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It was demonstrated that size of the Ag nanoparticles array fabricated by nanosphere lithography
{NSL) can be changed as needed by reactive ion etching (RIE) of the self-assembled polystyrene
(PS) nanosphere template and post-annealing of the Ag particle array. A macroscopic 2D array of
ordered Ag nanoparticles streiching over an area greater than 1 cm? was achieved using a modified
nanosphere lithography method. The wavelength corresponding to the extinction maximum of the
surface plasmon resonance (SPR} from the Ag nanoparticle array was systematically tuned by RIE
of the PS template. Additional tuning of SPR was achieved by post-annealing the Ag nanoparticles
which induced shape-changes in the Ag nanoparticles. We demonstrated that SPR can be tuned
over the entire visible spectrum by RIE of the PS mask and thermal annealing, which can be
potentially used to display localized SPR spectrum (hence, different color) throughout the visible

range.
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1. INTRODUCTION

Typical patterning process for fabricating a nanostructure
array is based on photolithography' which is an integral
part of the semiconductor technology. The conventional
photolithographic methed is, however, nearly approaching
the resolution limit of less than 0.1 wm, dictated by phys-
ical laws. As an alternative for the photolithography, for a
very high resolution patterning, electron beam lithography
(EBL) can bring the resolution down to 5 nm.>? However,
because of the low throughput, it is difficult to create pat-
terns over a large area (> 1 mm?) with EBL. In addition to
the low throughput, EBL requires high capital investment.
Such limitations make EBL. unsuitable for general appli-
cations and confine its use to a laboratory practice. On
the other hand, the nanosphere lithegraphy (NSL) which
uses a self-assembled template of polystyrene (PS) or sil-
ica beads offers a new opportunity to improve the control-
lability of the self-assembled system with little cost and
provides a quick synthesis route so that NSL is a valuable
tool for producing prototype nano-patterned samples.*®
Nanosphere monolayer masks have been prepared by
various means, including electrophoresis,” electrostatic
deposition, spin-coating,'®!? a controlled evaporation of
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a solvent from the solution containing latex particles'>'" or
non-photolithographic methods.'® Most of the masks, how-
ever, contain structural defects such as grain boundaries,
dislocations, and vacancies which disturbs the long-range
ordering of the final structure.

Recently, a new technique for preparing defect-free
long-range ordered nanosphere monolayer based on self-
assembly at a liquid/gas interface was proposed.'” In this
paper, we modified the method to consistently produce
a highly ordered 2-dimensional array of Ag nanoparti-
cles which excites localized surface plasmon resonance
(SPR). We demonstrate that the SPR generated by the
Ag nanoparticles can be tuned by modilying the PS tem-
plate through reactive ion etching. Localized SPR excited
by such ordered noble-metal array exhibits selective pho-
toabsorption, scatlering, and local electromagnetic field
enhancement.’® These propertics of SPR can lead new
types of technologically important optical applications uti-
lizing the- SPR effect which allows concentration and con-
trolled guide of light into structures that are much smaller
than the wavelength of the propagating light.'®

2. EXPERIMENTAL PROCEDURE

The long-rang ordered PS monolayer was prepared follow-
ing the steps described by Rybezynski et al."? Procedure
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Fig. 1. Schematic diagram for preparing a hexagonal superlaitice of PS
beads.

for the preparation of the PS monolayer is schematically
described in Figure 1. Monodisperse PS beads with a
diameter of 460 nm (Bangs Laboratories, USA) was dis-
persed in water (10 wi%), which was further diluted with
an equal amount of ethanol. 6 ui of the PS solution was
then dropped onto the surface of a 2 cm x 6 cm glass sub-
strate placed in a beaker. The beaker was cleaned with
toluene to provide hydrophobic surface. Deionized water
was then slowly injected into the beaker using a syringe.
When the PS beads starts to float and form a loose mono-
layer on the water surface, 3~8 ul of 1% sodiumdodecyl-
sulfate (SDS) solution was slowly introduced on the water
surface. SDS caused the PS beads to consolidate into a
tightly bound monolayer. The monolayer was then lifted
from the water surface on a 1 cm x 1 em glass substrate
by extracting the water from the beaker. PS beads were
thinned by reactive ion etching (RIE} in an argon-oxygen
atmosphere. The chamber pressure was 58 mTorr and Ar
and oxygen gas flow rates were 15 scom and 30 scem,
respectively.

Ag nanoparticles were produced by depositing a thin
layer of Ag onto the PS mask using a thermal evapo-
ration system. Deposition rate was 1 nm/min, monitored
by a quartz crystal thickness balance. After the deposi-
tion, the PS beads were removed from the sample in an
ultrasonic bath of ethanol, leaving behind the patterned
Ag nanoparticles. Samples subjected to post-deposition
annealing were heat-tréated at 300 °C for I h in vacuum
condition (10~ Pa). Atomic force microscopy (AFM,
Parksystems XE-100), scanning electron microscopy
(SEM, ISM 6330F) and transmission electron microscopy
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(TEM, JEOL 2010) were used to characterize the self-
assembled polystyrene beads and nano-patterns. Optical
absorption spectra were.measured using a UV-VIS spec-
trometer (UV 8-2100, SCHINCO).

3. RESULTS AND DISCUSSION

Figure 2 shows a typical SEM image of PS beads arranged
inte a closely packed monaolayer produced using the self-
assembling method at a liquid/gas interface described
above. The image clearly manifests the long order obtained
by self-assembly of the monodisperse PS beads. Fourier
transform of the SEM image shown in the inset confirms
that the PS beads were arranged into a perfect hexagonal
superlattice. The superlattice extended over the entire sub-
strale so that no domain boundaries were observed. Neither
were there any visible large-scale defects such as dislo-
cations although occasional point defects were observed.
These point defects were mainly due to the effect of non-
uniform nanosphere size. Cracks created during consol-
idation and lift-off process near the sample edge were
also observed. Otherwise, we were able to consistently
obtain a defect-free PS nanosphere superlattice based on
the method described in Figure 1.

Because the PS beads can be cleanky dissolved from the
substrate, such PS monolayer is ideally suited to serve as
a shadow mask for metal deposition. Figure 3(a) presents
a SEM image of a well-ordered array triangular-shaped
(clearly visible in the inset) Ag nanoparticles produced by
depositing 60-nm-thick Ag layer onto the PS nanosphere
mask using a thermal evaporator and by removing the P5

Fig. 2. SEM image of the ordered PS nanosphere monolayer with the
_inset shawing Fourier transform of the image.
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Fig. 3. {a) SEM image and (b) AFM image of ordered Ag nanoparticles
produced by depositing 40-nm-thick Ag film onto the PS nanosphere
monolayer and subseguently removing the PS beads. The profile below
(b} shows the height and width of the Ag nanoparticles.

beads through ultrasonication in ethanol. The hexagonal
superlattice was well transferred to the Ag nanoparticle
array. The SEM image in Figure 3(a) also contains sev-
eral interconnected groups of nanoparticles which were
largely due to the size-distribution in the PS beads. Thus,
the uniformity of the Ag nanoparticle size was mainly lim-
ited by polydispersity of the purchased PS beads. The Ag
nanoparticles were, in fact, tetrahedral-shaped due te the
shape of interstitial voids in the superlattice and the shad-
owing effect as verified by the AFM image in Figure 3(b).
The Ag nanoparticles were 170 nm in width and 40 nm in
height.

In order to be able to arbitrarily alter the final Ag
nanoparticle size, diameter of the ordered PS beads were
changed by RIE.* Figure 4(a) shows the PS masks etched
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Fig. 4. {a) SEM images of the PS beads after RIE for different periods,
(b) plot of the PS diameter versus etching time, fitted o the Haginaya’s
model with & = 1.

with RIE for various periods. The diameter of PS beads
progressively decreased from 460 nm to 270 nm with
increasing etching time while maintaining the hexago-
nal superlattice. However, when the etching period was
extended to 12 min, the PS beads started to move out of
registry. It appears that as the PS beads became increas-
ingly smaller during 12 min of RIE, the kinetic energy
imparted by the plasma was sufficiently large to overcome
the binding energy and disturb the periodicity. Therefore,
minimum diameter of the PS beads obtainable by RIE
appears to be approximately 60% of the initial diameter.
Meanwhile, the etched bead diameter well matched the
Haginoya’s empirical expression®® which relates the etch-
ing time, ¢ to the sphere diameter, d:

d=d, c:osl:sin_l (%):I (1)
0

where 4, is the initial diameter of. PS beads, and & is
a constant depending on the etching conditions such as
gas component, pressure, incident power, and temperature,
Figure 4(b) clearly demcnstrates the experimental data
from the samples well-obeying the Haginoya’s equation
with & = 1. The decreased PS bead diameter enlarged the
interstitial volume, hence, enabling control of the size of
deposited Ag nanoparticles.
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It is well known that the noble-metal nanoparticle
arrays exhibit collective oscillations of conduction elec-
trons known as surface plasmon when the nanoparticles
are excited by light. The wavelength corresponding to the
absorption maximum of the SPR is highly dependent on
the size, shape, and surrounding dielectric properties of
the metal nanoparticles.!® Tuning of the extinction spectra
over the entire visible spectrum was accomplished by con-
trolling the size of Ag nanoparticles using RIE of the P§
beads. Figures 5(a—c) a series of AFM images of the Ag
nanoparticle arrays produced by the etched PS nanosphere
masks. The width of the Ag nanoparticles increased as
expected as the etching time increased whereas the height
remained constant at 40 nm. After RIE of 1 min, the
width of the Ag nanoparticles was 185 nm, which further
increased to 205 nm when the RIE time was increased
to 2 min. Corresponding normalized UV-visible extine-
tion spectra from the samples in Figures 5(a—), show-
ing a single surface plasmon resonance peak, are shown
Figure 5(d). As the Ag nanoparticles became increasingly
large by RIE of the PS beads, the resonance peak alsa
correspondingly red-shifted. The observed red shift in the
resonance peak is consistent with previous results and is
well-justified by classical Mie theory.®! In addition to the
main peak, each spectrum possessed a satellite peak at the
blue end of the visible spectrum. SPR can be produced
into two bands: longitudinal {(in-plane) and transverse (nor-
mal to the substrate) directions of the nanoparticles. It is

d | a. No RIE
b. RIE for 1 min
¢. RIE for 2 min

Extinction (a.u.)
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Fig. 5, AFM images {with corresponding profiles) of the Ag nanopar-
ticle by depositing 60-nm-thick Ag film onto the PS masks eiched for
different periods: (a) no etching, (b) for [ min, (¢) for 2 min, (d) UV-
visible extinetion spectra from the samples (a)-(c).
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likely that the transverse mode created the resonance at
about 410 nm while the longitudinal mode which strongly
depends on the size of nanoparticles generated the main
resonance peak. A strong electromagnetic coupling exist-
ing in the longitudinal direction due to the close end-to-
end contact of the nanoparticles is responsible for the main
resonance peak. In contrast, the transverse band was rel-
atively weak and exhibited minimal dependence on the
particle size because the nanoparticles were not coupled in
the transverse direction.

Figure 6 plots the SPR peaks exhibited by the same
set of samples in Figure 5 after annealing at 300 °C for
1 hour. Thermal annealing the Ag nanoparticle led to a
marked blue shift of the resonance peak, causing dramatic
changes in the color of the samples. The blue shift brought
by thermal annealing was as large as 270 nm so that a
SPR peak can potentially be generated from the red-end
to the blue end, covering the entire visible spectrum as
needed, The large blue shift is likely due to change in the
shape of the Ag nanoparticles. An AFM image of the ther-
mally annealed Ag nanoparticles in Figure 7(a) indicate
that the particle shape changed from a tetrahedral shape
to a near-spherical shape; i.e., the height of the particles
increased while the width decreased substantially. Cross-
sectional TEM images of the Ag particles before and after
annealing at 300 °C in Figures 7(b and ¢) also verifies the
particle shape change incurred during thermal annealing.
Other contributing facters for the large blue shift were the
decreased particle diameter and the subsequent increase in
effective interparticle distance.'® Figures 5 and 6 demon-
strate that the SPR peak from the Ag nanoparticle array
can be tuned as needed by altering the shape and size
of the Ag nanoparticles through RIE of the PS mask and
thermal annealing.

a. No RIE
b. RIE for 1 min
c. RIE for 2 min
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Fig. 6. UV-visible extinction spectra after annealing at 300 °C for
1 hour. The samples were prepared by depositing 60-nm-thick Ag film
onto the PS masks etched for different periods.
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Fig. 7. (a) AFM image of the Ag nanoparticle array prc}iared by
depositing 60-nm-thick Ag film onto the PS mask and anncaled at
300 °C for 1 hour and cross-sectional TEM image of the Ag nanoparticle
{b) before and (c} after annealing at 300 °C for 1 hour.

4. CONCLUSION

We demonstrated that SPR generated from a long-range
ordered silver nanoparticles produced by NSL can be
tuned by controlling both size and shape of the nanoparti-
cles. Size of the Ag nanoparticles can be easily controlled
by reducing the PS bead diameter through varying the
etching time. SPR can be further tuned over the entire vis-
ible spectrum by simple thermal annealing without using

3122

PS beads of different sizes or changing the amount of
metal deposited.
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