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Abstract: Placing nanowires at the predetermined locations on a substrate represents one
of the significant hurdles to be tackled for realization of heterogeneous nanowire systems.
Here, we demonstrate spatially-controlled assembly of a single nanowire at the photolithographically
recessed region at the electrode gap with high integration yield (~90%). Two popular routes,
such as protruding electrode tips and recessed wells, for spatially-controlled nanowire alignment,
are compared to investigate long-range dielectrophoretic nanowire attraction and short-range
nanowire-nanowire electrostatic interaction for determining the final alignment of attracted
nanowires. Furthermore, the post-assembly process has been developed and tested to make a robust
electrical contact to the assembled nanowires, which removes any misaligned ones and connects the
nanowires to the underlying electrodes of circuit.
Keywords: nanowire; deterministic assembly; dielectrophoresis; nanodevices

1. Introduction
Despite the abundance of functional nanowires and the demonstration of the elemental devices
based on them, effective device fabrication remains unresolved. The fabrication challenges, including
precise registration of nanowires and effective metallization for robust electrical connections to the
substrate or circuit, are significant fundamental issues for bottom-up synthesized nanomaterials from a
manufacturing perspective. Heterogeneous integration of functional nanowires with a complementary
metal oxide semiconductor (CMOS) circuitry allows the possibility for multifunctional chip
manufacture in which bottom-up synthesis and top-down fabrication technology merge. In most
applications, assembly of a single nanowire at a predefined position and orientation with
submicron registration accuracy is desirable, and especially preferable is a process that facilitates
post-metallization of both ends of the nanowires.
Some techniques, such as Langmuir-Blodgett film [1], fluidic directed-alignment [2], blown bubble
film [3], chemically-functionalized patterns [4], and the contact printing method [5–7], have been
proposed to integrate the nanowire on the substrate in a controlled fashion while keeping pace with
the advances in nanowire synthesis and characterization. Their abilities, however, are limited to the
production of the ordered nanowire arrays with some degree of orientation. Contact printing on the
e-beam patterned photoresist trench and subsequent liftoff delivers a possible method to organize
a single nanowire array on the substrate [8], yet accurate alignment of a single nanowire to the desired
location still appears practically impossible.
Alternating current (AC) dielectrophoresis (DEP) utilizes the translational motion of polarizable
neutral objects in the liquid medium under the inhomogeneous electric field [9]. Since most of the
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metallic and semiconducting nanomaterials are more polarizable relative to non-aqueous media,
they are attracted to the electrode gap where the high electric field is induced across the gap.
As a result, DEP manipulation has been used to fabricate nanodevices by bridging the nanowires
and nanotubes across the electrode gap [10–12]. Recently, AC DEP alignment made remarkable
progress in accomplishing the precise alignment of a single metal nanowire [13–15], a semiconducting
nanowire [16], nanotube device array [17], and even biologically-different nanowires on a single chip by
their sequential DEP assembly [18]. A capacitively-coupled electrode structure [13,14,17,19] has been
widespread to fabricate a large number of devices in parallel where biasing the underlying electrode
causes the discrete surface electrodes to acquire a similar potential. In such schemes, strong DEP force
between the surface electrode tips solely attracts the nanomaterials and is also responsible for their final
alignment. In our recent experiment of the dielectric-covered parallel electrode structure [15,18], it was
observed that the nanowires assembled at the electrode gap are mobile along the gap and determine
their final position relative to the adjacent nanowire, hinting that the nanowire electrostatic (ES)
interaction can assist the DEP force to improve the yield for deterministic nanowire placement. Here,
we present a generic and versatile deterministic bottom-up integration of nanowires, using a novel
aspect of DEP nanowire attraction and nanowire-nanowire ES interaction, where a large number of a
single nanowire alignment with excellent registration accuracy is readily attained. The post-assembly
process to fabricate the individual nanoscale device array and its perspective associated with the
nanowire assembly are also discussed.
2. Experiment Details
The narrow metal electrode tip structure (Ti/Au = 20 nm/50 nm), fabricated on a silicon substrate,
consists of ~1 µm thermally-grown oxide. Electrode tips, 5 µm long and 1 µm wide, are intended to
form a 4 µm electrode gap from which a higher electric field region is induced. In order to prevent
shorting the electric field between the biased electrodes, a dielectric layer of polymethylglutarimide
(PMGI) with a thickness of 300 nm covers the entire substrate. The fluidic cell was used to confine the
nanowire solution in an isopropanol to demonstrate this spatially-controlled alignment. An alternative
to producing the spatially-controlled dielectrophoretic force on a substrate is to form a recessed
photoresist well at the gap between the biased electrodes. This process applies a dielectric layer of
PMGI (0.9 µm thick) on the substrate by interdigitated metal electrode fabrication. Following the
lithographical patterning of a 7 µm long and 2 µm wide rectangle well array at the electrode gap using
an imaging photoresist of BPRS-100, the subsequent ultraviolet ozone exposure of PMGI layer forms a
~0.4 µm deep well. The BPRS-100 photoresist layer is washed from the substrate using an acetone and
isopropanol spray.
Rhodium (Rh) nanowires used in this study were synthesized by Rh in the pores of commercial
anodized aluminum oxide (AAO) membranes (Anodisc25, Whatman Scientific Inc., Pittsburgh,
PA, USA). The nanowires are released by selectively etching the membrane in 3.0 M NaOH with
a sonication for 30 min. The synthesized nanowires had nominal diameters of 200 nm and lengths of
~7 µm, which were determined by the pore diameter of the template and the electrodeposition time,
respectively. Then, the nanowires are stored in the isopropanol prior to the assembly.
After the nanowire suspension is introduced into the fluidic cell, a sinusoidal bias with V pp = 10 V,
peak-to-peak voltage at the fixed frequency (ω = 100 kHz) is applied between the electrodes,
which creates an inhomogeneous electric field in the electrode gap. The electric field strength and the
dielectrophoretic force distribution was predicted using COMSOL Multiphysics® software.
For the characterization and inspection of nanowire assembly, the optical microscope (BX-61,
Olympus Co., Tokyo, Japan) using the bright and dark-field modes and a field-emission scanning
electron microscope (FESEM) (S-4800, Hitachi Co., Tokyo, Japan) were used. The electrical measurement
of the Rh devices was carried out using the semiconductor parameter analyzer (4156C, Agilent Co.,
Santa Clara, CA, USA).
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(c)
Figure 3. (a) Distribution of the electric field on Z–X plane and (b) the dielectrophoretic (∇
E2) force

Figure
3. (a) Distribution of the electric field on Z–X plane and (b) the dielectrophoretic (∇E2 ) force
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(2)
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required. To meet these goals, it is necessary to refine DEP nanowire assembly based on understanding
the electromagnetics of this assembly system. Our earlier work [15,18] demonstrated that the localized
electric field from the recessed lithographically-patterned region preferably attracted and aligned the
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Figure 4. (a) Dielectrophoretic (∇
E2) force simulation and (b) a dark-field optical microscope image of
Figure 4. (a) Dielectrophoretic (∇E2 ) force simulation and (b) a dark-field optical microscope image of
nanowire assembly on a PMGI-covered protruding electrode tip array. (c) A summary of nanowire
nanowire assembly on a PMGI-covered protruding electrode tip array. (c) A summary of nanowire
assembly results of 192 sites after optical inspection; and (d) a schematic illustration of the repulsive
assembly results of 192 sites after optical inspection; and (d) a schematic illustration of the repulsive
electrostatic interaction between the assembled nanowires (blue color) and protruding electrodes
electrostatic interaction between the assembled nanowires (blue color) and protruding electrodes
(yellow color).
(yellow color).

Taking the electrostatic force interaction between the assembled nanowires and protruding
electrode tips into account is worthwhile. As illustrated in Figure 4d, consideration of the polarities
of the biased electrodes and assembled nanowires reveals that the protruding electrode tip and outer
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Taking the electrostatic force interaction between the assembled nanowires and protruding
electrode tips into account is worthwhile. As illustrated in Figure 4d, consideration of the polarities of
the biased
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electrostatic interaction between the polarized nanowires and oppositely-polarized electrode tips.
An alternative to producing the spatially-controlled dielectrophoretic force on a substrate is to form
An alternative to producing the spatially-controlled dielectrophoretic force on a substrate is to
a recessed photoresist well at the gap between biased electrodes. Figure 5a shows the dielectrophoretic
form a recessed photoresist well at the gap between biased electrodes. Figure 5a shows the
forcedielectrophoretic
simulation at the
cross-sections of the X–Y plane of the nanowire alignment structure with a
force simulation at the cross-sections of the X–Y plane of the nanowire alignment
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the discussion for uniformly-spaced nanowire array formation. This result suggests that the electrostatic
formation. This result suggests that the electrostatic repulsive interaction between the assembled
repulsive interaction between the assembled nanowires remains even after the nanowires’ alignment.
nanowires remains even after the nanowires’ alignment. Based on the low-magnification optical
Based
on the low-magnification optical microscopic image over a large area (not shown here), statistical
microscopic image over a large area (not shown here), statistical analysis of the assembly yield and
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Figure 5. (a) Dielectrophoretic (∇
E2) force simulation and (b) a dark-field optical microscope image of

Figure 5. (a) Dielectrophoretic (∇E2 ) force simulation and (b) a dark-field optical microscope image
nanowire assembly on the recessed well array. (c) The summary of nanowire assembly results of 192
of nanowire
assembly on the recessed well array. (c) The summary of nanowire assembly results of
sites after optical inspection; and (d) a schematic illustration of attractive and repulsive electrostatic
192 sites
after
inspection;
and (d)nanowires
a schematic
attractiveforand
repulsive
electrostatic
interactionsoptical
between
the assembled
andillustration
incoming of
nanowires
chain
formation
and
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assembled
nanowires and incoming nanowires for chain formation and
multiple nanowires
in the
well.
multiple nanowires in the well.
Contrary to the protruding electrode tip structure, the recessed photoresist well favors the
alignment of polarized nanowires in terms of the dielectrophoretic and electrostatic forces. The

Nanomaterials 2017, 7, 335

8 of 12

Contrary to the protruding electrode tip structure, the recessed photoresist well favors
the alignment of polarized nanowires in terms of the dielectrophoretic and electrostatic forces.
The nanowires, assembling at the electrode gap, outside the desired, predetermined locations, can be
attracted to the stronger dielectrophoretic region, namely that of the recessed photoresist well. Since
the electrostatic repulsive interaction between the assembled nanowires remains viable, the nanowires’
alignment between the recessed wells can also assist positioning nanowires at the recessed well region
through redistribution. Consequently, the predetermined assembly can be accomplished not only
by direct nanowire alignment at the recessed well region, but also by the redistribution of aligned
nanowires due to the repulsive force between them.
Figure 5d shows the representative schematics of an electrostatic interaction between the
assembled nanowires and relevant optical microscopic images of 7 µm long Rh nanowires assembled
within a recessed photoresist well array. The assembled nanowires in the well still remain polarized
as long as the AC bias is biased to the underlying electrodes. These polarized nanowires affect the
incoming nanowires by virtue of the electrostatic attraction. Thus, one can easily find both the
end-to-end nanowire chain formation (upper and right image of Figure 5d) and multiple nanowires in
the well with a repulsion (bottom and right image of Figure 5d). Chained nanowires can be attributed
to the mutual dielectrophoresis between polarized nanowires. As a result, this dielectrophoretic
force, with a moderate strength, could attract a polarized nanowire toward a photoresist well
already occupied by a nanowire. Notably, the electrostatic repulsive interaction makes the assembled
nanowires within a well repel each other and, thus, pushes against the walls of the recessed photoresist
well. The nanowire bundles relate to defects of nanowire batch-synthesis in which nanowires
physically join during electrodeposition. In order to minimize these defects, the repetitive injection of
low-concentration of nanowire solution is desired.
The ability to assemble a single nanowire at a precise position on a substrate with a high
yield and submicron registration accuracy leads the way for reliable, reproducible fabrication of
electronic devices on substrates or as circuit structures. Since the assembled nanowires need to
be electrically connected to the underlying electrode, the relevant post-assembly process requires
development. In previously-reported assembly methods of exposed electrode structures [13,17,19],
electrical contact between the nanomaterial and the metal electrode, apparently, occurs at the moment
of alignment. As a result, the electrical contacts are not readily controlled, leading to variation in
contact resistance, which eventually requires post-metallization [13], and even thermal annealing
to lower the resistance [17]. Due to the configuration of the cylindrical-shaped devices and the flat
electrode, metal evaporation or sputtering only covers a half or two-thirds of the assembled nanowires,
possibly implying another source of nonuniformity in large numbers of devices. Making a reproducible
and low contact to the nanowires provides a new challenge in fabricating electronic device arrays from
a manufacturing perspective.
The functional nanowires, assembled in the recessed photoresist wells need to be connected to
the underlying metal electrodes for electrical contact. As illustrated in Figure 6a, the post-assembly
process using electrodeposition and dry etching is the proposed method to be accomplished following
nanowire assembly. The advantage of this post-assembly method is two-fold. First, this wrap-around
type contact, mechanically sturdy and electrically low-resistant in nature, of the assembled nanowires
is of great promise for integration and secure functionality of nanowires on a substrate or circuit.
Since the electrodeposition process holds the assembled nanowires firmly without excessive damping,
different types of nanodevices can be fabricated for a hybrid nanosystem via the same process steps.
For instance, the nanoelectromechanical and nanoelectronic device arrays may populate a single chip.
Secondly, the dimension of the contact via window for the electrodeposition is designed to clamp the
assembled nanowires within a photoresist well or less than 1 µm away from it. It is very unlikely that
nanowires would occupy a position within 1 µm range of an existing nanowire at the electrode gap
because of the electrostatic repulsion between the assembled nanowires and through control of the
concentration of the nanowire suspension. As shown in Figure 5b, the attracted nanowires are prone
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As proof-of-concept and control studies, Rh nanowires are used to demonstrate the versatility
As proof-of-concept and control studies, Rh nanowires are used to demonstrate the versatility of
of this post-assembly process and characterize the resistance variation in the devices by contacting
this post-assembly process and characterize the resistance variation in the devices by contacting the
the electrodeposited metal electrodes. Figure 6b shows the scanning electron microscopic image of a
electrodeposited metal electrodes. Figure 6b shows the scanning electron microscopic image of a single
single Rh nanowire array clamped by a 3 μm wide electrodeposited electrode. The misaligned
Rh nanowire array clamped by a 3 µm wide electrodeposited electrode. The misaligned nanowires
nanowires between the assembly sites were removed following PMGI removal. Individual addresses
between the assembly sites were removed following PMGI removal. Individual addresses of the
of the clamped devices are possible by selective removal of biased electrodes in a way that electrically
clamped devices are possible by selective removal of biased electrodes in a way that electrically isolates
isolates the devices in an array. To measure the electrical resistances of assembled Rh nanowires, the
the devices in an array. To measure the electrical resistances of assembled Rh nanowires, the electrical
electrical characterization of clamped single Rh nanowires occurred by probing the contact pads. A
characterization of clamped single Rh nanowires occurred by probing the contact pads. A histogram
histogram for the resistances of the measured devices appears Figure 6c. The tilted scanning electron
for the resistances of the measured devices appears Figure 6c. The tilted scanning electron microscopic
microscopic image in the inset of Figure 6c demonstrates the representative single Rh nanowire
image in the inset of Figure 6c demonstrates the representative single Rh nanowire devices, clamped
devices, clamped by gold electrodeposition and isolated by dry etching. The current-voltage (I-V)
characteristics of ~50 single clamped devices were measured, and all of them were functional,
exhibiting the reliability of the developed post-assembly process. The statistical distribution of
resistances of completed Rh devices showed relatively broad variation. Its origin will be identified
using electrical and electron microscopy analysis in the following paragraph.
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by gold electrodeposition and isolated by dry etching. The current-voltage (I-V) characteristics of
~50 single clamped devices were measured, and all of them were functional, exhibiting the reliability
of the developed post-assembly process. The statistical distribution of resistances of completed Rh
devices showed relatively broad variation. Its origin will be identified using electrical and electron
microscopy analysis in the following paragraph.
The typical I-V of the measured device as shown in the inset of Figure 6c indicates that the
electrical contact to the assembled nanowires is purely ohmic, as expected from the metal-metal
contact. The single Rh nanowire devices exhibit a mean resistance of ~13.4 Ω with a standard deviation
of ±3.4 Ω. The measured resistivity of Rh in this device configuration (10.45 × 10−6 Ω·cm) seems to
be almost twice its bulk value (4.74 × 10−6 Ω·cm for bulk at 300 K), which can be attributed to the
microstructure of electrodeposited Rh and its contact to the electrode [21,22]. To identify the source
of the resistance variation, the scanning electron microscope images of the measured devices were
thoroughly investigated and compared with their corresponding resistances. Measurement of nanowire
diameter reveals that the diameters of Rh nanowires are well distributed, ranging from 200 nm to
350 nm, which is in positive agreement with the batch-synthesis of electrodeposited nanowires [23].
Note that high-magnification FESEM was used to estimate the diameter of assembled Rh nanowires.
A plot of the nanowire diameter vs. the resistance in Figure 6d suggests that the diameter variation in
the nanowires by the nanowire batch-synthesis predominantly accounts for device-to-device variation
rather than arising from nanowire assembly and/or post-nanowire assembly processes. It also suggests
that the wrap-around metal contact formation to the assembled nanowires appears irresponsible to
the total resistance of devices. Accordingly, improving the device variation via a tight control of the
dimensions of nanowires, i.e., top-down fabrication of nanostructures is highly possible.
4. Conclusions
In conclusion, the method described in this paper offers a promising approach to position the
single nanoscale building block at the predefined locations, made possible by the combination of
the dielectrophoretic force from the photoresist wells and the electrostatic force from the polarized
nanowires. It was demonstrated that the post-assembly process via the electrodeposition and dielectric
layer removal can effectively transfer the assembled nanowires, only trapped in the photoresist wells,
to the metal electrode, producing a large array of mechanically- and electrically-robust nanodevices.
This result can be considered a significant advancement toward the commercial viability of bottom-up
nanodevice fabrication. In addition, we believe that this post-assembly process can readily combine
functional nanowire devices, such as the chemical and biological sensors at the predetermined
locations to the underlying logic circuit, highlighting the seamless integration of bottom-up functional
nanowire assembly and the top-down fabricated CMOS circuit. A reasonably small device variation
considering the distribution of the nanowire diameter further proves the potential and versatility
of this approach for integrating a large number of identical devices, allowing us to study the
signal-to-noise improvement by signal averaging theory. This approach can be also extended to other
noble nanophotonic applications such as the plasmonics of metallic nanopattern and the nanoresonator
devices. Furthermore, this assembly technique is not limited to the metal nanowire and can be
applicable to the polymeric and the inorganic nanowires, even to the biological entities, which will
eventually allow us to explore the arbitrary heterogeneous integration of nanomaterials on a rigid or
flexible substrate.
Acknowledgments: This work was supported in part by the Industrial Strategic Technology Development
Program within the Ministry of Trade, Industry and Energy (MOTIE) through the Korea Evaluation Institute
of Industry Technology, Korea, under grant no. 10063093 and the newly-appointed professor research fund of
Hanbat National University in 2016.
Author Contributions: J.K. conceived the idea, carried out the experiment. U.H.C and J.K analyzed the data and
performed the simulation for the assembly of nanowires. U.H.C and J.K. wrote the paper.
Conflicts of Interest: The authors declare no conflict of interest.

Nanomaterials 2017, 7, 335

11 of 12

References
1.
2.
3.
4.

5.
6.
7.
8.

9.
10.
11.
12.
13.
14.

15.

16.
17.

18.
19.
20.
21.

Whang, D.; Jin, S.; Wu, Y.; Lieber, C.M. Large-scale hierarchical organization of nanowire arrays for integrated
nanosystems. Nano Lett. 2003, 3, 1255–1259. [CrossRef]
Huang, Y.; Duan, X.; Wei, Q.; Lieber, C.M. Directed assembly of one-dimensional nanostructures into
functional networks. Science 2001, 291, 630–633. [CrossRef] [PubMed]
Yu, G.; Cao, A.; Lieber, C.M. Large-area blown bubble films of aligned nanowires and carbon nanotubes.
Nat. Nanotechnol. 2007, 2, 372–377. [CrossRef] [PubMed]
Lee, M.; Im, J.; Lee, B.Y.; Myung, S.; Kang, J.; Huang, L.; Kwon, Y.-K.; Hong, S. Linker-free directed assembly
of high-performance integrated devices based on nanotubes and nanowires. Nat. Nanotechnol. 2006, 1, 66–71.
[CrossRef] [PubMed]
Fan, Z.; Ho, J.C.; Jacobson, Z.A.; Razavi, H.; Javey, A. Large-scale, heterogeneous integration of nanowire
arrays for image sensor circuitry. Proc. Nat. Acad. Sci. USA 2008, 105, 11066–11070. [CrossRef] [PubMed]
Yerushalmi, R.; Jacobson, Z.A.; Ho, J.C.; Fan, Z.; Javey, A. Large scale, highly ordered assembly of nanowire
parallel arrays by differential roll printing. Appl. Phys. Lett. 2007, 91, 203104. [CrossRef]
Meitl, M.A.; Zhu, Z.-T.; Kumar, V.; Lee, K.J.; Feng, X.; Huang, Y.Y.; Adesida, I.; Nuzzo, R.G.; Rogers, J.A.
Transfer printing by kinetic control of adhesion to an elastomeric stamp. Nat. Mater. 2006, 5, 33–38. [CrossRef]
Fan, Z.; Ho, J.C.; Jacobson, Z.A.; Yerushalmi, R.; Alley, R.L.; Razavi, H.; Javey, A. Wafer-scale assembly of
highly ordered semiconductor nanowire arrays by contact printing. Nano Lett. 2008, 8, 20–25. [CrossRef]
[PubMed]
Pohl, H.A. Some effects of nonuniform fields on dielectrics. J. Appl. Phys. 1958, 29, 1182–1188. [CrossRef]
Liu, Y.; Chung, J.-H.; Liu, W.K.; Ruoff, R.S. Dielectrophoretic assembly of nanowires. J. Phys. Chem. B 2006,
110, 14098–14106. [CrossRef] [PubMed]
Papadakis, S.J.; Gu, Z.; Gracias, D.H. Dielectrophoretic assembly of reversible and irreversible metal nanowire
networks and vertically aligned arrays. Appl. Phys. Lett. 2006, 88, 233118. [CrossRef]
Motayed, A.; Davydov, A.V. GaN-nanowire/amorphous-Si core-shell heterojunction diodes. Appl. Phys. Lett.
2008, 93, 193102. [CrossRef]
Smith, P.A.; Nordquist, C.D.; Jackson, T.N.; Mayer, T.S.; Martin, B.R.; Mbindyo, J.; Mallouk, T.E. Electric-field
assisted assembly and alignment of metallic nanowires. Appl. Phys. Lett. 2000, 77, 1399–1401. [CrossRef]
Evoy, S.; DiLello, N.; Deshpande, V.; Narayanan, A.; Liu, H.; Riegelman, M.; Martin, B.R.; Hailer, B.;
Bradley, J.-C.; Weiss, W.; et al. Dielectrophoretic assembly and integration of nanowire devices with
functional CMOS operating circuitry. Microelectron. Eng. 2004, 75, 31–42. [CrossRef]
Li, M.; Bhiladvala, R.B.; Morrow, T.J.; Sioss, J.A.; Lew, K.-K.; Redwing, J.M.; Keating, C.D.; Mayer, T.S.
Bottom-up assembly of large-area nanowire resonator arrays. Nat. Nanotechnol. 2008, 3, 88–92. [CrossRef]
[PubMed]
Raychaudhuri, S.; Dayeh, S.A.; Wang, D.; Yu, E.T. Precise semiconductor nanowire placement through
dielectrophoresis. Nano Lett. 2009, 9, 2260–2266. [CrossRef] [PubMed]
Vijayaraghavan, A.; Blatt, S.; Weissenberger, D.; Oron-Carl, M.; Hennrich, F.; Gerthsen, D.; Hahn, H.;
Krupke, R. Ultra-large-scale directed assembly of single-walled carbon nanotube devices. Nano Lett. 2007, 7,
1556–1560. [CrossRef] [PubMed]
Morrow, T.J.; Li, M.; Kim, J.; Mayer, T.S.; Keating, C.D. Programmed assembly of DNA-coated nanowire
devices. Science 2009, 323, 352. [CrossRef] [PubMed]
Narayanan, A.; Dan, Y.; Deshpande, V.; DiLello, N.; Evoy, S.; Raman, S. Dielectrophoretic integration of
nanodevices with CMOS VLSI circuitry. IEEE Trans. Nanotechnol. 2006, 5, 101–109. [CrossRef]
Jones, T. Electromechanics of Particles; Cambridge University Press: Cambridge, UK, 1995.
Ingole, S.; Aella, P.; Hearne, S.J.; Picraux, S.T. Directed assembly of nanowire contacts using electrodeposition.
Appl. Phys. Lett. 2007, 91, 033106. [CrossRef]

Nanomaterials 2017, 7, 335

22.
23.

12 of 12

Boote, J.J.; Evans, S.D. Dielectrophoretic manipulation and electrical characterization of gold nanowires.
Nanotechnology 2005, 16, 1500–1505. [CrossRef]
Benjamin, R.M.; Daniel, J.D.; Brian, D.R.; Mingming, F.; Lyon, L.A.; Michael, J.N.; Thomas, E.M. Orthogonal
self-assembly on colloidal gold-platinum nanorods. Adv. Mater. 1999, 11, 1021–1025.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

