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 Abstract. In this paper we applied an inexpensive method of nanofabrication, namely 
the method of nanosphere lithography, to fabricate highly regular arrays of nanometer-scale 
silver and gold particles as well as two-dimensionally ordered arrays of nanoscopic holes 
perforated in metallic films. Structural and optical properties of metall ic nanostructures 
were investigated by using scanning electron microscopy and ultraviolet-visible extinction 
spectroscopy. Such metallic nanostructures exhibit interesting optical properties resulting 
from the excitation of surface plasmons.  
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1. INTRODUCTION 
 
 
 Nanoparticles and nanostructures composed of metals and semiconductors have 
attracted a lot of attention because of their new optical, electrochemical, catalytic, or 
biological characteristics which are not obtainable with conventional bulk materials [1]. 
Particularly, regular arrays of nanoparticles can exhibit interesting physics resulting from 
the collective behavior of the interacting nanoparticles. Therefore the fabrication of 
periodic arrays of nanoparticles with controlled size, shape, and spacing, using techniques 
applicable to a broad range of materials is one of the challenges of nanotechnology. 
 Conventional nanolithographic techniques, especially electron-beam lithography and 
X-ray lithography are currently used to pattern solid surfaces with regular arrays of 
nanometer scale features. However, besides some practical li mitations, these methods are 
cost-consuming that only few laboratories can afford them. Alternatively, many research 
activities are currently devoted to less costly and parallel nanoscale methods for regular 
structure formation.  

 In this paper we apply an inexpensive nanofabrication method, i.e. the 
nanosphere li thography, to produce single layers of periodic arrays of silver and gold 
nanoparticles. We show that modifying the conventional preparations conditions to 
fabricate two-dimensionally ordered arrays of nanoscopic holes into metallic films could 
also extend the method. The nanosphere lithography relies on self-assembly of colloidal 
particles into two-dimensional arrays deposited on solid substrates. Evaporating a colloidal 
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nanosphere solution deposited onto a substrate forms hexagonally close-packed nanosphere 
arrays suitable for use as lithographic masks [2].   

It is well known that the optical response of metallic nanostructures is dominated by 
surface electromagnetic modes or surface plasmons. Particularly, regular arrays of metallic 
interacting nanoparticles display interesting “plasmonic” band structure similar to the more 
familiar photonic crystals [3]. The metallic films patterned with regular hole-arrays of 
nanoscale size and periodicity is a topic of increasing interest owing to the phenomena of 
light transmission enhancement [4].  Understanding the optical response and developing 
low-cost, high eff iciency production methods of metallic nanostructures are very 
motivating factors as manipulating and controlling light fields on the nanoscale might be of 
major importance for ultrasensiti ve spectroscopic analysis and relevant photonic 
applications.    

 
 

2. EXPERIMENTAL 
 
 

 The samples were prepared according to the drop-coat method of nanosphere 
ordering as employed by the Van Duyne group [5]. Simply, a suspension of polystyrene 
nanospheres was drop-coated onto the substrate where they self-assembled into a 
hexagonally close-packed two-dimensional (2D) colloidal crystal that served a a deposition 
mask. 

 Substrate preparation. Of critical importance is the chemical treatment of the 
substrate to render the surface hydrophili c. The substrates were highly polished fused sili ca 
of dimensions 25 mm x 25 mm x 1 mm and were treated first by etching in a solution of 3:1 
H2SO4:H2O2 for a period of 2 hours. The substrates were then washed in deionised water, 
immersed in a solution of 5:1:1 H2O:NH4OH:H2O2 and sonicated in an ultrasonic bath for 
1/2 hour. Finally the substrates were washed and stored in deionised water prior to 
nanosphere ordering. 

Periodic arrays of polystyrene nanospheres. A suspension of polystyrene 
nanospheres was dropcoated onto the substrate where they self-assembled into hexagonally 
close-packed 2D coll oidal crystal that served as a deposition mask. Polystyrene 
nanospheres were supplied by Interfacial Dynamics Corporation and by Duke Scientific Ltd 
as monodispersed suspensions in deionised water. The surface of the predominantly 
polystyrene nanospheres consists of negatively charged carboxyl-terminated polymer 
molecules with a strongly hydrophobic nature. An amount of solution, dependent on the 
colloid concentration, was deposited directly on the substrate (Fig 1a). The beads were 
evenly dispersed in solution onto the substrate placed at a slight angle to initiali se ordering 
along a particular edge (Fig.1b). The dynamics of nanosphere ordering is strongly 
dependent on the evaporation rate and radically altered by the presence of the boundary. 
The curvature of the meniscus is reduced at the edge resulting in a reduction of the 
convective flow of particles. In the absence of the boundary the convective flow rate is 
large enough to deplete the nanosphere concentration at the centre of the substrate 
suff iciently to prevent large area monolayer domains forming.  
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Fig. 1 - Schematic outline of the experimental procedure for preparation of 
periodic arrays of polystyrene spheres: (a) drop-coating and (b) formation of crystalline 

assemblies of polystyrene beads  
 

Periodic ar rays of metalli c nanopar ticles. Once the 2D colloidal crystal deposition 
mask was formed, the substrate was mounted into the vacuum chamber of a vapour 
deposition system. Silver or gold films of controlled thickness (usuall y between 20-120 
nm) were thermally evaporated onto the substrate under a pressure of 5×10-6 Torr. The film 
thickness was monitored using a calibrated quartz crystal oscill ator. The silver was 
evaporated from a molybdenum boat, having been thoroughly out-gassed under high 
vacuum. A voltage of ~90V was required to melt and then vaporise the metal, and once the 
metal had been deposited, the sample was left under vacuum for half an hour in order to 
allow the film to cool and stabili ze, so that there was the minimum of oxidation and 
sulphidisation on the metal surface. The evaporated silver or gold coats the regions of the 
substrate not covered with polymer spheres. A solvent (dichloromethane or chloroform) 
wash is then used to remove the polystyrene nanospheres from the substrate. The solvent 
wash removes the nanospheres but does not affect the silver or gold that has been deposited 
onto the substrate, resulting in a glass substrate metallized with repeatable spaced metallic 
nano-triangles. The period of nanostructures is determined by the initial period of 
hexagonally close-packed nanosphere arrays and the size of metalli c features can be easily 
tuned by the diameter of spheres. 

Periodic ar ray of nanoholes. The versatili ty of nanosphere lithography was 
extended by using reactive ion etching (RIE) of polystyrene nanospheres. The sample 
consisting of crystalline assemblies of polystyrene nanospheres was placed in a RIE 
chamber and exposed to oxygen (O2) plasma. The nanospheres are reduced in size by RIE 
after which silver film was thermally evaporated. The thinned spheres were removed by 
sonication in dichloromethane leaving the silver film patterned with periodic array of 
nanoholes.  
 
 

3. RESULT S AND DISCUSSION 
 
 
 Figures 2a and 2b show the scanning electron microscope (SEM) pictures (not the 
same area) of two important steps in fabrication of periodic arrays of metall ic nanoparticles. 
In the first step (Fig. 2a) a single monolayer of hexagonally close-packed polystyrene 
nanospheres of 400 nm diameter was obtained on the silica substrates. In the second step, 
following silver deposition through the nanospheres mask and spheres removal, an array of 

 

a b
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triangular sil ver particles was left on the substrate (Fig. 2b). We can see the arrangement of 
metal particles as well as their shape reflect the gap existing between polystyrene spheres in 
the original layer prior to the li ft-off process. Similar arrays of nanoparticles can be 
fabricated by using other evaporation materials as gold, nickel and chromium.  
 Next, we changed the conventional method described above in order to get the 
transition from arrays of quasi-isolated metal nanoparticles to nano-hole-arrays perforated 
into continuous metal film. Figures 3a and 3b show the SEM pictures (not the same area) of 
the structures thus prepared. Firstly, the hexagonall y close-packed polystyrene nanospheres 
were etched by an oxygen RIE for 180 seconds at a power of 180 W and pression of 71 10-3 
torr. Under these experimental conditions, the original diameter of spheres was reduced 
from 400 nm to 250 nm. Subsequently, the deposition of a silver film onto the layer of size-
reduced polystyrene spheres, followed by dissolution of spheres, leads to the formation of 
highly regular hole-arrays in the deposited film. The period of hole-arrays is determined by 
the initial period of hexagonally close-packed nanosphere arrays and the diameter of holes 
can be easily tuned by the etching time, as Haginoya et al. had reported partially [6].  
 As mentioned, the signature optical property of noble metal nanoparticles is the 
localized surface plasmon resonances (LSPR). We measured the dispersion of the surface 
plasmon modes by recording optical transmission through the samples as a function of light 
frequency and in-plane wave vector. The experimental set-up used to obtain dispersion data 
consists of a white light source and grating spectrometer to select light with frequency 
ranging from 1.15 mm-1 to 2.3 mm-1��ZKHUH�&�mm-1�� �&�UDG�V��� ŒF���IRFXVVHG�WKURXJK�WZR�
apertures to reduce beam divergence, a polariser was used to polarise the incident light. The 
in-plane wave vector, k// was varied by adjusting the angle of incidence to take a value 
GHSHQGHQW�RQ�WKH�IUHTXHQF\� &�RI�WKH�LQFLGHQW�UDGLDWLRQ�DFFRUGLQJ�WR�WKH�HTXDWLRQ�N// = k0 sin 
� ��ZKHUH�N0� � &�F�IRU�ZKLFK�Q�LV�WKH�UHIUDFWLYH�LQGH[� RI�WKH�GLHOHFWULF 
 

 
  Fig 2. - SEM images: a) crystalli ne assembly of polystyrene spheres of 400 nm 

diameter, b) periodic array of silver particles left on the substrate. 
 

a b
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Fig 3. -  
SEM images: a) before removing all etched polystyrene nanospheres, b) after removing all 
etched spheres and formation of periodic array of nanoholes into the silver film  (80 nm 

thickness and  250 nm hole diameter) 
Fig. 4 - a)  Experimental plot of surface plasmons dispersion from nanoparticle array, b) 

Experimental plot of surface plasmons dispersion from hole-array (white color: high 
extinction) 

Experimental plasmonic bands for the two structures presented in Fig 2b and Fig. 
3b are shown in figures 4a and 4b, respectively. Here, we illustrate the transition from the 
optical response of nanoparticles dominated by LSPR modes to the hole-array response 
dominated by extended SPP modes [7]. The primary consequences of the SPR excitation 
are the local electromagnetic field enhancement. With reference to this effect, metallic 
nanostructures are useful as active substrates for surface-enhanced Raman spectroscopy 
(SERS) and molecular fluorescence. Such spectroscopic measurements are currently in 
progress [8].  
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4. CONCLUSIONS 
 
 

In summary, we have successfully applied nanosphere lithography for the 
fabrication of highly regular, 2D arrays of metallic nanoparticles and nanostructures. The 
method has several attractive features because is simple, inexpensive and inherent parallel. 
We suggest that the method can be also applied for the fabrication of similar nanostructures 
in inorganic oxides, polymers, carbon, semiconductors, and magnetic materials 
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