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Assembly and alignment of nanomaterials, such as nanowires or nanotubes, are critical steps for
integrating functional nanodevices by the bottom-up strategy. Here, we design, fabricate and charac-
terize an economic microfluidic approach, called asymmetrical hydrodynamic focusing, as a simple
way to manipulate and align silver nanowires, and thus test nanowires’ electric characteristics easily.
With the electrode array pre-defined, the density, position and width of the nanowire arrays on the
electrode array can be readily tuned by adjusting the flow duration and flow rates of the sheath flow
and the sample flow in the asymmetrical hydrodynamic focusing process. Not only is an easy way
to implement electric test on nanowires, this approach also has great potential in mass integration
and assembly of large arrays of functional nanodevices.
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1. INTRODUCTION

Nanostructures, such as nanowires (NWs) and nanotubes
(NTs), which have remarkable electronic properties, have
been heavily explored as highly promising materials in
various applications, such as microelectronics, biological
engineering, electrooptical technology, environment engi-
neering and so on. However, the electric properties of NWs
need to be tested before putting into applications. Trans-
mission electron microscope (TEM) is a feasible method
for electric test on single NWs in situ, however, a more
efficient and economic preparatory assembly technique is
still required for later large scale test.
A practical method is to pattern a large amount of

NWs simultaneously onto electrodes, then test the elec-
tric characteristics of the NWs simply by a probe station
in air, which is more reliable, more efficient and more
cost-effective. By now various approaches have been pro-
posed for aligning NWs in large scale, and then carry-
ing out the electric test. For example, Langmuir-Blodgett
(LB) techniques can be applied to assemble high-density
NW arrays.1–4 In this method, NWs suspended at an air-
liquid interface can be assembled into a closed-paced

∗Authors to whom correspondence should be addressed.

dense single-layer NW films through compression within
an LB trough. Dip coating is used to transfer the single-
layer NW film from the air-liquid interface onto a solid
substrate. The density of the deposited NWs is controlled
by the speed of withdrawing the substrate from the LB
trough and the pressure applied to the assembly within the
LB trough. Limitations of this technique include reorgani-
zation of the NWs during dip coating that leads to overlap-
ping features and gaps within the dense arrays of NWs.2

Photolithography was applied on the transferred NW film
to remove unwanted areas and lay the testing electric cir-
cuit. With all the NWs orienting to the same direction with
an appropriate density, the chances that electrodes lay over
NWs are greatly increased.
The relative mechanical movement of two solid sur-

faces against each other can also generate a shear force,
which can direct the assembly of vertically grown NWs
into arrays with an orientation parallel to the direction of
the applied force.5–7 But the density of the NWs was hard
to control. Assembly of NWs can also be driven by elec-
trostatic interactions.8–13 These interactions rely on either
the inherent polarizability of the nanostructure or a sur-
face modification of this nanostructure to adopt a specific
charge. Confining the fluid flow to a microfluidic channel
can also establish a uniform shear drag force that can
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reorient the direction the flowing NWs.14–16 These NWs
adhere to the surface and adopt an orientation parallel to
the fluid flow. The density of NWs can be controlled by
changing the concentration of NWs within the suspended
liquid and flow time. In addition, the alignment can also be
driven by intermolecular forces,17–19 electric fields20–29 or
magnetic fields,30–34 but those methods set limits on their
applicable NW material.
So here an asymmetrical hydrodynamic-focusing NW

aligning method was proposed, which is an extension of
our previous work.35–36 Using this approach, we aligned
a large amount of NWs over gold electrodes controllably,
by defining the average distance between NWs nearly
equal to that of the electrode width, resulting in multiple
NWs bridging corresponding electrode pairs, so the elec-
tric characteristics of the NWs can be easily tested. This
approach would have great potential in massive produc-
tion/fabrication of nanoelectronic, nanooptoelectronic and
nanoelectromechanical systems.

2. CONCEPTS AND PRINCIPLES

2.1. Principles of 2D Hydrodynamic Focusing

Hydrodynamic focusing is a common phenomenon of
flow dynamics, which is applied to assemble NWs onto
gold electrodes in a controllable manner in this study.
The smooth profile of the convergent part was show in
Figures 1(a) and (b) as adopted from Lee’s paper.37 Also,
in the device design, the inner nozzle is put at the middle
of the outer nozzle.37–38 The sample flow (supplied from
the inlet channel) is constrained laterally at a specified
position in the microchannel by two neighbouring sheath
flows from the side channels. The flow inside the microflu-
idic channel is considered to be laminar, and the diffusion
and mixing between the focused stream and sheath flows
are assumed negligible. Thus, the sample flow and the
sheath flows will form a stable two-phase flow configura-
tion, with the sheath flows enveloping the sample flow in
a straight line. The width of the focused stream could be
controlled through adjusting the flow rates of the sheath
flows and the sample flow: when the flow ratio R, defined

(a) (b) (c)

Fig. 1. The schematics of asymmetrical hydrodynamic focusing and NW assembly on gold electrodes. (a) Top view of the symmetrical hydrodynamic
focusing process. Qi is the volumetric sample flow rate; Qs1 and Qs2 are the volumetric flow rate of two sheath flows. (b) Top view of the asymmetrical
hydrodynamic focusing process. (c) Side view of the focused stream showing NWs flowing in the sample stream and depositing on the device substrate
carrying gold electrodes.

as the ratio of sheath flow over sample flow is low, the
sample stream will broaden out; while if the flow ratio R
is high, the focused stream will narrow down. The position
of the focused stream could be controlled through adjust-
ing the flow rates of the two sheath flows: as the flow
rate of one sheath flow increases over the other one, the
focused stream will be pushed away from the increasing
sheath flow to the decreasing sheath flow. Detailed calcula-
tion and theoretical predictions of hydrodynamic focusing
can be found in Lee’s paper.37

2.2. Principles of NW Assembly

In this work, both symmetrical and asymmetrical hydro-
dynamic flow focusing was employed, where the flow
rates from the two sheath flows and one sample flow
were adjusted for controllable NW assembly. NWs assem-
bly was accomplished by injecting a NW solution (Qi in
Fig. 1(a)), inside the sheath flows (Qs1 and Qs2 in Fig. 1(a))
which was free of NWs. The substrate was chemically
treated so the NWs in the sample flow tend to reside on it.
The NWs was kept in the sample flow direction as immo-
bilizing on the substrate (shown in Fig. 1(c)). After the
flow process, only the focused-stream covered area will be
covered with well-aligned NWs. By tuning the flow rates
of the sheath flows and sample flow, the width and position
of NW distribution can be readily manipulated, while the
density of NW deposition could be controlled by adjust-
ing the NW concentration and flow duration of the sample
flow.

2.3. Electric Characterization of the NWs

As most NWs are aligned in the flow direction with pre-
defined position and density over the electrode array, the
NWs will be more apt to residue on the electrode pattern,
resulting in NWs connecting electrode pairs, as shown in
Figure 1(c). With optimized flow protocols, considerable
amount of electrode pairs will be bridged by NWs, whose
electric characteristics can then be tested directly.

2 J. Nanoelectron. Optoelectron. 6, 1–8, 2011
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Fig. 2. The SEM image of synthesized AgNWs by the solution-phase
method.

In a conducting circuit including a probe station, a gold
electrode substrate and the NW, the whole electric resis-
tance in the circuit is composed of four parts:

Rtotal = Rp1+Rp2+Rp3+Rp4 (1)

Each item on right side of Eq. (1) represents part of
the resistance in the conducting circuit, where Rp1 is the
contact resistance between the test probes and gold con-
tact pads, Rp2 is the resistance of the gold wires and the
probe station itself, Rp3 is the contact resistance between
the electrodes and the NW, and Rp4 is the resistance of
the NW.
The contact resistance Rp3 and resistance of the NW Rp4

follow the equations:

Rp3 =
�Contact

�L1r
(2)

Rp4 = �NW

L2

�r2
(3)

Where �contact is the contact resistivity between the elec-
trodes and the NW, �NW is the resistivity of the NW, r is
the radius of the corresponding NW, L1 is the contact

Fig. 3. The hydrodynamic focusing microfluidic device.

length between the NW and the electrodes, L2 is the work-
ing length of the NW in the circuit. Eqs. (1)–(3) can be
combined together to derive �contact and �NW.

3. EXPERIMENTAL PROCESSES

To testify the feasibility of this symmetrical/asymmetrical
hydrodynamic focusing approach, a symmetrical microflu-
idic device was designed and fabricated and NW flow pro-
cess was demonstrated to assemble NW asymmetrically on
the electrode pattern. Detailed experimental process will
be discussed, including AgNWs synthesis, microfabrica-
tion process of the electrode substrate and microfluidic
device, functionalizing substrate, the hydrodynamic flow
process, and the electric test process.

3.1. AgNWs Synthesis

The development of integrated circuits (IC) requires inter-
connects of low resistivity, high electromigration resis-
tance and high ability to carry a large current density.
Silver is promising for the next generation of intercon-
nects due to its highest conductivity and high electromi-
gration resistance at ambient conditions. AgNWs are also a
very good model system for studying the proposed process
since they can be synthesized in a relatively high yield and
uniformity. In addition, the electrical properties of AgNWs
were seldom explored.
A typical solution-based synthesis procedure was imple-

mented for AgNWs, by reducing AgNO3 with EG (ethy-
lene glycol, Sigma Aldrich) in the presence of PVP
(Polyvinylpyrrolidone, Sigma Aldrich), which was injected
into refluxed EG. Figure 2 shows the synthesized AgNWs
with diameters around 80 nm and lengths of about 15 �m.

3.2. Fabrication of the Substrate

This substrate design was similar to that of a published
paper by Lieber’s group.39 As shown in Figure 3 in our
previously published paper,35 the whole electric circuit is
symmetrically and densely designed, and there are totally

J. Nanoelectron. Optoelectron. 6, 1–8, 2011 3
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ten groups of electrode-pair collections, while each col-
lection has eighteen pairs of electrodes. In each collec-
tion, one line is the common line, shared by eighteen
electrodes. The common lines and the corresponding lines
are extended outward to gold pads, which can be eas-
ily accessed by testing probes of a probe station. For the
convenience of distinguishing the lines, the common lines
are connected to triangular contact pads, while their corre-
sponding lines are connected to rectangular contact pads.
The markers are for the alignment between the electric
circuit wafer and PDMS mold.
The electrode pattern on the substrate was prepared by

a typical lift-off photolithography process. In detail, the
substrate was first coated with two layers of photoresists
separately: LOR5 and Shipley1805 (MicroChem, MA).
LOR5 was used to control undercut. The electrode pattern
was transferred to the substrate by photolithography. After
the substrate was developed, Cr (100 Å) and Au (1000 Å)
thin films were evaporated on the substrate sequentially.
The photoresists were then dissolved by Remover PG at
60 �C in an ultrasonic vibrator. Thus, electrodes were pat-
terned on the substrate. The substrate was then cleaned
with isopropyl alcohol (IPA), deionised (DI) water and
dried with N2.

3.3. Microfluidic Device Fabrication

Firstly the master mold structure of 25 �m high SU-8 pho-
toresist was fabricated by photolithography on a silicon
wafer. The wafer was pre-coated with hexamethyldisilox-
ane (HMDS) to facilitate subsequent peeling off of the
PDMS layer.
A mixture of PDMS prepolymer and curing agent (Syl-

gard 184, Dow Corning) was poured over the positive mas-
ter mold. After curing, a negative relief made of PDMS
was peeled off. Holes were punched at the center of the
reservoir area and the relief was sealed to the previously
prepared substrate to form a closed channel. The elec-
trodes area must be inside the microchannel. The device
was connected to syringe pumps and a waste beaker by
plastic tubing. Figure 3 shows the fabricated symmetrical
device.

3.4. Device Treatment Process with APTES

The substrate surface in the channel was cleaned with
pure ethanol first and then functionalized with an NH2-
terminated self-assembled monolayer (SAM) by pumping
in the device channel with a 1 mM alcohol solution of 3-
aminopropyltriethoxysilane (APTES, Sigma Aldrich) and
staying for 10 h. After 10 h, the device was heated at
110 �C for 10 min.14 After this treatment, the channel sur-
face will be turned hydrophilic. To keep the channel sur-
face hydrophilic, water should be kept flowing through the
system before use.

3.5. The NW Assembly Process

The ethanol solution with suspended AgNWs was injected
from the center channel and focused hydrodynamically
into a narrow stream constrained by DI water from the
sheath channels. The width and position of the focused
sample flow can be readily tuned by adjusting the flow
rates of the sheath flows and sample flow, controlled with
three external pumps. To obtain a steady distribution of
AgNWs on the substrate, the velocity of the focused sam-
ple was maintained around 3 mm/s.
Three specific protocols, as listed in Table I, were devel-

oped based on numbers of systematic experiments on dif-
ference devices to study the hydrodynamic focusing flow
behaviour and the AgNW assembly process. The focusing
processes are respectively presented in Figures 4(a)–(c). A
stable focused sample stream could be formed while the
appropriate ratio between the sheath flow rate and the sam-
ple flow rate was applied. As the sheath flows were tuned,
the focused stream was shifted across the microchannel,
resulting in AgNWs depositing on selected lanes, as shown
in Figure 5, where the three AgNWs lanes were the cor-
responding results of the three protocols in Figure 4.
After set flow duration of each protocol, the PDMS

replica of the device was removed from the substrates and
NW patterns were imaged by SEM or an optical micro-
scope. And the electric characteristics were tested with a
probe station.
Flow protocols with longer flow duration was also

implemented to test the effect of flow time, as shown in
Figures 6(a) and (b).

3.6. Electric Test of AgNWs

For the AgNWs to be tested, the metal contact pads
and interconnection lines should be well-formed, contin-
uous and sharp with a good yield of single AgNW span-
ning two electrodes. All electrical measurements were
carried out in air at room temperature. Firstly, tweezers
were used to clamp the edge of the substrate chip and
hold it firmly. Secondly, for air characterization, individual
AgNW devices on the microfluidic substrate were con-
nected to the measurement electronics by the probe station.
Probes were brought into contact with the outer metal con-
tact pads on the substrate, while being viewed optically.

Table I. Flow protocols for AgNW alignment.

Sheath Sheath Sample Flow Focused Flow
Flow flow Qs1 flow Qs2 flow Qi rate width duration
protocol (mL/h) (mL/h) (mL/h) ratio R (�m) R′ (min)

1 0.03 0.17 0.03 6�67 120 0�8 20
2 0.17 0.03 0.03 6�67 120 0�2 20
3 0.12 0.12 0.03 8 100 0�45 20

Note: R′ is defined as the proportion that sheath flow 1 occupies in the outlet
channel.

4 J. Nanoelectron. Optoelectron. 6, 1–8, 2011



R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Liu et al. An Economic Method for Large-Scale Patterning and Electric Measurement of Nanowires

(a) (b) (c)

Fig. 4. The asymmetrical hydrodynamic focusing process. (a) Flow Protocol 1; (b) Flow Protocol 2; (c) Flow Protocol 3.

The current–voltage characteristics of AgNW were mea-
sured using a Keithley 6517A electrometer with the probe
station at room temperature. The I–V curves in Figure 7(a)
were obtained by sweeping up and down a DC voltage,
ranging from −0.05 to 0.05 V, applied between electrodes
pairs as indicated in Figure 7(b).

4. RESULTS AND DISCUSSION

4.1. The Hydrodynamic Focusing Process

100% alcohol with dispersed AgNWs was used as the sam-
ple flow because AgNWs are better dispersed in alcohol
than in water.

(a)

(b) (c) (d)

Fig. 5. Electrodes covered with three lanes of AgNWs. (a)–(c) are respectively the three lanes on different electrodes.

The width of the focused stream can be controlled by
the flow ratio of the sheath flow over the sample flow R.
As the ratio R increases, the width of the focused sam-
ple stream would be reduced accordingly. And as one
sheath flow rate increases, it will occupy more space in
the outlet microchannel, where three flow configurations
at steady state are shown respectively corresponding to
the three flow protocols listed in Table I in Figure 4. As
shown in the figures, both the sample and sheath flows
were transparent, and distinct borderlines were located
among them. The sample flow from the inlet channel was
firstly narrowed down by the sheath flows, and its width
remains constant in the downstream of the channel. As
the sample fluid flowed in the channel, the AgNWs inside

J. Nanoelectron. Optoelectron. 6, 1–8, 2011 5
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(a)

(b)

Fig. 6. Electrodes covered with AgNWs. (a) High density AgNWs on
the substrate; (b) Low density AgNWs on the substrate.

would deposit on the substrate underneath and some will
deposit on the electrodes randomly, since some electrodes
are immersed in the sample region. Since three differ-
ent protocols were used in the experiment, three discrete
lanes of AgNWs will deposit on the electrode arrays, as
shown in Figure 5. Compared with our previous symmetri-
cal hydrodynamic focusing work,35 the asymmetrical pro-
cess exhibited more control on the flow, where not only
the width, but also the location of the NW array can be
easily adjusted.
The aligned NW array readily extends over hundreds

of micrometers. Indeed, alignment of the NWs has been
found to extend up to millimeter length scales and is lim-
ited by the size of the fluidic channels only. Therefore this
method is really robust to form size-flexible NW patterns.

4.2. AgNW Assembly Characterization

Notably, images in Figure 5 show clearly that there are
three lanes of AgNWs arrays on the electrode substrate,
resulting in AgNWs selectively connecting electrodes.
Figures 5 and 6(a) shows that multiple AgNWs were

connected with electrodes, while Figure 6(b), experimen-
tal results of shorter depositing time shows that individ-
ual NWs are connected with electrodes with about 50 �m
pitches. There are also NWs that fall between the elec-
trodes, as expected statistically, although these are not

(a)

(b)

Fig. 7. (a) The I–V curve of four example AgNWs. (b) The correspond-
ing SEM image of a tested AgNW. The inset in is the enlarged image of
the AgNW.

expected to affect the interconnected active devices. The
average NW spacing can be reduced further to increase the
connection yield, although this also increases the proba-
bility of having multiple NWs connected to one electrode,
as shown in Figure 6(a).
Typical examples of assembled NW arrays (Figures 5

and 6) show that virtually all the NWs were aligned
along the flow direction, though there were also some
small deviations with respect to the flow direction, which
were caused by instabilities during the flowing process.
With optimal experimental parameters and conditions, this
method can obtain large-scale assembled AgNW arrays.
There are several factors controlling the alignment and

average separation of the NWs:
(1) the flow rate. With increasing flow rates, the deviation
of the NWs’ alignment with respect to the flow direction
substantially becomes narrower. Higher flow rates produce
larger shear forces and hence lead to better NW alignment.
(2) The NW deposition coverage can be controlled by
the flow duration. Experiments carried out at given oper-
ating conditions showed that the NW density increases
systematically with increase of the flow duration.
Figures 6(a) and (b) showed the well assembled and

6 J. Nanoelectron. Optoelectron. 6, 1–8, 2011
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aligned AgNWs along the flow direction, as expected,
with longer flow time, deposited AgNWs will be denser,
as shown in Figure 6(a), multiple AgNWs are deposited
on the one pair of electrode. With flow time shorter,
less AgNWs will deposit on the substrate, as shown in
Figure 6(b), only one single AgNW is lying on one pair
of electrode.
(3) The deposition rate and hence the average NW sep-
aration distance versus time also depend strongly on the
surface chemical functionality.
(4) NW concentration in the solution. With higher den-
sity of NWs, the assembled AgNW arrays become denser.
Those features were also demonstrated in our early-stage
work in Ref. [36].

4.3. Electric Property of AgNWs

To test the electric property of AgNWs, most common
problems arise from poor electrical contacts between the
electrodes and AgNWs. So much attention should be paid
to cleaning immediately before AgNWs deposition.
The electrical characterizations of four randomly cho-

sen functional NW devices within the large arrays (Fig. 7)
show linear I–V curves as expected, which means, the elec-
tric contacts between the electrode and AgNW are good
and ohmic at the junction, and the AgNWs exhibits elec-
tric property of metal material. The voltage applied was
quite low (0.05 V), ensuring that the AgNW tested will
not be destroyed due to overcurrent.
From the curves it was obtained that the whole elec-

tric resistance in the four circuits are respectively 288 �,
324 �, 546 �, 603 �. Rp1 and Rp2 can be measured
directly with the probe station by short-passing the elec-
trode pairs. Using Eqs. (1)–(3), finally Rp4 were calculated
as in the range of 60–80 �, and the electric resistivity of
the synthesized AgNWs in the range of 19.5–25.2 �� ·cm,
which is consistent with other groups’ results.40–42 The
contact resistivity between the AgNWs and the electrodes
is calculated as in the range of 0.33–0.43 �� · cm2.
The deviation in those obtained total resistance were

results of floating Rp1, Rp2, Rp3 and Rp4. To improve
the experimental outcome, Rp1 could be eliminated by
implementing a four-point-probe measurement method.
Rp3 could be greatly reduced by carrying out annealing
on the substrate after AgNWs deposition to enhance the
electric contact between the gold electrode and AgNWs.
In this paper millimeterscale arrays containing hundreds

of AgNWs-electrode pairs fabricated by tuneable hydrody-
namic focusing were shown to exhibit high performance
with high reproducibility and scalability from �m to cm
level. This basic approach is scalable and thus can be
used to produce devices in the nanometer size regime over
large areas and on selected positions. Because the aver-
age NW spacing can be controlled down to the nanometer
scale by adjusting the duration time and sample concen-
tration, a much smaller device size and a higher density of

device integration can be readily achieved when existing
high-resolution parallel lithography techniques.
The general applicability of this approach to a wide

range of NW materials and organized NW structures could
also enable a pathway to highly functional and integrated
nanosystems.

5. CONCLUSION

Successful synthesis of high-quality AgNWs and its high
degree of alignment by asymmetrical hydrodynamic focus-
ing with controlled density and large area coverage will
open up possibilities of utilizing them for nanoelectronics
applications. To illustrate this potential, arrays of indepen-
dently addressable electric circuits were photolithograph-
ically patterned on Si substrates with AgNWs positioned
and aligned by asymmetrical hydrodynamic focusing for
electric testing. The proposed method provides a conve-
nient control on the width, density and position of assem-
bled NW arrays by just simply adjusting the flow rates of
the sheath and sample flows in the asymmetrical hydro-
dynamic focusing process. Among the patterning methods
developed so far, asymmetrical hydrodynamic focusing is
controllable and tuneable, which is unique in all the NW
assembly methods.
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