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ABSTRACT

Large-area nickel patterned membranes with tunable pore size are prepared by the combination of
self-assembly nanosphere lithography and electrodeposition. The morphology of the nickel mem-
branes exhibits a honeycomb or egg-shell-roofed structure depending on the deposition time and the
electrostatic-induced absorption effect. With an increase of electrodeposition time, the movement of
polystyrene spheres caused by metal-filling gradually changes the contact evolution between the spheres
and the substrate from facet contact to quasi-point contact, until complete lift from the substrate. Hence,
the pore size can be controlled by varying the deposition time; i.e., by controlling the contact area between
the polystyrene spheres and the substrate. Such membranes can be useful as templates for nanofabrica-
tion. The site and density control of one-dimensional nanostructures, depending on the distance and the
size of the pore, is a critical issue in many potential applications, such as optical antennas, biosensors and

bioprobes, and field emission devices.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The fabrication and structural characterization of periodic struc-
tures in the submicron scale are topics of great interest in the
field of nanotechnology. Surface-patterned micro- and nanostruc-
tures have many applications in several scientific and technological
fields, such as electronic and optical devices [ 1], photonic materials
[2], and templates for fabricating biological and chemical sensors
[3]. Various lithography techniques, such as those based on scan-
ning probe, electron beam, focused ion beam, or X-ray, have been
routinely used to fabricate two-dimensional (2D) metallic periodic
arrays [4-6]. However, the application of these conventional tech-
niques is limited by the high cost and low processing speed. Thus,
nanosphere lithography (NSL) has recently attracted attention for
the fabrication of ordered nanostructures over large areas [7,8]. In
this process, the latex particles self-organize into an ordered pat-
tern, and then the desired materials are deposited onto the ordered
colloidal spheres to obtaina 2D arrays [9,10].

Morphology-controlled ordered nickel porous arrays are of
importance in fundamental research due to their morphology-
dependent electric, magnetic properties and also with regard to
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practical applications [11-13]. Recently, Duan [14,15] reported the
electrochemical synthesis of 2D ordered porous nickel arrays based
on a polystyrene sphere colloidal monolayer. The morphologies can
be controlled from a bowl-like structure to a hollow sphere-like
structure by changing deposition time under a constant current.

The present study presents a simple approach that combines the
self-assembled monolayer mask technique with electrodeposition
for preparing ordered patterned membranes after the removal of
polystyrene spheres. The pore size of the patterned membrane can
be adjusted by changing the deposition time of the electrodeposi-
tion process. Furthermore, the pore size whether the topmost layer
of the structure is open or closed. In addition, the detailed changes
of the morphology at each stage under constant voltage (—1V) are
also discussed.

2. Experimental procedures

Polystyrene spheres were prepared via dispersion polymerization. The substrate
was processed by a surface treatment to increase the wettability and smoothness
of the substrate. Si substrate was pretreated in two steps to render a hydrophilic
surface; the first was with piranha etching by 3:1 H,SO4: 30%H,0, at 80°C for 1h,
and then base treatment by 5:1:1 H,0:30%H,0,:NH4OH with sonication for 1 h. A
monolayer of latex spheres was created by the spin coating of 1.2-pum-diameter
polystyrene spheres onto a Si substrate using a custom-built spin coater. The spin
coating was performed at a speed of 3000 rpm. The latex solution from the man-
ufacturer was diluted in a solution of surfactant Triton X-100/methanol (1:1000
by volume) in a ratio of 1:4-1:5 (by volume) before the spin coating process. The
quality and thickness of colloidal crystals are greatly affected by the spin speed,
concentration of the colloidal suspension, rheology of the suspension, and wet-
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Fig. 1. The relationship between electrodeposition current and time shows the stages of the formation of nickel inside the polystyrene template at each point, as indicated

by the arrows.

tability of substrate. The aqueous solution used for nickel electrodeposition was
composed of NiSO4-6H,0, NiCl,-6H,0, and H3BOs. After the deposition process,
the samples were dried in air, followed by subsequent removal of the polystyrene
spheres by dissolution in dichloromethane solvent for 10 mins. The surface rough-
ness the nickel deposit was analyzed with the aid of an atomic force microscope
(AFM, Digital Instrument Nanoscope). After the polystyrene spheres were removed
using dichloromethane, a nickel membrane with 2D ordered and patterned pores
remains. The products obtained were characterized by field-emission scanning elec-
tron microscopy (Hitachi S-3000 N).

3. Results and discussion

Fig. 1 shows the current changes during the electrodeposition
process along with the resulting film morphologies. By adjust-
ment of the microsphere size and the applied current, the proposed
method allows for precise control over the structure formation and
film thickness of the obtained nickel films. Three stages can be
clearly observed for the entire process of nickel filling the inter-
stitial spaces of a colloidal array [16]. In the first stage, from O to
55, nickel ions are attracted to the electrode and reduced to nickel
metal; they nucleate and form a nickel film on the substrate. In
the second stage from 5 to 40 s, the nickel metal fills the interstitial
spaces of the polystyrene template from bottom to top. In this stage,
the current increases very sharply at point c in the curve, which is
ascribed to arapid increase of the nickel metal area once the growth
front of the deposited material reaches the template/bulk solution
interface [17]. This is confirmed in our experiments where the elec-
trodeposition process was stopped at various stages, as indicated
by the arrows and corresponding SEM images of the 2D nickel films
obtained at each stage (also shown in Fig. 1). If the electrodeposition
process is stopped at a very early stage ((b), before 40 s), a bowl-like
nickel array is obtained. If the electrodeposition process is stopped
at a later stage ((b), after 40s), an egg-shell-roofed nickel struc-
ture is obtained. Fig. 1(c) shows that some of the pores at the top
layer begin to close; if the process is continued, then all the pores
at the topmost layer closed. In the third stage, from 40 to 60s, the
polystyrene template is covered completely by the nickel metal.
Beyond this point, at the fourth stage, the occurrence of nickel elec-
troplating on the planar coating can be found above the surface of
the polystyrene template.

In order to further explain the formation of egg-shell-roofed
nickel films during the electrodeposition process, an investigation
on the effect of the surface charge of polystyrene was conducted.
After 60s of deposition, the egg-shell-roofed nickel films are
obtained, as shown in Fig. 2(a). Fig. 2(b) and (c) shows the zeta-
potential of polystyrene colloidal particles in water and polystyrene
colloidal particles dispersed in the aqueous nickel electroplating

solution, respectively. The average values of zeta-potential for the
two cases, in water and electroplating solution, are —19.5 and
—10.3 mV, respectively. The results indicate that positively charged
nickel ions adsorb onto the surface of negatively charged colloidal
particles, when they migrate near the colloidal particles [14], due to
the electrostatic-induced adsorption effect in the electrodeposition
solution. When the electrodeposition process starts, the nickel ions,
which are away from the colloidal crystal template, will migrate
toward the working electrode as they are attracted by the applied
potential (—1 V), resulting in an increase of the nickel ion concentra-
tion [18]. Hence, in this situation the colloidal particles constructing
the template adsorb more nickel ions than they do in the case with-
out the application of potential. The process of nickel ions reducing
to metal and filling the interstitial spaces at the template bottom
takes place simultaneously with the adsorption of nickel ions onto
the colloidal surface at the template top. Furthermore, the nickel
ions continuously adsorb onto the colloidal surfaces at the tem-
plate top, until the height of the nickel filling the interstitial spaces
reaches the template surface. Nickel metal grows preferentially on
the colloidal surface compared to sites among the colloids [19], and
thus a nickel egg-shell-roofed film is obtained after the removal
of the polystyrene colloidal template by accurately controlling the
electrodeposition mechanism.

The polystyrene colloidal template with quasi-point contact was
used to fabricate ordered patterns. Fig. 3 shows ordered nickel
structure formation on a Si substrate produced by electrodeposi-
tion for 10-30 s and schematic illustrations of the area of the nickel
template (region outside the white circle) and original polystyrene-
covered area (white circle). The pore size of the nickel template
and original polystyrene-covered area are shown in the inset of
Fig. 3(c), represented as black and white dotted circles, respectively.
The original polystyrene covered area at the bottom is found to
decrease with the increase of the electrodeposition time. The elec-
trodeposition was carried out at a constant potential for various
deposition times. Fig. 4 shows AFM images of the surface mor-
phology of the electrodeposited nickel films at —1V for 20s. The
surface appears to have a uniform distribution of granular-shaped
grains. Fig. 5 shows schematic cross-section illustrations of the
mechanism for nickel filling into the 2D colloidal crystal template
and the lift of polystyrene during the electrodeposition process.
Fig. 5(a) shows that the polystyrene microspheres take on a hexago-
nal closely packed lattice structure. Once the 2D polystyrene sphere
array forms on the substrate, the height of the walls of the bowls is
precisely controlled by the time of the electrodeposition process.
When the electrodepositon begins, nickel crystal nuclei form on
the substrate (electrode) and wedge-shaped regions between the
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Fig. 2. (a) SEM images of egg-shell-roofed nickel film and the measured zeta-potential for polystyrene colloidal particles in (b) water and (c) the nickel electrolytic deposition
solution.

polystyrene colloidal spheres due to the lower energy barrier of
nucleationin this area, as shown in Fig. 5(a). Nickel ions are reduced

to metal and fill the interstitial spaces at the template bottom. If
the electrodeposition process is continued, the nickel-filling height

reaches the contact site between the polystyrene spheres. Fig. 5 (b)
shows an enlarged image of the interface of the polystyrene and
electrodeposited nickel films. Voids exist at the interface of the
polystyrene and electrodeposited nickel films due to the surface

top view

cross section

Fig. 3. SEM images of the ordered structure formation on a Si substrate by electrodeposition for deposition times of (a) 10, (b) 20, and (c) 30s. (d) Schematic illustrations of

the area of the nickel template and original polystyrene-covered area.
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Fig. 4. AFM images of the electrodeposited nickel thin films.

Fig. 5. Schematic illustrations of the mechanism of nickel filling a 2D colloidal
crystal template and the movement of polystyrene during the electrodeposition
process.

roughness caused by the granular-shaped grains of the nickel film
(see Fig. 4). In the electrodeposition of metals, the nickel ions are
transported from the solution to the surface of the electrode by
diffusion. Voids at the interface of the polystyrene and electrode-
posited nickel films can be used as the channels for the nickel ion
transportation during the electrodeposition process. As the depo-
sition process continues, nickel metal will fills in the voids and
slowly move the polystyrene spheres. The initial contact for the 2D
polystyrene sphere array formed on the substrate is facet contact.
With continued deposition, the contact area gradually reduces to
quasi-point contact, and the polystyrene spheres move away from
the substrate. As a result, the pores are filled, as shown in the dot-
ted circles in Fig. 5(c) and (d). During the electrodeposition process,
voids exist at the interface of the polystyrene and electrodeposited
nickel films due to the surface roughness caused by the granular-
shaped grains of nickel film. The nickel ions reduce to metal and fill
the voids simultaneously. The movement of polystyrene spheres
caused by the metal filling gradually changes the contact between
the spheres and the substrate from facet contact to quasi-point con-
tact, until complete lift from the substrate. Therefore, the pore size
can be controlled by controlling the deposition time; i.e., by con-
troling the contact area between the polystyrene spheres and the
substrate.

4. Conclusions

An electrodeposition approach based on a colloidal template
was presented and a series of large-area and ordered pore mem-
branes was synthesized. This structure is useful for selecting
spheres smaller than the inner diameter of the bowls [20]; such
bowls may also be useful for novel biomedical applications and
nanofluidic devices method may allow the creation of patterned

1D nanostructures, such as ZnO [21], CNT, and other materials for
applications as sensor arrays [22], piezoelectric antennas arrays
[23], and optoelectronic devices [24]. These patterned macrop-
orous membranes with well-defined pore sizes have promising
applications in the areas of filtration, chemical delivery, and chem-
ical sensing, as well as templates for fabricating other ordered
nanostructures [25,26]. These patterned macroporous allow a more
controllable process conditions for various applications, such as
interface reaction, accurate drug carrying capacity, and adjustable
sensing area.
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