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Integrating Nanowires With Substrates Using
Directed Assembly and Nanoscale Soldering

Hongke Ye, Zhiyong Gu, Thomas Yu, and David H. Gracias, Member, IEEE

Abstract—This paper describes a new methodology for inte-
grating nanowires with micropatterned substrates using directed
assembly and nanoscale soldering. Nanowires containing ferro-
magnetic nickel segments were fabricated by electrodeposition
in nanoporous membranes. The nanowires were released by
dissolution of the membrane and subsequently aligned relative
to micropatterned substrates using magnetic field-directed as-
sembly. After assembly, the wires were permanently bonded to
the substrates using solder reflow to form low-resistance electrical
contacts. This is the first demonstration of the use of nanoscale
solder reflow to form low-resistance electrical interconnects be-
tween nanowires and substrates, and we demonstrated the utility
of the strategy by fabricating a nanowire-based functional analog
integrator.

Index Terms—Directed assembly, electrical contact, magnetic
assembly, nanoelectronics, nanotechnology, semiconductor de-
vices, solder reflow, very large scale integration (VLSI).

I. INTRODUCTION

RECENTLY, a number of strategies have been developed
to fabricate metallic, semiconducting, and insulating

multicomponent nanoparticles [1], [2]. These nanoparticles
can be designed as discrete functional electronic elements,
e.g., resistors and diodes [3], and can be fabricated in large
numbers in a relatively cost-effective manner without the need
for lithography. Hence, in theory, it should be possible to fab-
ricate functional electronic devices using these nanoparticles.
However, a major practical hurdle is the electronic integration
of the nanoparticles with each other and with micropatterned
substrates. There are two key challenges, which are: 1) precise
positioning of the nanoparticles on substrates and 2) forming
low-resistance electrical contacts between the positioned
nanoparticles and the patterned substrates.

It is relatively straightforward to make a good electrical con-
tact to a single nanoparticle by patterning a contact pad on top of
the particle. Damascene integration [4] that is used extensively
in very large scale integration (VLSI) is an extremely precise
layer-by-layer process that can be used to form such contacts.
However, while it is possible to align a few contacts relative to
individual nanoparticles, it is virtually impossible to align large
numbers of contacts to large numbers of randomly dispersed
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particles on a substrate. This difficulty in making electrical con-
tacts to nanoparticles is a major limitation to fabricating inte-
grated devices containing large numbers of nanoparticles.

An alternative strategy for the electronic integration of
nanoparticles is to first pattern the contact pads using lithog-
raphy and then subsequently position the nanoparticles on
top of the pads. Recently, directed assembly has emerged as
an attractive methodology to facilitate the precise positioning
of nanoparticles with respect to each other and to patterned
substrates. Several nanoparticle assembly strategies involving
electrical [5], [6], magnetic [7], [8], molecular [9], [10], and
surface tension [11] driven forces have been demonstrated.

Even though it is now possible to use directed assembly to
position nanoparticles on top of patterned contact pads, the con-
tact resistance between the particles and pads is very high. This
high electrical resistance is due to the fact that the nanoparti-
cles are weakly bonded to the pads, with a reduced contact area
due to asperities. Moreover, since assembled nanoparticles are
weakly held on the substrates, they can be readily disrupted,
which results in compromised reliability. In addition, any ox-
idation or adsorbed contamination on the surfaces of the pad or
the wire dramatically increases the contact resistance. For ex-
ample, Tanase et al. [7] have reported contact resistances as high
as 90 for 350-nm platinum (Pt) wires (rod-shaped particles)
placed between gold (Au) electrode contacts; this contact re-
sistance was much larger than the electrical resistance of wire
itself. When nickel (Ni) wires were used, surface oxidation re-
sulted in contact resistances as high as 10 .

One promising strategy to form permanent nanoscale con-
tacts between particles and substrates involves the use of
organic molecules [12]; however, the electrical resistivity of
organic molecules is high [13], contact occurs only at asperities,
and molecular interconnects cannot withstand high-temperature
processing and operation. Hence, there is a need to explore
new methodologies to form reliable low-resistance electrical
contacts between nanoparticles and the patterned substrates on
which they are assembled.

In this paper, we demonstrate a strategy that utilizes a com-
bination of directed assembly and soldering to form low-re-
sistance contacts between rod-shaped nanoparticles (commonly
referred to as nanowires when the ratio of the length to the di-
ameter is large) and contact pads. The resistance of the electrical
contacts between the wires and the pads that was high initially
dropped substantially during solder reflow, at the melting point
of the solder. On cooling, the nanowires were bonded to the pads
by solid solder with low contact resistance. As an example of a
functional electronic device, we fabricated an analog integrator
using the proposed strategy. This is the first demonstration of the
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Fig. 1. (a) Schematic diagram of the strategy used to fabricate nanowires using
electrodeposition in a nanoporous membrane. Scanning electron microscope
(SEM) images of: (b) 200-nm and (c) 50-nm diameter Au–Ni–Au wires
fabricated in nanoporous membranes. (The back scatter contrast is brightest for
metals with higher atomic numbers; Au ends appears brighter than Ni.)

use of soldering on the nanoscale to form low-resistance elec-
trical contacts and suggests a strategy to integrate nanowires and
other nanoparticles with substrates to form functional nanoelec-
tronic circuits.

II. EXPERIMENTS, RESULTS, AND DISCUSSION

We used segmented metallic nanowires (nominal diameter
and nm) as model nanoparticles to demonstrate our

integration strategy. The nanowires were fabricated using elec-
trodeposition in structured, porous alumina or polycarbonate
membranes [14] [see Fig. 1(a)]. In order to accurately direct
the assembly of nanowires on top of prefabricated contact
pads using magnetic fields, we fabricated wires consisting of
Ni (ferromagnetic) segments terminated by Au contacts. The
ratio of Au:Ni:Au was approximately 1:4:1 for 200-nm wires
and 1:2:1 for 50-m wires. In our experiments, we used Au as
contact segments since Au is not easily oxidized. A silver (Ag)
seed layer was evaporated on one side of the membrane to serve
as an electrical contact for electrodeposition. Multicomponent
nanowires composed of Au and Ni segments were formed using
electrolytic solutions containing the appropriate metal ions.
The length of the wires was restricted by controlling the current
density and the duration of electrodeposition. We electrode-
posited wires at a constant current density of 4–1.7 mA/cm for
10–20 min to grow 1- m-long Ni and Au nanowire segments.
After electrodeposition, the wires were released into solution by
dissolution of the membrane. This strategy of electrodeposition
in nanoporous membranes facilitates the fabrication of a large
number of nanowires in a highly parallel and controlled manner
[see Fig. 1(b)–(c)].

We used magnetic fields to control the orientation and posi-
tion of nanowires on top of the contact pads [5]–[7]. The contact
pads were fabricated using photolithography, evaporation, lift-
off, and electrodeposition on an insulating SiO coated wafer.
The pads were composed of a stack of 50 nm of chromium
(Cr: an adhesion promoter), 150 nm of Ni (magnetic), 70 nm
of copper (Cu: the base metal that is readily wet by solder), and

Fig. 2. Schematic diagram of the experimental setup used for the directed
assembly of nanowires on patterned contact pads using magnetic fields.

100 nm of tin/lead (Sn/Pb) solder. The thickness of the evapo-
rated films was measured using an oscillating quartz crystal, and
the thickness of the electrodeposited films was measured using a
profilometer. The substrate patterned with the contact pads was
placed at the bottom of a vial, and a few drops of a suspension
of nanowires in ethanol were placed on top of the substrate. The
concentration of wires in the suspension was estimated at ap-
proximately 10 wires/ml. The concentration of wires was esti-
mated by measuring the area of the electrodeposited membrane
dissolved in a specified volume of ethanol and using the mem-
brane pore density specified by the vendor, with the assumption
that all of the pores were filled during electrodeposition (i.e.,
one pore yielded one nanowire). The vial was then placed in a
magnetic field (field strength G) for 20–30 min (Fig. 2).
The nanowires aligned preferentially along the axis of the mag-
netic field and in the energy minimum of the magnetic field that
lies between the Ni contact pads. The relative thickness of Ni,
Cu, and Sn/Pb was important in determining the outcome of the
assembly. If the Ni layer was too thin or the capping Cu–Sn/Pb
layer was too thick, then there was no preferential alignment of
the wires between the pads, and it was virtually impossible to
get wires positioned in between the pads. We were able to posi-
tion on average, one, two, or three 200-nm-diameter Au–Ni–Au
wires in between two Ni contacts using nanowire suspensions
that were diluted 30, 20, and 15 times, respectively (Fig. 3).
With higher concentrations of wires in the suspension, a larger
number of wires assembled between the contact pads; in addi-
tion, there was a tendency for the wires to clump together [see
Fig. 3(c)]. When the substrate was patterned with an array of
parallel Ni contact lines, the wires assembled as linear chains
bridging several adjacent Ni contact lines [see Fig. 3(d)].

In order to compare electrical contacts formed with wires on
top of contact pads (proposed strategy) to those formed with
contact pads on top of nanowires (conventional strategy), we
fabricated control samples with Cu contact pads patterned on
top of 200-nm wires [Fig. 3(e)]. The nanowires in the control
sample were deposited randomly on a 1- m-thick SiO coated
silicon (Si) wafer by dip coating. A layer of photoresist was spun
on the substrate, and the contact pad mask was aligned with
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Fig. 3. Directed assembly of nanowires on top of patterned substrates using
magnetic fields. The wires align between the pads in the direction of the field.
By changing the concentration of the wire suspension we could get: (a) a single
wire, (b) two wires, and (c) many wires aligned between two Ni contact pads,
or (d) many wires bridging several adjacent Ni contact lines. (e) Control sample
with contact pads patterned on top of a nanowire.

Fig. 4. Schematic diagram of the experimental setup used for nanosolder
reflow.

respect to the ends of a single nanowire. Subsequently, 50 nm
of Cr and 300 nm of Cu were evaporated, and the photoresist
was dissolved in acetone. The 300-nm-thick layer of copper was
sufficiently thick to completely cover the nanowire and hold it
in place.

The magnetically assembled Au–Ni–Au nanowires were per-
manently attached to the Ni-Cu-Sn/Pb contact pads using solder
reflow. The apparatus used for reflow is shown in Fig. 4. The re-
flow was carried out in a tube furnace that was sealed and purged
(30 KPa) with nitrogen (N ) gas before, during, and after reflow
to prevent oxidation of the nanowires and the contact pads. Since
the wires and the solder pads have dimensions on the nanoscale,
it is essential to minimize any oxidation that depletes the con-
tact region of metal and forms high-resistance oxide films.

The temperature was increased at the rate of 40 C/min; the
peak temperature during the entire reflow process was kept
below 220 C, and the hold time above the reflow tempera-
ture ( 180 C) was kept to a minimum (1–2 min). Although
a higher reflow temperature and peak dwell time improves
wetting, the formation of intermetallic compounds at the high
reflow temperature also increases due to enhanced diffusion.
Intermetallic compounds can be detrimental to the electrical
conductivity and reliability of the solder joint that is formed
[15]. The electrical resistance of the nanowire bridged contact
pads, which is the sum of the resistance of the nanowires them-
selves and the contact resistance between the nanowires and the
contact pads, was monitored during the reflow process using
a sourcemeter. We observed a dramatic drop in the resistance
of the nanowire bridged contact pads at the reflow temperature
[see Fig. 5(a)]. We attribute this drop in resistance to the fact
that the solder liquefies at the reflow temperature and wets the
nanowire, forming a low-resistance electrical contact between
the nanowire and the contact pads. At still higher temperatures,

Fig. 5. Nanosolder reflow results. (a) Electrical resistance between nanowire
bridged contact pads measured during reflow showing a dramatic drop around
180 C. SEM images of: (b) 50-nm wire before reflow, (c) 50-nm wire at room
temperature after reflow, and (d) 200-nm wire at room temperature after reflow.

a plateau in the electrical resistance was reached. On cooling,
the solder solidified and held the wires in place on the contact
pads. One critical factor to ensure reliable soldering was to cool
the sample down slowly after crossing the reflow temperature.
We usually cooled the wire bonded substrates at the rate of
approximately 2 C/min. When cooling rates larger than about
20 C/min were used, the wires were displaced from the pads.
The solder reflow was evident in SEM images of 50-nm wires
assembled on contact pads before [see Fig. 5(b)] and after [see
Fig. 5(c)] reflow at approximately 220 C. The ends of the
wires appear bulged after reflow. It is also evident that some
Au dissolved in the solder on reflow as the wire ends appear
shorter. It is known that Au readily dissolves in solder due to a
large diffusion rate of pure Au in Sn [16]. A similar result was
observed with 200-nm-diameter wires [see Fig. 5(d)].

We measured the electrical resistance of nanowire bridged
contact pads before reflow and at room temperature after re-
flow. The curves were measured using four probers: two outer
probers (one on each contact pad) supplied current while the
voltage was measured using two different inner probers (one
on each contact pad). This modified four-probe measurement
was used to eliminate the contact resistance between the prober
heads and the contact pads. Currents in the 0–100-mA range
were applied, and the voltages were measured using Kiethley
2400 source meters. All the – curves measured across con-
tact pads containing 200- and 50-nm wires show ohmic be-
havior (Fig. 6). Measurements done using two probers instead
of four gave resistance values that differed by less than 1 .
The electrical resistance of the nanowire bridged contact pads
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Fig. 6. Representative I–V curves measured on nanowire bridged contact
pads at room temperature after reflow for: (a) 50-nm-diameter wire across a
1-�m gap and (b) 200-nm-diameter wire across a 4-�m gap. (c) The I–V
curve was measured across contact pads patterned on top of a 200-nm wire
(the control sample). The standard deviation corresponds to the deviation of
measurements done three times.

before reflow ranged between 300 to 10 . Assuming bulk re-
sistance values of 7 cm for Ni [17], the expected resistance
values for a 1- m-long 50- and 200-nm-diameter wire are 36
and 2.2 , respectively. The gaps between contact pads used
for 50- and 200-nm wire were approximately 1 and 4 m, re-
spectively. Clearly, the high resistance of 300–10 measured
across the nanowire bridged contact pads cannot be explained by
the resistance of the bare wires and is dominated by high con-
tact resistance between the nanowires and the contact pads. The
large range of resistances measured highlights the sensitivity of
the contact resistance to asperities, surface contamination, ox-
idation, and nanowire position. This large variability and high
contact resistance of nanoparticles assembled on top of contact
pads is a major challenge that needs to be overcome in order to
form integrated electronic circuits using the directed assembly
of nanoparticles.

At room temperature after reflow, the resistance of the 50-nm
[see Fig. 6(a)] and 200 nm [see Fig. 6(b)] nanowire bridged
contact pads were substantially smaller and within the range
expected for bare wires. The resistance measured across the
nanowire bridged contact pads was no longer dominated by
the contact resistance between the nanowires and the pads. The
contacts formed survived currents as high as 500 mA, and the
resistance values remained stable on repeated scans. Our re-
sults demonstrate that solder reflow substantially decreases the
contact resistances for nanowires assembled on patterned sub-
strates. Moreover, the resistance of 200-nm wires soldered on
top of contact pads [which is the strategy proposed of directing
assembly of nanoparticles on top of contact pads followed by
nanoscale soldering, see Fig. 6(b)] was similar to the resistance
measured for a 200-nm wire under contact pads [the control
sample representing the conventional strategy of patterning con-
tact pads on top of nanoparticles, see Fig. 6(c)]. Hence, using
nanosoldering, it is possible to get similar contact resistances
for nanowires assembled on top of contact pads as compared to
contact pads lithographically patterned on top of nanowires.

In order to demonstrate that the strategy of directed assembly
and nanoscale soldering is compatible with other standard

Fig. 7. Schematic and operation of a functional analog integrator fabricated
using microlithography, directed assembly and nanoscale soldering.
(a) Schematic layout of the integrator with the assembled nanowire and spin
on dielectric capacitor, (b) circuit diagram of the integrator, and (c) measured
response of the assembled integrator showing functional operation.

microfabrication processes used in VLSI and to verify the
low resistance measured using our four-point measurement,
we fabricated a functional nanowire-based analog integrator.
Integrators are used extensively in analog computing as a
useful subcircuit element that finds applications in control
systems, feedback, analog/digital conversion, and waveform
generation [18]. Fig. 7 shows the schematic of the integrator,
which involves an RC circuit with an assembled nanowire
functioning as the resistor and a spin-on dielectric as the
capacitor. The integrator was fabricated as follows: First, a
thermal oxide insulator layer was deposited on an Si substrate
followed by the evaporation of Cr, Ni, and Cu. The Cr–Ni–Cu
stack was patterned using photolithography and, subsequently,
a dielectric layer of spin-on glass (SOG, Honeywell Accuglass
T-111) was spun on, followed by a layer of Cu. A second
layer of photolithography followed by lift-off was used to
define the capacitor. In a third layer of photolithography, the
contact pads for nanowire alignment were defined and Sn/Pb
was electrodeposited on these pads. Then, a nanowire was
aligned using directed magnetic assembly. After alignment,
the reflow process was carried out. Since the reflow process
requires heating to only 200 C, it is compatible with most
standard processes used in CMOS fabrication. After reflow,
the time constant of the integrator was measured to be 1.8 s.
Using the measured capacitance value for the SOG capacitor or
0.12 F, we back-calculated the resistance of the nanowire to
be 15 during operation. This resistance value calculated from
the integrator time constant was similar to the direct resistance
measurement done using four-point resistance probes.
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III. CONCLUSION

We have demonstrated a strategy to integrate functional
nanowires (rod-shaped nanoparticles) to substrates with low-re-
sistance electrical contacts. We observed that solder films as
thin as 100 nm can be used to attach wires as thin as 50 nm to
substrates with minimal contact resistance. Although we have
used magnetic field-directed assembly, nanoscale soldering
can be used as a final step in any of the other strategies used
to direct assembly, e.g., electrostatic, to permanently bond
nanoparticles to substrates. The combined integration process
of directed assembly and nanoscale soldering can be used in
conjunction with other microfabrication processes to integrate
functional nanoelectronic elements with substrates to generate
integrated nanoelectronic devices.
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