy favorable configuration

because of local interactions. Self-assembly approaches are especially
useful for applications that require ordered or periodic features,
which are typically obtained in these techniques. Self-assembly
systems have resulted in assemblies with higher density nanostruc-
tures. Examples include self-assembly or directed self-assembly of
block copolymers, where two distinct polymer blocks chained by
covalent bonds phase separate to form an organized geoemtry.16–19

Another example is DNA origami, where precisely designed
complementary base pairs have been demonstrated to fold into
complex nanoscale assemblies.20–22 Furthermore, colloidal ele-
ments such as nanowires and nanoparticles can be dispersed in
a liquid-based solution that can be assembled into functional
geometries.20,23–29 These bottom-up approaches are a promising
method to fabricated nanostructures without complex hardware.

One well-known technique is colloidal assembly using mono-
dispersed nanospheres, which results in a hexagonal closed-pack
structure on a planar surface to minimize surface area.30 Convective
assembly using a sliding plate is an effective method and provides a
facile method to control the evaporation and nanoparticle assem-
bly.23 Additionally, the assembly of monodispersed nanoparticles can
help obtain colloidal crystals, which yields opal structures. The use of
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optical lithography and colloidal particle self-assembly31–34 can also
lead to a wide range of nanostructure geometries and help in creating
nanolattices,12,13,35,36 which our group has previously demonstrated.
However, most existing research involves the assembly of monodis-
persed nanospheres, which results in the formation of a periodic
pattern. More recent work has examined binary assembly using a
heat-assisted assembly37 and a one-step process where particles
are injected into the water for lift-off,38,39 which has demonstrated
a hierarchical structure using microscale particles.38–40 However,
in these works, larger and smaller particles are mixed together in
a single solution, which makes independent control difficult. The
ability to create more complex assembly can result in smaller fea-
tures and can enhance the performance of photonics and nano-
structured surfaces.14

In this work, we present the fabrication of hierarchical nano-
structures using a two-step binary colloidal assembly process to
create sub-50 nm features by depositing smaller nanoparticles into
the voids of an array of larger polystyrene (PS) nanospheres. In this
approach, larger nanospheres are assembled at a liquid interface
into a hexagonal closed packed assembly and transferred on to a
substrate using Langmuir–Blodgett (LB) assembly, which can be
used to direct the assembly of the smaller particles in a subsequent
step. This creates a hierarchical assembly with an aperture that is
smaller than the diameters of the particles used, which can be used
as a physical mask for additive and subtractive micromachining or
near-field lithography. The advantage of the two-step, layer-by-
layer approach is that it allows independent control of layers, which
can be more systematically studied. Various process parameters
such as surface treatment, surface tension of solution, spin speed,
and concentration of nanoparticles are examined to obtain the best
packing ratio. The assembly patterns have been analyzed using
optical and scanning electron microscopy (SEM) to examine yield
and defect modes. The proposed process can create more complex
self-assembly patterns and can find applications in nanostructured
surfaces and nanophotonic devices.

II. EXPERIMENTAL METHODOLOGY

The advantages of hierarchical assembly are shown in the
comparison schematic in Fig. 1. Here, the assembly patterns of
monodispersed nanospheres and binary assembly are illustrated.
For the monodispersed assembly, nanospheres with a narrow size
distribution are used to create a periodic array. In this case, the voids
in between the particles typically have dimensions like the sphere
diameter.

The proposed two-step assembly process is shown in Fig. 2.
Here, polystyrene nanospheres with 200 nm nanospheres in
aqueous solution (∼2% by concentration, Bangs Laboratories, Inc.)
are mixed with ethanol to create a 1:10 ratio solution, shown in
Fig. 2(a). The solution is then ultrasonicated to prevent particle
aggregation. A silicon wafer is spin-coated with 200 nm nano-
spheres at 2000 RPM, and this spun-coated wafer is only used to
transfer the particles to the final wafer, and then placed into the
deionized (DI) water to allow for the nanospheres to rise toward
the liquid–air interface, as shown in Figs. 2(b) and 2(c), respec-
tively. A drop of sodium dodecyl sulfate (SDS) is applied to help
the nanospheres form a monolayer that is closely packed on the

liquid surface, as shown in Fig. 2(d). Once the monolayer is
created, a blank silicon wafer is angled into the water to transfer
the nanospheres onto the surface, as shown in Fig. 2(e). The trans-
ferred wafer at the bottom of the water dish can either be cleaned
to be reused or discarded. Prior to the assembly of the second
layer, the surface of the 200 nm nanosphere assembly is treated
with an oxygen plasma etcher (Harrick Plasma) at an RF power of
7W for 5 s to increase the surface energy and improve the hydro-
phobicity. An aqueous solution of the smaller 50 nm particles
(2% concentration, Thermo Scientific) is then prepared with
ethanol to create a 1:7 ratio solution and spin-coated on the sample
with the 200 nm nanosphere array at 500–2000 RPM, as demon-
strated in Fig. 2(f ). This process results in a hierarchical structure
consisting of binary assembly, as shown in Fig. 2(g), which are
then examined using an optical and scanning electron microscope
(SEM). In preparation for the SEM, the samples are sputter-coated
with 2–3 nm of gold to reduce electron charging.

III. RESULTS AND DISCUSSION

A. First layer assembly of nanosphere array

The quality of the first-layer nanosphere monolayer is exam-
ined first to ensure that it can serve as a high-quality template to
direct the assembly of the second nanoparticle layer. The goal is to
achieve a hexagonal close packed array and examine defects that
can occur during the LB assembly process. Note in our experiments
that the nanospheres are spin-coated on a silicon wafer and then
lifted off when immersed in a petri dish to assemble the colloids on
the liquid–air interface. The SEM images of the assembled nano-
spheres are shown in Fig. 3. Here, the assembled structure shows
that a large area assembly of a colloidal crystal is possible. The LB
assembly results demonstrate low defect density with a few clus-
tered nanospheres and is used for subsequent assembly of the
smaller nanoparticles.

FIG. 1. Comparison of a monodispersed and binary assembly and the void
patterns generated. The void for the monolayer assembly is larger than that for
the binary assembly.
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The proposed approach utilizes a separate step to assemble
the second layer of smaller nanoparticles with 50 nm diameter,
which requires wetting the assembly of the larger nanospheres. It is
then important to examine whether wetting the surface of the first
layer by a mixture of DI water with ethanol would affect the assem-
bled monolayer. This experiment is meant to replicate the assembly
of the smaller nanoparticles during the second assembly step.
Figures 4(a) and 4(b) show the optical microscope images of the

200 nm nanosphere samples before and after spincoating with DI
water, respectively. As seen in the images, wetting the surface did
alter the assembled nanospheres. However, the effect is not significant
and only the assembly near the edges is removed, as denoted by the
dashed lines. Because the effect is minimal, there is sufficient area to
guide the assembly of the second layer in the subsequent step.

B. Second layer template-directed assembly
of nanoparticles

Once the first nanosphere array layer has been assembled
to create a hexagonal array, it can serve as a template to direct the
assembly of the smaller 50 nm nanoparticles. In this process, the
solution of the 50 nm particle in water/ethanol solution is spin-
coated on the nanosphere-coated silicon substrate, allowing the
smaller particles to fill the voids of the larger spheres. This
approach allows the patterning of a binary assembly in a two-step
process, which allows the selection of different nanosphere and
nanoparticle parameters independently. This allows for the parti-
cles to be independently controlled for each step and not risk inca-
pability with each other. Several process parameters can affect the
quality of the binary assembly, namely, the nanoparticle concentra-
tion and spincoat speed, which are examined further in the follow-
ing sections.

Initial experiments are performed to investigate the effect of
nanoparticle concentration on the quality of the binary assembly,
as illustrated in Fig. 5. Here, the solution concentrations varied
from 1:1, 1:3, 1:5, and 1:10, as depicted in Figs. 5(a)–5(d), respec-
tively. It can be observed that for high particle concentration, the
nanoparticles tend to aggregate and form dense assembly, as

FIG. 2. Schematic of a two-step assembly process. (a) Polystyrene particles mixed in ethanol. (b) Spin-coated first layer of 200 nm nanospheres. (c) Lower spun-coated
wafer into dish with water, where particles rise to the water surface. (d) SDS is applied to push particles together to form a monolayer. (e) A blank wafer scoops up a
developed monolayer. ( f ) The dried wafer is spin-coated with a second layer of 50 nm particles. (g) Completed wafer with a binary assembly.

FIG. 3. Top-view SEM images of assembled 200 nm nanospheres in a
hexagonal close packed array.
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illustrated in Fig. 5(a) where the particle ratio is 1:1. This ratio
created an overabundance of 50 nm particles, which clustered and
assembled independently of the underlying 200 nm nanosphere
array. At the slightly lower particle concentration of 1:3, as shown
in Fig. 5(b), the clustering effects of the particles are reduced but
still resulted in multiple layers within the nanosphere voids. A
noticeable feature is the ability to see the presence of the particles
in the voids. Although the particles did assemble into the voids as
desired, there was still a large abundance of the particles that are
not well controlled. The particle concentration in the solution was
further reduced to 1:5, as shown in Fig. 5(c), where the particles
began to fill the voids without overlapping one another. Here, it
can be observed that the topological templating effect of the nano-
sphere array is playing a more prominent role. However, multiple
particles still exist within a single nanosphere void, which is unde-
sirable, since they would obstruct the nanoscale aperture of the
binary assembly. Further reducing the solution concentration to
1:10, as shown in Fig. 5(d), resulted in fewer nanoparticles. It was
noticed that only a few particles assembled within the voids. The
particles began to create the desired effects, but there were voids
with no particles. Therefore, a slightly increased particle concentra-
tion of 1:7 was used for all subsequent experiments.

Another parameter that can affect the assembly of the second
nanoparticle layer is the spin-coating speed on the silicon substrates
with the 200 nm nanosphere array. To examine this effect, a binary
assembly of a 50 nm nanoparticle with a 1:7 ratio solution is spin-
coated with 500, 1000, and 1500 RPM, as shown in Fig. 6. Keeping
the speeds below 2000 RPM is vital for the particles to assemble
into the voids, since the particles tend not to wet the substrate
sufficiently at higher spin speeds. The sample with an assembly
speed of 500 RPM can be seen in Fig. 6(a). Here, the particles
began to assemble into the voids and does not form large clusters.
Figure 6(b) depicts the sample with an assembly speed of

FIG. 4. Optical microscope images of the first layer nanosphere array at the
same location on the substrate (a) before and (b) after the sample was wetted
with a DI water and ethanol solution.

FIG. 5. SEM images of the fabrication
results of binary assembly after the
second assembly step. (a) 1:1 particle
ratio sample showing particle cluster-
ing. (b) 1:3 particle ratio sample
showing an abundance of particles. (c)
1:5 particle ratio sample showing multi-
ple particles in voids. (d) 1:10 particle
ratio sample showing isolated particles
in the voids.
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1000 RPM, where the particles assemble in the voids, but some
areas showed fewer particles. At a higher assembly speed of
1500 RPM, the sample has higher nanoparticle void density, as
shown in Fig. 6(c). It can be determined that slower speeds result

in higher assembly yields with more nanoparticles assembling into
the nanosphere voids. It is important to note how vital the effects
of the assembly speed and nanoparticle concentration are to the
quality of the binary assembly.

The results of the nanoparticle concentration and speed exper-
iment indicate that these parameters play a critical role in achieving
a higher yield and lower defects. It can be determined that the best
assembly results can be obtained with a 1:7 nanoparticle solution
ratio and a spin-coating speed of 500 RPM for the second assembly
layer. Figure 7(a) depicts the results of the completed binary assem-
bly, which has a pattern area of 1 ×1 μm2. It can be observed that
the voids of the first nanosphere array have been greatly reduced by
the second particle assembly. A larger assembly of the binary layer
over a 2 μm by 2 μm area can be seen in Figs. 7(b) and 7(c). Here,
the total number of available voids in the 200 nm nanosphere array
are 99 out of 128, and 67 out of 97 of them are occupied by a
single 50 nm particle in the two images, respectively. Therefore, the
smaller particle correctly assembled into roughly 77 and 70% of the
available voids as desired, respectively. This result demonstrates a
promising proof of concept and the process can be improved to
further increase yield in the future. The binary assembly can be
used as a hierarchical mask for subsequent lift-off, etching, or
lithography processes, which is the subject of ongoing studies.

C. Challenges and future work

While the experiments have demonstrated successful assembly
of 50 nm nanoparticles into the voids of the 200 nm nanosphere
array, assembly defects are a particular challenge. Several defect
modes have been identified, as depicted in Fig. 8. Of primary
concern is the aggregation of 50 nm particles, which can completely
cover the assembled nanosphere monolayer, as shown in Fig. 8(a).
The aggregation effect can be mitigated by using an ultrasonication
bath, which was used in all experiments. However, particles con-
tinue to aggregate over time and the solution must be sonicated
right before the assembly process. This is especially problematic for
smaller particles due to a high surface area to volume ratio, which
can limit the nanoparticle size used. In addition, large assembly
voids in the nanosphere array can also form during slower spin-
coating speeds, as shown in Fig. 8(b). In these cases, the 50 nm par-
ticles would fall into the voids and undercut the nanosphere array.
This defect forms in the first layer, and can be mitigated by
improving the defect-free area of the nanosphere layer. Another
issue is the formation of nanoparticle clusters, which result in over-
lapping assembly in the nanosphere voids, as seen in Fig. 8(c). This
occurrence is related to the solution needing more ultrasonication
time or the particle concentration being too high, as discussed
earlier. Due to the presence of defects, currently, the binary assem-
bly area is limited to the sub-3 μm range. Future work will examine
scaling up the assembly area by mitigation particle aggregations,
using particles with lower size distributions, and better control of
environmental disturbance during assembly.

Future work will focus on improving the assembly of both the
200 nm nanospheres and the smaller 50 nm nanoparticles. This can
be accomplished by a better control of the liquid disturbance and
other environmental factors during LB assembly. It can also be
noted that the particles used have obvious size variations and using

FIG. 6. SEM images of second layer assembly results for 50 nm particles 1:7
ratio. Sample with an assembly speed of (a) 500 RPM, (b) 1000 RPM, and (c)
1500 RPM.
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FIG. 8. SEM images of assembly defects due to (a) particle aggregation, (b)
assembly void in the 200 nm nanosphere array layer where the 50 nm particles
can assemble below, and (c) clustering of particles due to high particle
concentration.

FIG. 7. Binary assembly results. SEM images of (a) completed binary assembly
with high magnification. (b) and (c) SEM images of a binary assembly structure
at two locations on the sample with 50 nm particles assembling into the voids of
the larger nanospheres.
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colloids with lower size distribution can potentially reduce defect
density. We also plan to explore the binary of nanoparticles with
various size ratios using the proposed two-step process, which can
yield more complex assemblies. In addition, the fabricated binary
assembly will be explored as a lift-off or etching mask to transfer
the nanoscale aperture into the underlying substrate.

IV. CONCLUSION

This work demonstrates a two-step process to fabricate a hier-
archical nanostructure using a binary assembly of 200 nm nano-
spheres and 50 nm particles. In this process, the larger 200 nm
nanosphere array is assembled using LB assembly to create a hexag-
onal close-packed structure, which serves as a template to guide the
assembly of the smaller 50 nm particles. The assembly conditions
were found to have a critical influence on the process yield, with
the highest quality binary assembly achieved using 1:10 concentra-
tion and a spin speed of 2000 RPM for the nanosphere and 1:7
concentration and 500 RPM for the nanoparticles. Other important
process steps to reduce defects include plasma treatment to increas-
ing the surface energy and ultrasonication to reduce particle aggre-
gation. The result of this research indicates that finer nanostructure
features can be achieved using a binary assembly of nanoparticles,
and these features can find applications in enhancing the perfor-
mance of photonics and nanostructured surfaces.
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