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approaches, which rely on the packing of the atoms/molecules
along energetically preferential directions.[89–92] As a result, the
grownmaterials have high crystallinity, which often renders them
with superb electrical and optical properties. Specifically,
semiconductor NWs are considered as promising materials
due to their well-developed synthesis processes and the ability to
tailor material properties through shape, size, and atom-
ic-composition control. The as-grown NW materials, however,
have random alignment and orientation, unless epitaxial growth
is used to enable vertically aligned NW arrays.[92–97] Therefore,
developing routes for large-scale assembly of NWs on desired
support substrates is needed to further broaden the application
spectrum through a hybrid strategy utilizing the ‘‘bottom-up’’
semiconductor materials growth processes with the ‘‘top-down’’
device-fabrication processes.

Significant efforts have been invested in developing generic
methods for the assembly of NWs on various substrates. As
depicted in Figure 1, some specific approaches include
flow-assisted alignment,[51,102–104] Langmuir–Blodgett (LB),[105–107]

bubble-blown techniques,[53] and electric-field-directed assem-
bly.[98–101] In all these directions, NWs are first grown and then
harvested and suspended in an organic solvent. The NW
suspension is then used for the subsequent assembly of NWs
Figure 1. Nanowire-assembly techniques. a) Schematic and the result of flow-assisted
NW-assembly method. NWs are flown inmicrofluidic channels resulting in their aligned assembly.
Reproduced with permission from [102]. Copyright 2001 American Association for the Advance-
ment of Science. b) Schematic of LB NW assembly method. Randomly aligned NWs are first
floated at the liquid/air interface. Upon lateral mechanical compression, the NWs become well
aligned, and form amonolayer that can then be transferred to a planar substrate. Reproduced with
permission from [106]. Copyright 2003 American Chemical Society. c) Schematic of blown-bubble
NW assembly method. Reproduced with permission from [53]. Copyright 2007 Nature Publishing
Group. d) Schematic (left) and optical image (right) of electric field alignment of NWs. The
alignment is induced by the polarization of NWs in the applied alternating electric field.
Reproduced with permission from [98]. Copyright 2000 American Institute of Physics.
on the desired substrate. For example, the
flow-assisted alignment technique incorpo-
rates microfluidic channels to enable the
directional flow of an NW suspension on
the surface of the substrate, resulting in the
assembly of NWs, but often with low den-
sity.[102] On the other hand, the LB approach
utilizes the NW–surfactant monolayer on an
aqueous subphase to generate an aligned NW
layer on the surface of the liquid.[106] The
compressed NW layer is then gently trans-
ferred to a planar substrate to result in a
parallel NW assembly with high degree of
alignment and high density. The scalability
and uniformity of this approach for large-area
NW integration is, however, challenging.
Additionally, the blown-bubble method was
recently developed, involving the preparation
of a homogeneous and stable polymer suspen-
sion of NWs.[53] The expansion of the polymer
suspension is then performed to form a
bubble, and finally the bubble film is trans-
ferred to the substrate. Moreover, there have
been studies of single or small numbers of
NW devices prepared by electric-field-directed
assembly, where alternating metal electrodes
are buried within the substrate to align NWs by
applying an alternative voltage (1 kHz).[98] In
this case, NW polarization due to the applied
electric field is the driving force in the aligned
assembly. While these exciting works have
demonstrated the feasibility of parallel-arrayed
NW assembly on substrates, they suffer from
certain limitations, mainly the scalability,
uniformity, and/or the complexity of the
processes for use in certain applications.
Adv. Mater. 2009, 21, 3730–3743 � 2009 WILEY-VCH Verlag G
To address the need for large-scale and controllable assembly of
highly aligned NW parallel arrays, we have developed a
contact-printing technology involving the direct transfer of
NWs from the growth to the receiver substrates.[49,50,60] This
mbH & Co. KGaA, Weinheim 3731
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Figure 2. Schematic of an envisioned roll-to-roll printing set-up for NW electronics and sensors
fabrication. The process involves fluorinated monolayer patterning of the receiver substrate to
define ‘‘sticky’’ and ‘‘non-sticky’’ regions for the subsequent patterned transfer and assembly of
NWs by contact printing. Following the printing of NW active components, devices are fabricated
by defining the source/drain and gate electrodes.
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technique utilizes shear force to effectively align the NWs, and
chemical binding interactions to anchor and transfer the NWs
from the growth to the receiver substrate. As a result, highly
aligned, parallel arrays of NWs are readily formed on the receiver
substrate. The NW contact-printing technology could be an
important step toward printed NWsensors and devices on flexible
substrates (Fig. 2), which exhibit both low cost and high
performances. In such an approach, three main fabrication
processes are needed: i) patterning of the receiver substrate to
define ‘‘sticky’’ and ‘‘non-sticky’’ regions for selective NW
assembly, ii) contact printing of semiconductor NW arrays as
the active channel material, and iii) metal contact and insulator
film patterning to complete the device and sensor fabrication.
While the third printing step is well established and commonly
used by the organic-electronics community,[20,108–111] the first two
steps need to be developed for NW systems. In this manuscript,
we focus on the recent advancements related to the first two
printing steps in route toward the development of an all-printed
NW circuitry.
2. Nanowire-Printing Methodology

Semiconductor NWs with desired atomic composition are
readily grown by CVD. The diameter of the grown NWs is
determined by the size of the metal nanoclusters used as the
seeds for the catalytic growth, and can be tuned in the range
d¼ 10–500 nm.[112–114] Transmission electron microscopy (TEM)
analyses have confirmed the single-crystalline structure of the
vapor–liquid–solid (VLS)-grown NWs.[58,61,115–118] The NWs are
typically grown vertically on the substrate but with random
orientation (for the nonepitaxial growth), therefore resembling a
forest, as evident from the scanning electron microscopy (SEM)
analysis (Fig. 3a).

Contact printing enables the direct and controllable transfer of
NWs from the growth substrate to the desired support (receiver)
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei
ubstrate as highly aligned, parallel arrays
Fig. 3).[49,50,58–60] This method involves the
irectional sliding of the NW growth substrate
either planar or cylindrical) with randomly
ligned NWs on top of a receiver substrate.
uring this process, NWs are effectively
ombed (aligned) by the directional shear
orce, and are eventually detached from the
onor substrate as they are anchored by the van
er Waals interactions with the surface of the
eceiver substrate, resulting in the direct
ransfer of aligned NWs to the receiver
ubstrate.
The growth substrate can be either pla-

ar[49,58] or cylindrical.[50] Specifically, the
ylindrical growth substrates are used for
ifferential roll printing (DRP) of NWs, which
s a highly scalable process.[50] As shown in
igure 3b, the DRP approach is based on the
rowth of crystalline NWs on a cylindrical
ubstrate (roller) using the VLS process, and
hen the directional and aligned transfer of the
s-grown NWs from the donor roller to a
a

receiver substrate by rolling the roller. This approach minimizes
the contact area between the donor and receiver substrates, since
the cylindrical donor substrate rolls over the receiver substrate
with only a small tangent contact area consisting of fresh NWs at
any given time. This is highly beneficial for printing large areas
that would otherwise require large planar growth substrates and
long contact-sliding distances. In addition, the roller can be
repetitively used for the NW growth, which is important for a
low-cost roll-to-roll process. Glass, quartz, or stainless-steel tubes
with proper outer radius (rR� 0.25 inch, limited by the size of the
CVD chamber) were used as the cylindrical growth substrates
with the NWs grown using similar processing conditions as those
used in the synthesis on planar substrates with gold colloids as
catalysts. In this case, uniform and dense NW forests are
synthesized on the outer surface of the roller. The roller is then
connected to a pair of wheels and mounted on rails that guide the
directional rolling. During the printing process, the roller is
brought in contact with a stationary receiver substrate and rolled
at a constant velocity of �5mmmin�1. The receiver substrate is
functionalized with amine-terminated monolayers or thin films
of poly-L-lysine. The printing is performed either with or without
the application of a lubricant (which will be described in detail in
the later section).[50] It was found that the NW assembly is
relatively insensitive to the rolling speed, but at high velocities
(>20mm min�1), nonuniform NW printing is attained, arising
from the nonconformal contact between the two substrates. The
printing outcome, however, highly depends on the roller–receiver
substrate pressure. The optimal pressure for the set-up shown in
Figure 3b is �200 g cm�2, which is tuned by the spring
underneath the stage. At lower pressures, aligned transfer of NWs
is not observed, and at higher pressures, mechanically induced
damage to the NWs is observed, resulting in the assembly of short
NWs (<1mm long).

As previously discussed, the application of shear force is
essential for the sliding of the NWs on the receiver substrate,
which results in their eventual aligned transfer. For planar growth
m Adv. Mater. 2009, 21, 3730–3743
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Figure 3. Schematics of NW contact printing involving a) planar and b–c)
cylindrical growth (donor) substrates. The SEM images in the insets of
a) and b) show that the grown Ge NWs are randomly oriented on the
growth substrate, resembling a forest. The NWs are then aligned and
transferred to the receiver substrate by application of a directional shear
force, resulting in the printing of sub-monolayer NW parallel arrays on the
receiver substrate. Images are not to scale.
substrates, the shear force is simply attained by the sliding
process. For cylindrical growth substrates (such as DRP process),
a mismatch between the roller and wheel radii (rR and rW,
respectively) is used to result in a linear sliding motion of the
roller relative to the stationary receiver substrate in addition to the
Adv. Mater. 2009, 21, 3730–3743 � 2009 WILEY-VCH Verlag G
rolling motion.[50] The relative sliding motion for rW 6¼ rR
generates the required shear force for the transfer of aligned
NWs to the receiver substrate, without which negligible density
with random alignment is observed.[50] This differentiates the
NW DRP process from the conventional roll-printing processes
where such a mismatch in the radii would be highly undesirable,
as it results in the perturbation of the printing patterns. Notably,
one rotation of a roller results in a printed region with length
equivalent to the circumference of the roller, 2prW. Moreover,
SEM images of the donor substrate before and after the printing
process are investigated, and NWs on the donor substrate are
verified to have been effectively combed by the shear force before
getting transferred to the receiver substrate. Assuming a NW
density of �5NW mm�2 on the donor substrate and a printed
density of �50NW/100mm2 on the receiver substrate, we
estimate that only �10% of the NWs are transferred during
the contact-printing process when the donor and the receiver
substrates have the same surface area. Since only �10% of the
grown NWs are transferred from the roller to the receiver
substrate after one rotation, in principle, a NW roll can be rotated
multiple times before roller replacement is required. However,
detailed studies of the printed-NW density and uniformity after
multiple rotation cycles are needed in the future.

The ability to assemble crystalline semiconductor NW arrays
on various substrate materials is of profound interest for further
broadening the potential application domain of this technology.
Since the NWprinting is performed at ambient temperatures, the
process is highly compatible with a wide range of receiver
substrates, including those with limited thermal compatibility.
For instance, as shown in Figure 4, semiconductor NW arrays
were successfully printed on rigid Si (Fig. 4a) and glass (Fig. 4b)
substrates, and mechanically bendable paper (Fig. 4b) and plastic
(Fig. 4c) substrates.[50] Furthermore, the process is highly generic
for various NW materials, including Ge,[49] Si,[49] InAs,[58] and
CdSe,[59] and with the entire range of explored diameters
(d¼ 10–100 nm). An essential requirement for the successful
printing of aligned NW arrays, however, is to utilize high-quality
NW-growth substrates, consisting of high NW density
(�>5NWs mm�1) with near vertical alignment. When the
density of NWs on the growth substrate is relatively low, the
grown nonepitaxial NWs exhibit mostly nonvertical orientation,
due to the lower steric forces between the NWs, subsequently
resulting in poor NW printing outcome (such as poor alignment
and density).
2.1. Dynamics of the Printing Process

Understanding the printing dynamics is important to further
control the printing-process properties, such as NW density and
alignment. Microscopically, the NW printing is composed of
three steps: i) NW bending, induced by the application of a
normal force, as schematically illustrated in Figure 3a and c;
ii) alignment of NWs by the applied shear force; and iii) breakage
and transfer of NWs upon anchoring to the receiver substrate
through surface chemical and physical interactions. The
dominant physical/chemical interactions involved are the van
der Waals interactions for NW–receiver substrate and NW–NW.
mbH & Co. KGaA, Weinheim 3733
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Figure 4. Optical images of Ge-NWs contact printing on a) four inch Si
wafer (Reproduced with permission from [49]. Copyright 2008 American
Chemical Society); b) glass and photographic paper, and c) mechanically
flexible Kapton plastic. Reproduced with permission from [50]. Copyright
2007 American Physical Society.

Figure 5. Characterization of printed NW parallel arrays on Si substrates.
a,b) SEM images of assembled Ge NWs on Si substrates without and with
the use of lubricant (octane/mineral oil, 2:1 v/v) during the printing
process, respectively. Application of the lubricant minimizes the mechan-
ical interactions while enhancing the dominant role of surface chemical
interactions for controlled NW transfer and assembly with improved NW
alignment. Importantly, the NW-printing process is self-limited to the
formation of a sub-monolayer due to the weak NW–NW chemical inter-
actions. c,d) Statistical analyses of printed-NW length and alignment as a
function of the NW length of the growth substrate. Reproduced with
permission from [49]. Copyright 2008 American Chemical Society.
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The former interaction favors NW alignment and transfer to the
receiver substrate, while the latter interferes with the former to
result in poor NWalignment and uncontrollable breakage of NWs
due to NW–NW friction. In order to minimize the effects of
mechanical friction, a liquid-phase lubricant is applied during the
printing process.[49] Figure 5 depicts the importance of lubricant
for achieving a controlled NW-transfer outcome with enhanced
alignment. Specifically, by applying an octane and mineral oil
mixture (2:1 v/v) as the lubricant, the NW contact-printing
process can consistently yield highly dense and well-aligned
parallel arrays of NWs (Fig. 5b), in clear contrast to the NWs
assembled by a ‘‘dry’’ printing process (Fig. 5a).[49]

To quantify the effect of the lubricant on the NW-printing
outcome, statistical analyses of the printed-NW length and
alignment were performed (Fig. 5c and d).[49] The printed-NW
length shows a linear dependence on the initial NW growth
length (donor). The average printed NW length, however, is
approximately twice higher when a lubricant is applied, as
compared to the dry printing. This trend is attributed to the
reduction of the undesired mechanical friction by the application
of the lubricant. The printed NWalignment was also examined as
a function of the NW length. A NW is considered misaligned if it
forms >58 angle with respect to the printing direction. As shown
in Figure 5d, application of the lubricant results in >90% of
� 2009 WILEY-VCH Verlag GmbH
printed NWs being well aligned, regardless of the NW growth
length. On the other hand, dry printing (without lubricant),
results in noticeably worse alignment, especially for the shorter
NW growth lengths (Fig. 5d).

The application of lubricant reduces the mechanical friction
while enhancing the well-defined and highly tunable chemical
interactions between NWs and the receiver substrate. This effect
is clearly depicted in Figure 6, where the printing process is
conducted on Si/SiO2 substrates with various surface functiona-
lizations, including siloxane monolayers and poly(L-lysine).[49]

Moreover, the printed-NW density for ‘‘wet’’ printing is highly
sensitive to the surface functional groups of the receiver
substrate. Specifically, for the receiver substrates functionalized
with �CF3 terminal groups, which are well known to be highly
hydrophobic and ‘‘non-sticky,’’ almost no transfer of NWs
(<10�3 NW mm�1) from the donor to the receiver substrate is
observed. On the other hand, an identical printing process on
�NH2 and�N(Me)3

þ terminatedmonolayers resulted in a highly
dense NW assembly through the strong surface bonding
interactions, approaching �8NW mm�1. This almost four orders
of magnitude modulation of NW density by controlling the
surface chemical interactions is highly desirable for patterned
printing of NWs, as described later in this article. Notably, for
‘‘dry’’ printing, the printed-NW density shows a minimal
dependence on the surface functional groups, varying only from
�2 to �7NW mm�1 for fluoro- and amine-terminated surfaces,
& Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3730–3743












