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Abstract—The integration of nanowires and nanotubes into
electrical test structures to investigate their nanoelectronic trans-
port properties is a significant challenge. Here, we present a single
nanowire manipulation system to precisely maneuver and align
individual nanowires. We show that a single nanowire can be
picked up and transferred to a predefined location by electrostatic
force. Compatible fabrication processes have been developed to
simultaneously pattern multiple aligned nanowires by using one
level of photolithography. In addition, we have fabricated and
characterized representative devices and test structures including
nanoelectromechanical switches with large ON/OFF current ratios,
bottom-gated silicon nanowire field-effect transistors, and both
transfer-length-method and Kelvin test structures.

Index Terms—Contact resistance, nanoelectromechanical
switch, nanowire alignment, SiNW FET, transfer length method.

I. INTRODUCTION

NANOWIRES AND nanotubes are being intensively
investigated as the active medium for applications in

nanoelectronics. There are two primary nanowire device fabri-
cation approaches being considered. In the top-down approach,
nanowires are defined in a designed location by etching of
patterns created by advanced optical or electron-beam lithog-
raphy (EBL) [1], [2]. In a bottom-up approach, nanowires
are assembled by atom-by-atom growth techniques, such as
the chemical-vapor-deposition (CVD) of silicon nanowires
from an Au catalyst. These “self-assembled” nanowires are
then assembled to construct devices. As top-down lithography
is beginning to reach fundamental physical and economic
limitations, bottom-up approaches are being considered for
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Fig. 1. Schematic of single nanowire manipulation system.

fabricating high-density and low-cost circuits and devices. One
of the critical issues in the research of bottom-up nanowires is
the positioning of the nanowires with respect to the other device
features, such as contact to fabricate simple test structures
to characterize the electronic properties of these bottom-up
grown nanowires. There have been a variety of rather com-
plicated approaches for integrating these nanomaterials to
produce test structures for simple electrical characterization.
These approaches include: atomic force microscopy (AFM)
manipulation of individual nanotubes [3], fluidic alignment of
nanowires with electrode defined by EBL [4], electric field-in-
duced in situ growth of nanowires [5], [6] and nanotubes [7],
[8], electric field-induced assembly of nanowires or nanotubes
[9]–[11], and manipulating nanowires/nanotubes with holo-
graphic optical traps [12].

In this paper, we have developed a single nanowire manipu-
lation system (SNMS) to manipulate and align individual CVD
grown nanowires via electrostatic force. Compatible fabrication
processes have been developed to fully integrate the nanowires
into test devices for electrical characterization. Although var-
ious methods for assembling nanowires and manipulation of
nanowires via electrostatic force have been previously reported,
our approach has the following advantages: 1) The manipu-
lation and alignment of nanowires are performed easily and
precisely by utilizing the noninvasive inspection capabilities of
a high-magnification optical microscope. 2) No advanced litho-
graphic tools [e.g., EBL or focus ion beam (FIB)] are needed.
The integration of nanowires into devices and test structures
is implemented by conventional photolithography. 3) A large
number of nanowire devices having varying structures can be
efficiently processed with one level of photolithography. We
have used the SNMS to fabricate traditional transfer length
method (TLM) and Kelvin test structures that are used to extract
the resistance of the nanowires and the contact resistance. In
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Fig. 2. (a) SEM image of Si nanowires grown from patterned Au catalyst on a silicon wafer. (b) Nanowires were removed into a suspension of DI water. A drop
of the nanowire solution was dispersed on a template substrate and evaporated under a vacuum of 100 mtorr for 4 h. (c) Schematic of manipulator tips picking up
a nanowire from a template substrate.

addition, nanowire field-effect transistors (FET) and nanoelec-
tromechanical switches were fabricated to further illustrate the
strength and flexibility of this approach. Compared to other
techniques, the SNMS is an attractive approach for fabricating
research devices from self-assembled nanowires because it
is a simple and flexible technique which leverages the vast
infrastructure of traditional metal-oxide-semiconductor (MOS)
fabrication technology.

II. SAMPLE FABRICATION

A. Overview

Silicon nanowires were grown via a CVD on a silicon wafer
and removed into a suspension of de-ionized (DI) water. A drop
of nanowire solution was dispersed on a template substrate and
evaporated. The SNMS (schematically shown in Fig. 1) was
used to pick up selected nanowires and transfer them to pre-
defined locations on a photolithographically patterned device
substrate. The nanowires were further precisely aligned to the
device substrate as needed. Finally, top metal contacts were pat-
terned via traditional photolithography to form devices and test
structures. The details of the SNMS and associated processing
steps are discussed as follows.

B. Preparation of Nanowire for Manipulation

Silicon nanowires (SiNWs) were grown on Si(100) wafers
by using CVD with thin Au films ( 1–2 nm) as the catalyst at
450 C via a vapor–liquid–solid mechanism [13]–[15]. Diluted
SiH (10% in N ) at a pressure of 350 mtorr was used to grow
the SiNW. Nanowires of 20–300 nm in diameter and 2–150 m
in length were obtained. Fig. 2(a) shows a scanning electron mi-
croscopy (SEM) image of SiNWs grown on an Si wafer from a
patterned gold catalyst. The SiNWs were removed into a sus-
pension of DI water by sonication (1 min), as shown schemat-
ically in Fig. 2(b). The SiNW solution was dispersed onto a
template substrate and dried for 4 h under vacuum at 100 mtorr.
Generally, nanowires adhere tightly to a flat surface because of
the electrostatic force of the substrate, and the nanowires cannot
be picked up if the electrostatic force of the substrate is
larger than that of manipulator probe tips . In order to
avoid the electrostatic force from the template substrate, a tem-
plate substrate containing a grid structure was used to decrease

the contact area between the nanowire and the surface. The tem-
plate substrate has a matrix of 10 5 m rectangular solids of
SiO (200 nm in thickness) fabricated by etching thermal oxide
on silicon substrates under a defined grid-like photoresist pat-
tern. The probes can readily pick up nanowires from this tem-
plate substrate, as shown in Fig. 2(c).

C. SNMS

The SNMS, schematically shown in Fig. 1, is based upon a
commercial probe station (Cascade Microtech semi-automated
femtoguard)1 on a vibration isolation table consisting of a
high-magnification optical microscope, precise probe manipu-
lators with titanium probe tips (less than 100 nm in diameter).
(Note: The commercial probe tips were modified in-house in
order to create the small-diameter probe tips necessary for
the SNMS, and a chuck control system (Cascade Microtech
Nucleus Software) was used in this work.) An automated chuck
control system, which can be used to control and store the
position, rotation, and height of the chuck, greatly increases
the efficiency of the SNMS. Both a nanowire coated template
substrate and a device substrate with alignment features (de-
scribed later) are loaded together into the probe station (Fig. 1).
A nanowire can be picked up from the template substrate by
the unbiased probe tips via the electrostatic force and then
transferred onto the device substrate by controlling the chuck
position or moving the manipulators. The SNMS with this setup
can easily align nanowires 60 nm in diameter. We believe
SNMS can manipulate smaller nanowires with a sharper probe
tip and higher magnification optical microscope.

D. Alignment and Integration of Nanowires

Two methods (I & II) have been used for the integration of
nanowires into device structures, as shown in the left and right
of Fig. 3, respectively. In step 1, the nanowires are transferred
from the template substrate to device substrates. For method I,
the device substrate is a conventional planar substrate patterned

1Certain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such iden-
tification is neither intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to imply that
the materials or equipment identified are necessarily the best available for the
purpose.
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Fig. 3. Two methods (I on the left side and II on the right side) used to align the nanowires. Step 1: placing a single nanowire on a flat (method I) or trench (method
II) substrate. Step 2: precision alignment of the nanowire with the substrates. Step 3: formation of metal contacts.

with metal alignment marks patterned on SiO . One set of these
alignment marks is used for aligning the nanowires to the right
location, while a second set is used in the later photolithog-
raphy step to define metal contacts to the nanowires. In method
II, a trench has been used to maintain the nanowires in the
pattern during the subsequent multilevel processes (e.g., pho-
toresist spinning, wet cleaning/etching, metal deposition, and
lift-off). The trench is obtained by dry-etching 400 nm of a
600-nm thermal oxide. In addition to the set of trench patterns
that act as both the alignment marks to position the nanowires
and a location to hold the nanowires, a second set consisting of
conventional photolithographic alignment marks to define the
position of the metal contacts to the nanowires is simultaneously
patterned. Typical dimensions of the trenches used in this work
are 4 m in width, 100 m in length, and 400 nm in depth.
Fabrication results indicate that the success rate of integration
by method II is over 90% while the success rate for method I
is about 75% without using a trench. In step 2, the nanowires
are manipulated and placed onto predefined locations on the
device substrate by controlling the position and rotation of the
probe station chuck. The nanowires are released from the ma-
nipulator to the device substrate by the attractive electrostatic
force from the substrate. In this case, the electrostatic force
from the flat surface of the device substrate is larger than .
After the nanowires are aligned with respect to the metal fidu-
cials (method I) or trenches (method II), they are covered by
80 nm of sputtered SiO at room temperature. The SiO further
helps the nanowires maintain their position for both methods.
In step 3, compatible photolithographic steps which are aligned

to the initial alignment features were used to define metal con-
tacts to nanowires. The SiO in the contact area was etched by
using 2% HF before metal deposition. The contacting metal is
deposited by thermal evaporation of a 20-nm Al film followed
by a 60-nm Au film and defined by using a lift-off process. The
two schematics at the bottom of Fig. 3 (left and right sides)
show cross sections of the metal/nanowire structures fabricated
by using methods I and II, respectively.

III. TLM AND KELVIN TEST STRUCTURES AND SINW FET

In order to characterize the intrinsic conduction properties
of semiconductor nanowires, it is necessary to separately deter-
mine the contact resistance. Primarily, the four-terminal method
has been used to investigate contact resistance and conductance
in nanowires [16]–[18]. Better methods are needed to improve
the characterization of these electrical properties. The TLM test
structure has been widely used as a precise technique for ex-
tracting contact and sheet resistance [19]. As shown in Fig. 4(a),
a nanowire-based TLM test structure was fabricated by using
method II followed by annealing with N at 420 C for 60 s
to improve the Al/Si contact. For the TLM test structure [in
Fig. 4(a)], the total resistance of any two contacts is

(1)

where is the contact resistance, is the resistance per unit
length of the SiNW (165 nm in diameter), and the contact
spacing. The plot of total resistance as a function of contact
spacing is shown in Fig. 4(b) for a range of current levels.
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Fig. 4. (a) SEM image of a transfer length method test structure for character-
ization of metal/SiNW contact resistance. (Scale bar: 20 �m). This particular
structure was fabricated by using method II. (b) Plot of total resistance (R ) as
a function of contact spacing, length: 2 to 6 �m. Total resistance of the seven
curves was obtained under currents of 0.8 to 1.4 nA. Intercept is 2R , where
R is the contact resistance (R is 2.5 M
 on average). Slopes of each curve
are resistance of SiNW (150 nm in diameter) per micrometer under different
currents: 0.8 to 1.4 nA. Inset of (b) shows larger image of metal/SiNW contact
(Scale bar: 2 �m).

From a linear least square fit (LLSF), for this SiNW, the inter-
cept ranges from 4.5 to 5.1 , and the slope of each
curve is for currents of 0.8 to 1.4 nA [listed in Fig. 4(b)].

The Kelvin test structure is another semiconductor charac-
terization technique widely used to measure contact resistance
[19]. As shown in Fig. 5(a), a nanowire-based Kelvin test struc-
ture was fabricated by using method II and annealed with N
at 420 C for 60 s to form good Al/Si contacts. With current
flowing from contact 1 to contact 2, the contact resistance is

(2)

where is the voltage drop measured between contact 2 and
contact 3. The plot of as a function of is shown in
Fig. 5(b). The contact resistance is the slope of the
plot by using a LLSF.

The specific contact resistivity is defined as ,
where is the contact area (estimated from by assuming
a cylindrical feature for SiNW with as the diameter of the
SiNW and as the contact width, 2 m for both test struc-
tures in Figs. 4(a) and 5(a). The specific contact resistivity of
Al and SiNW is found to be cm and

cm from the TLM and Kelvin structures, respec-
tively. We attribute the relatively high specific contact resistivity
to the undoped SiNW; however, further studies are in progress
to understand the effect of SiNW doping and annealing condi-
tion on the contact resistance.

Fig. 5. (a) SEM image of Kelvin test structure for characterization of metal/
SiNW contact resistance (Scale bar: 5 �m). This structure, fabricated by using
method II, has three electrodes 1, 2 and 3. (b) Plot of voltage across metal/SiNW
contact (V ) as a function of current through electrode 1 and 2 (I ). Slope is
contact resistance (� 5:7 M
) of SiNW (78 nm in diameter).

As shown in the inset of Fig. 6(a), a simple back-gated SiNW
FET was fabricated by using method II. The I-V characteris-
tics are shown in Fig. 6(a) and Fig. 6(b) .
The thick bottom-gate oxide (approximately 200 nm) was ob-
tained by dry etching back a thermally grown 600-nm oxide.
The characteristic indicates the threshold voltage
at approximately V. These results further demonstrate the
capabilities of the SNMS.

IV. SINW NANOELECTROMECHANICAL SWITCH

The SNMS is also capable of fabricating SiNW nanoelec-
tromechanical devices such as the switch shown in Fig. 7. It has
been reported that the nanoelectromechanical switches formed
from carbon nanotubes (based upon EBL) showed interesting
switching behaviors [20], [21]. We report here the fabrication
of a nanoelectromechanical switch with single SiNW based on
method I. Schematics of the fabrication of this single SiNW na-
noelectromechanical switch are shown in Fig. 7. The nanowire
was first placed on a predefined location with one end suspended
above a metal pad by SNMS (left schematic). The suspended
gap is obtained by dry-etching 400 nm of the 600-nm thermal
SiO followed by 20-nm Au deposition and lift-off. Then, a
second-level metal (20 nm/60 nm of Au/Al) was patterned on
both sides of the SiNW (right schematic). The metal deposited
on the suspended end of the SiNW creates better electrical con-
tact when the switch is closed to turn it on (i.e., the SiNW
touches the bottom metal pad).

An SEM image of an SiNW nanoelectromechanical switch
is shown in Fig. 8(a). The typical, reversible switching cur-
rent–voltage characteristics of the SiNW switch are shown
in Fig. 8(b) with an inset of the switch ON/OFF diagram. The
switch remains off (i.e., open) until the voltage is high enough
(turned-on voltage, V) to bend the nanowire to touch
the bottom metal pad. The ON/OFF current ratio is over 10 000.
The OFF state is re-established as the voltage decreases to
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Fig. 6. (a) I �V with V = �100mv and (b)I �V of a simple
bottom-gated SiNW (145 nm in diameter) FET. Inset of (a) is SEM image (Scale
bar: 3 �m).

Fig. 7. Schematics of fabrication of nanoelectromechanical switch with SiNW
suspended above a metal pad by using method I.

. Similar effects were also reported in nan-
otube nanoelectromechanical switches [20], [21]. We believe
the hysteresis in the I-V curve is due to the electrostatic force
between the SiNW and the metal pad.

V. CONCLUSION

In this paper, we have developed a single nanowire manip-
ulation system and compatible photolithographic processes to
align and integrate nanowires. In addition, we have developed
and characterized nanowire-based TLM and Kelvin test struc-
tures for measuring the resistance of contacts to nanowires. We
have also fabricated a simple SiNW FET and a SiNW nanoelec-
tromechanical switch with a large ON/OFF ratio. The fabrication

Fig. 8. (a) SEM image of SiNW NEMS (Scale bar: 10 �m). Suspended gap is
400 nm. SiNW is about 150 nm in diameter. (b) Plot of switching current (I )
as a function of switching voltage (V ). Inset of (b) shows schematic of NEMS
switch ON/OFF as the SiNW is bent by electrostatic force.

of various test structures and devices by using one regular pho-
tolithographic step indicates the SNMS approach is an attractive
strategy to integrate nanowires for research device applications.
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