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ABSTRACT The large-scale assembly of nanowire elements with controlled and uniform orientation and density at spatially well-
defined locations on solid substrates presents one of the most significant challenges facing their integration in real-world electronic
applications. Here, we present the universal “knocking-down” approach, based on the controlled in-place planarization of nanowire
elements, for the formation of large-scale ordered nanowire arrays. The controlled planarization of the nanowires is achieved by the
use of an appropriate elastomer-covered rigid-roller device. After being knocked down, each nanowire in the array can be easily
addressed electrically, by a simple single photolithographic step, to yield a large number of nanoelectrical devices with an
unprecedented high-fidelity rate. The approach allows controlling, in only two simple steps, all possible array parameters, that is,
nanowire dimensions, chemical composition, orientation, and density. The resulting knocked-down arrays can be further used for
the creation of massive nanoelectronic-device arrays. More than million devices were already fabricated with yields over 98% on
substrate areas of up, but not limited to, to 10 cm2.
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In recent years, nanomaterials such as carbon nanotubes
and semiconductor nanowires have been intensively
explored as potential building blocks for multiple elec-

tronic, optoelectronic, and biosensing applications as a result
of the superior properties arising from their dimensions.1-16

The high-fidelity large-scale assembly of nanowire and nano-
tube elements with controlled and uniform orientation and
density at spatially well-defined locations on substrates,
presents one of the most significant bottleneck challenges
facing their integration in electronic applications. Enormous
efforts have been focused on tackling the problem of con-
trolled assembly,17-23 and while significant progress has
been achieved, it still remains an unresolved obstacle. So
far, the most popular approaches for the fabrication of
nanowire devices were all based on the “grow-and-place”
approach. These consist on a nanowire growth step (e.g.,
the vaporsliquidssolid (VLS) growth or solution growth), a
collection step (from the original growth donor substrate into
a solution), and finally a positioning and orienting step on
the final substrate. While grow-and-place approaches offer
a good control over nanowire’s diameter, the positioning and
orienting steps can present significant challenges, thus the
nanowires interdistance, length, and exact density cannot
be controlled. The most common positioning and orienting
methods have been “fluidic alignment”, “electric field-
directed assembly”, and “dry transfer” assembly. In addition
to the large quantity of burdensome handling steps, the

difficulty of obtaining reliable and controllable interdevice
packing is the biggest limitation of all grow-and-place ap-
proaches. Recently, a more advanced approach based on the
combination of lithography and electrical field-assisted
nanowires assembly was developed. While this novel ap-
proach offers a superior control over the location, density,
and aligment of nanowires, it still relies on a large number
of handling steps and it is limited to a relatively small
number of nanowire elements with assembly yields up to
71%. Additional methodologies developed in order to over-
come the large number of handling steps required in all
grow-and-place approaches are the “patterned growth”24

and “growth-in-trenches”25 techniques, defined as growth-
in-place methods. Yet, both approaches do not provide
control over the density and interwire spacing.

Here, we present a novel, and yet extremely simple,
assembly free growth-in-place approach to the wafer-scale
fabrication of highly ordered and aligned nanowire-arrays
on substrates with perfectly controlled pitch and density.
Unlike existing nanowire assembly methods, in this meth-
odology nanowire elements are directly formed on-place on
the substrate before nanowire elements are planarized.
Thus, this method allows the control over the location,
density, length, diameter, and orientation of the nanowires,
at once. No single existing methodology can achieve all these
requirements together. The method, as depicted in Figure
1, consists of two main steps, (i) the formation of ordered,
preprogrammed metal nanoisland arrays that serve as
masking elements for the top-down sculpting of nanowire
arrays (or as catalyst/seeds for the bottom-up growth of
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nanowires), followed by (ii) the “knock-down” process de-
veloped here, for the controlled in-place planarization of the
vertical nanowire elements. The creation of metal nanois-
land arrays, Figure 2a, is performed by simple lithographic
strategies over large wafer areas, by e-beam or nanoimprint
lithography, with excellent control over the island dimen-
sions, density, and number, down to the 20 nm spot
diameter. Aluminum or SU8 were found to be the best
candidates when highly stable masks are required for the
top-down formation of nanowire arrays by deep reactive-
ion etching. Figure 2b shows a typical nanowire array
consisting of >1 000 000 silicon nanowire elements, 4 µm
long and 80 nm in diameter, formed by the simple top-down
sculpting of an appropriate silicon-on-insulator substrate (see
Materials and Methods in Supporting Information, 4 µm
silicon device layer-500 nm SiO2-350 µm highly doped
silicon handle wafer). Large arrays of silicon nanowires of
high morphological quality and perfectly controlled length,
diameter, and density with internanowire distance down to
100 nm (Figure 3C insets) can be easily prepared. Note that
the final nanowire diameter can be readily controlled by a
simple postgrowth oxidation/etching process down to the 5
nm diameter level (See Supporting Information Figure S1),
regardless of the nanowire original diameter. Next, the
vertical nanowire arrays obtained are subjected to the
knocking down process. The controlled planarization of
the nanowires is achieved by the use of an appropriate
elastomer-covered rigid-roller device, Figure 3a, such as
PDMS, Teflon, or other elastomers with different rigidity and
surface properties. Amazingly, manual rolling of the elas-
tomer-based roller over the nanowire-array substrate leads
to controlled in-place planarization of the nanowires with
yields higher than 98% on substrate areas of up to 10 cm2

(Figure 3b,c). Figure 3b shows the similar efficiency of the
knocking down process at different locations of the nanowire
substrate. The majority of the nanowires are effectively
knocked down, falling at very short distances, (less than 200

nm in most cases), from their substrate-nanowire attach-
ment sites. The interwire distance and arrays density can
be readily controlled down to 100 nm pitch (Figure 3C
insets). Relating to the comparison between our work and
the “dry transfer or contact printing” related approach,22,23

it is of importance to highlight a few points regarding the
differences between the two strategies and the novelty of
our method. In our approach, nanowire elements are di-
rectly grown on the final device substrate, which is advanta-
geous over transferring the nanowires from a “donor”
substrate due to several factors. (1) When transferring wires
from a different substrate, breaking of the wires occurs
randomly and with no exact control over the breaking point
resulting in a large length distribution of nanowires on the
device substrate. Furthermore, when creating complex het-
erostructured nanowires (i.e., p-n or gradiented composition
as shown in the Supporting Information Figure S2), our
method offers exact control of the breaking point of the
nanowire, so that the desired dimensions of the structure
are easily achieved on the surface and the whole nanostruc-
ture is kept intact after its planarization. (2) In our method,
complete registry of the nanowires (i.e., x,y position) is
achieved, so that interdistances between nanowires, and the
exact location of each nanowire in the array, in both the x
and y directions are perfectly defined in advance. When
sliding a “donor” wafer over a substrate with predefined
lithographically created windows for the nanowire elements,
there is a spatial control only in one axis (i.e., the axis
perpendicular to the sliding direction), while in the sliding
direction the distances between the wires are random. (3)
Because of the highly controlled position of the nanowire
elements in our method, contact electrodes can be easily
created by lithography with a predefined mask with com-
plete control over the number of wires in each device and
in a high yield. (4) In our method, e-beam writing is needed
only to define “mask spots” to mark the location of the
nanowire elements, rather than writing wafer size lines. This

FIGURE 1. Knocking-down nanowire arrays. Schematic illustration of the knock-down process for the fabrication of large-scale ordered nanowire
arrays.
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reduces the writing time and complexity significantly. In
addition, we can simply use large scale nanoimprint lithog-
raphy (NIL) masks to create the “masking elements” arrays.
This allows us to simple fabricate wafer scale nanowire
arrays in a simple nanoimprint lithography step, without the
use of time-consuming complex e-beam lithography.

We have tested different elastomers as roller materials
and found rigid PDMS to be a good candidate for this task,
although the investigation of additional plastic materials of
improved performance is underway. Soft PDMS leads to
adhesion and impalement of nanowires to the roller surface,
while hard plastic materials, like Teflon, do not offer the

required deformation capabilities during the planarization
process, and lead to only partial array planarization, drag-
ging of nanowire elements far from their attachment sites
and uncontrolled breaking of nanowires at different sites
along their length, Figure 4a,b. The pressure applied during
the rolling process, 30-60 gr/cm2, and the speed of the
rolling action, (between 1-5 mm/s), are very important
factors that must be taken into account in order to obtain
large-scale ordered nanowire arrays of high fidelity. Higher
pressures lead to adhesion of nanowire elements to the
elastomer device, while higher rolling speeds lead to drag-
ging of nanowires far away from their attachment sites.

In addition, and in order to further facilitate the knocking
down of nanowire elements and improve the planarization
process efficiency, we have developed pre-engineered
“points-of-easy-break” at the base of the vertical nanowire
elements by a simple top-down approach as depicted in
Figures 5a,b (see Supporting Information for Materials and
Methods). These lower-diameter sections allow the easy and
place-controlled breaking of nanowires and their on-place
accurate planarization in cases where nanowire diameters
are higher than 150 nm and/or nanowire elements are
shorter than 1 µm. Vertical nanowires up to 100 nm diam-
eter can be also planarized with high yields as reported,
without the performance of a point-of easy-break step.

The resulting knocked-down nanowire arrays can be
further used for the fabrication of various electronic devices,
as exemplified in Figure 6a. Clearly, the electrical devices
obtained show very similar electrical performance (Figure
6b).

Almost no nanowires (<1%) were knocked-down wrongly,
dragged far away (>0.5 µm) from their surface attachment
site, impaled or adhered to the elastomer-based roller, or
broke into smaller pieces. The array had a ∼98% yield of
individual nanowire devices at >1 000 000 potential sites;
“defective sites’ included vacancies and multiple nanowires
not perfectly aligned, small deflection angles of <10° along
the rolling direction that may be attributed to small local
deformations of the elastomer material due to inhomoge-
neities of the manually applied pressure (∼1-2% of all
cases). Also, sub-200 nm placement accuracy was achieved
across the entire array.

These important achievements allow the simple and
direct electrical addressing of each nanowire for the
creation of various electrical devices of interest. Devices
with a perfectly controlled number of nanowires per-
device can be readily prepared, 1NW per device and
2NWs per device (Figure 6a). This new approach is also
compatible with smaller-diameter nanowires (see Sup-
porting Information Figure S1) and, unlike pure top-down
methodologies,26,27 it can be extended to nanowires from
semiconductive materials other than silicon, which can
be vertically grown by epitaxial VLS or solution-based
procedures (see Supporting Information Figure S2 for
preliminary results on the creation of large arrays of

FIGURE 2. Fabrication of vertical nanowires arrays. (a) Confocal laser
scanning microscope image of the aluminum nanoisland-mask
array. Scale bar 5 µm. (b) Large-scale vertical silicon nanowire array
(1000 × 1000 nanowire elements) prepared by a newly developed
top-down sculpting approach on SOI wafers. Nanowires are 80 nm
in diameter and 4 µm long, 5 µm interwire distance. Inset: High-
magnification scanning electron microscopy (SEM) images of vertical
silicon nanowire arrays with interwire distances of (top) 1 µm
(bottom) 20 µm.
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FIGURE 4. Unsuccessful approaches using different knocking-down materials. (a) SEM image of a silicon nanowire array knocked-down using
a harder Teflon-based device (shown in inset) showing the uncontrolled breaking of nanowire elements and inefficient planarization. Scale
bar 5 µm. (b) SEM image of a nanowire array knocked-down by a soft-PDMS covered device showing the unsuccessful planarization of nanowire
elements. Scale bar 5 µm

FIGURE 3. Knocking-down process. (a) Hard-baked PDMS-covered roller element for the manual planarization of nanowire arrays. (b) Picture
showing a 4 cm2 substrate after nanowires were knocked-down. Insets: SEM images taken at different locations along the substrate showing
the fidelity of the planarization process on large substrate areas. (c) A 15 × 11 nanowire array area after the knock-down process showing the
high-fidelity intrinsic to this approach. Red circles represent defective sites. Scale bar: 16 µm. Insets: (top) Array with an interwire pitch of
400 nm, and (bottom) array with an interwire pitch of 100 nm.
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bottom-up ZnO solution-grown nanowires; notably, this
method allows the planarization and directional alignment
of not perfectly vertical bottom-up grown nanowire ar-
rays, without the requirement of perfect verticality),

grown electrochemically inside the pores of patterned
anodized alumina oxide (AAO) arrays,28-32 and more
diverse nanomaterials such as axial and radial nanowire
heterostructures (for the creation of axially encoded p/n

FIGURE 5. Creation of points-of-easy-break. (a) Schematic illustration for the creation of points-of-easy-break at the base of nanowire elements
to facilitate the planarization and improve its fidelity. (b) SEM image showing the reduced diameter at the base of nanowire elements after
the formation of points-of-easy-break. Scale bar 0.7 µm. (c) Large magnification SEM image of a single nanowire with reduced-base diameter.
The yellow circle represents the location of the point-of easy-break.
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type nanowire arrays using SOI wafers, see Supporting
Information Figure S3) and nanotubes,33,34 all of these
being readily synthesized on-place before the knocking-
down step is performed. For example, perfectly oriented
p/n diode arrays can be readily prepared with the use of
the appropriate SOI substrates subjected to RIE sculpting,
something not achievable by any of the existing assembly
based or top-down sculpting approaches developed in the
past. Notably, using thin silicon wafers bonded to non-
conductive materials it might be possible to prepare large-
scale dense and controlled nanowire arrays on techno-
logically relevant substrates such as glass and various
plastic materials.35

In conclusion, we have developed a universal approach
for the simple formation of large-scale ordered nanowire
arrays, capable of controlling, in only two simple steps, all
possible array parameters, that is, nanowire dimensions,
chemical composition (single-element and heterostructured
nanowires), nanowire number, and density. Nanowire ori-
entation is preserved during the knocking-down process,
and the approach can be applied to vertical nanowire arrays
created by both top-down sculpting with the use of metal

masks and bottom-up growth with metal nanoisland cata-
lysts of appropriate dimensions. The resulting knocked-
down arrays can be further used for the creation of massive
electronic-device arrays with high fidelity.

Future research will focus on the chemical modification
of PDMS-based roller devices to further improve the knock-
ing-down process reproducibility, on the exploration of
additional plastic materials of appropriate rigidity and chemi-
cal composition, on the growth of a broader range of
nanowire materials, on the preparation of controlled nano-
wire arrays on plastic and glass substrates, and the use of
the planarized ordered nanowire arrays in various electronic,
optoelectronic and biosensing applications.

We believe that this powerful strategy, by virtue of its
simplicity and accuracy, has the potential to revolutionize
the fabrication of electronic devices and to enable a wide
range of technological applications.

Acknowledgment. This research was partially supported
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FIGURE 6. Electrical devices array. (a) SEM image of rows of nanowire-based electrical devices, 1NW per device (top) and 2NWs per device
(bottom), fabricated on the knocked-down substrate. Scale bar: 2.5 µm. (b) Electrical measurements on the electrical nanodevices in panel
a. Inset: Histogram showing the low variability of electrical responses obtained for a larger number of devices.

© 2010 American Chemical Society 1207 DOI: 10.1021/nl903560u | Nano Lett. 2010, 10, 1202-–1208



Supporting Information Available. Materials and Meth-
ods, Figure S1, Figure S2, and Figure S3. This material is
available free of charge via the Internet at http://pubs.acs.
org.
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