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ABSTRACT The interaction between light and colloidal ele-
ments can result in a wealth of interesting near-field optical
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patterns. By examining the optical and colloidal properties, the
intensity distribution can be tailored and harnessed for three-

dimensional nanolithography. Here, we examine the use of light

scattering from colloidal particles to fabricate complex hollow
nanostructures. In this approach, a single colloidal sphere is illuminated to create a scattering pattern, which is captured by a photoresist in close
proximity. No external optical elements are required, and the colloidal elements alone provide the modulation of the optical intensity pattern. The
fabricated nanostructures can be designed to have multiple shells, confined volumes, and single top openings, resembling “nano-volcanoes.” The geometry
of such structures is dependent on the scattered light distribution and can be accurately modeled by examining the light—particle interaction. The hollow
nanostructures can be used to trap nanomaterial, and we demonstrate their ability to trap 50 nm silica nanoparticles. These well-defined surface hollow
structures can be further functionalized for applications in controlled drug delivery and biotrapping. Colloidal elements with different geometries and
material compositions can also be incorporated to examine other light—colloid interactions.
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hree-dimensional (3D) nanostructures

have many inherent advantages, and

they have enabled a number of key
innovations in nanoscience in recent years.
For example, high surface area-to-volume
ratio of 3D structures can yield more efficient
energy conversion in solar cells' and ultra-
fast battery electrodes.? Properly designed
periodic 3D nanostructures can be used as
photonic®™® and phononic® crystals. High
aspect ratio surface nanostructures can also
lead to bioinspired anti-reflection and self-
cleaning surfaces.”® In biomedical areas, hol-
low nanostructures and nanoparticles have
been investigated for drug delivery systems
due to their unique capability to precisely
hold and release drugs.®~'® Various “top-
down” 3D lithography approaches have been
used to enable these advances, including
layer-by-layer techniques®> > focused ion
beam milling,'* and electron-beam litho-
graphy.'> One particular effective 3D pattern-
ing technique that has drawn significant re-
search interest is direct-write two-photon
polymerization, which allows patterning of
arbitrary structures in 3D space.'®'® However,
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since this is inherently a serial process where
focused light is scanned across the sample
to expose individual voxels, the write time
increases significantly for large areas. This
technique also requires elaborate system
hardware, including ultrafast pulsed lasers,
scanning optics, and feedback control elec-
tronics. While these techniques are effective
in creating complex structures, they can be
costly and difficult to scale up for manufac-
turing. One attractive method for large-area
patterning is phase-shift lithography based
on the Talbot effect?®™>* where a two-
dimensional (2D) phase mask is illuminated
to generate a periodic 3D intensity pattern.
This method requires a single exposure, result-
ing in 3D lithography with high-throughput
and scalability. This technique has been de-
monstrated to be effective when used in con-
junction with phase masks fabricated using
deep-ultraviolet,?' interference,? Dip-Pen,?
and electron-beam lithography.**

Among the diverse emerging nanofabri-
cation methods, colloidal-based technique
has also drawn wide attention.””>~** These
“bottom-up” techniques exploit colloidal

VOL.7 = NO.7 = 6212-6218 = 2013 ACS\]A

* Address correspondence to
chichang@ncsu.edu.

Received for review April 29, 2013
and accepted June 5, 2013.

Published online June 05, 2013
10.1021/nn402637a

©2013 American Chemical Society

NS
ANCO) | 6212

WL

WWwWWw.acsnano.org



particles as elementary building blocks, where the
particles self-assemble to form 3D structures®>~2°
or act as physical masks for subsequent additive
deposition®°~3%37 or subtractive etching.3*~>” These
techniques can yield high-quality nanostructures, such
as hemispherical metal caps,>* nanopores, and sculp-
tured colloids*® with relatively low costs. Recently, we
demonstrated that close-packed colloidal arrays can
also be used as an optical phase mask to fabricate
periodic 3D nanostructures with controllable lattice
parameters.®® By harnessing the optical interaction
with colloidal elements, 3D patterning with more de-
sign parameters can be enabled by controlling both
optical and colloidal parameters.

In this work, we investigate the use of light scattering
from individual colloidal elements for 3D nanolitho-
graphy. In the proposed method, isolated particle
focuses and scatters normal-incident light into multi-
ple intensity lobes, which is governed by the scattering
characteristics. The intensity pattern can then be re-
corded by underlying photosensitive materials, result-
ing in 3D hollow shell-like structures. We focus on the
Mie scattering regime for a spherical particle, where the
particle diameter D is comparable to wavelength A. In this
regime, the angular-variant scattering profile can result in
complex 3D intensity patterns. No masks are needed in
this approach, and the colloidal elements are assembled
directly on the photoresist. There has been exciting work
utilizing near-field light focusing from individual colloidal
particles for nanolithography,”*~* but they have been
limited to 2D patterns. This work explores using colloidal
light scattering to fabricate 3D geometries. While in this
study we focus on dielectric nanospheres, other colloids
with nonspherical geometries®>® can be incorporated
into this technique. Metallic nanoparticles can also be
utilized to enable localized plasmonic interactions for
subwavelength patterning. The proposed method can
also be utilized for 3D visualization of near-field enhance-
ment of plasmonic nanostructures.*® Particle light scatter-
ing is a well-known phenomenon and historically has been
used to determine particle size distribution in colloidal
solutions*” and to study aerosols in the atmosphere,* but
in this work, they are employed for 3D lithography.

The proposed method is illustrated in Figure 1,
where a single nanosphere scatters normal-incident
UV light into one main and multiple side lobes to form
a complex 3D intensity distribution. The scattering field
is calculated using finite-difference time-domain (FDTD)
method.** An underlying photoresist layer is used to
record this intensity pattern, as shown in Figure 1b.
When a positive-tone photoresist is used, a hollow shell-
like 3D “nano-volcano” can be obtained, as illustrated in
Figure 1c. These structures are hollow, and the only
opening is located on the top side. The slanted shell is
defined by the minima of the side lobes, and its angle 6
and thickness t can be controlled. The key parameter in
this process is the ratio of the particle diameter to the
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Figure 1. Fabrication process of the hollow 3D nanostruc-
tures using light scattering from a colloidal nanoparticle. (a)
FDTD simulation showing the scattering intensity pattern
produced by TE-polarized UV light and a single nanosphere.
Red and white indicate high and low intensities, respec-
tively. (b) Intensity pattern is recorded by an underlying
photoresist layer on top of an ARC layer. (c) Diagram
showing the resulting 3D hollow nano-volcano structure.

exposure wavelength, y = D/A, which determines the
scattering regime. The diameter of the particle used
here is selected to be comparable to the exposure
wavelength so the light scattering would be in the Mie
scattering regime (y ~ 1), resulting in alternating bright
and dark side lobes that define the nanostructure shells.
Outside of this regime, the scattered light will either
result in uniform angular distribution, as observed in the
Rayleigh scattering (y < 1), or in mostly focusing, as
shown in the solution of geometrical optics (y > 1). By
varying and controlling y in the Mie scattering regime,
the patterned 3D nanostructures can be designed.

RESULTS AND DISCUSSION

Scanning electron microscope (SEM) images of the
fabricated 3D nanostructures are shown in Figure 2. In
these experiments, linearly polarized 325 nm laser was
used to illuminate particles with diameters of 450 nm,
750 nm, and 1.9 um. The micrographs in each row
represent the side and cross-section views of the
hollow nanostructures patterned with TE- and TM-
polarized light, respectively, for the three different
diameter spheres. Minor differences between the dif-
ferent polarization exposures can be observed, indicat-
ing the patterned nanostructures have a two-fold
symmetry. The inset in each micrograph depicts the
simulated structure using FDTD method and a binary
resist model. Mie theory can also be used to predict the
angular intensity profile of the scattered pattern but
cannot accurately model the effect of multiple film
layers (for details, see Supporting Information A). Every
structure has sloped sidewalls with an opening on top
and is hollow inside, resembling a nano-volcano. By
varying the particle diameter-to-wavelength ratio y, the
structures can be designed with and without an inner
core, as shown in Figure 2a—d and Figure 2e—|, respec-
tively. The angle of the sidewall is also dependent on y
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Figure 2. Micrographs of the fabricated hollow 3D nanostructures using TE- and TM-polarized 325 nm illuminations. The inset
diagrams show the corresponding simulated nanostructures using FDTD method and a binary resist model. The nanostructures in
each row were fabricated under the same conditions: (a—d) particle diameter D = 450 nm, exposure dose = 130 mJ/em?, y=1.38;
(e—h) D = 750 nm, exposure dose = 120 mJ/cm?, y = 2.30; (i—I) D = 1.9 1m, exposure dose = 130 mJ/cm?, y = 5.85.

and can be designed to be 67 to 83°. The exposure dose
is another factor that affects sidewall thickness and the
inner core geometry. We have shown that the sidewall
thickness can be controlled down to 60 nm.

The colloidal light scattering can be described
using the FDTD and binary resist models developed
(Supporting Information A), and the nano-volcano
dimensions can be accurately predicted. Figure 3
illustrates a quantitative comparison of the patterned
and predicted structures using a 1 um diameter parti-
cle and 325 nm wavelength TE-polarized exposure (y =
3.08). The sidewall angles and thicknesses are com-
pared, showing good agreement between the experi-
ment and simulation. Note that the voids in the
sidewall of the simulated cross section are enclosed
spaces and cannot be dissolved by the developerin the
experiments, forming a thick solid sidewall. These
FDTD and binary resist models were used to predict
all simulated nano-volcano structures in this work. The
relationships of exposure dose with sidewall angle,
sidewall thickness, and the top geometry of the
nano-volcanoes are described in more detail in Sup-
porting Information B.

Since the lithographic exposure is governed by the
light scattering profile in the Mie scattering regime, the
fabricated structure can be designed by controlling
the particle diameter-to-wavelength ratio y. To illus-
trate this dependency, the sidewall angles of the nano-
volcanoes are compared with respect to different
exposure y values, as shown in Figure 4. Here the
sidewall angle values are experimentally measured
using cross-section SEM micrographs and compared
with theoretical predictions using FDTD method.
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Figure 3. Structure prediction using FDTD and binary resist
models for nano-volcano. Diagram (a) and (b) compare the
side geometries between the fabricated and simulated
structures, respectively, while (c) and (d) present a quanti-
tative comparison of the same fabricated and simulated
nano-volcano interiors, respectively.

Based on the values of y, the geometries of the
nano-volcanoes can be divided into three regimes, as
represented by the colors. In region |, where y < 1.3, the
intensity minima of the first side lobes of the colloidal
scattering pattern define the outer sidewall, and thus
the angle increases as y increases. The structures in this
region are coreless and have nearly vertical sidewalls
when y approaches 1.3, which defines the boundary
(black dashed line) between regions | and Il. The
dashed lines connecting regions | and Il represent
the transitional region, where 1.2 < y < 1.4 and the
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Figure 4. Operating shape diagram of the patterned 3D
structures, showing the experimental results and FDTD
simulations of the sidewall angle 6 with respect to y. Three
regions of the achievable hollow nano-volcano structures
are presented in the diagrams. The dashed lines connecting
the adjacent regions represent transitional regions, where
shell damages are observed. The black dashed lines are
representative boundaries between regions, which are
given by y = 1.3 and 2.

nano-volcanoes tend to collapse due to thin and
porous shells. In region I, the intensity minima of the
second side lobes define the outer sidewalls, resulting
in lower angles than those defined by the first intensity
lobes. The first side lobes still exist at higher scattering
angles, resulting in the formation of an inner core
within the hollow structure, as shown in the diagram.
Because the sidewalls are usually very thin in this
region (~60—100 nm), the shell can sometimes sag
due to mechanical instability, as indicated in the
curved sidewall shown in Figure 2d, when y = 1.38.
Note that the simulated pattern using FDTD for the
corresponding exposure condition predicts straight
sidewalls. In region Ill, where y > 2, hollow and coreless
nano-volcanoes with thick sidewalls can be fabricated.
The thick sidewall results from a combination of the
first and second side lobes, as the scattering field
becomes too close to form separate structures and
results in a sidewall with undeveloped volume, as seen
in Figure 3. Figure 4 gives a comprehensive summary
of the three regions, representing an operating shape
diagram to the available nanostructures that can be
patterned. Based on specific application, the appro-
priate geometry can be chosen by designing the
corresponding y value. Note that the shape diagram
shown in Figure 4 is unitless, and it can be scaled to
fabricate nano-volcanoes of any length scale.

In addition to y and dose, the polarization state of
the incident light can also have an impact on the
patterned structures. Since the spherical colloidal
elements used in this work are circularly symmetric,
the symmetry of the patterned nano-volcanoes is
solely dependent on the polarization state of the
illumination. The fabrication results using a linearly
polarized laser illustrate the two-fold symmetry of the
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Figure 5. Micrographs showing the polarization effect on the
structural symmetry. (a) Top view of a nanostructure fabricated
using a linearly polarized 325 nm laser and 500 nm diameter
particles with exposure dose of 130 mJ/cm? overlaid with the
simulated structure. (b—d) Top, side and cross-section views
of the nanostructures fabricated using an unpolarized mercury
lamp narrow-band filtered at 365 and 500 nm diameter
particles. The cylindrical symmetry can be observed.

nanostructures, as shown in Figure 2. This symmetry
can be better observed in the top-view micrograph for
a sample with y = 1.54, as shown in Figure 5a, where
the long axis of the elliptical opening is aligned to
the polarization direction. When the exposure light
is unpolarized, the fabricated nano-volcanoes have
cylindrical symmetry, as shown in Figure 5b—d. These
structures were fabricated using 500 nm diameter
particles and an unpolarized mercury lamp narrow-
band filtered at 365 nm. The value of y is in region Il of
Figure 4, and an inner core can be observed in the
nano-volcano, agreeing with the previous model. This
result supports the conclusion that the phase diagram
illustrated in Figure 4 is also applicable to unpolarized
illuminations, which is expected given that the simu-
lated TE and TM cases are similar. The shape of the
particle can also affect the symmetry of the resultant
nanostructures. If nonspherical colloidal elements are
used, such as cubic particles or nanorods, the resultant
structures are expected to resemble the symmetry of
the elements and more complex geometries can be
obtained.

The hollow nano-volcano structures can also be
patterned in a periodic array using light scattering
from hexagonal non-close-packed particles, which al-
lows precise spatial control of the surface structures. In
this approach, individual nanoparticles are placed in a
periodic array that has a larger period than the particle
diameters. This particular type of assembly was achieved
via isotropic oxygen plasma etching of a monolayer of
close-packed micrometer-size polystyrene nanospheres.>®
The plasma etching can preserve the spherical shape and
the periodic order of the particles while reducing the
particle diameter. Detailed simulations, fabrication pro-
cess, and characterizations can be found in Supporting
Information C. Three types of periodic arrays using
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Figure 6. Micrographs of the periodic nano-volcano arrays with (a) 1 um period and 1 um height, (b) 2 um period and 1 um

height, (c) 2 um period and 500 nm height.

different initial sphere diameters and resist thicknesses
were fabricated, as shown in Figure 6. The individual
structure in each array has a hollow structure, similar to
the isolated ones fabricated in the previous sections. The
periods depend on the initial size of the nanospheres prior
to size reduction and are 1 and 2 um, as shown in
Figure 6a,b, respectively. Structural defects, such as broken
lower sidewalls in Figure 6a, can be observed due to light
interference between overlapping scattering fields from
neighboring particles. By reducing the thickness of the
photoresist to 500 nm, the same 2 um period array can
have improved structural quality, as shown in Figure 6c.
The thickness of photoresist should be chosen within the
height limit to avoid light interference between neighbor-
ing particles, which depends on the particle array period
and the particle diameter-to-wavelength ratio. The depen-
dency of these factors on structure control is currently
under investigation.

Application in Particle Trapping. The proposed method
harnesses colloidal light scattering for facile fabrication
of hollow 3D nano-volcano structures, which can find
applications in functionalized surfaces for particle/cell
trapping and drug delivery. Hollow nanostructures
have drawn particular interests in these areas, and
researchers have successfully demonstrated well-
controlled drug loading and release mechanisms.>~'3
Using the hollow shell-like nanostructures fabricated in
this work, we investigate its particle trapping ca-
pability using vacuum. In this approach, the nano-
volcano sample was covered by a film of aqueous
colloidal solution with 50 nm diameter silica nanopar-
ticles (Polyscience colloidal silica microspheres in 5%
aqueous solution) and placed in a vacuum chamber.
The vacuum degasses the trapped air bubbles inside
the nano-volcano structures, allowing the solution to
fill the hollow chambers. The samples were allowed to
dry in atmosphere, loading the nanoparticles within
the nano-volcanoes. The extra particles outside the
nanostructures were removed using ultrasonic agita-
tion, while the particles within the chamber remained
trapped. The particle trapping capability of the fabri-
cated structure is illustrated in Figure 7a,b, where the
interiors of double-shelled and thick-walled nano-
volcanoes after particle loading are shown, respectively.
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Figure 7. Micrographs of particle-trapping nano-volcanoes.
The 50 nm diameter silica particles are trapped in (a)
double-shelled and (b) thick-walled nano-volcanoes.

The silica particles can be trapped efficiently within the
interior chamber of the nano-volcanoes, while no
particles can be observed outside the nano-volcanoes.
This trapping mechanism is also uniform, and nano-
volcanoes over an area of 5.9 mm? were found loaded.
Given the nanoscale volume, a finite number of parti-
cles were trapped, which can be used for precise drug
delivery. In these experiments, the double-shelled
nano-volcanoes shown in Figure 7a can collapse under
high vacuum because their thin sidewalls (~60 nm) are
mechanically unstable. Therefore, thick-walled nano-
volcanoes are preferred to withstand high vacuum in
this loading mechanism, as indicated in region Il of the
shape diagram shown in Figure 4. Release and other
loading mechanisms with less structural damages are
currently being explored. While all structures in this
work are pattern in polymer, other materials may be
introduced by using conformal deposition techniques
such as atomic layer deposition. This will allow struc-
tures that are mechanically more stable and enable
further surface functionalization of the nano-volcanoes.
We will examine the use of periodic nano-volcano arrays
to enhance the spatial control of particle trapping or
delivery.

CONCLUSION

In this work, we have demonstrated the fabrication
of complex 3D hollow nanostructures using light scat-
tering from individual colloidal elements and its appli-
cation in particle trapping. This approach harnesses the
local optical interaction with colloids and allows versa-
tile, facile fabrication of complex 3D nano-volcano
structures. No external optics are required in this
approach, and light is manipulated into the designed
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optical pattern solely by the colloids. The scattering
field is well described by the proposed shape diagram,
and various geometries can be readily fabricated
by controlling the particle size-to-wavelength ratio.
The 3D nanostructures can also be patterned with
periodic order using non-close-packed colloidal as-
sembly, allowing precise spatial control for particle
trapping/delivery. The nanoscale interior volume of
the hollow nano-volcano structures has been shown
to be effective in trapping nanoparticles and can

METHODS

Sample Preparation. In all experiments, the samples were
prepared on silicon substrates. A layer of anti-reflection coating
(ARC i-CON-16, Brewer Science, Inc.) was used to reduce back
reflection. The anti-reflection coating is designed to reduce
back reflection from the resist and ARC interface, and its
thickness is optimized to minimize normal-incident light. The
ARC thickness is around 90 and 160 nm for the 325 and 365 nm
wavelength exposures, respectively. Positive photoresist (Sumitomo
PFi88A7) was spin-coated on the ARC layer. The thickness of the
photoresist layer should be thick enough to capture the scattering
pattern and depends on the choice of particle size. However, the
thickness is limited by the absorption of the photoresist material,
as light intensity decays exponentially into the material. A range of
0.5 to 1.5 um thickness was used for the particle size range used in
our experiments. To enhance sphere adhesion and facilitate the
spreading of the aqueous colloidal solution, a 10 nm thick layer of
silicon dioxide was deposited on top of the resist surface using
electron-beam evaporation. It is designed to be thin enough to
have minimal optical effects on the scattering pattern. Monodis-
persed polystyrene spheres with various diameters from 350 nm to
1.9 um (Polyscience Polybead Microspheres in 2.5% aqueous
solution) were used as scattering objects in the experiments. The
solution was spin-coated on the prepared sample to assemble
isolated nanospheres.

Lithographic exposures were performed using either a
linearly polarized 325 nm He—Cd laser or an unpolarized mercury
lamp narrow-band filtered at 365 nm. After exposing the samples
with doses of 100—200 mJ/cm?, the nanospheres were removed by
ultrasonic agitation and the thin silicon dioxide layer was etched
using buffered HF (J.T. Baker, buffered oxide etch 10:1). The exposed
samples were then developed in 2.4% tetramethylammonium
hydroxide (TMAH) developer solution (Microposit MF-CD-26) for
1—2 min. The samples were characterized using top view and cross-
section view scanning electron microscope (JEOL 6400F) at 5 keV.

Simulation and Modeling. The colloidal light scattering intensity
distribution in the photoresist was modeled using finite-difference
time-domain (FDTD) methods. The results were also compared with
the results from the analytical Mie scattering solutions, as described
in Supporting Information A. A binary photoresist model was used
to predict the resulting structures, where any volume above a
threshold dose was completely removed. The intensity profile
through the thickness of the resist was assumed to have an
exponential decay to model the resist absorption. The geometries
of the simulated structures are then quantitatively analyzed in
Matlab. The predicted models are depicted as inset diagrams with
their corresponding fabrication results.
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potentially be used as functionalized patches for
particle/cell trapping and precise drug delivery. Other
possible applications involve biosensing and optical
or acoustic focusing using the tapered sidewalls.
Although in this work we focused on readily available
spherical nanoparticles as scattering objects, other
types of colloidal elements, such as cubic, tetrahedral,
and rod particles, can be incorporated into this
approach to enable a wide variety of achievable 3D
nanostructures.

Advanced Self-Powered Systems of Integrated Sensors and Tech-
nologies (ASSIST).

Supporting Information Available: Additional information on
theoretical structure prediction, exposure dose dependency of
nano-volcano geometry, and fabrication of periodic nano-
volcano arrays. This material is available free of charge via
the Internet at http://pubs.acs.org.
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