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We present a facile one-step co-self-assembly method for the fabrication of two-dimensional (2D) non-
close-packed (ncp) colloidal crystals (CCs) using polystyrene (PS) colloidal spheres and
tetraethylorthosilicate (TEOS) sol. The resultant 2D ncp CCs demonstrated long-range ordering at the
centimeter-scale without cracks due to the addition of TEOS sol. The inter-particle gap of the ncp CCs
can be easily controlled by varying the amount of TEOS sol added during the assembly process. The
crack-free 2D CCs were employed to form hybrid plasmonic—photonic crystals by depositing a thin film
of gold. Experimental and simulated transmission spectra of the hybrid plasmonic—photonic crystals
were found to be in good agreement. This simple and low-cost method provides a platform for the
fabrication of high-quality 2D ncp CCs and may facilitate the development of various applications

of ncp CCs.

1. Introduction

Non-close-packed (ncp) colloidal crystals (CCs) have attracted
extensive interest in recent years for their fundamental and
technological importance.’ In comparison with close-packed
CCs, ncp CCs can have a tunable inter-particle gap distance and
a wider photonic band gap,* making them attractive materials for
photonic devices such as optical switches,’ all-optical chips,® and
light-emitting diodes.” Two dimensional (2D) ncp CCs, in
particular, have found applications in nanosphere lithography,?
tunable superhydrophobic surfaces,” surface plasmonic devices,'®
single quantum dot spectroscopy,'' and edge-spreading lithog-
raphy.’? So far, 2D ncp CCs have been prepared via methods
such as soft lithography,'*'* controlled reactive ion etching,>!s
electrostatics,'®'”  template-induced assembly,’®2*>  optical
tweezers,?*** and manipulation of dipole—dipole interaction.?>-*¢
However, these methods are limited by either high production
cost or small fabrication area.
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To achieve low-cost and large-area fabrication of 2D ncp CCs,
a spin-coating method has been reported by Jiang et al'®*" In
this method, the normal pressure produced by spin-coating and
monomer photopolymerization squeezes particles against the
substrates to form 2D ncp CCs. They further developed a
universal templating method for the fabrication of wafer-scale
2D ncp colloidal crystals from various functional materials,
without synthesizing uniform colloids of each material.®
However, the resultant 2D CCs display a polycrystalline struc-
ture and a fixed interparticle gap. In addition, a priming of silicon
wafer is necessary to avoid patch samples. To date, the fabrica-
tion of 2D ncp CCs with long-range ordering and single crys-
tallinity still remains a challenge.

The self-assembly method, as an alternative strategy for the
preparation of 2D ncp CCs, is attractive due to its cost-effec-
tiveness and potential for large-area monocrystalline fabrication.
It has been applied to the fabrication of highly ordered ncp CCs
of hydrogel spheres in a relatively large domain.?*3° In this
approach, poly(N-isopropylacrylamide) (polyNIPAM) hydrogel
spheres were self-assembled at the air-liquid interface into 2D
highly crystalline domains by adding a certain amount of
ethanol. Subsequently, a mechanical force is applied to merge the
domains into monocrystalline areas in the range of square
centimeters.?® Though self-healing 2D ncp arrays in long-range
ordering can be obtained by this method, additional apparatus
(pressure-modulated nitrogen gun and spin-coater) and steps
(oscillatory air stream and spin-coating) are needed. Addition-
ally, the procedures are complicated and the quality of the
resultant 2D ncp CCs is influenced by a number of factors such as
spin coating speed and shear force, which considerably affect the
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perfection of the structure. Recently, convective self-assembly?!
has attracted considerable interest due to its robustness
and simplicity. Close-packed 2D CCs have been demonstrated
using this method.?*3>3 Yan et al recently fabricated 2D
binary CCs in a relatively large area using a co-self-assembly
method.?* However, 2D ncp CCs have not been directly fabri-
cated using either a convective self-assembly or a co-self-
assembly method.

Here we report a flexible and scalable approach based on a co-
self-assembly technique to fabricate monolayer ncp CCs. In this
method, submicron polystyrene (PS) spheres dispersed in tet-
raethylorthosilicate (TEOS) sol are self-assembled to form 2D
colloidal crystal-silica nanocomposite films. Crack-free 2D ncp
CCs with a controllable inter-particle gap can be obtained due to
the polymerization of TEOS sol during the self-assembly process.
2D hybrid plasmonic—photonic crystals with enhanced optical
transmission were fabricated by depositing a thin film of gold
onto the 2D ncp CCs. This facile co-self-assembly technique can
significantly reduce crack density, leading to the formation of
highly ordered ncp CCs in a large area.

2. Experimental section
2.1. Materials

All chemicals including styrene (99%, Aldrich), potassium per-
sulfate (99%, Aldrich), ethanol (99.95%, Aldrich), sulfuric acid
(98%, Merck), hydrogen peroxide (35%, Scharlau Chemie S.A.),
TEOS (98%, Aldrich), and hydrochloric acid (37%, Sigma-
Aldrich) were used as purchased. Microscope cover glasses
(22 mm x 22 mm x 0.3 mm, Deckgldser) were used as substrates
for the fabrication of crack-free PS CCs. The glass substrates
were treated in a piranha solution (3 : 1 v/v, 98% H,S04/35%
H,0,) at 60 °C for 2 h before use. (Caution! Piranha and the
components of piranha are highly corrosive chemicals that present
numerous health hazards. When H>O, and H>SOy are combined,
an exothermic, potentially explosive reaction will result. Prior to
working with piranha solutions, the reader is encouraged to take all
necessary precautions.)

2.2. Preparation of 2D ncp PS/SiO, colloidal crystal films

The PS spheres were synthesized via an emulsifier-free emulsion
polymerization method.*® PS spheres with diameters of 277, 428,
715 and 1010 nm were used for the preparation of 2D PS CCs.
The size deviations of all sizes of PS spheres are smaller than
2.5% except for the size of 715 nm (2.9%). The fabrication of ncp
PS CCs was conducted in one step through co-self-assembly of
PS/SiO, CCs by adding TEOS sol. In a typical process, 77.83 uL
of a 4.02 vol% PS (428 nm in diameter) colloidal suspension
(cleaned by centrifugation) was added to 20 mL of deionized
water and 18.75 pL of TEOS sol. The TEOS sol consisting of a
volume of TEOS, ethanol, and 0.10 M HCI with a ratio of
1:2:1, respectively, was stirred at room temperature for 1 h.
The freshly prepared mixture was sonicated for 30 min before
use. The glass substrates were then vertically suspended in the
vial containing the colloid/TEOS suspension. The solvent
content was evaporated at 65 °C slowly over a period of 24 h in
an oven without disruption to allow the deposition of a thin film
onto the suspended substrate.

polystyrene beads
/

_ . hydrolysis of TEOS sol

Py

J\f"N“ solvent evaporation

Co-self assembly Physical vapor deposition

Scheme 1 Schematic illustration of the fabrication procedures for
generating monolayer ncp colloidal crystal-silica nanocomposites and
hybrid plasmonic—photonic crystals.

2.3. Fabrication of 2D ncp plasmonic—photonic crystals

The 2D ncp plasmonic—photonic crystals were formed by
depositing a thin layer of Au onto the PS/SiO, CCs. Metal
deposition was performed using an electron-beam evaporator
(Explorer Coating System, Denton Vacuum). The working
pressure during the evaporation was <5 x 107® Torr. The
temperature of the sample chamber was kept at 20 °C during the
entire evaporation process, with the sample holder rotating at a
rate of 50 rpm to ensure the uniformity of deposition. A 3 nm Cr
adhesion layer and a 50 nm Au layer were subsequently depos-
ited over the 2D PS/SiO, CC surface. Scheme 1 shows the illus-
tration of the fabrication process of the 2D ncp CCs and the
hybrid plasmonic—photonic crystals.

2.4. Characterization

Scanning electron microscope (SEM) images of the 2D PS/SiO,
CCs and the hybrid plasmonic—photonic crystals were recorded
using a JEOL JSM-6700F field-emission SEM (FESEM).
Atomic force microscope (AFM) imaging was performed on a
Nanoscope Dimension 3100 system operating in tapping mode.
Optical spectra were obtained on an UV-visible-NIR micro-
spectrophotometer (CRAIC QDI 2010™).

2.5. FDTD simulation

The optical transmission properties were simulated using the
finite-difference time-domain method (FDTD, Lumerical). A
unit cell of the structure was simulated under periodic boundary
conditions in the x- and y-direction and perfectly matched layer
(PML) boundary conditions in the z-direction. The dispersion of
gold was based on the Johnson and Christy model in the material
library of the software. The structures were illuminated with a
plane wave directed along the z-direction.

3. Results and discussion
3.1. Fabrication of 2D ncp CCs

Fig. 1a and b show low-magnification FESEM images of the 2D
ncp PS/SiO, CCs fabricated using PS spheres with a diameter of
428 nm. These images indicate that 2D ncp PS/SiO, CCs can be
fabricated in a relatively large domain without cracks (hundreds
of micrometers). The larger domain can be observed at the
centimetre scale under a microscope (Fig. S11). A closer look of
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Fig. 1 FESEM images of the 2D PS/SiO, CCs prepared via a co-self-assembly method using PS with sizes of (a—c) 428 nm, (d) 277 nm, and (e and f)

715 nm. The volume of TEOS sol was 20.25 uL.

the CCs shows that the PS spheres are arranged with a uniform
inter-particle gap (Fig. 1c). 2D ncp PS/SiO, colloidal crystal films
were also fabricated using PS spheres with diameters of 277 and
715 nm, as shown in Fig. 1d and e, respectively. The long-range
ordering of all these samples with different particle sizes
demonstrates the effectiveness of the co-self-assembly method. It
is worth noting that the monodispersity of PS particles signifi-
cantly affects the quality of 2D ncp CCs fabricated using this
method. A few point defects were observed in the CCs fabricated
using PS spheres with a diameter of 715 nm due to the larger

distribution of the particle size (size deviation is 2.9%) (Fig. 1f).
But as indicated by the black circle in Fig. 1f, such a point defect
in the PS lattice only leads to local distortion without propa-
gating through the lattice. The occurrence of point defects may
cause the nucleation of a domain with new orientation. However,
with continued growth, this new domain orientation is gradually
“corrected” to the original orientation before it finally disappears
completely (as shown by the black arrow in Fig. 1f). For CCs
made from highly monodispersed PS spheres (size deviation <
2.5%), polycrystallinity was not observed. In addition, this
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Fig. 2 (a and b) Cross-sectional SEM images and (c and d) 3D and 2D AFM images of the PS/SiO, CCs fabricated using 428 nm PS and 20.25 pL

TEOS sol.

method is still valid for the fabrication of 2D ncp CCs with PS
spheres larger than 1000 nm in diameter (Fig. S2+).

Cross-sectional SEM images of the 2D ncp CCs confirm that
the CCs are monolayer and the PS spheres are embedded in
silicate species (Fig. 2a and b). The atomic force microscope
(AFM) measurement was carried out to further examine the
quality of the 2D ncp CCs. As shown in Fig. 2¢ and d, the ncp
CCs are highly ordered and the PS spheres are in the same plane,
forming a monolayer on the substrate.

3.2. Comparison between co-self-assembly and convective self-
assembly methods

We also fabricated close-packed PS CCs using a convective self-
assembly method under the same experimental conditions except
that no TEOS sol was added. PS spheres with a diameter of 277
nm were used and the resulting PS CCs are compared with those
obtained via a co-self-assembly method. Fig. 3a and b show the
SEM images of 2D ncp CCs fabricated by a co-self-assembly
method while Fig. 3c and d show the SEM images of close-
packed CCs fabricated by a convective self-assembly method.
For a co-self-assembly approach, well ordered and crack-free 2D
ncp CCs can be fabricated in a relatively large area. In contrast,
the close-packed CCs fabricated via a convective self-assembly
method without adding TEOS sol exhibit many cracks and only
small domains of ordered structure can be observed. The

measured inter-crack distance is around 300 nm. In addition, the
convective self-assembly leads to both local and long-range
lattice distortions, while for the co-self-assembly method, the
CCs can tolerate point defects and the lattice perturbation is only
restricted to the neighbors.

Previous theoretical®***® and experimenta studies on the
convective self-assembly indicate that formation of cracks is due
to capillary stresses caused by both the drying front during the
self-assembly stage and the removal of a residual solvent during
the drying stage. Our co-self-assembly method in the fabrication
of 2D ncp CCs without cracks is different due to the addition of
TEOS sol. It is known that TEOS sol hydrolyzes during the self-
assembly process under the catalysis of HCL. Therefore, in the co-
self-assembly of PS colloidal spheres mixed with TEOS sol, the
sol-gel matrix that undergoes polycondensation provides a glue/
necking to the assembling PS spheres.** In this system, the
formation of a 2D colloidal crystal and the associated interfaces
that exist between the polymerizing TEOS sol-gel and the
assembling PS colloidal spheres play a very important role in
the fabrication of crack-free 2D colloidal crystal films. Firstly,
the formation of a 2D colloidal crystal and the associated
interfaces may provide sites for the relaxation of tensile stresses
generated during the gelation process. Secondly, controlled
solvent release during the polycondensation reaction can also
occur at these interfaces and be channelled to evaporate at
the surface.*” Therefore, the causes for capillary stresses in a

139,40
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Fig. 3 (a and b) PS non-close and (c and d) close-packed CCs fabricated with a co-self-assembly method and a convective self-assembly method using

277 nm PS spheres.

convective self-assembly are avoided in the co-self-assembly
method. Moreover, the moderate evaporation rate of the solvent
at the drying stage caused by the addition of TEOS sol may
benefit for the formation of crack-free CCs as well.> Thus, the
robust and interconnected silicate network in these composite
films may prohibit the formation/propagation of cracks. In
addition, this method avoids the coffee stain effect and results in
uniform 2D ncp colloidal crystal films due to the synergetic effect
of a complex gelation process, Marangoni flow and convecting
the PS colloidal spheres to the air-liquid interface during self-
assembly 314344

Fig. 4a and b show the SEM images of ncp PS/SiO, (before HF
etching) and ncp PS CCs (after HF etching), respectively. After
HF etching, the centre-to-centre distance remains unchanged
while the inter-particle gap becomes smaller because a part of
each colloidal sphere is buried under the silicate species and the
silicate species is higher than the centre of the PS colloidal
spheres in unetched 2D ncp CCs (Fig. S31). One of the most
prominent features of the resulting 2D ncp CCs is that the inter-
particle gap can be controlled by varying the amount of TEOS
sol added during the co-self-assembly process. When 18.75,
20.25, 21.75, 23.25 and 25 puL of TEOS sol used, the average
inter-particle gaps were 53, 67, 89, 100 and 120 nm, respectively
(Fig. 4a, S41 and 4c). By plotting the inter-particle gap as a
function of the volume of TEOS sol (Fig. 4d), we found that the

inter-particle gap increases approximately linearly with the
increase of the amount of TEOS sol in the mixed colloidal
suspension. This relationship provides a useful guide for
designing ncp CCs with controlled inter-particle gaps for
different applications. The facile one-step co-self-assembly
method developed in this work can be used in the fabrication of
large area, crack-free, long-range ordered 2D CCs. However, it
should be noted that there exists a critical amount of TEOS sol in
the mixed colloidal suspension. When the amount of TEOS sol
exceeds 26.25 pL (upper limit), an overlayer of SiO, will form on
top of the 2D CCs and cover the PS spheres (Fig. S5at). At the
lower threshold (around 8.75 pL), high-quality 2D ncp CCs
cannot be obtained in a large area (Fig. S5bt).

3.3. Fabrication of 2D hybrid plasmonic—photonic crystals

It has been reported that metal-coated CCs can exhibit
extraordinary optical transmission,**” which is crucial for
plasmonic applications including biosensing, color filters, and
metamaterials. Here we deposited a gold film on the 2D ncp CCs
to form hybrid plasmonic—photonic crystals and investigated
their optical transmission properties. Fig. 5 displays typical
FESEM images of a 2D ncp CC (PS sphere size: 428 nm; TEOS
sol: 18.75 pL) before and after the deposition of a 50 nm thick
gold film. It is clear that both the long-range ordering and the
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Fig.4 The inter-particle gap can be modulated by varying the amount of TEOS sol. FESEM images of PS/SiO, CCs (a) before and (b) after HF etching
(18.75 uL TEOS sol); (c) 2D ncp PS/SiO, CCs without etching (25 nL TEOS sol) and (d) the inter-particle gap as a function of the volume of TEOS sol

added in the mixed colloidal suspension.

centre-to-centre distance are well preserved after the Au depo-
sition while the inter-particle gap reduces from 53 nm to 36 nm
on average. A similar decrease in the inter-particle gap was also
observed in other samples (Fig. S67).

The optical transmission spectra and FDTD simulation results
of the plasmonic—photonic crystals formed from Au-coated 2D

100nm WD 7.5mm

50kV  X40,000

ncp CCs are shown in Fig. 6. The measured (Fig. 6a) and
simulated spectra (Fig. 6b) are in good agreement in terms of the
peak positions. Compared to the uncoated 2D ncp PS/SiO, CCs
(see Fig. S7t), the hybrid plasmonic—photonic crystals display
three optical transmission peaks. The peak at ~500 nm is asso-
ciated with electron transition and recombination between the

100nm WD 7.8mm

SEI 5.0kV X40,000

Fig. 5 FESEM images of 2D ncp CCs made from 428 nm PS spheres with 18.75 pL TEOS sol (a) before and (b) after deposition of a 50 nm Au film.
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Fig. 6 (a) Measured and (b) simulated transmission spectra of the hybrid plasmonic—photonic crystals obtained by coating a 50 nm gold film on the 2D

ncp CCs with different inter-particle gaps.

filled d-bands and the Fermi level in the conduction band of the
gold film.**-%° For the CCs with 53 nm gap, another two peaks at
~570 nm and ~720 nm arise from the surface plasmon polariton
(SPP) modes. These two peaks are much stronger than the
transmission spectrum from a 50 nm Au film on the silica
substrate (Fig. S8%). For the 2D hexagonal lattice, the
momentum match condition is kg,p(w) = ko(w)sin 6 + iG, £
JG,*t where kopp(@) = (2Tt/2)[emeal(em + £4)]? With &, and eq
being the dielectric constants of the metal and dielectric (PS opals
or air) at the interface, kq is the light wavevector at the incident
angle of 0, G, and G, are Bragg vectors of the CCs, i and j are
integers. From the above equations, the peaks at ~570 nm and
~720 nm can be assigned to the SPP modes that propagate along
the air—gold and opal-gold interfaces, respectively. As the gap
distance increases from 53 nm to 100 nm, these two peaks blue-
shifted to shorter wavelengths. It is noteworthy that the SPP
resonance associated with the interfaces of the 2D ncp CCs can
be tuned via the amount of TEOS sol added in the assembly
process, while the SPP resonances are fixed for 2D close-packed
CCs with the same sphere size.

4. Conclusions

In summary, 2D ncp CCs were fabricated via a facile co-self-
assembly method using PS colloidal spheres and TEOS sol. The
size and inter-particle gap of the ncp CCs can be easily and
precisely controlled by the amount of TEOS sol added in the
process. These 2D ncp CCs were further employed to form
hybrid plasmonic—photonic crystals by depositing a gold film on
the crystals. The resonance peak can be tuned according to the
inter-particle gap size. This fabrication approach is cost effective
and able to fabricate highly ordered, crack-free 2D ncp CCs in a
large area with high crystallinity. The high-quality 2D ncp CCs
prepared via the co-self-assembly method may facilitate the
applications of 2D CCs in nano-lithography and nano-photonics
and plasmonics.
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