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A method for improving the electrical properties of one-dimensional conducting structures by reductive
deposition of metallic silver on a gold surface is presented. Fe304@Au core—shell nanoparticles were used
to fabricate conducting magnetoplasmonic nanochains (MPNCs) through magnetic-field-induced as-
sembly. The MPNCs were prepared on a solid substrate. Their dimension was controlled by adjusting the
pH of the colloidal solution. The nanochains (NCs) were placed across gold microelectrodes, and addi-

tional metal was deposited by highly specific chemical enhancement of the colloidal gold using a silver
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enhancement solution. Silver-enhanced MPNCs show a remarkable morphology and an impressive
enhancement in electrical properties compared to the as-prepared MPNCs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1-D) nanostructured materials (e.g., nano-
wires, nanorods, and nanochains) have received much attention to
date. These structures have been seen rapid development in recent
years and emerged as powerful building blocks for numerous ap-
plications, such as nanoelectronics [1], optoelectronics [2], as well
as electrochemical and biosensor devices [3,4]. In particular, con-
ducting nanowires are attracting increasing attention because of
their unique electrical properties and potential for the fabrication
of high-performance devices [5—7]. Various techniques have been
proposed to produce the 1-D conducting structures, including
nano-imprint lithography [8], dip-pen [9], and template-based
electrochemical deposition [10]. However, these conventional
methods require sophisticated systems and/or complex processes.
As an alternative, unconventional methods based on self-assembly
of nanoscale units represent a fascinating strategy for the fabrica-
tion of 1-D structures with easily controllable dimensions and
properties.

Alignment of magnetic colloidal nanoparticles (NPs) in sus-
pension using an external magnetic field offers an interesting
avenue to generate nanowires in a liquid matrix. Typically,
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magnetite NPs in suspension can be manipulated by an external
magnetic field [11]. The structure of magnetic-based systems is
determined by the interplay between interparticle features (e.g.,
shape, size, surface layer, magnetic dipole moment, etc.) and
external stimuli. In the absence of an external magnetic field,
isotropic Van der Waals forces are expected to play a dominant role
in determining the colloidal stability of the nanoparticles. However,
in the presence of a magnetic field, anisotropic magnetic dipole
interactions can play a significant role in controlling the formation
of chain-like structures along the magnetic field direction [12]. In
order to produce conducting 1-D structures through magnetic-
field-induced alignment, magnetic NPs must be covered with
conducting materials. Conducting polymers have been reported as
good candidates for this purpose because of their controllable
chemical and electrochemical properties [13,14]. However, the
main disadvantages are their relatively low stability and their
insolubility in common organic solvents.

Recently, magnetic NPs covered with a thin gold or silver film
attracted considerable interest because of their hybrid magnetic,
plasmonic, and electrical properties. The corresponding materials
are labeled magnetoplasmonic NPs (MPNPs). Our group reported
magnetoplasmonic (Fe304@Au) core—shell NPs that consist of an
Fe304 core and an Au shell [15]. Coating an Au layer on a magnetic
core could preserve the chemical stability as well as the magnetic
properties of Fe304. Additionally, the Au shell provides unique
plasmonic and electric properties to the material, which is expected
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to result in attractive applications in electronics and optics. As an
example, we proposed a method to fabricate conducting NCs of
Fe304@Au core—shell NPs utilizing the driving force of an external
magnetic field [16]. After annealing treatment, these NCs were used
as a transducer for DNA detection. Here, we introduce an alterna-
tive method for greatly improving the conductivity of NCs using
silver enhancement. A six-fold improvement was found for the
conductivity of MPNCs compared to annealed ones. The present
study thus introduces a potential technique for the development of
novel components for nanoelectronics, optoelectronics, and
biosensors.

2. Experimental details
2.1. Materials

Sodium citrate (Na3CgHs507), silver nitrate (AgNOs3), and hydro-
quinone (CgHgO) were obtained from Sigma—Aldrich Korea Ltd.
(Yongjin, South Korea). Citric acid (CgHgO7) was purchased from
Hayashi Pure Chemical Ind., Ltd. (Japan). The deionized H,O
(18.2 mQ/cm) used in most experiments was obtained from Human
Corporation, South Korea. All chemicals were of analytical grade
and used as received.

2.2. Fabrication silver-enhanced MPNCs

Fe304@Au NPs were synthesized according to our previously-
developed method [17]. The 1-D MPNCs were obtained via
external magnetic force as reported in ref. [16] (Fig. 1). The MPNCs
were developed using a silver enhancement solution according to
the previous literature [18,19]. First, a citrate buffer solution (pH
3.6) of hydroquinone was prepared by dissolving 0.1 M citric acid,
0.1 M trisodium citrate dehydrate, and 0.1 M hydroquinone in
deionized water. The silver enhancement solution was made by
mixing 1.7 ml of the buffer solution with 0.3 ml silver ion solution
(0.1 M AgNOs3). The as-prepared MPNCs were incubated with the
enhancement solution for 20 min under low light. The sample was
then washed with deionized water and dried under nitrogen gas.

2.3. Microfabrication of electrode

The electrode was fabricated from a 4-inch silica wafer (thick-
ness 0.5 mm). Photolithography was used to pattern photoresist.
Metal electrodes were deposited by evaporation of 30 nm of
chromium (for adhesion) under 100 nm of gold, and a lift-off pro-
cess was used to develop the electrode. Each electrode finger had a
length of 900 pum, a width of 100 um and an in-between spacing of

5 um. Electrode wafers were then cut into 1.2 cm x 1.1 cm chips
with a dicing saw.

2.4. Characterization

The morphologies and sizes of the Fe304@Au NPs and MPNCs
were characterized by HR-TEM (JEOL, JEM-3010, Japan), FE-SEM (S-
4700, Hitachi, Japan), optical microscopy (DM2000, Leica, Ger-
many), and AFM (Veeco dilnnova, USA). Furthermore, their surface
potential was monitored using a zeta-sizer (Malvern Instruments,
ZS Nano, UK). The conductivity of the aligned MPNCs was measured
by IviumStat (Ivium Technologies, The Netherlands).

3. Results and discussion
3.1. Control of MPNPs assembly

Fe304@Au NPs with diameter of 20 nm (10 nm Fe304 core, 5 nm
Au shell) were synthesized in an aqueous solution according to our
previous work [17]. It was reported that magnetic NPs dispersed in
solution are generally subjected to two major types of forces: van
der Waals (vdW) and magnetic dipolar interactions [20]. In our
previous study, the dimension of MPNCs was controlled by varying
the strength of the magnetic field, |B| which governs the magnetic
dipolar interactions [16]. Here, we additionally explore the role of
vdW interactions in the assembly of NPs by varying the pH of the
colloidal solution. Fig. 2 shows microscopic images of MPNCs pre-
pared from different pH solutions with the same applied magnetic
field (|B| = 20 mT). It can be seen that the conformation of MPNCs
prepared at different pH values is obviously different. In fact, at pH
4.5 the NCs appear thinner and shorter in comparison with ones in
higher pH solutions. The average lengths of NCs at pH 4.5, 7, and 9
are 22 pum, 25 um, and 51 um, respectively. Notably, the density of
NCs at pH 4.5 is high and decreases with increasing pH. Addition-
ally, it is worth noticing that the NCs at pH 4.5 are not straight and
not well directed along the magnetic field direction. Their
morphology is very different from that obtained in the other con-
ditions, for which NCs are found to be well oriented and separated
from each other. Consequently, through the present exploration,
NCs prepared at pH 7, which are sufficiently long, dense, and well
separated, were deemed to be appropriate for the fabrication of
conducting wires on microelectrodes with a gap of 5 um (Fig. S1).

The relation between pH and zeta potential of the NPs, which is
shown in Fig. S2, is crucial to explain the phenomenon observed in
Fig. 2. As shown in Fig. S2, the zeta potential of the NPs decreases
with increasing pH value. It is important to note that the zeta po-
tential of the glass surface also monotonically decreases as the pH
value increases [21]. It was reported that formation of clusters of
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Fig. 1. Schematic illustration of magnetic-field-induced alignment of Fe30,@Au NPs and silver enhancement of MPNCs.
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Fig. 2. Optical microscopic images of MPNCs prepared on the cover glass at different pH values: 4.5 (A—B), 7 (C), and 9 (D).

small superparamagnetic NPs, due to vdW interactions, is required increase in the absolute zeta potential of NPs, causing increased
for the alignment of the NPs along the magnetic field [20,22]. An electrostatic repulsion, opposes the vdW attraction between NPs. It
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Fig. 3. Optical microscopic image of MPNCs on the electrode (A); AFM image of an MPNC (B); SEM image of junction of MPNCs with Au pad (C); silver-enhanced MPNCs (D) and
their junction with Au pad (D inset).
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was expected that a higher pH (higher absolute zeta potential)
could lead to a reduction in the size of MPNCs. However, the
opposite phenomenon is observed in Fig. 2. Therefore, there
probably are other forces, besides the vdW ones, that govern the
cluster formation. These forces are most likely related to the pres-
ence of a like-charged flat surface, as previous studies reported that
the long-range attraction between NPs is determined by the charge
density of both particles and flat surface [23,24].

3.2. Morphology of as-prepared and Ag-enhanced MPNCs

By placing the electrodes in the proper magnetic field direction,
MPNCs were formed and connected two Au pads, as shown in
Fig. 3A. The morphology of as-prepared MPNCs was studied by AFM
and SEM measurements (Fig. 3B and C). At a micro-scale view,
MPNCs display a needle shape with mean diameter of 400 nm. At
higher magnification, MPNCs appear to be formed of randomly
aggregated NPs as discrete building blocks (Fig. 3C). The resulting
morphology of the as-prepared MPNCs is attributed to their growth
mechanism [25]. Another feature worth noticing is the disconti-
nuity of the as-prepared MPNCs. A large number of cavities were
observed inside MPNCs, mainly as an effect of solvent evaporation
[26].

In order to produce continuous conductive nanowires, the as-
prepared MPNCs were treated with a silver enhancer using an
acidic solution of hydroquinone and silver ions under low light
conditions [19,27]. Silver metal is chemically deposited onto the
gold particles, which act as catalysts and significantly accelerate the
process. Under these experimental conditions, metal deposition
only occurs along the MPNCs and on the Au pads of the micro-
electrode, leaving the bare glass practically clean of silver. Fig. 3D
shows the morphology of silver-enhanced MPNCs treated for
20 min. The NCs show a remarkable morphology, known as nano-
flowers, which are constituted of silver nanoplates. It can be
observed that the nanoplates are approximately 350 nm in diam-
eter and several tens of nanometer in thickness. Interpenetrating
plates stand on each other with sharp edges, resulting in an overall
spherical shape with an enlarged surface. As clearly seen, the
diameter of the individual MPNPs reaches approximately up to
428 nm after enhancement (Fig. S3). In contrast to the as-prepared
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Fig. 4. 1-V curves of as-prepared (solid rectangle), annealed (solid triangle), and silver-
enhanced (solid circle) MPNCs. The inset shows magnified -V curves of as-prepared
and annealed MPNCs.

MPNCs, the silver-enhanced ones are continuous wires of well-
connected particles. Notably, after silver enhancement, MPNCs
appear to be coherently connected with the Au pad of the micro-
electrode (Fig. 3D inset).

3.3. Electrical properties of nanochains

As discussed above, as-prepared MPNCs are composed of
discrete clusters of NPs that act as quantum wells. Quantum size
effects are involved when the size of a particle is comparable to the
de Broglie wavelength of the electron [28]. Under these conditions,
the particles behave electronically as zero-dimensional quantum
dots and are subjected to quantum-mechanical rules. Under spatial
confinement, the electron energies are also quantized, which leads
to various effects. Thus, electron transport in the quantized struc-
ture must be governed by quantum effects and also by the
enhanced boundary scattering [29]. As a result, the [-V character-
istic curve of as-prepared MPNCs shown in the inset of Fig. 4A does
not follow an Ohmic behavior. High resistance and nonlinearity of
as-prepared MPNCs can be also attributed to poor contact between
NCs and Au pads.

As our previous study showed, the linearity and conductivity of
MPNCs are significantly improved through an annealing process
[16]. Accordingly, at appropriate annealing times and temperatures,
coalescence occurring when Fe304@Au NPs are in contact results in
the formation of larger nanoparticles. Additionally, the contact
between MPNCs and Au pads was improved because of the
consolidation of two objects at high temperature. As clearly seen in
the inset of Fig. 4, the linearity and conductivity of annealed MPNCs
were significantly improved compared with as-prepared MPNCs.
However, the resistance of annealed MPNCs is still very high
(~0.4 x 10° Q compared to ~0.9 x 10° Q for as-prepared MPNCs).
Here, silver enhancement was used as an alternative to achieve a
huge enhancement of conductivity of MPNCs. As shown in Fig. 4,
the [-V curve of silver-enhanced MPNCs was linear, exhibiting
Ohmic conductivity with low resistance (~278 Q). Such an Ohmic
response indicates continuous, metallic connections across the
MPNCs. The low resistance is that expected for grain-boundary-
dominated transport in a polycrystalline metal [30].

4. Conclusions

A simple, effective method to produce 1-D conducting materials
based on magnetic-field-induced alignment of MPNPs is proposed.
Continuous silver wires were obtained by treating MPNCs with a
silver enhancer, resulting in an impressive enhancement of their
electrical properties. The conductivity of MPNCs showed a six-fold
improvement compared to that of the annealed ones. Additionally,
the silver-enhanced MPNCs offer high potential for use in fasci-
nating applications such as sensors and catalysts because of their
unique surface properties.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.cap.2014.11.013.
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