
Large-scale assembly of colloidal nanoparticles and fabrication of periodic subwavelength

structures

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2008 Nanotechnology 19 475604

(http://iopscience.iop.org/0957-4484/19/47/475604)

Download details:

IP Address: 131.252.177.251

The article was downloaded on 03/11/2008 at 20:27

Please note that terms and conditions apply.

The Table of Contents and more related content is available

HOME | SEARCH | PACS & MSC | JOURNALS | ABOUT | CONTACT US

http://www.iop.org/Terms_&_Conditions
http://iopscience.iop.org/0957-4484/19/47
http://iopscience.iop.org/0957-4484/19/47/475604/related
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/pacs
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact


IOP PUBLISHING NANOTECHNOLOGY

Nanotechnology 19 (2008) 475604 (7pp) doi:10.1088/0957-4484/19/47/475604

Large-scale assembly of colloidal
nanoparticles and fabrication of periodic
subwavelength structures
Wei-Lun Min1, Peng Jiang1,3 and Bin Jiang2

1 Department of Chemical Engineering, University of Florida, Gainesville, FL 32611, USA
2 Department of Mathematics and Statistics, Portland State University, Portland,
OR 97201, USA

E-mail: pjiang@che.ufl.edu.

Received 16 September 2008, in final form 28 September 2008
Published 30 October 2008
Online at stacks.iop.org/Nano/19/475604

Abstract
This paper reports a simple and scalable spin-coating technique for assembling 70 nm silica
nanoparticles into non-close-packed colloidal crystals over a large area. The thickness of the
shear-aligned colloidal crystals can be controlled from hundreds of layers to a single monolayer
by adjusting the spin-coating conditions. We further demonstrate that the spin-coated colloidal
monolayers can be used as structural templates to pattern sub-100 nm pillar arrays directly on
silicon substrates. The resulting subwavelength-structured pillar arrays exhibit excellent
broadband antireflective and superhydrophobic properties, which are promising for developing
self-cleaning antireflection coatings for crystalline silicon solar cells. This bottom-up approach
enables large-scale production of periodic nanostructures with resolution beyond the optical
diffraction limit that have important technological applications ranging from high-density data
storage and optoelectronics to biological sensing and subwavelength optics.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Large-scale fabrication of sub-100 nm periodic nanostructures
is of great interest for the development of new materials
with potential applications in areas such as high-density
data storage [1, 2], biosensing and bioseparation [3–6], and
optoelectronics [7, 8]. A prominent example is the creation
of subwavelength-structured moth-eye antireflection coatings
(ARCs) for developing high-performance solar cells and
optoelectronic devices [9, 10]. These coatings are inspired
by the nanostructured corneas of moths which consist of non-
close-packed arrays of conical nipples [11]. As the periodicity
of the nipple array is small compared to the wavelength of
visible light, a graded transition of refractive index between air
and cornea is established. This results in superior broadband
antireflection performance than traditional single-layer or
multilayer dielectric coatings [12–15]. To generate broadband
ARCs for optics working in the deep-ultraviolet spectral range
for developing next-generation optical projection lithography,

3 Author to whom any correspondence should be addressed.

sub-100 nm periodic nipple arrays need to be fabricated
in a scalable manner [9]. Unfortunately, current top-
down nanolithographic technologies, such as electron-beam
lithography, focused ion beam, and interference lithography,
suffer from low throughput and high cost, are time consuming,
and are only suitable for small areas. In this paper, we
report a scalable and inexpensive bottom-up approach for
assembling 70 nm diameter silica nanoparticles over large
areas and fabricating sub-100 nm periodic nanostructures
for developing self-cleaning, broadband moth-eye ARCs for
crystalline silicon solar cells.

Self-assembled monolayer or multilayer colloidal crystals
have been widely utilized as sacrificial masks to pattern
periodic microstructures and nanostructures for a large
variety of applications ranging from biosensors and high-
density magnetic storage to field-emission displays and
miniaturized plasmonic devices [16–25]. However, most
of the current colloidal self-assembly techniques suffer
from low throughput and incompatibility with standard
microfabrication, impeding mass production and on-chip
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integration of practical devices. It usually takes hours to
days to create a centimeter-sized colloidal crystal template
by current assemblies [26, 27]. In addition, conventional
colloidal templating technology employs submicrometer- to
micrometer-scale colloidal particles. Though sub-100 nm
features can be fabricated [17], the number density of the
templated nanostructures is limited by the relatively large
separation between the neighboring particles. Moreover, only
close-packed colloidal crystals are available through traditional
self-assembly, whereas non-close-packed crystals are preferred
for many applications, such as in creating moth-eye ARCs with
non-close-packed structures [11].

To resolve the scalability issue of current colloidal
assemblies, we have recently developed a versatile spin-
coating technique that enables wafer-scale assembly of
submicrometer-sized particles (usually 300 nm in diameter)
into unusual non-close-packed structures [28, 29]. The
technique also provides a scalable templating fabrication
platform for producing a large variety of microstructured
materials with submicrometer-scale periodicity, such as
polymer microvial arrays, two-dimensional (2D) magnetic
dots, and metal hole arrays [30–32]. Although this templating
platform has significant cost benefit over traditional top-
down techniques, many of the templated microstructures can
be fabricated by optical lithography, such as interference
lithography [33]. To greatly extend the capability of the
spin-coating technique in creating periodic nanostructures
with resolution beyond the optical diffraction limit, here we
demonstrate the scalable production of periodic sub-100 nm
features with more than one order of magnitude higher number
density than our previous approaches. We also show that both
multilayer and monolayer non-close-packed colloidal crystals
consisting of 70 nm diameter silica particles can be assembled
by shear-induced ordering, and the rheological response during
the shear-alignment process is investigated.

2. Experimental details

2.1. Materials and substrates

All solvents and chemicals, except for tetraethoxysilane
(TEOS), were of reagent quality and were used without
further purification. TEOS was freshly distilled before use.
Ethanol (200-proof) was purchased from Pharmaco Products.
Ethoxylated trimethylolpropane triacrylate monomer (ETPTA,
SR 454) was obtained from Sartomer. The photoinitiator,
Darocur 1173 (2-hydroxy-2-methyl-1-phenyl-1-propanone),
was provided by Ciba-Geigy. The silicon wafer primer, 3-
acryloxypropyl trichlorosilane (APTCS), was purchased from
Gelest. Silicon wafers (2 inch, test grade, n-type, (100))
were obtained from University Wafer. The silicon wafers
were primed by swabbing APTCS on the wafer surfaces using
cleanroom Q-tips, rinsed with 200-proof ethanol twice, and
then baked on a hot plate at 110 ◦C for 2 min. A single-
crystalline silicon solar cell with vacuum-deposited silicon
nitride antireflection coating was obtained from Plastecs
(Webster, MA).

2.2. Instrumentation

Scanning electron microscopy was carried out on a JEOL
6335F FEG-SEM. Transmission electron microscopy was
performed on a JEOL 2010F TEM. A standard spin coater
(WS-400B-6NPP-Lite spin processor, Laurell) was used to
spin-coat colloidal suspensions. The polymerization of ETPTA
monomer was carried out on a pulsed UV curing system (RC
742, Xenon). Both oxygen and chlorine reactive-ion etching
(RIE) were carried out on a Unaxis Shuttlelock RIE/ICP
reactive-ion etcher. A Woollam EC 110 ellipsometer was
used to measure the nanocomposite thickness. The zeta
potential of silica nanoparticles are measured by a Brookhaven
ZetaPlus (Brookhaven Instrument Corporation). An ARES LS-
1 rheometer was used to characterize the rheological properties
of the colloidal suspensions under shear. An HR4000 UV–vis
spectrometer and an NIR-512 spectrometer (both from Ocean
Optics) were used to measure the specular reflectance from 400
to 1100 nm. The apparent water contact angle was measured
using a goniometer (NRL CA goniometer, Ramé-Hart Inc.)
with autopipetting and imaging systems.

2.3. Preparation of colloidal suspensions

The synthesis of uniform silica nanoparticles with ∼70 nm
diameter was performed according to [34]. In a typical
synthesis, a microemulsion was prepared by rapidly stirring
750 ml of cyclohexane, 30 ml of n-hexanol, 95 ml of Triton
N-101 surfactant, 35 ml of water, and 8.5 ml of 29.3%
aqueous ammonia. 50 ml of freshly distilled TEOS was
rapidly added to the above microemulsion and the final solution
was stirred at ambient temperature for 2 days. The as-
made silica nanoparticles were purified in 200-proof ethanol
by multiple (at least six times) centrifugation–ultrasonication
cycles to remove the surfactant and unreacted silane. After
complete centrifugation of the calculated amount of purified
silica dispersion and discarding of the supernatant solvent, the
silica colloids were re-dispersed in ETPTA monomer using a
Thermdyne Maxi solution mixer. 1% (weight) Darocur 1173
was added as the photoinitiator. The final particle volume
fraction was controlled to be ∼20%. After filtration through
a 5 μm syringe filter to remove any large aggregate, the
transparent colloidal suspension was stored in an open vial
overnight to allow residual ethanol to evaporate.

2.4. Spin-coating of colloidal suspensions and
photopolymerization

The colloidal suspension was dispersed on a silicon wafer
which had been freshly primed by APTCS. The wafer was
tilted and rotated to spread the solution to achieve full wafer
coverage. The recipe for spin-coating a monolayer of silica
nanoparticles was 200 rpm for 1 min, 300 rpm for 1 min,
1000 rpm for 30 s, 3000 rpm for 10 s, 6000 rpm for 10 s,
8000 rpm for 10 s, and 10 000 rpm for 26 min. For preparing
multilayer colloidal crystals, the spin-coating conditions were
the same, except for a shorter spin time in the last step at
10 000 rpm. The monomer was then photopolymerized for 4 s
using a pulsed UV curing system.
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2.5. Specular reflection measurements

An HR4000 high-resolution fiber optic UV–vis spectrometer
and an NIR-512 spectrometer (both from Ocean Optics) with
reflection probes were used for reflectance measurements.
A calibrated halogen light source was used to illuminate
the sample. The beam spot size was about 3 mm on the
sample surface. Measurements were performed at normal
incidence and the cone angle of collection was less than 5◦.
The absolute reflectivity was obtained as the ratio of the
sample spectrum to the reference spectrum. The reference
spectrum was the optical density obtained from an aluminum-
sputtered (1000 nm thickness) silicon wafer. The final value of
absolute reflectivity was the average of several measurements
obtained from different spots on the sample surface. The
resulting reflectivity was calibrated using an Ocean Optics
STAN-SSL low-reflectivity specular reflectance standard for
templated pillar arrays and an STAN-SSH high-reflectivity
specular reflectance standard for flat silicon wafers.

3. Results and discussion

The well-established microemulsion method was used to syn-
thesize monodispersed silica nanoparticles with ∼70 nm di-
ameter [34, 35]. Figure 1 shows a typical transmission elec-
tron microscope (TEM) image of the as-made nanoparticles.
The diameter of the spheres was determined to be 72 ± 6 nm
by averaging over 100 particles using the image analysis soft-
ware Scion Image. The nanoparticles were purified in 200-
proof ethanol by multiple centrifugation–ultrasonication cy-
cles and then dispersed in non-volatile ethoxylated trimethy-
lolpropane triacrylate (ETPTA, SR 454, Sartomer) monomers
to make a final particle volume fraction of ∼20% [28]. 1%
(by weight) Darocur 1173 (Ciba-Geigy) was added as the pho-
toinitiator. The suspension was disposed on a 3-acryloxypropyl
trichlorosilane-primed silicon wafer. The wafer was gradu-
ally accelerated to 10 000 rpm and kept at this speed for var-
ious durations, using a standard spin coater (WS-400B-6NPP-
Lite spin processor, Laurell). The gradual increase of the spin
speed was crucial for obtaining uniform coatings over large
area; otherwise, patchy samples resulted. The monomer was
rapidly polymerized by exposure to ultraviolet radiation using
a pulsed UV curing system (RC 742, Xenon) to form ordered
colloidal crystal–polymer nanocomposites. More details of the
spin-coating process can be found in section 2. Contrary to
the distinctive six-arm Bragg diffraction formed on spin-coated
crystals consisting of submicrometer-sized particles [28], the
resulting nanocomposites were transparent and colorless due to
the index match between the silica nanoparticles and the poly-
mer matrix, as well as negligible scattering and diffraction of
visible light by subwavelength nanoparticle arrays.

The polymer matrix could be selectively removed by
a brief oxygen plasma etch operating at 3 mTorr pressure,
20 SCCM oxygen flow rate, and 50 W for 3 min to release
the embedded silica colloidal crystals. Figure 2(A) shows
a top-view scanning electron microscope (SEM) image of
a multilayer crystal prepared by spin-coating at 10 000 rpm
for 10 min. The long-range hexagonal ordering of silica

100 nm100 nm

Figure 1. TEM image of silica nanoparticles synthesized by the
microemulsion method.

nanoparticles is clearly evident from the SEM image and its
fast-Fourier transform (inset of figure 2(A)). The magnified
SEM image in figure 2(B) shows that the spin-coated colloidal
crystal is non-close-packed and that the spheres of the top
layer fill in the triangularly arranged crevices made by the non-
touching spheres of the second layer. Underneath, hexagonally
packed layers throughout the film thickness exhibit similar
intralayer non-close-packed structures and good registry
between neighboring layers. One of the great advantages of the
current spin-coating technique is that the thickness of the spin-
coated colloidal crystals can be easily controlled by adjusting
the spin speed and duration. Ellipsometry measurements
showed that uniform films with thickness ranging from a
single monolayer to hundreds of layers could be created over
a 2 inch diameter wafer. Figure 2(C) shows an SEM image
of a monolayer non-close-packed colloidal crystal consisting
of 70 nm particles prepared by spin-coating at 10 000 rpm for
26 min.

The interparticle distance of the non-close-packed
colloidal crystal is determined to be 1.41D, where D is the
diameter of the silica spheres, by the first peak of the pair
correlation function (PCF; see figure 2(D)), g(r), which is
calculated from a lower-magnification image as in figure 2(C)
as

g(r) = 1

〈ρ〉
dn(r, r + dr)

da(r, r + dr)

where 〈ρ〉 is the average particle number density and r is the
particle radius. To calculate the PCF, Scion Image software
was utilized to extract the particle coordinates. Figure 2(D)
shows that the positions of the oscillating PCF peaks agree
well with those obtained from a perfect hexagonal lattice with√

2D interparticle distance. This distance is the same as that
of spin-coated crystals made of submicrometer-sized particles,
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Figure 2. (A) SEM image of a multilayer colloidal crystal prepared by spin-coating. The inset showing a Fourier transform of the image.
(B) Higher-magnification SEM image of the sample in (A). (C) Spin-coated monolayer colloidal crystal. (D) Pair correlation function (PCF)
calculated from a lower-magnification SEM image of the monolayer sample in (C). For comparison, the PCF for an ideal hexagonal lattice
with

√
2D center-to-center distance is also shown (black lines).

suggesting a similar shear-induced ordering mechanism for the
observed colloidal crystallization process [28]. As revealed
by previous shear-induced colloidal crystallization studies, the
high shear rate (>103) in the spin-coating process can lead to
a sliding layer mechanism, in which 2D hexagonally packed
colloidal layers are readily formed due to the coupling of the
centrifugal and viscous forces [36–42]. This shear-alignment
process is usually associated with the reduction of the viscosity
of the colloidal suspensions (i.e., shear thinning) due to the
reduced resistance when layers of ordered spheres glide over
one another [36, 42]. Figure 3 shows the comparison of
the shear thinning behavior for colloidal suspensions using
spheres with diameters of 350 and 70 nm at the same
particle volume fraction (0.20). It is apparent that a higher
shear rate is required to achieve low relative viscosity for
70 nm particles compared to 350 nm spheres, indicating
that a higher spin speed is necessary to crystallize smaller
particles. This agrees with our experimental observation that
the crystallization of 70 nm particles only occurs at high
spin speed (�10 000 rpm). This result correlates well with
early shear-annealing studies [42, 43]. Electrostatic repulsion
between silica nanoparticles could contribute to the observed
non-close-packed structure as zeta potential measurements
show that the nanoparticles are charged (ζ = −44.8±3.2 mV)
in the silica–ETPTA suspensions.

The current spin-coating technique for assembling sub-
100 nm diameter particles over a large area was taken one step
further by using the non-close-packed colloidal monolayers
as templates to pattern self-cleaning, broadband antireflection
coatings directly on crystalline silicon substrates. The silica
nanoparticles were used as etching masks during a chlorine

Figure 3. Shear thinning behavior of silica–ETPTA suspensions
using 70 and 350 nm particles at a volume fraction of 0.2.

RIE process operating at 3 mTorr pressure, 20 SCCM flow rate,
and 50 W to generate silicon nanopillars underneath them (see
the tilted SEM image in figure 4(A)). Figures 4(B) and (C)
show top-view and side-view SEM images of an array of
templated nanopillars after dissolving silica nanoparticles in
a 2% hydrofluoric acid aqueous solution. The preservation
of the hexagonal ordering and the interparticle distance of
the templating silica monolayer are apparent for the resulting
nanopillar arrays. The depth of the templated nanopillars can
be controlled by changing the RIE duration. Figure 4(D) shows
a cross-sectional SEM image of an array of silicon nanopillars
with aspect ratio of ∼6.0 after 20 min of Cl2 RIE. Shallow
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200 nm
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Figure 4. (A) Tilted-view (20◦) SEM image showing the templating silica nanoparticles and the underneath silicon nanopillars after brief
Cl2 RIE. (B) Top-view SEM image of a templated silicon nanopillar array after 15 min RIE. (C) Tilted-view (20◦) SEM image of the sample
in (B). (D) Cross-sectional SEM image of silicon nanopillars etched for 20 min.

dimples are formed on the top surfaces of the pillars due
to the shrinkage of the templating silica nanoparticles during
prolonged etching that makes the silica particles too small to
protect the silicon underneath from being etched. The number
density of the templated nanopillars (1.5 × 1010 pillars cm−2)
is more than one order of magnitude higher than that of the
samples templated from submicrometer-scale particles [44].

The templated silicon nanopillar arrays were dark,
and no angle-dependent diffraction was observed as the
periodicity of the nanopillar arrays is much smaller than
the wavelength of visible light. The specular reflection of
the templated nanopillar arrays was evaluated using visible–
near-infrared reflectivity measurement at normal incidence
and theoretical calculation based on a rigorous coupled-wave
analysis (RCWA) model [45]. Figure 5 compares the specular
reflection from a flat silicon wafer, a commercial crystalline
silicon solar cell with vapor-deposited silicon nitride (SiNx )
antireflection coating, and the templated nanopillar array as
shown in figure 4(D). The normal-incidence reflection is
greatly reduced from >30% for a flat silicon wafer to <2.5%
for the templated nanopillar array. It is also apparent that
the nanopillar ARC exhibits excellent broadband antireflection
property, better than commercial ARC on the crystalline silicon
solar cell, which shows reduced reflection only around 600–
800 nm [46].

The experimental reflection measurement was comple-
mented by a theoretical calculation using a rigorous coupled-
wave analysis (RCWA) model [45]. We assume that the tem-
plated pillars have a shape like inverted circular paraboloid. A

Figure 5. Experimental and simulated specular reflection at normal
incidence from a flat silicon wafer (black), a commercial
single-crystalline silicon solar cell with SiNx antireflection coating
(blue), and the templated silicon nanopillar array as shown in
figure 4(D) (red).

coordinate system is set up with the z-axis perpendicular to
the pillar surface so that the array troughs are at z = 0 and
the pillar peaks at z = h. We divide the pillar arrays into
N = 100 horizontal layers with thickness h

N . The z-coordinate

z∗ and the radius r∗ of each layer satisfy r∗ = r
√

1 − z∗
h ,

where 0 � z∗ � h. The pillar lattice is assumed to be hexag-
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Figure 6. Change of the calculated effective refractive index at
λ = 700 nm from the wafer surface (depth = 0) to the bottom of
templated silicon pillars with 400 nm height.

onal and the distance between the centers of the neighboring
troughs is defined as

√
2D (figure 2(D)). Therefore, the hor-

izontal layer at level z∗ contains a fraction f (z∗) of silicon
with complex refractive index ÑSi = n + ik (n and k are
the optical constants of silicon) [47], and a fraction 1 − f (z∗)
of air with refractive index nair = 1. The hexagonal struc-

ture of the pillar arrays leads to the formula f (z∗) =π(r∗)2√
3D2

.
Based on the effective medium theory, the effective refractive
index n(z∗) of the layer at height z∗ can be approximated by

n(z∗) = [ f (z∗)Ñq
Si + (1 − f (z∗))nq

air]
1
q , where q = 2

3 [11, 48].
We finally calculate the reflectance of the whole system by
solving the Maxwell equation to express the electromagnetic
(EM) field in each layer and then matching the EM boundary
conditions between neighboring layers for the determination of
the reflectance of the system.

Figure 5 shows that the simulated spectra (dotted lines)
for both the flat silicon substrate and the templated nanopillar
array agree well with the experimental results. The excellent
broadband antireflection of the nanopillar ARCs is due
to the refractive index gradient across the air and silicon
interface [11]. Figure 6 shows the calculated effective
refractive index at λ = 700 nm across the height of
400 nm nanopillars. For the bare wafer, the refractive index
(RI) changes sharply from air (RI = 1.0) to bulk silicon
(RI = 3.774), while for templated nanopillars, the RI changes
gradually from 1.0 to 3.439 and then to 3.774. This refractive
index gradient leads to very low reflection over a wide range of
wavelengths.

The templated nanopillars with high aspect ratio can trap
a high fraction of air in the trough area between nanopil-
lars, making the silicon surface superhydrophobic [49]. This
is promising for developing self-cleaning ARCs for silicon
solar cells. The hydrophobicity of silicon nanopillars can
be further improved by functionalization with fluorosilane
through the well-established silane coupling reaction [50].
Here, silicon nanopillars were chemically modified by react-
ing with a 4.4 × 10−3 M solution of (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trichlorosilane (Gelest) in hexane/CCl4

Figure 7. Water drop profile on a fluorosilane-modified silicon
nanopillar array prepared by Cl2 RIE for 20 min using 70 nm silica
nanoparticles as templates.

(v/v:70/30) for 2 h at room temperature. The resulting sur-
faces were rinsed with dichloromethane and ethanol and then
dried under air. Figure 7 shows a water drop profile on a
fluorosilane-modified silicon nanopillar array. The surface is
superhydrophobic and the measured apparent water contact an-
gle is 158◦, significantly enhanced from ∼108◦ on a fluori-
nated flat silicon wafer. The utilization of nanoparticles in-
stead of submicrometer-sized particles as templates to generate
moth-eye ARCs facilitates the elimination of unwanted Bragg
diffraction and simultaneously enhances the film hydrophobic-
ity [11, 49].

4. Conclusions

In conclusion, we have developed a simple and scalable
templating approach for fabricating sub-100 nm periodic
nanostructures with resolution beyond the optical diffraction
limit. Non-close-packed colloidal crystals consisting of 70 nm
silica nanoparticles can be rapidly assembled over large area by
a simple spin-coating technique. The shear-aligned colloidal
monolayers can be used as structural templates to pattern
subwavelength moth-eye ARCs directly on silicon substrates.
The templated nanopillar arrays exhibit excellent broadband
antireflection and superhydrophobic properties, which are
promising for developing self-cleaning ARCs for crystalline
silicon solar cells.
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