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In this study, the electrical properties of silicon nanowire were measured with a dielectrophoresis
alignment platform. A pair of nickel electrodes spaced 10 um apart was fabricated on a quartz
substrate using a lithography process. Then, silicon (Si) nanowires in the solution were attracted to the
electrodes near them with an aid of dielectrophoretic force. As a result, Si nanowires that were longer
than 10 um in length bridged the gap between the electrodes, forming a pair of Si nanowire sensors.
Under an AC voltage with an amplitude of 10 Vpp and a frequency of 100 kHz, approximately 20 Si
nanowires can bridge the gap between the electrodes within approximately 10 s. After the solution
evaporated, the Si nanowires were fixed by clamping them onto the upper and lower nickel electrodes
using a second lithography process and a metal deposition process. Characterizations based on the
current-voltage curve showed that this fixing process can reduce the contact resistance between the
nickel and Si nanowires and allow an ohmic contact to form between them. Consequently, the
properties of the devices became more stable, which verified the possibility of using the assembled Si
nanowire sensors as biosensors.
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1. INTRODUCTION

The invention of the scanning tunneling microscopy and the atomic force microscopy in the
1980s enabled scientists to understand the nanoscale world through instrumental observation and
allowed researchers in various fields to begin nanoscale scientific research, thereby triggering a trend
of nanoscale research across the globe. Since lijima discovered carbon nanotubes in 1991 [1],
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researchers have been continuously studying one-dimensional (1D) nanomaterials. At the same time,
1D nanostructures-nanowires have also been widely applied and discussed. Because of their extremely
small feature sizes and high surface-to-volume ratios, in a humber of studies, nanowires have been
used in electronic devices to improve their physical or electrical properties. For example, nanowires
have been used in nanoscale photoelectric element solar cells [2-3], light-emitting diodes [4], and fuel
cells [5]. In addition, nanowires are suitable for nanoscale biosensors. Because these nanomaterials,
which are approximately 10-100 nm in size, have comparable sizes to biomolecules (e.g., proteins,
deoxyribonucleic acids, viruses, and bacteria) and relatively large surface reaction areas, nanoscale
biosensors are more sensitive in sensing biomolecules; furthermore, they are also advantageous in that
they can perform label-free sensing in real time [6-9].

Generally speaking, there are two types of processes used to fabricate nanowire devices, top-
down and bottom-up [10-12]. In the top-down process, the nanowire material is first deposited on a
substrate. Then, the nanowire pattern on the photomask is transferred onto the substrate using an E-
beam photolithography process. Finally, the nanowire structure is fabricated by means of reactive ion
etching. In the bottom-up process, nanowires are first synthesized using chemical vapor deposition
(CVD). Then, the synthesized nanowires are arranged on the metal electrodes on a substrate. The top-
down fabrication process can be used to produce nanowires in large numbers with semiconductor
processing techniques. However, the top-down fabrication process relies on high-resolution
photolithography, the realization of which requires costly equipment. In addition, the minimum width
of nanowires prepared using the top-down fabrication process is also limited by the photolithography
equipment. In comparison, the bottom-up technique is relatively flexible in regard to the nanowire
materials and sizes. In addition, the bottom-up technique also only requires relatively low-cost
equipment. Therefore, a convenient, effective method for assembling nanowires on electrodes is the
key to whether the bottom-up method can be extensively used.

For bottom-up assembly of nanowires, several methods for arranging nanowires on electrodes
or substrates have been reported, for example, the lubricant-assisted contact printing method [13,14].
The use of a lubricant can prevent collision and friction between nanowires during the contact printing
process and arrange nanowires in a uniform direction in large areas. However, the shortcoming of the
lubricant-assisted contact printing method lies in that it cannot effectively control the number of
nanowires being arranged. In addition, in 2009, Sharma et al. arranged nanowires using an
evaporation-induced alignment method [15,16]. This method can simply place nanowires in an orderly
arrangement using a capillary force and is suitable for arranging nanowires in large areas. However,
similar to the lubricant-assisted contact printing method, the disadvantage of the evaporation-induced
alignment method also lies in that it cannot easily control the number of nanowires being arranged.
The method involving the use of a dielectrophoretic (DEP) force to arrange nanowires or nanorods is
widely used, which is a non-contact method. Nanowires or nanorods are polarized in an electric field,
and consequently, they are arranged in a direction consistent with the direction of the electric field.
This method can be used to assemble nanorod structures [17-19] with superlattices.

In this study, silicon (Si) nanowires were arranged on the metal electrodes using a DEP force
generated by an external alternating (AC) electric field. Of the numerous nanowire assembly
techniques, the dielectrophoresis technique is advantageous in that it can accurately position
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nanowires, roughly control the number of nanowires, and requires simple equipment [20, 21]. After the
Si nanowires were arranged on the metal electrodes, a second photolithography process was used to
deposit a second layer of metal on the Si nanowires to form a metal/nanowire/metal sandwich structure
[22] and then the electrical characterization was measured. This structure was created to clamp the Si
nanowires between the two layers of metals. This method is different from the method that uses a high-
energy laser beam to melt the two ends of the nanowires and welds the nanowires to the metal
electrodes using their melted ends because a high-energy laser beam requires a precision operating
platform [23] and may damage the sensor structure.

2. MATERIALS AND METHODS

2.1. Principle of attraction of nanowires by a DEP force

Dielectrophoresis refers to a phenomenon in which a dielectric particle is polarized in a non-
uniform electric field; the particle thus develops an induced electric dipole, which, under an external
electric field, generates a force that attracts or repels the electric field. This force is referred to as a
DEP force (Figure 1).

+

Substrate

Figure 1. When a silicon nanowire was exposed to an AC electric field, a dipole moment was induced,
and the positive and negative charges were separated to the two ends of the nanowire. The
interaction between the dipole moment and the applied AC electric field attracted the nanowire
toward the metal electrodes.

In this study, a solution containing nanowires was transferred dropwise onto the metal
electrodes. When an AC signal was applied on the left and right metal electrodes, the DEP force was
induced, the magnitude of which can be expressed as follows [24]:

Fpep = WTLE;-rr”?"*’[J'r,:r.n:|]?‘l-::2 1)



Int. J. Electrochem. Sci., Vol. 12, 2017 8654

where r represents the radius of the nanowire; | represents the length of the nanowire; &, represents the
dielectric constant of the solution; FE? represents the gradient of the square of the electric field; and
Re[f.m] represents the real part of the Clausius—Mossotti (CM) factor. The CM factor can be expressed
as follows:

fom = 30552 @
“wire " *m
where =;,,.,.. represents the dielectric constant of the nanowire and =, represents the dielectric constant

of the surrounding solution. The dielectric constant can be expressed as £* = £ — j(o/w), where ¢ and
o represent the conductivity and the angular frequency of the electric field, respectively. Based on the
aforementioned equations, the magnitude of the DEP force is affected by the length and radius of the
nanowire, the intensity of the external electric field, and the CM factor. Whether the CM factor has a
positive or negative value is related to the complex dielectric permittivity of the nanowire and the
solution. When the dielectric constant of the surrounding solution remains unchanged, we can alter the
magnitude and sign (attractive or repulsive) of the DEP force by controlling the frequency of the
external electric field. In this study, a positive DEP force was required to attract the nanowires to the
two ends of the electrodes.

2.2. Arrangement of the silicon nanowire on the electrodes

Quartz glass (Rocoes Electro-optics Co., Ltd., Taiwan) was used as the substrate. First, the
substrate was cleaned by immersing it in a piranha solution (sulfuric acid/hydrogen peroxide, 3/1 (v/v))
at 80 °C for 30 min (Figure 2a).

(a) (b) 20 um
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()
() \ (d)
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Figure 2. Assembly process of the nanowire sensors. (a) A glass substrate was cleaned with piranha
solution. (b) Metal electrodes were patterned on the substrate using the lift-off process. (c)
Silicon nanowires were aligned between the electrode gap using DEP force with an applied AC
voltage of 10 Vpp and a frequency of 100 kHz. (d) Another layer of nickel was deposited to
clip the nanowire to reduce the contact resistance.
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Then, the metal electrodes to be bridged by nanowires were fabricated using the lift-off
technique. The pattern of the metal electrodes was produced using a photolithography process with an
S1818 positive photoresist (Dow Electronic Materials, USA). Subsequently, a thermal evaporator
(TH400, LJUHV Co. Ltd., Taiwan) was used to first deposit a 10-nm thick chromium (Cr) layer as the
adhesive layer and then deposit a 20-nm thick nickel (Ni) layer as the electrodes in 5x10° Torr
vacuum chamber. Finally, acetone was applied to remove the photoresist and excess metals (Figure
2b). Afterwards, a Si nanowire solution was dropped onto the metal electrodes on the substrate. In
addition, an AC voltage with a frequency of 100 kHz and an amplitude of 10 VVpp was applied on the
two ends of the electrodes to generate an attractive DEP force, by which the nanowires were attracted
onto the electrodes (Figure 2c). After the solution was evaporated, a second layer of metal was used to
fix the nanowires. Because the nanowires were only placed on the electrodes physically, the substrate
was cleaned without a solution to prevent the nanowires from being washed away by the solution via
surface tension. Instead, the substrate was subjected to an oxygen plasma cleaning treatment for 10
min using a PDC-001 cleaner (Harrick Plasma, USA) operated at 30 W. After the substrate was
cleaned, a second photolithography process was performed using a mask aligner (ABM Inc., USA) to
expose the areas of the two ends of each nanowire that were in contact with the metals. Subsequently,
the substrate was immersed in a buffered oxide etch (BOE, hydrofluoric acid/ammonium fluoride 1/6,
J.T. Baker, USA) for 5 s to etch the native oxide on the nanowires. Then, 100-nm thick Ni was
deposited on the nanowires using the thermal evaporator. This sandwich structure was used to clamp
and fix the nanowires between the two layers of metals (Figure 2d) to reduce the contact resistance.

2.3. Si nanowire solution preparation and DEP platform setup

(a) (b)
CCD and
micro-inspection
lens system

Monitor
| Function
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Figure 3. (a) Dimensions of the synthesized silicon nanowires. The nanowires were approximately 100
nm in diameter and 15-20 um in length. (b) Experimental setup of the nanowire sensor
assembly platform using DEP force. A CCD and micro-inspection lens system was used for the
real-time observations, and a function generator was used to supply the AC voltage.
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The Si nanowires were synthesized through CVD with argon as the carrying gas, silane as the
source of Si, and diborane as the source of the dopant boron. The synthesis process of Si nanowires
follows the vapor-liquid-solid growth mechanism [25]. This process requires the addition of gold
nanoparticles as the catalyst to induce the reactants to undergo adsorption, dissolution and
oversaturation and, eventually, the formation of nanowires. The detailed processes of Si nanowire
synthesis were previously described [26, 27]. Because Si atoms are melted on the gold nanoparticles to
form alloy nanoparticles, the gold nanoparticle size will affect the Si nanowire diameter. In the present
study, gold nanoparticles (Top Nano Technology, Taiwan) with a diameter of 100 nm were used, and
the prepared Si nanowires had a diameter of approximately 100 nm (Figure 3a). In addition, the
synthesized Si nanowires were approximate 15-20 um in length. The larger the nanowire, the greater
the DEP force that is exerted on the nanowire wire [28].

The wafer (Summit-tech, Taiwan) with completely formed Si nanowires was placed in a
microcentrifuge tube. Then, isopropyl alcohol (IPA, Sigma-Aldrich, Taiwan) was added to the
microcentrifuge tube. After the microcentrifuge tube was subjected to gentle oscillation in an
ultrasonic oscillator for 5-10 s, the nanowires were shaken off the wafer and dispersed in the IPA
solution. Whether the nanowires were dispersed in the IPA solution can be determined based on the
color of the solution. Figure 3b shows the setup of the nanowire sensor assembly platform. A signal
generator (33210A, Agilent, USA) connected to the metal electrodes on the quartz substrate was used
to provide an AC electric field. The assembly process was observed in real time using a micro-
inspection lens system (Zoom 125C, OPTEM, USA) and a charge-coupled device (CCD, STC-
620PMT, SENTECH, Japan). A semiconductor parameter analyzer (4200-SCS, Keithley, USA) was
used to determine the current—voltage (I-V) characteristic curves of the assembled nanowire sensors.

3. RESULTS AND DISCUSSION

3.1. Metal electrode fabrication and the advantage of using DEP for assembly

Nine pairs of Ni electrodes were arranged in a 4-cm? area. This design allowed for
simultaneous observations in the same field of view of the bridged gap (Figure 4a). The front ends of
each pair of electrodes were 20 pum in width and 8 mm in length, and the wires connected to the back
ends of the electrodes were 200 um in width. The gap width of a pair of electrodes was 10 um. A
photoresist (S1818, Dow Electronic Materials, USA) was used to define the electrodes with two spin-
coating steps (1000 rpm, 10 s and 3000 rpm, 30 s) and was then baked on a hot plate at 90 °C for 90 s.
After the photoresist was exposed (150 mJ/cm?), it was developed in a AZ 300MIF developer (Merck,
USA). Afterward, Ni was deposited on the substrate using thermal evaporation as described in Section
2.2. The reason for using Ni as the electrode material is that Ni and Si atoms form NiSi, thereby
reducing the contact resistance between the nanowires and the electrodes [29]. After the evaporation
coating process, the photoresist was removed using acetone with the aid of an ultrasonic bath (2510,
Branson, USA), which completed the preparation of the metal electrodes (Figure 4b).

Assembling silicon nanowires on metal electrodes using DEP has several advantages. First,
DEP is a non-contact force and requires low applied power, which is important for preventing
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nanowire damage during the assembly process. Second, because the nanowire is longer in the axial
direction than in the radius direction, a larger dipole moment was induced along the longest axis, and
thus, the nanowire can be aligned with the electric field generated from the electrodes and thereby
positioned on the gap of the electrodes pair [30]. Third, the number of assembled nanowires can be
controlled by the concentration of nanowires in the operation medium and the amount of time the
voltage is applied, which allows for the control of the resistance of the assembled nanowire sensor
between the gap of the electrode pairs.

Figure 4. (a) Layout of the metal electrodes. Nine pairs of electrodes were patterned on a glass
substrate using the lift-off process with a pitch of 4 mm between the adjacent electrodes. (b)
Photographs of the tip of each electrode. The size of the gap between the pair of electrodes was
10 pm.

3.2. Assembly of nanowire sensors by means of DEP force

10 pm

Figure 5. Photograph of the assembled nanowires. Several nanowires were connected between the gap
of the electrodes using DEP force with an applied AC voltage of 10 Vpp and a frequency of
100 kHz for 10 s. The nanowires were then fixed by stacking nickel thin films on them.



Int. J. Electrochem. Sci., Vol. 12, 2017 8658

DEP force was used to assemble the Si nanowires on the metal electrodes. First, 10 uL of IPA
solution with Si nanowires was dripped onto the electrodes. Based on reports in the literature [31], IPA
was chosen as the dispersion medium, rather than deionized water or ethanol. The torque exerted on
the nanowire was only slightly different from the aforementioned three solvents; however, the
generated DEP force was the largest in the IPA solution than for the other two solvents. Then, an AC
voltage with an amplitude of 10 Vpp and a frequency of 100 kHz was applied to the metal electrodes.
At this frequency, Si nanowires experience a small electroosmotic fluid velocity and high positive DEP
force [32,33]. The assembly process was observed in real time using the CCD to control the number of
nanowires that bridged the gap between each pair of electrodes. It can be observed that the nanowires
were attracted onto the metal electrodes by the positive DEP force; however, based on our observation,
it was difficult to observe nanowires of less than 100 nm in diameter under an optical microscope.
Therefore, the number of nanowires bridging the gap between each pair of electrodes is only a
subjective estimate. Note that not all of the nanowires were perfectly aligned between the electrode
gap. The orientation of the assembled nanowire depends on its initial position and orientation as well
as the gap size between the electrodes and the length of the nanowires. The details of the underlying
physics of the DEP-manipulated nanowires including the DEP force and torque as well as the
hydrodynamic drag force and torque have been previously reported in the literature [34]. After the
nanowires bridged the gap, the nanowires were only adhered onto the electrodes physically. Thus, the
nanowires were in contact with the metal electrodes to varying degrees and the contact resistance
between the nanowires and the metal electrodes was high. As a result, the electric stability of the
sensor was low, and the overly high contact resistance was also unfavorable for sensing applications.
Therefore, a second photolithography process and deposition of a second layer of Ni were performed
to fix the nanowires. Before the second nickel layer was deposited, the aligned nanowire was cleaned
in an O, plasma chamber, as described in Section 2.2. Then, the photoresister S1818 was spin-coated
on the substrate using the same parameters as the first coated layer. Then, a photomask with a width of
10 um at the ends of the electrode pairs, i.e., the gap width, was used to define the second layer of
nickel thin film. After the opened area was immersed in BOE solution, as described in Section 2.2, a
100 nm nickel layer was deposited and then lifted-off using acetone. Note that the second lift-off
process should be performed very carefully and without an ultrasonic bath to avoid damaging the
connected nanowire during this process. Figure 5 shows a photograph of the assembled nanowires after
the nanowires were sandwiched. Nanowires connecting the front ends of a pair of metal electrodes can
be observed. The entire bridging process was completed within approximately 10 s. Note that the
voltage was applied in one pair of electrodes at a time. The success rate of connection of the nanowires
to the electrode gap was estimated to be greater than 80%. However, if the voltage was simultaneously
applied to nine pairs of electrodes, the assembly yield was approximately 3-4 over 9 pairs. It has been
reported that the use of titanium dioxide coating on nanowires can improve the assembly yield. In
addition, the use of suspending electrodes can also facilitate the assembly yield [35]. Furthermore, the
use of a combination of capillary assembly and dielectrophoresis can align thousands of nanowires on
a large scale [36]. In this study, the experimental setup using DEP-assisted nanowire sensor assembly
was relatively simple. In addition, the number of nanowires bridging the gap between the electrodes
can be roughly controlled by controlling the amount of time the voltage is applied and the
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concentration of the nanowire solution.

3.3. Characterization of the electrical properties of Si nanowires
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Figure 6. The |-V characteristics of the nanowire sensors before the nanowires were sandwiched
between two metal layers, which revealed the Schottky contact property. The applied potential
range was from -2 V to 2 V, with a semiconductor characterization system (Keithley 4200-
SCS).

After the nanowire sensors were assembled, a Keithley 4200 semiconductor parameter analyzer
was used to measure their Ips-Vps characteristic curves. The applied potential range was from -2 V to
2 V, with an interval of 0.5 V. Figure 6 shows the Ips-Vps curves of the nanowires arranged on the
electrodes only by the DEP force, which were measured after the IPA solution had evaporated. As
mentioned above, the assemble yield rate cannot be 100% because failure may occur during the DEP
assembling process, the cleaning process, or the photolithography aligning process. Only the
nanowires in which the electrical properties were measurable were taken into account for the data
reveal. There were five nanowires that were successfully connected after the second lift-off process in
nine pairs of electrodes. Therefore, we chose five pairs of electrodes to study the electrical properties
before and after the second lift-off process. In terms of the electrical properties of the un-clipped
nanowires, similar trends can be found for the Ips-Vps curves of the nanowires on the five pairs of
electrodes: each curve is symmetrical around the origin and the curve is not linear. It is speculated that
such trends occurred because the nanowires and the metal electrodes were only in physical contact
with one another, thereby forming a Schottky contact between them. Because of the difference in the
number of nanowires bridging the electrodes among the five pairs of electrodes, the five Ips-Vps
curves do not completely coincide but exhibit similar trends. The curve formed by connecting the
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black hollow squares signifies the Ips-Vps curve measured when no nanowires were present between
the electrodes; this curve is used as the reference signal. To improve the contact resistance between the
nanowires and the metal electrodes, a second lift-off process was performed to deposit a second layer
of metal at the locations where the two ends of the nanowires came in contact with the first layer of
metal to form a metal/nanowire/metal structure at the two ends of the nanowires.
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Figure 7. The I-V characteristics of the nanowire sensors after the nanowires were fixed between two
metal layers, which exhibited an ohmic contact property. The applied potential range was from
-2 V to 2 V, with an interval of 0.5 V.

Figure 7 shows the Ips-Vps curves measured after the second layer of metal was deposited. It
can be found that the signal between each of the five pairs of metal electrodes exhibits linear
characteristics of an oblique straight line passing through the origin. The conductance of the nanowires
between each pair of electrodes can be calculated based on the obtained oblique straight-line signal. It
is speculated that after the second layer of metal was deposited, an ohmic contact was formed between
the nanowires and the metals, which overcame the interfacial energy barrier between semiconductor
and metal. Compared to other nanowire aligning and electrode contact techniques, nanowires can also
be welded to the electrodes using several short AC pulses at 5 V and 1 MHz [37]. Although the
process can slightly improve the contact resistance between the nanowires and electrodes, there is still
a Schottky contact between them. Another method deposited platinum on nanowires and electrodes
using the Focused lon Beam technique to generate an electrical contact [38]. Stable electrical
properties and an ohmic contact was achieved using this technique; however, the equipment for local
deposition of platinum is expensive, and the nanowire may be damaged when using too large amount
of power for platinum deposition. The metal/nanowire/metal sandwich-like structure in this study
resulted in a stable electrical signal and reliable contact. As a result, the assembly quality became more
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consistent, which demonstrates that nanowires assembled using this method can be used as biosensors
in the future.

4. CONCLUSIONS

A DEP force generated by electrostatic attraction can rapidly attract nanowires to bridge the
metal electrodes, providing a convenient nanowire assembly method that requires a relatively simple
experimental setup. The number of assembled nanowires can be approximately controlled by
controlling the duration of application of the AC voltage. If the number of assembled nanowires must
be precisely controlled, the width of the metal electrodes may need to be reduced to 1-2 pum to avoid
an overly large DEP force-affected area. It was also found that the electrical properties of the devices
could be stabilized by fixing the nanowires, which was achieved by clamping them onto the upper and
lower metal electrodes. In subsequent studies, clamped devices may be subjected to thermal annealing
to observe whether this treatment can further improve the contact resistance between the nanowires
and the metals. In the future, the modification of antibodies or other biorecognizers on nanowires will
be conducted to achieve high-sensitivity label-free biosensors, which are advantageous due to their
high surface-to-volume ratios.
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