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10.1 Introduction

As the conventional device industry reaches its technological and economical
limits, extensive efforts have been directed to explore new device architec-
tures utilizing nanomaterials such as nanoparticles, organic molecules, car-
bon nanotubes (CNTs), and nanowires (NWs). These new devices are often
called “hybrid devices™ because they are comprised of new nanomaterials as
well as conventional electronic elements. Examples include carbon-nanotube-
based circuits, molecular electronics, etc. However, a major stumbling block
holding back their practical applications can be a lack of a mass-production
method for such devices. Since most new nanostructures are first synthesized
in a solution or powder form, one has to pick up and assemble millions
of individual nanostructures onto solid substrate to build integrated devices,
which can be an extremely time-consuming task. On the other hand, biological
systems have adapted self-assembly strategy to build macroscale systems from
nanoscale molecular structures for billions of years. This chapter will discuss
how the self-assembly strategy can be applied for nanomanufacturing of hybrid
nanodevices.

10.2 Direct patterning of nanostructures

10.2.1 Dip-pen nanolithography

10.2.1.1  Basic concept of dip-pen nanolithography

Dip-pen nanolithography (DPN) is a novel lithography technique that was first
developed by Mirkin’s group at Northwestern University in 1998 (Piner ef al.
1999). It is based on an atomic force microscope (AFM) and uses an AFM
tip as a nanoscale pen, molecular substances as an ink, and solid substrates as
a paper.

The DPN method has several advantages over other lithography techniques
such as high resolution and registration, extremely versatile chemical and
material flexibility, etc. In addition, there is no need to pre-modify the surface.
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Fig. 10.1 Basic mechanism of DPN.
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These merits make DPN a unique and highly desirable tool for depositing
biological and other soft materials on various surfaces.

Figure 10.1 shows the basic mechanism of DPN as well as transport scheme
of a molecular “ink” from the tip to a substrate. When the molecule-coated tip
is held in contact with the substrate, the molecules spread out by diffusion onto
the substrate. Various-shape patterns are generated on the substrate by scanning
the tip. Under ambient conditions, a water condensation forms between the
AFM tip and the substrate. The size of the condensation is controlled by the
relative humidity and affects the ink molecule transport rate, the effective tip—
substrate contact area, and resolution.

10.2.1.2  Self-assembled monolayer molecules

Various molecules can be used as DPN ink. Figure 10.2 shows typical organic
molecules forming self-assembled monolayers (SAMs) on substrates. Such
molecules are composed of a chemisorbing group, spacer, and end-groups.
If these molecules are placed onto the substrate, they are chemisorbed onto
the substrate and generate a well-ordered stable crystalline monolayer film
with a few nanometer thickness. Specific chemisorbing groups can be chosen
depending on the substrate. By depositing these molecules onto the substrate,
one can completely change the chemical properties of the surface to that of the
end-group.

10.2.1.3  Diffusion theory

When an AFM tip coated with ink molecules is held at a specific position on
the solid substrate, the ink molecules diffuse out onto the substrate and form
dot patterns of various sizes with respect to tip-dwelling time (Jang er al. 2001,
Shechan et al. 2002). To explain this phenomenon, the “double-molecular-
layer” (DML) model was proposed, as shown in Figure 10.3 (Cho ef al. 2000).

Since the DPN process usually utilizes a molecular species that has
a higher melting point than room temperature and the tip is dried by
N, blowing, most of the molecular layer on the tip can be assumed to
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remain solid during the DPN process under ambient conditions. On the
other hand, molecules on the surface of the molecular coating are likely to
be much more mobile than those inside the molecular layer (Dash 1989).
For this reason, the DML model assumes that the molecular ink forms
a DML structure comprised of a bulk solid part and a thin mobile sur-
face layer on the tip. The “solid part” continuously provides molecules
to the mobile surface layer. Thus, the solid part plays the role of an ink
reservoir by stabilizing the deposition rate in the DPN process. The DML
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Fig. 10.2 Self-assembled monolayer
molecules.

Fig. 10.3 Basic concepts of the DML
model. Thermal energy, residual solvent and
adsorbed water molecules affect molecular
diffusion.
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model suggests that the transport rate of molecules in DPN is mainly
determined by the mobility and the number density of the mobile surface
molecules.

The mobility of the surface molecules can be affected by the following
factors; thermal energy, residual solvent and adsorbed water. Thermal energy
increases the molecular diffusion constant and enhances the molecular flow.
When the temperature goes up near the melting point, the diffusion constant of
the surface molecules increases rapidly even for a small temperature variation.
Therefore, if the melting point of the molecular ink becomes close to ambient,
the deposition rate becomes strongly dependent on temperature. When the tip
surface is coated with ink molecules, some residual solvent molecules should
remain in the molecular coating, and they can enhance the surface molecular
diffusion. When the DPN process is performed under ambient conditions,
water from the air can be adsorbed onto the tip and substrate and then affect
the mobility of the transporting molecules. In the case of hydrophilic molecular
inks, the adsorbed water should improve the maobility.

The diffusion equation of DPN pattern generation can be solved using the
DML model. The behavior of the ink molecules can be defined in the following
four regions; tip region, nanoscale junction region, SAM region, and bare-
substrate region.

In the AFM tip region, the surface density of mobile molecules on the tip
Cy is assumed constant because the solid part of the molecular ink works as
an ink reservoir. In the nanoscale junction region, assuming that the junction
has circular cross-section with a radius @ and that the net molecular transport
is determined by the difference between flux transported toward the surface
and that away from the surface, the molecular flux through the nanoscale
junction can be described as Flux = 2mwa (cgCo—1C1), where «g and o
are the molecular transport rate coefficients from the tip to the substrate and
that from the substrate to the tip, respectively. C; is the density of mobile
molecules on the substrate at the junction. It should be noted that wy and o
depend on various factors such as the water meniscus at the junction and
attractive forces between the substrate and the molecules. However, when
the substrate is covered by molecular layers, the diffusion coefficients are
about the same on the tip and substrate, so ¢p = o) = « and Flux = 2max
(Co—C).

On the substrate, the first-deposited molecules are assumed to chemically
anchor to the bare substrate and form a uniform SAM. After this initial depo-
sition, the molecules deposited on top of the SAM can diffuse out until they
meet bare-substrate regions. In this case, the motion of the molecules on the
SAM can be described by the diffusion equation, %% = f—% (r D%—f), where C
and D represent the surface density and diffusion constant of mobile molecules
on the substrate, respectively. At the outer boundary of the SAM pattern, the
moving boundary condition, aa—f: R = —Cp %—};, can be used to describe the
increase in radius R of the SAM that occurs when molecules reaching
the boundary become adhered to the substrate. Cg represents the density of
molecules in the SAM. At the nanoscalg guncrion, another boundary condition

‘

based on the molecular flux equation, %= gy == a(Cp—C1), is assumed. This

means that molecules transported through the nanoscale junction diffuse onto
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the substrate. With proper boundary condition, we can solve for dr /dR as,

4 L ey s rer(2 ) (10.1)
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(Crank 1993) Assuming initial deposition of R — a as  — 0, the solution to

eqn (10.1) is
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In the fasi-diffusion limit case (diffusion rate > deposition rate), eqn (10.2)
becomes
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From this, we obtain the power-law relation R o ¥, where
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For the general case (deposition rate ~ diffusion rate), the general solution
eqn (10.2) becomes
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(10.5)
Since for R > a, we have 1 < In(R/a) < R/a, we can write
& f &R 2R2 1 /Cr 2R 106

10214 Application

The DPN technigue can generate patterns with various molecular species such
as alkanethiols, biomolecules, salts, and conducting polymers, etc. Chemisorp-
tion of a molecular ink onto the substrate forms stable nanostructures, which
can subsequently be used as templates to assemble different types of molecules
or nanostructures of interest (Demers ef al. 2001).

Figure 10.4(a) shows the typical procedure of pattern generation using the
DPN method. The AFM tip is coated with |6-mercaptohexadecanoic acid
(MHA) by dipping into a saturated solution of MHA in acetonitrile for 30s.
The coated tip is blown by compressed Ny or other gases before being used.
MHA patterns are generated by scanning the tip on Au substrate in pre-defined
patterns. The patterned Au substrate is dipped into a saturated solution of
l-octadecanethiol (ODT) in acetonitrile for 30s to form a passivating layer
on the Au substrate around the MHA nanostructures. After rinsing with ace-
tonitrile and drying, the samples are dipped into a suspension of the iron-oxide
particles (magnetite, Fe3Oy4) for 30s and then dried under a flow of nitrogen
overnight (Fu ez al. 2001). Figure 10.4(b) shows AFM topography image of
iron-oxide dot array generated according to the scheme of Fig. 10.4(a) (Liu
et al. 2002).
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Fig. 10.4 (a) Schematic representation of the procedure used Lo prepare magnetic nanostructures on a Au substrate. (b) AFM topography image of
magnetic structures formed on MHA (from Liu, X., Fu, L., Hong. S., Dravid, V.P. and Mirkin, C.A. (2002) Adv. Mater: 14, 231 ©2002 Copyright
Wiley-VCH Verlag GmbH & Co. KGaA ., reproduced with permission).

10.2.2 Microcontact printing of nanostructures

Microcontact printing (MCP) is a pattern-transfer technique where the pat-
terned polymer stamp inked with molecules or nanomaterials is physically
contacted with substrates and it has the advantage of easy transfer of micropat-
terns over a large area. This technique was originally adopted to transfer
self-assembling molecular monolayers onto Au substrates and then either to
etch Au by using such a formed self-assembled monolayer as a passivation
layer (Kumar et al. 1993; Xia et al. 1996) or to fabricate chemical templates
(Kumar ¢t al. 1994a,b). During the last decade, MCP has been extended to
patterning of polymer (Miller ef al. 2002), metal film (Hur et al. 2004, 2005),
nanomaterials (Yip ef al. 2006; Sun ef al. 2007), and biomaterials including
DNA (Bernard et al. 2000; Tan et al. 2002; Csucs et al. 2003). MCP is
done at relatively low temperatures, which enables its use on flexible plastic
substrates (Yip et al. 2006). Owing to the above-mentioned advantages of
MCEP, there have been extensive efforts to replace the microfabrication process
based on the photolithography technique, which is quite complicated and has
high costs, with MCP (Xia et al. 1998; Love et al. 2005; Menard et al. 2007).
In this section, we discuss several important points that should be understood
well for the successful performance of traditional MCP in micropatterning of
nanomalterials.

A general schematic of MCP is shown in Fig. 10.5. Since the pattern transfer
occurs via physical contact, it is particularly important to have the inked stamp
uniformly contacted with substrates and so to use the polymer stamp with
elasticity and viscosity. As a stamp material, poly(dimethylsiloxane) (PDMS)
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has been most widely used. PDMS is quite rigid to retain the micropatterns of
the stamp and is also chemically inert not to be deformed or contaminated by
chemicals during the patterning process (Xia ef al. 1998; Menard ef al. 2007).
High-modulus PDMS or poly(urethaneacrylate) was also actively studied for
the patterning of structures smaller than 100nm (Schmid and Michel 2000)
or for the patterning under easy deformation conditions of stamps (Yoo et al.
2004; Park er al. 2006b).

PDMS has a low surface energy (~20N/m) which enables easy transfer of
ink materials onto substrate, but it is hydrophobic, which is not good for the
uniform inking of polar materials. Materials dispersed in polar solvent forms a
circular drop on the PDMS stamp surface with a high contact angle. Polar ink
induces dewetting and it is not transferred onto PDMS stamp even under dry
condition. Treatment of the hydrophobic stamps with oxygen plasma (Donzel
etal. 2001; Delamarche ez al. 2003), UV-ozone (Ouyang et al. 2000; Efimenko
et al. 2002), and acid (Chaudhury er al. 1996) resulted in the hydrophilic
PDMS stamp. However, such formed hydrophilic stamps recovered the intrin-
sic hydrophobic properties after a certain period of time (Donzel et al. 2001;
Delamarche et al. 2003: Bodas and Malek 2007). In order to improve it, coating
of the PDMS stamp surface via chemical reaction was devised (Donzel ef al.
2001; Delamarche et af. 2003; Bodas and Malek 2007).

Figure 10.6 shows the grafting process of PEG molecules onto a PDMS
surface (Park ef al. 2006b). First, hydroxyl OH groups are formed on the
surface via oxidation by O plasma treatment. Then, subsequent treatment with
3-aminopropyltriethoxysilane (APS), bis(sulfosuccinimidyl)—suberate)(BS3),
and amino-terminated polyethylene glycol (NH,-PEG-NH) grafted the PEG
molecules into PDMS, which prohibited the recovery of surface hydropho-
bicity. Instead of PDMS surface modification, use of hydrophilic poly(ether-
block-ester) (Trimbach et al. 2007) and agarose (Weibel ef al. 2005) as stamp
materials could transfer various kinds of polar inks.

In traditional MCP, ink materials on the relief region of the stamp pattern
are transferred onto the substrates as in general printing methods. However, it
is also possible to transfer the ink in the recess region of the patterned stamp.
In this case, confinement of ink inside the recess area is required and it can be
easily done when the interaction between the stamp surface and the ink mate-
rial is not attractive, which is called “discontinuous dewetting”. Figure 10.7
shows one example of patterning via discontinuous dewetting, where the V Os
nanowires in the recess area of the patterned PDMS stamp were transferred
onto the substrates (Kim et al. 2006). If the hydrophobic stamps were slowly
taken out from the V,O5 nanowire solution after sufficient dipping time, polar
nanowire solution would be stored inside the recess area without inking the
relief area of the stamp. Then, evaporation of solvent in air or vacuum can make
the concentrated nanowires spontaneously aggregate in the edge of the stamp.
Therefore, aggregated nanowire patterns could be transferred via printing of
the nanowire inks in the edges. In this way, submicrometer-sized patterns of
nanowires could be obtained by using a stamp with micrometer-sized patterns.

On the contrary, use of hydrophilic stamps treated with UV-ozone could
produce the transfer of nanowire patterns according to the stamp pattern, as
expected. There were also reports on the patterning of Au nanoparticles and
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Fig. 10.6 Preparation of hydrophilic PDMS
surface by grafting (from Donzel, C,
Geissler, M., Bernard, A., Wolf, H., Michael,
B., Hilborn, J. and Delamarche, E. (2001)
Adv. Mater. 13, 1164 ©2001 Copyright
Wiley-VCH Verlag GmbH & Co. KGaA.,
reprinted in part with permission).
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alkanethiol molecules by use of edge patterns of the stamp (Cherniavskaya
2002).

In general, inking of nanoparticles larger than a few tens of nanometers or
the nanowires longer than a few micrometers needs a special recipe, different
from that of small charged particles or short-chain molecules. Figure 10.3
introduces the various interesting inking methods. Spin coating can form a
uniform film in a short time. Inking of a PDMS stamp with single-wall carbon
nanotubes (SWNTSs) by spin coating is shown in Fig. 10.8(a) (Meitl et al.
2004). Coating of SWNT emulsion could not produce the high-density SWNTs
on the stamp due to weak interaction between the PDMS stamp and SWNTs.
However, addition of methanol could increase the density of SWNT on the
stamp by enhancing the dissipation of more SWNTs via extracting the sodium
dodecyl sulfate (SDS) from the SWNT emulsion. Therefore, SWNT patterns
could be obtained by direct printing. Interestingly, alignment of SWNTs by
centrifugal force during the spin coating was observed.

Via contact of PDMS stamp onto the uniform SWNT film prepared via
vacuum filtration of SWNT emulsion dispersed in SDS solution by using
an alumina filter, a transparent electrode pattern could be transferred, with a
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transparency and a conductivity comparable to an ITO electrode (Fig. 10.8(b))
(Zhou et al. 2006; Hu et al. 2007). The Langmuir—Blodgett (LB) technique is
very useful in the transfer of uniform molecular films formed via floating of
amphiphilic molecules onto a water surface and controlling the surface area.
Nanomatrial patterns can be also transferred via the LB technique. As shown
ina Fig. 10.8(c), inking of patterned PDMS stamp with nanomaterial films on
awater surface and subsequent direct printing onto the substrate could transfer
the pattern (Santhanam er al. 2004; Park et al. 2007).

In the case of nanomaterials, which would not spontaneously float on a
water surface to form a LB film, surface modification by surfactant (Kim et al.
2001; Tao et al. 2003; Whang et al. 2003) or formation of surfactant film
to aggregate the nanomaterials (Yamaki er al. 2001; Park et al. 2007) could
be done. Monolayer LB films of hexagonally ordered alkanethiol coated Au

Fig. 10.7 MCP using a V505 nanowire ink
with (a) hydrophobic and (b) hydrophilic
PDMS stamp (from Kim, Y.-K., Park, S.J.,
Koo, ILP, Oh, D.J., Kim, G.T., Hong, S. and
Ha, 1.S. (20006) Nanotechnology 17, 1373
©2006 Institute of Physics and TOP Publish-
ing Limited, reprinted with permission).
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Fig. 10.8 TInking methods and the transferred patterns. (a) Spin coating (from Meitel, MLA,, Zhou, Y., Gaur, A.. Jeon, S., Usrey, M.L., Strano, M.S,
and Rogers, J.A. (2004) Nano Lett. 4, 1643 ©2004 American Chemical Society, reprinted in part with permission). (b) Direct transfer of filtered
SWNT film (from Zhou, Y., Hu, L. and Griiner, G. (2006) Appl. Phys. Lett. 88, 123109 (©2006 American Institute of Physics, reprinted in part with
permission). (¢) Langmuir-Schaefer technique (from Park, J., Shin, J. and Ha, I.5. (2007) Nanotecimology 18, 405301 ©2007 Institute of Physics
and IOP Publishing Limited, reprinted with permission). (d) Dewetting (from Kraus, T., Malaquin, L., Schumid, H., Riess, W., Spencer, N.D. and
Wolf, H. (2007) Nature Nanotech. 2, 570 ©2007 Nature Publishing Group, reprinted in part with permission).

nanoparticles were also transtferred (Park et al. 2007). Transter of the one-
dimensionally aligned nanowire patterns without any deformation could be
done in this way, too (Kim ef al. 2001; Tao ¢t al. 2003; Whang ef al. 2003).
Figure 10.8(d) shows the selective inking of Au nanoparticles onto the groove
area of the stamp by hydrodynamic and surface forces (Kraus et al. 2007).
Moving the meniscus of a colloidal Au suspension over the patterned PDMS
stamp made the arrangement of dispersed Au particles inside the grooves. It is
attributed to the dewetting properties of the stamp. Single-particle resolution
was obtained by controlling the pattern size of the stamp.

In MCP using a patterned stamp, transfer of the nanomaterials onto substrate
as well as the inking of nanomaterials onto the stamp is very important.
Attractive interaction between the ink materials and the stamp is very helpful
in the inking process, but may be disadvantageous in the transfer of ink onto
substrates. Except for the cases of chemical bonding and the transfer of charged
materials, the transfer of the nanomaterials onto the substrates can be explained
in terms of the work of adhesion calculated from the surface energy between
stamp, nanomaterials, and the substrate (Adamson et al. 1997; Wang et al.
2003). When the force of adhesion between the nanomaterials and the substrate
is stronger than that between the stamp and nanomaterials, nanomaterials can
be spontaneously transferred onto the substrate. Individual surface energy
can be easily calculated from the Young's equation and Wendt equation by
measuring the contact angles (Adamson et al. 1997; Wang ef al. 2003). This
mechanism of pattern transfer could be applied to the selective removal of thin
films by a stamp on top of the film as well as to the transfer printing of organic
materials such as pentacene (Wang er al. 2003; Choi et al. 2005).
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Surface modification by oxidation or coating of self-assembled monolayers
is usually used to enhance the transfer rate by improving the adhesion between
the nanomaterials and substrate, to enhance the resolution by hindering the
diffusion of inks on the substrate, and to prohibit the aggregation of nanomate-
rials due to repulsive interaction between the substrate and the ink (Meitl et al.
2004; Hu ef al. 2007; Kim et al. 2007). Amine-termination of S105 surface
could help the complete transfer of V205 nanowires and enhance the resolution
by increasing the interaction between V,0s nanowires and the substrate (Kim
et al. 2007). However, pattern transfer is not simply explained just by the
relative interaction between the stamp, nanomaterials, and the substrate. So.
other factors such as viscosity and gravity should be considered. Recently,
it was reported that ink materials could be either picked up by the stamp or
transferred onto the substrate by change of the speed of peeling off the stamp
during the printing process (Meitl ez al. 2006; Feng ef al. 2007).

10.2.3  Other printing methods of nanostructures

Semiconducting one-dimensional (1D) materials such as SWNT, Si, and metal-
oxide nanowires have been extensively studied as promising component mate-
rials of future nanoelectronic devices (Li e al. 2006: Wang et al. 2007). 1D
nanomaterials are expected to be applied to the future flexible devices due
to their flexibility as well as their high electrical mobility (Hong er al. 2007;
Ju et al. 2007). For the fabrication of actual devices, a patterning process
of nanowires as well as the synthesis of high-quality nanowires should be
established. Control of the position and alignment can enhance the device per-
formance and the uniformity as well as the stability of the devices (Pimparkar
et al. 2007). In this section, we will focus on the transfer-printing methods
extended from the traditional MCP, where the materials printed from the stamp
actually function in organic optoelectronics or other applications. Transfer-
printing methods are simple, economical, processed under the mild conditions
to be applied to the flexible substrates (Hong ez al. 2007). and the resolution
would exceed that of traditional MCP.

Via a transfer-printing method. nanowires and nanotubes grown or aligned
on the mother substrates could be selectively transferred onto the substrate
without change of properties and the alignment. Figure 10.9(a) shows the
patterning process of microstructured single-crystalline Si ribbon, fabricated
on the mother-substrate via a top-down method, onto the flexible PET substrate
via a transfer-printing technique (Lee ez al. 2005). Inking on the relief area of
the stamp was performed by contacting the microstructures with a patterned
PDMS stamp, and the transfer of the microstructured Si to PET was done
by contacting the inked stamp on the PET substrate coated with UV-curable
polyurethane (PU) and exposure to UV. This technique enabled the fabrica-
tion of high-performance devices based on high-quality microstructures from
single-crystalline Si wafers (Menard er al. 2004; Lee ef al. 2005: Sun et al.
2003; Baca et al. 2007), GaAs (Sun et al. 2004), and GaN (Lee et al. 2006a)
and the SIO substrate via combination of top-down and bottom-up processes.
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Fig. 10.9 (a) Schematics of selective trans-
fer of microstructured Si onto PET by using
PDMS stamp. (b) Sacrificial SiO; layer tor
pattern transfer. (c) Letter “A” composed of
microstructured Si (from Lee, K.J., Motala,
M.J., Meitl, M.A., Childs, WR., Menard,
E., Shim, AK., Rogers, ].LA. and Nuzzo,
R.G. (2005) Adv. Mater. 17, 2332 (©2005
Copyright Wiley-VCH Verlag GmbH & Co.
KGaA., reproduced with permission).

Aligned nanowire films can be also obtained via printing of the inked
stamp after transfer of the nanowires, grown on the mother substrate with an
alignment, onto the stamp. That is a transfer technique of nanowires grown
aligned on the mother substrate to the substrate for the nanodevice fabrica-
tion. Figure 10.10(a) shows transfer printing of CVD-grown perfectly aligned
SWNTs onto the substrate (Kang er ¢l. 2007a). Deposition of 100-nm thickness
gold and coating of polyimide onto CVD-grown SWNTs was done. Au layers
worked as an encapsulation of SWNTs for their successful transfer from the
quartz substrate onto the stamp and the polyimide enhanced the transfer of
SWNTs by improving the contact with PDMS. Printing of an inked stamp
onto the substrate and sequential removal of polyimide and Au resulted in the
aligned SWNT films without any deterioration form the mother substrate.

Various SWNT structures of cross and triangular junction could be obtained
by repetition of the printing process on the same substrate and the fabrication
of SWNT patterns in the desired position could also be done by additional
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Fig. 10.10 (a) Schematics of the transfer of grown SWNTs (from Kang, S.J., Kocabas, C., Kim, H.-S., Cao, Q., Meitl, M.A., Kang, D.-Y. and
Rogers, 1.A. (2007a) Nane Leit. 7, 3343 ©2007 American Chemical Society, reprinted in part with permission). (b) SEM image of transferred
SWNTs (c¢) Schematic of SWNT FET (d) SEM image of aligned SWNT channel region (from Kang, S.J., Kocabas, C., Ozel, T, Shim, M.,
Pimparkar, N., Alam. M.A., Rotkin, S.V. and Rogers, J.A. (2007b) Nature Nanotech. 2, 230 ©2007 Nature Publishing Group, reprinted in part
with permission).

photolithography and reactive ion etching processes. FET devices of aligned

SWNTs showed a mobility of ~1000cm? v 's~L. Such a transfer-printing
technique is expected to be applied to the transfer of other materials onto the
device substrates, regardless of their alignment.

Besides the fabrication of aligned nanowire patterns by using the origi-
nally aligned nanowires, unidirectional alignment of the nanowires from the
randomly grown nanowires could be induced by intentional force during the
contact-printing process. It is attributed to the anisotropic 1D structure of
nanowires. As mentioned earlier, nanowires can be aligned perpendicular to
the compression direction of the barrier in the LB trough (Kim er a/. 2001; Tao
et al. 2003; Whang et al. 2003) and they can be aligned along the flow of the
carrier solvent inside the microfluidic channel (Messer et al. 2000; Huang et al.
2001 Park er al. 2006a). Figure 10.11(a) shows the patterning of nanowires via
contact printing of the nanowire grown substrate onto the substrate (Javey et al.
2007; Fan et al. 2008).

The donor substrate was contacted with the patterned substrate after the
growth of the Ge/Si core/shell nanowires by CVD, and then it was pushed
along the direction of the desired alignment of nanowires. During this process,
nanowires are transferred onto the substrate and they are aligned by the sheer
stress. Here, the cutting of nanowires due to the friction between two substrates
could be prohibited by addition of a lubricant, a mixture of octane and mineral
oil (Fan et al. 2008).




356 Self-assembly strategy of nanomanufacturing of hybrid devices

receiver
substrate

substrate

Fig. 10.11 (a) Contact printing of nanowire arrays, (b) Optical image and (¢) SEM image of Ge nanowires (from Fan, Z., Ho, I.C., Jacobson, Z.A.,
Yerushalmi, R., Alley, R.L., Razavi, H. and Javey, A. (2008) Nano Let. 8, 20 ©2008 Institute of Physics and I0P Publishing Limited, reprinted
with permission). (d) Blowing-bubble process of SWNT alignment (¢) Transferred aligned SWNTSs on Si wafer (from Yu, G., Cao. A. and Lieher,
C.M. (2007) Nature Narotech. 2, 372 ©2007 Nature Publishing Group, reprinted in part with permission).

Figure 10.11(b) shows the transfer of well-aligned Si nanowires onto 6”
wafer substrate (Yu et al. 2007); alignment of the randomly dispersed emersion
of Si nanowires could be done by extension stress during the blowing-bubble
process and then the aligned Si nanowire patterns could be transferred by
contact of the substrate onto the bubble. Such an alignment of randomly
dispersed nanowires would be very useful in mass production.

Recently, three-dimensional multilayer stacks of nanowire arrays were fab-
ricated (Ahn et al. 2006; Javey er al. 2007). Figure 10.12(a) shows the schemat-
ics of the fabrication of multistack structured devices. A maximum 9-layered
device on the flexible substrate was fabricated via patterning of nanowires by
transfer printing and repeated deposition of gate dielectric materials, insulating
layers, or metal electrodes. The device performance on each level was uniform
(Javey et al. 2007) and it was not deteriorated after repetition of bending. Het-
erogeneous three-level devices of SWNT, GaN, and Si nanoribbons were also
fabricated (Ahn ez al. 2006), where the interlayer alignment by ~2 pm was
controlled by using the transfer-printing apparatus as shown in Fig. 10.12(e).
Inverters by connecting the interlayer devices as well as the MOSFETS in a
unilevel structure were fabricated in this way and showed a stable performance
on bending. These printing-based patterning techniques can produce a wide
range of multilayer and multifunctional 3D electronics in the future. Micro-
contact printing, expected to replace the photolithography, is behind the other
lithography techniques in the competition of minimum feature sizes, due to
unexpected disadvantages. However, it will continue to play an important role
in the fabrication of future electronic devices based on nanomaterials, owing
to its simplicity, low cost, mild processing condition and wide applications to
various nanomaterials,
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10.3 Directed assembly of nanostructures

10.3.1 Directed assembly procedure

In this section, we describe a large-scale directed self-assembly process of
nanostructures (Rao et al. 2003) without use of any external forces. Here,
the substrate potential can be used to only further enhance the nanotubes
(NTs) and nanowires (NWs) adsorption. This new assembly strategy is
often called the “surface programmed assembly (SPA)” process (Hong et al.
2008). It is comprised of two simple steps: surface molecular patterning and
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Fig. 10.12 (a) Schematic of 3D nanowire
cireuit fabrication, (b) 10 layers of Ge/Si
nanowire FETs (from Javey, A., Nam, S.W,,
Friedman, R.S., Yan, H. and Lieber, C.M.
(2007) Nano Ler. 7, 773 ©2007 Ameri-
can Chemical Society, reprinted in part with
permission). (¢) 3D heterogeneously inte-
grated electronic device, (d) Aligned 2-layer
printed structure, (e) Automated stage for
transfer printing (from Ahn, J.H., Kim, H.-
S., Lee, K.I, Jeon, S., Kang, S.J., Sun, Y.,
Nuzzo, R.G. and Rogers, I.A. (2006) Science
314, 1754 ©2006 American Association for
the Advancement of Science, reprinted with
permission).
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surface-directed assembly of nanostructures. Using this method, NTs and NWs
can be assembled onto specific locations of solid substrates.

10.3.1.1  Carbon nanotubes

Im et al. performed a SPA process to assemble single-walled carbon nan-
otubes (SWNTs) on various polar and non-polar self-assembled monolay-
ers (SAMs) such as 2-mercaptopyridine (2MP), 4-mercaptopyridine (4MP),
2-mercpatoimidazole (2MI), cysteamine, 16-mercaptohexadecanoic acid
(MHA) and 1-octadecanethiol (ODT) (Fig. 10.13(a)) (Im et al. 2006a,b).

The SAM was patterned onto the Au substrate to create surface regions
with different polarities. At first, the first molecular species are patterned via
DPN (Hong er al. 2000; Ivanisevic et al. 2001) or the microcontact printing
(MCP) method (Kumar et al. 1993; Xia e al. 1998). and the remaining area
is backfilled with the second molecular species by dipping the previously
patterned substrate in the solution of the second molecules. Here, MHA is used
for negatively charged areas and ODT for neutral regions. Cysteamine, 2MP,
AMP and 2MI are utilized to create positively charged surfaces. For SWNT
assembly, the patterned substrate is placed in the SWNT suspension, usually
for 10s. Then, the substrate is rinsed thoroughly with 1,2-dichlorobenzene
to remove extra SWNTs since the solution of SWNTs is dispersed in 1,2-
dichlorobenzene.

Lee et al. also reported the assembly of SWNTSs onto various pristine sub-
strates without any linker molecules using a similar method (Lee et al. 2006b).
In this process, photoresist is first patterned onto solid substrates. And then,
the substrate is rinsed with anhydrous hexane. After rinsing, the substrate is
immediately dipped into the OTS solution for selective passivation. Finally,
the photoresist is removed with acetone. Such a patterning of OTS layers
results in some neutral regions and other bare surface regions on the substrates.
The patterned substrate is then placed in a solution of SWNTs for selective
assembly (Fig. 10.13(b)).

Furthermore, electric potential can be used to increase the adsorption of
SWNTs (Fig. 10.14). However, the final assembled structures of adsorbed
SWNTs are still completely determined by surface molecular patterns. Since
electric potential is used only to control the amount of adsorbed SWNTs, pre-
cise alignment of SWNTs even with applied bias voltage can be possible. This
SPA process can also be utilized to assemble double-walled carbon nanotubes
(DWCNT) and multiwalled carbon nanotubes (MWCNT).

10.3.1.2 V205 nanowire

Myung ef al. demonstrated precise assembly and alignment of V205 nanowire
arrays and nanowire-based devices over a large surface area (~1cm x 1cm)
(Myung et al. 2005). Specifically, positively charged surface molecular pat-
terns are utilized to assemble and align VoOs NWs over a large area. The
neutral molecular patterns are utilized to avoid the adsorption of nanowires
(Figs. 10.15(a)—(d)).

A molecular patterning process is performed similarly by patterning the first
molecular species via DPN, MCP or photolithography (JTaeger 2002: Busnaina
2007) as discussed before, and then the remaining area is backfilled with
the second molecular species by a dipping process. The photolithography
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Fig. 10.13 (a) AFM topography images of SWNT patterns adsorbed onto SAM patterns comprised of: cysteamine and MHA, 2MP and MHA,
4MP and MHA, 2MI and MHA, 4MP and 2MI, 2MI and ODT. These patterns cover large surface area (~1 cm x [ cm) of the samples (from Im, 1.,
Lee, M., Myung, S.. Huang, L., Rao. $.G., Lee. D.G.. Koh, I. and Hong, S. (2006) Nanotechnology, 17, 3569, (©2006 Institute of Physics and [OP
Publishing Limited, reproduced with permission). (b) SWNT networks formed directly on bare SiOx (left), glass (middle) and Si (right). OTS was
used as the non-polar layer (from Lee, M., Im, J., Lee, B.Y., Myung, S., Kang, J., Huang, L., Kwon, Y.-K. and Hong, 8. (2006) Nature Nanotech. 1,
66 (©2006 Nature Publishing Group. reproduced in part with permission).

method is utilized to create large-scale molecular patterns comprised of
l-octadecyltrichlorosilane (OTS) for the neutral region and aminopropy-
lethoxysilane (APTES) for positively charged patterns on SiO,. In this case,
photoresist is first patterned on SiOs, and the substrate is placed in the OTS
solution (1:500 v/v in anhydrous hexane) for coating the bare Si0» regions.
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Fluorinated CNTs
CNTSIA‘ CNTS JAU on ODT Au

Fig. 10.14 (a) SWNTs selectively adsorbed onto bare Al surfaces with a substrate bias of —1.5 V. OTS was used for passivation. (b) High-precision
alignment of SWNTs onto Au surfaces with —1 V substrate bias. ODT was used as the non-polar layer. (¢) Fluorinated SWNTSs adsorbed onto ODT
regions with —3 'V substrate bias (from Lee, M.. Im, I., Lee, B.Y., Myung, S., Kang, J., Huang, L., Kwon, Y.-K. and Hong. S. (2000) Nature
Nanotech. 1, 66 (©2006 Nature Publishing Group, reproduced in part with permission).

After the photoresist is removed with acetone, the substrate is dipped into
APTES solution (1:500 v/v in ethanol) to backfill the remaining SiO; area.

When the patterned substrates are placed in an aqueous solution of V,0s
NWs for ~30s, NWs are attracted toward the positively charged molecular
regions, and aligned along the molecular patterns due to the negatively charged
property of VoOs NWs (Fig. 10.15(c)). The substrate is then rinsed with
thoroughly deionized water to remove any extra NWs. For Au substrate, SAM
patterns are prepared using cysteamine as positively charged patterns and ODT
for neutral regions, and successfully assembled a large number of pristine NWs
over a lem x 1cm area (Figs. 10.15(a), (b), (d)). Since V205 NWs do not
adhere to bare Si or SiO» surfaces without a bias voltage, electric potential
can also be utilized to enhance the adsorption of NWs. As V205 NWs are
charged negatively in aqueous solution, we could assemble them by applying
positive substrate bias voltage. Furthermore, even individual V,Os5 NWs can be
assembled in small patterns on the substrates with the help of electric potential
(Fig. 10.15(e)).

10.3.1.3  ZnO nanowires

Kang er al. also reported ZnO NW adsorption and alignment using a similar
method as described above (Kang er ¢l. 2008). First, on the Au surfaces,
MHA is used to create negatively charged molecular patterns, while ODT
is used for neutral regions. On Si0; substrates, the bare SiOz surface is
used as a negatively charged surface, while OTS or octadecyltrimethoxysilane
(OTMS) are first patterned for neutral regions, while leaving some bare Si0O;
regions. When the patterned substrate is placed in the ZnO NW solution for
~10min, pristine ZnO NWs are attracted to the negatively charged region,
and then assembled and aligned directly onto MHA region or the SiO, surface
(Fig. 10.16). The substrate is then rinsed with deionized water to remove
any extra NWs. Moreover, the amount of adsorbed ZnO NWs could also
be enhanced by applying a negative bias voltage to the substrates as in the
previous NTs and NWs assembly.
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10.3.2 Mechanism of various assembly processes of
nanostructures

In this section, we discuss a theoretical model describing the collective behav-
lor of molecules in direct deposition processes such as dip-pen nanolithogra-
phy and other directed assembly procedures. Interplay between intermolecular
interactions and substrate—molecule interactions may result in diverse shapes
of molecular patterns. Computer simulations based on a simple model reveal
circular and star-like patterns at low and intermediate densities of preferentially
attractive surface sites, respectively. At a large density of such surface sites.
the molecules form a two-dimensional invasion percolation cluster. We also
discuss the self-assembly process of a long rod-like molecule on patterned
substrate immersed in a two-dimensional sliding chamber.
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Fig. 10.15 (a) Atomic force microscopy
(AFM)  topography image of V305
nanowires assembled onto SAM pattemns
comprised of ODT (neutral), MHA
(negatively  charged), and cysteamine
(positively charged). (b) AFM topography
image of V705 nanowires (white lines)
assembled on cysteamine patterns (dare
areas) on Au. The remaining arca was
passivated with ODT (bright areas). (c)
AFM topography image of V,0s nanowires
assembled on APTES patterns on S10,. OTS
was utilized for passivation. Insets show
high-reselution AFM images of OTS (left)
and APTES regions (right), respectively.
(d) AFM topography image of individual
V205 nanowires (white lines) assembled on
cysteamine patterns (dark areas) on Au. ODT
(bright areas) was utilized for passivation
(from Myung, S., Lee, M., Kim, G.T., Ha,
1.S. and Hong, S. (2005) Adv. Mater. 17,
2361 ©2005 John Wiley & Sons Limited,
reproduced with permission). (e) VoO5 NWs
selectively adsorbed onto bare Si (left) and
Si0> (middle) surfaces using a substrate
bias 3V and 6V, respectively. Individual
V205 NWs directly adsorbed onto bare Au
surfaces using 3'V substrate bias using ODT
as the non-polar layer (from Lee, M., Im,
J.. Lee. B.Y., Myung, S., Kang, J., Huang,
L., Kwon, Y.-K. and Hong, S. (2006) Nature
Nanotech. 1, 66 ©2006 Nature Publishing
Group, reproduced in part with permission).
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Fig. 10.16 Scanning electron microscopy (SEM) images and analysis results of ZnO NWs assembled on the various substrates via the solution-
phase method. (a) ZnO NWs assembled on MHA line patterns on a Au substrate without a substrate bias voltage. The remaining area was passivated
by ODT to prevent non-specific adsorption of ZnO NWs. The scale bar represents 20 rem. (b) ZnO NWs assembled directly onto bare S10; surfaces
without substrate bias voltage. OTMS SAM was utilized for passivation. The scale bar represents 5 pm. (¢) ZnO NWs assembled directly onto bare
Si05 surfaces without a substrate bias voltage. OTS SAM was utilized for passivation. The scale bar represents 20 gm. (d) Individual ZnO NWs
assembled onto MHA patlterns on Au without a substrate bias voltage. ODT was utilized for passivation. The scale bar represents 5 pm (from
Kang, J., Myung, S., Kim. B., Oh, D., Kim, G.T. and Hong, S. (2008) Nanctechnelogy 19, 093303 @©2008 Institute of Physics and IOP Publishing
Limited, reprinted with permission).

10.3.2.1  Modelling of collective behavior

In a common DPN process, a molecule-coated AFM tip is held at a fixed posi-
tion in contact with the substrate so that molecules flow onto the substrate to
form various-size “dot” patterns. Various direct deposition experiments show
that if deposited molecules strongly bind to the substrates, the pattern always
grows in a circular shape (Piner ef al. 1999; Hong et al. 2000; Rozhok ef al.
2003; Ginger et al. 2004; Peterson et al. 2004). Examples include alkanethiol
molecules on gold. On the other hand, when the binding to the substrates is
relatively weak compared to the attractive molecule-molecule interactions,
non-circular patterns are often observed. Most representative patterns are
fractal-like patterns with the fractal dimension of ~1.51 when 1-dodecylamine
(DDA) molecules are deposited onto mica (Manandhar et al. 2003). Other
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examples include proteins and conducting polymers (Wilson et al. 2001; Lim
etal. 2002).

Several theoretical models (Jang et al. 2001; Sheehan er al. 2002; Weeks
et al. 2002) describe the motion of deposited molecules as Fickian diffusion on
top of other molecular layers until they covalently anchor to bare substrates.
The application of this model seems to be limited to the circular pattern
formation of strong surface-binding molecules. Obviously, the diffusion model
is insufficient to explain non-circular pattern formation, which is common in
weak surface-binding cases.

Lee and Hong (2006) proposed a theoretical model that successfully
accounts for diverse shapes of molecular patterns in dip-pen nanolithography
of weak-binding molecules. In this model, the focus has been placed on the role
of intermolecular interactions and inherent non-uniform substrate—-molecule
interactions. In contrast to previous models where deposited molecules diffuse
independently, here the motion of molecules is identified as collective rear-
rangements of a cluster whose periphery adapts its shape to form the minimum
energy state for all. The deposited molecules bind weakly onto most of the
substrate regions except for several impurity sites on substrates. Furthermore,
attractive intermolecular interactions combine all molecules together. The
interactions with strong binding sites result in non-{rivial pattern formation
when molecules aggregate via attractive intermolecular interactions. Lee and
Hong have pointed out that for charged molecules such as DDA, randomly
distributed surface charges on mica play roles as strong binding sites. For
DDA, molecules are attracted to each other due to hydrophobic interactions,
As the molecules are preferentially attracted to certain surface sites, the tension
can be released by making a channel toward the strong binding sites where
molecules can flow in. The frontier moves by invading local areas in bursts.
The frontier will become circular again unless it encounters any other attractive
surface sites. When the frontier encounters other attractive sites, a new branch
appears on the top of the growing branch.

Computer simulations based on a simple model taking into account the
above feature demonstrate various self-assembly patterns (Lee and Hong
2006). The molecules live on two-dimensional hexagonal lattices. Each lattice
site can be denoted using the index (i, 7). The growth starts from the center by
occupying neighboring sites that provide the maximum energy gain. When
there are multiple minimal energy sites, the closest to the center becomes
occupied first. The Hamiltonian of a cluster with M deposited molecules is

H

M
b = EpSi j(Sij+1 T8 j—1 FSimtj+1FSit1 -1+ Sit1,; +8i-1,7)
kpT J

{17}
+ Y VR — ral),
n

where &, is the energy gain by pairwise interactions between molecules, and
it contributes to the total energy gain only when two molecules are next to
each other. The s;; is an Ising-type variable indicating the occupancy of the
corresponding site. V (r) is the potential energy of a molecule at distance »
apart from the strong surface binding site. r, and R; ; are the position of
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Fig. 10.17 Schematic representations of a
cluster growth on hexagonal lattices. A
deposited molecule may occupy a new sites
(0) by creating (a) 3 pairs, (b) 2 pairs, (c)
1 pair of intermolecular contacts and (d) by
advancing toward a strong binding site (*).

P P , .
@ .—.\.
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the nth strong-binding site and that of the molecule at the lattice site (i, j),
respectively.

Figure 10.17 demonstrates the advance of the cluster frontiers. The energy
gain by advancing from a concave boundary (Fig. 10.17(a)). a flat boundary
(Fig. 10.17(b)), and a convex site (Fig. 10.17(c)) are 3&p, 2¢,, and &, respec-
tively. Thus, the growing frontier has a tendency to fill the concave site first,
leading to a circular-shape frontier. When a molecule is within the interaction
range 7;(= b) with a strong binding site, the energy gain by growing into
the direction of the strong-binding site is &, +n &, where n is the number
of intermolecular interaction pairs by making a bridge (Fig. 10.17(d)). Here,
gp = 8V indicates the potential-energy gain at the periphery of the interaction
range. If the substrate—molecule interaction wins over the line tension of the
cluster boundary (ep > £p), the molecules can advance in the direction of the
strong-binding site rather than filling an available concave site. The major
parameters controlling the shape of the cluster growth are: (a) the number
density of strong-binding sites and (b) the strength and range of the substrate—
molecule and intermolecular interactions.

This simple but efficient framework can be applied for various DPN pattern-
ing experiments simply by plugging in proper parameters. As an example, we
consider DDA molecules on mica, which can be a representative case of weak
surface-binding molecules. DDA molecules have hydrophobic backbones with
amine (—NH») end-groups. When deposited on mica, they aggregate among
themselves via hydrophobic interactions and are bound rather weakly to the
surface sites. Randomly distributed surface charges on mica act as strong
binding sites and attract positively charged DDA molecules. The hydrophobic
interaction is ~1 kcal/mol per methylene group. Thus, &, = 10 kcal/mol for a
DDA pair consisting of 12 methylene groups provided that molecules are well
aligned. Since mica surfaces are normally covered by a thin water layer, the
Bjerrum length /p = ¢?/kpT ~ 7 A in water sets the interaction range where
the electrostatic interactions are active. The diameter of a deposited DDA
molecule sets the lattice constant of the hexagonal lattices to be b = 3 A. Thus,
the “bridging” interaction range ry is /g = 2b on the lattices. Considering that
the typical strength of the electrostatic interaction at an atomic distance is
40-50kcal/mol, we estimate the interaction strength £, = §V at a Bjerrum
length away to be about 2&p. The reported surface charge density —0.34C/ m?
(Pashley 1981) of mica corresponds to the number density o, = 0.13 on this
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Fig. 10.18 (a) Cluster growth in invasion percolation regime. (b) The number of deposited molecules mi(r) inside of a circle of radius r.

hexagonal lattices (b = 3 A). The simulation results using these parameters
predict the growth of irregular-shape clusters similar to the reported DPN
experiments using DDA molecules (Manandhar er al. 2003).

The parameters for simulations are extracted from various types of
molecules. Figure 10.18 demonstrates cluster formation with o, = 0.2 and
gp = &p. At this specific setup, the cluster growth resembles that of the
imvasion percolation process in fluid dynamics (Wilkinson et al. 1983). For
instance, when water is injected slowly into a porous medium filled with oil,
a water cluster grows with a fractal dimension of 1.82 (Furuberg ef al. 1988).
Here, the dynamics are determined by the capillary forces and the pore size.
We measured the effective fractal dimension desr of each pattern by counting
the number of molecules M at given R ~ MV, v = 1/d.g. Slopes in log-log
plots depict the effective fractal dimension at given times. The measured fractal
dimension of ~1.8 for times ¢ == 10 000 is in agreement with the known fractal
dimension of invasion percolation clusters. The growth direction is chosen
by a few branches at the moment of a burst. The merging of these branches
will destroy the hierarchy of fractal structures at later times. The invasion
percolation cluster shape appears if the strong-binding site density is larger
than a certain threshold o so that the occupancy of a strong-binding site always
guarantees filling neighboring binding sites before all concave sites around it.

The cluster shapes at various values of &, g, and o, are investigated. In
the limit of strong intermolecule interaction (g, > £5). the molecules always
aggregate into a trivial circular form. In the other limit (g5 3> &), the cluster
shape can be fractal-like patterns at lower density of strong-binding sites.
Figure 10.18 demonstrates some representative cluster growth. For £, < &,
with small o5 = 0.13 < o, the overall shape is still circular (Fig. 10.19(a)).
Molecules with strong intermolecular interactions fall into this category. At
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Fig. 10.19 Clusters (inserts) simulated with
various surface charge densities, hydropho-
bic interactions, surface—molecule interac-
tions. The cluster size m(r) is the number of
molecules with the range of » from the center.
The slopes in the graph indicate the effective
fractal dimension deg.
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a larger substrate—molecule interaction &, = 2&,, we observe mixed patterns
(Fig. 10.19(b)). At small times, branches and the central part are occupied with
similar probabilities. At longer times, the outer branches continue developing
but the central region no longer grows.

This is because, after the cluster size reaches a certain value, the lowest-
energy sites are always found at the newly explored area. The measured fractal
dimension is 1.6, which is similar to the reported value for DDA patterns
on mica (Manandhar et al. 2003). It should be noted that the model param-
eters used in this simulation are extracted from the real interactions of DDA
molecules.

For larger molecules (e.g. globular proteins), we can expect a different
lattice constant. Consider molecules whose diameter is about 10% larger.
Accordingly, the number density of strong-binding sites is scaled to oy = 0.17
(Figs. 10.19(c) and (d)). If &, = &p, the pattern shows the circular core and
small branches. Boundary tension still suppresses the development of fractal-
like structures. For &;, = 2¢p, branching is more favorable than occupying con-
cave sites (Fig. 10.19(d)). These branches create new branches in a recursive
way similar to the case oy = 0.13, & = 2¢p (Fig. 10.19(b)), but they start
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Fig. 10.20 Sliding reaction chamber experiment (from Im, J., Huang, L., Kang, 1., Lee, M., Lee, D.J, Rao, S.G., Lee, N.-K. and Hong, S. (2006)
J. Chem. Phys. 124, 224707 (©2006 American Institute ol Physics, reprinted in part with permission).

overlapping almost immediately. At earlier times (f < 2500), the growth can
be anisotropic and shows the effective fractal dimension of ~1.6. It is not |
yet clear whether the cluster shape at this regime is fractal. At later times
(t = 2500), the merged branches cover the substrates isotropically, resulting
in the effective fractal dimension of ~2. A series of simulations on rectangular
lattices reports similar behavior.

This model can also be generalized to strong surface-binding cases such
as alkylthiolates on Au. In this case, all lattice sites are equally attractive to |
molecules. The simulation results show trivial circular patierns. One interest-
ing situation 1s when strong-binding molecules can slide on the substrates
due to the translation invariance. This effect can be taken into account by
introducing a certain probability with which molecules can escape from the
central aggregates. The escaped molecules may still diffuse on the substrate.
The simulation results confirm a circular pattern with a blurred boundary, as
observed in some DPN experiments (Sheehan ef af. 2002).

103.2.2  Self-assembly of long molecules

We now discuss the adsorption of stiff rod-like molecules on patterned sur- |
faces. Since long molecules have internal degrees of freedom that relax only at
large timescales, the detailed description of kinetics is required to characterize
the adsorption behaviors.

It is suggested that the selective adsorption of long polymer molecules
can be used to create nanoscale devices. In particular, such molecules like
CNT, DNA are extremely useful from the technological point of view. Various
adsorption experiments of long molecules on a patterned surface have been
carried out. In order to direct CNT or NWs, electric fields or external liquid
flow have been utilized (Huang et al. 2001; Krupke et al. 2003). It is also
shown that (Liu ef al. 2002; Rao er al. 2003; Nuraje er al. 2004; Tsukruk et al.
2004; Myung et al. 2005) the SAM (self-assembled monolayer) patterns can
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be utilized to direct the assembly of nanoscale wires such as SWNT (lijima
1991) onto specific locations of the substrates. The experimental images of
Im er al. (2006c) suggest that adsorption of these molecules is irreversible to
some extent, i.e. in timescales of relaxation time of CNT, 7 o L°. This also
suggests irreversible adsorption kinetics plays an important role to determine
the adsorption patterns.

The adsorption of long molecules can be considered in two stages: (a)
Landing from the bulk to attractive surface sites; (b) Relaxation of the internal
degree of freedom of a molecule. The first step, the adsorption (landing) of
SWNTs onto relatively large polar SAM patterns, can be described by the
standard Langmuir isotherm (Karpovich and Blanchard, 1994). In the Lang-
muir isotherm, the adsorption rate is proportional to the bulk concentration
and the number of the vacant sites, and the desorption rate is proportional
to the number of adsorbed molecules. As more and more molecules are
adsorbed, the number of available adsorption sites becomes smaller, until the
equilibrium coverage is reached. In aqueous solution, the attraction between
SWNT is estimated to be about 40kg 7 /nm. This means typical micrometer-
long CNTs are strongly attractive to each other resulting in heavy aggregation
of SWNTs in aqueous solution. In dichlorobenzene solvent, however, SWNTSs
disperse very well, implying that the attractive forces between CNTs are yet
much weaker than that in water. Hence, the progress of SWNT adsorption
onto polar SAM favors less and less incoming flux. If we neglect CNT-CNT
interaction (ecNT <€ 445 ). the equilibrium surface coverage is obtained when
£ads + kpT log(0b*) = kgT log(Ch?) with 6 and C being the surface and
bulk concentration of CNTs, respectively, and b is the length unit.

Let us consider a SWNT that is confined in a two-dimensional plane, a so-
called “sliding chamber”, in order to investigate the relaxation of the internal
degree of freedom as shown in Fig. 10.2 (Im er al. 2006a).

For a long molecule to adsorb, the initial segments landed with a certain
angle with patterned attractive sites adsorb first. Rotational diffusion allows
exploring around the fixed strand. If only a fraction of a SWNT falls on the
attractive region, the remaining fluctuating part (landed in a non-polar part)
diffuses and eventually adsorbs on the polar region, trading off the bending
energy cost. This kinetics is similar to Kramer’s reaction theory (reaction
through the energy barrier).

The rotational and translational mobility of SWNT depends on the surface
conditions. The reason for small mobility on polar SAMs is attributed to strong
adhesion forces and more importantly “chemical roughness”, which often
appears in experimental situations and breaks translational invariance. Exper-
imentally, the “sliding” mobility to SWNTs in a sliding chamber is provided
by thermal energy or ultrasonic vibration until the SWNTSs spread uniformly
on the surface. Without sonication, SWNTs start landing. In the chamber,
the segments of the SWNTs perform mainly diffusive motions until they are
captured by the mteraction range of surface binding sites. The aforementioned
segments, lying initially on the polar region, are immobile at least on the
timescale of interest during which segments on the non-polar region move and
accumulate at the polar boundary. If the whole SWNT falls on the non-polar
region, it will diffuse until some part of the CNT is captured by the polar region




‘and aligns along the polar—non-polar boundary. If some fraction of a SWNT
enters the interaction ranges of a polar SAM, the segment further moves into
the pattern until it reaches the other boundary. This process is deterministic.
The parts of a SWNT in the non-polar region diffuse until they encounter the
attractive polar region (Fig. 10.20). Subsequent adsorption of the remaining
segment results in bending toward the polar region with accumulation of
bending energy. The strong CNT—polar SAM interactions entail progressive
zipping of CNT segments on the polar—non-polar boundary.

The total energy of a SWNT whose fraction is adsorbed on the polar region
consists of the adsorption energy of CNT on the polar substrates and bending

energy Eelastic:
by L 2
E _j ds + ] d* d
— 5 T e 5,
tot o 3 152

0 0

where y,(<0) is the interface energy per unit length for the SWNT segments
on a polar SAM and «/ kg T is the so-called persistence length that represents
the bending stiffness of SWNTs. L. [, stands for the total SWNT length and
the segment length landed on the polar region. The integration is performed
following the contour of the SWNT segments. An adsorption experiment (Im
et al. 20006a) indicates that the attractive energy of SWNT segments on a non-
polar SAM or other SWNTSs is negligible, and the interface energy terms of
those segments are omitted. We also neglect the entropic contribution, which
is of the order of kg7. The equilibrium conformation will be obtained by
minimizing the free-energy condition. The aggregated CNTs expected to align
straight and accumulate in polar SAM regions (Fig. 10.21(h)). We found that
the SWNTs are often trapped in local energy-minimum states. In order to
escape from local minima, a large activation energy is required. We estimate
the energy barrier from the curved conformation of CNT bundles at the polar
boundary (Fig. 10.21(a)). The curved structure lasts as long as the accumulated
bending energy is smaller than the energy barrier. When the total stored energy
exceeds the energy barrier, the overall SWN'T shape straightens, as is shown
mn Fig. 10.21(b). From the measured value of the typical radius of curvature
r~1.34 pm of a micrometer-long SWNT segment, we estimate that the
restoring force is about 0.056 pN and the typical energy barrier associated with
the roughness for a micrometer-long SWNT is about 13kg 7T per | pom.

10.4 Characteristics of self-assembled
hybrid nanodevices

The feature size of silicon-based transistors has been reduced exponentially
as Moore's law indicates. Nowadays, current semiconducting industries have,
however, confronted a fundamental obstacle preventing further size reduction
by top-down approaches. Over the past decade, various research efforts in
nanoscience and nanotechnology have shown that nanostructured materials
including carbon nanotubes and nanowires can be used as various electronic

10.4  Characteristics of self-assembled hybrid nanodevices

369




370 Self-assembly strategy of nancmanufacturing of hybrid devices

Polar Non-Polar
SﬁM SﬁM

0 Hm 3 0 nm 1.6

Fig. 10.21 (a) Schematic diagram showing a SWNT assembled on pre-existing SWNT patterns and AFM topography image of SWNTs assembled
onto the patterns on polar and non-polar regions. (b) High-resolution lateral force image of SWNTs aligned on polar SAM patterns (from Im, I,
Huang, L., Kang, J., Lee, M., Lee. D.J., Rao, S.G., Lee, N.-K. and Hong, S. (2006) J. Chem. Phys. 124, 224707 (©2006 American Institute of
Physics. reprinted in part with permission).

devices or device elements. In this section, we will describe device charac-
teristics of a wide range of such new devices from a single carbon-nanotube
device to selt-assembled network devices.

10.4.1 Electronic and transport properties of carbon
nanotubes

Depending on their chirality and diameter, single-wall nanotubes can be either
metallic or semiconducting (Hamada et af. 1992; Mintmire et al. 1992; Saito
et al. 1992). In this section, we review this unique electronic structure and
electrical transport properties of single-wall carbon nanotubes.

The electronic band structure of a nanotube somewhat resembles that of a
graphene sheet. The difference between the two cases comes from the periodic
boundary conditions. A graphene sheet is regarded as an infinitely extended
two-dimensional plane, whereas a nanotube is a one-dimensional structure
that is infinitely long along the tube axis. However, the periodic boundary
condition, C - k = 2x], is imposed for a finite period along the circumference.
Here, C is a chiral vector defining the chiral index (», m) of a nanotube; k is an
allowed wave vector; and { is an integer. This results in Bloch wavefunctions
with discretely selected wave vectors, which are shown by the straight lines
in Fig. 10.22, in the first Brillouin zone of a graphene sheet. Note that the
bonding and antibonding 7 bands, which are located near the Fermi level, are
degenerate at the K point in the Brillouin zone of a graphene sheet, while
sp® o bands are located far from the Fermi level. Therefore, if at least one of
the selected wave vectors crosses the K point, the nanotube becomes metallic.
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The degenerate point in the nanotube, however, does not exactly correspond
to the K point due to its curvature causing p, atomic orbitals, which point
in the radial direction, not to be exactly parallel to each other. Thus, the o-
bond components are incorporated and thus an additional electron transfer
is produced between those orbitals. Hence, metallic nanotubes classified in
this way become small-bandgap semiconductors with an exception of (n, n)
armchair nanotubes, which are truly metallic regardless of their curvature, as
discussed below.

Figure 10.22 explains this situation for achiral nanotubes. The vertical lines
in Fig. 10.22(a) show the set of allowed wave vectors of a (4, 4) armchair
nanotube on the first Brillouin zone of a graphene sheet, which is surrounded
by the dashed line in the figure. Although the degenerate point is shifted from
the K point to the positions shown by open circles, by the enhancement of
the electron transfer along the tube circumference, it is always on the I' — K
line, which exactly overlaps with one of the allowed wave vectors. Therefore,
the nanotube becomes truly metallic. This feature is essential for any (n,
n) armchair nanotubes. The set of allowed wave vectors of a (6, 0) zigzag
nanotube is shown in Fig. 10.22(b). Although one of the allowed wave vectors
crosses the K point, the shifted degenerate point shown by the open circles
is not crossed by any of the allowed wave vectors. Therefore, this tube is
not metallic, but narrow-bandgap semiconducting. For general (n, 0) zigzag
nanotubes, the allowed wave vectors cross the points that divide the doubled
' — M line into n parts. If 7 is a multiple of 3, one of the allowed wave vectors
crosses the K point, which is close to the degenerate point, like in a (6, 0)
nanotube and thus the (7, 0) tube will be a narrow-bandgap semiconductor. If
n is not a multiple of 3, then the tube will be a moderate- or wide-bandgap
semiconductor.

By using periodic boundary conditions, the condition for general (n, m)
nanotubes to be either metallic or semiconducting can be easily derived. The
condition is

— (. for metallic nanotubes
n—m{=73¢q, fornarrow-bandgap semiconducting nanotubes
# 13g, for wide-bandgap semiconducting nanotubes,

where ¢ 1s any non-zero integer.

Fig. 10.22 Due to the periodic boundary
condition along the circumference, only dis-
crete wave vectors are allowed on the Bril-
louin zone of a graphene sheet. The allowed
wave vectors are, for example, shown in (a)
for a (4, 4) armchair nanotube and in (b) for
a (6, 0) zigzag nanotube. Open circles show
the degenerate point shifted from the K point.
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Fig. 10.23 Band structures of (a) metallic
armchair and (b) semiconducting carbon nan-
otubes near the Fermi level along the tube
axis. These band diagrams were plotted near
the K point in the Brillouin zone of graphene.

@ CEANN

Electronic band structures of carbon nanotubes near one of the K points
of graphene and near the Fermi level are shown in Fig. 10.23, where (a) is
for a metallic armchair (n, n) nanotube and (b) is for semiconducting one.
The electronic band structure of single-wall (Hamada er al. 1992; Mintmire
et al. 1992: Saito et al. 1992) and multiwall carbon nanotubes (Saito ef al.
1993; Lambin et al. 1994; Kwon ez al. 1998b), as well as single-wall nanotube
ropes (Delaney er al. 1998; Kwon et al. 1998a) is now well documented. It
has been shown that interwall coupling leads to the formation of pseudogaps
near the Fermi level in multiwall nanotubes (Kwon et al. 1998b) and single-
wall nanotube ropes (Delaney ef al. 1998; Kwon et al. 1998a), the latter of
which were later confirmed by experiments (Ouyang et al. 2001). Note that
these different electronic structures are determined only by the geometry of the
nanotubes depending on how they have been rolled from the planar graphene
structure and their relative orientation with respect to neighboring hexagonal
configurations. This fact implies that nanotube samples should be a mixture of
metallic and semiconducting nanotubes unless they are separated in controlled
ways. Experimentally synthesized samples are indeed a mixture of different
chiral nanotubes and one of most serious issues in various nanotube research
fields.

According to the scattering theory (Landauer 1970), the conductance is
expected to be 2Gg, where Gy = 2¢*/h ~ (12.9k2) ! is the quantum con-
ductance (Tian and Datta 1994; Lin and Shung 1995; Chico et al. 1996).
Direct evidence of the delocalization of the wavefunction along the tube axis
has been already shown (Bockrath et al. 1997: Tans ef al. 1997), while a
direct measurement of the conductance quantization for single-wall nanotubes
was recently done (Purewal et al. 2007). Electron transport in perfect single
nanotubes is believed to be ballistic in nature, implying the absence of inelastic
scattering. Conductance measurements of multiwall carbon nanotubes raised
a significant controversy due to the observation of unexpected conductance
values, in apparent disagreement with theoretical predictions (Frank ef al.
1998). In these experiments, multiwall carbon nanotubes, when brought into
contact with liquid mercury, exhibit not only even, but also odd multiples of
the conductance quantum Gg. An even bigger surprise was the observation of
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non-integer quantum conductance values, such as G = 0.5 Gy. since conduc-
tance is believed to be quantized in units of Gy (Landauer 1970).

The unexpected conductance behavior can arise from the interwall interac-
tion in multiwall or in bundled nanotubes (Sanvito ef al. 2000). This interaction
may not only block some of the quantum conductance channels, but also
redistribute the current non-uniformly over the individual tubes. Under the
experimental conditions deseribed in Frank er al. (1998), this effect may reduce
the conductance of the whole system to well below the expected value of Gy.

The scattering technique determines the quantum-mechanical scattering
matrix S of a phase-coherent “defective” region that is connected to “ideal”
external reservoirs (Sanvito et al. 1999). At zero temperature, the energy-
dependent electrical conductance G(E) is given by the Landauer—Biittiker
formula (Biittiker er al. 1985)

262

h

where T'(E) is the total transmission coefficient evaluated at the energy £,
which, in the case of small bias, is the Fermi encrgy Er.

For a homogeneous system, 7'(£) assumes integer values corresponding to
the total number of open scattering channels at the energy E. For individual (x,
n) armchair tubes, this integer is further predicted to be even (Tian and Datta
1994; Lin and Shung 1995; Chico et al. 1996), with a conductance G = 2Gg
near the Fermi level. As a reference to previous results, the density of states
and the calculated conductance of an isolated (10, 10) nanotube is shown in
Fig. 10.24.

The corresponding results for the (10, 10)@(15, 15) double-wall nanotube
(Kwon ef al. 1998b) and the (5, 5)@(10, 10)@(15, 15) triple-wall nanotube,
where the interwall interaction significantly modifies the electronic states near
the Fermi level, are shown in Figs. 10.25. The density of states of the double-
and the triple-wall nanotubes are shown in Figs. 10.25(a) and (b), respectively.
The corresponding results for the total conductance are given in Figs. 10.25(c)
and (d), respectively. The conductance results suggest that some of the con-
duction channels have been blocked close to £g. The interwall interaction,
which is responsible for this behavior, also leads to a redistribution of the total
conduction current over the individual tube walls. The partial conductances of

G(E) =

T(E),
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Fig. 10.24 Electronic density of states
(DOS) (a) and conductance & (b) of
an isolated single-wall (10, 10) carbon
nanotube. The DOS is given in arbitrary
units, and & is given in units of the
conductance quantum Gy =2¢%/h (from
Sanvito, S., Kwon, Y.-K.. Tomanek, D.
and Lambert, C.J. (2000) Phys. Rev. Lett.
84, 1974 ©2000 The American Physical
Society, reprinted in part with permission).
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Fig. 10.25 Electronic density of states and
conductance of a double-wall (10, 10)@(15,
15) nanotube [(a) and (c), respectively] and
a triple-wall (5, 5)@(10, 10)@(15, 15) nan-
otube [(b) and (d), respectively]| (from San-
vito, S., Kwon, Y.-K., Tomanek, D. and
Lambert, C.J. (2000) Phys. Rev. Lett. 84,
1974 ©2000 The American Physical Soci-
ety, reprinted in part with permission).
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the tube walls are defined accordingly as projections of the total conductance
and shown in Fig. 10.26. It is noticed that the partial conductance is strongly
non-uniform within the pseudogaps, where the effects of intertube interactions
are stronger.

The interwall interaction in multiwall nanotubes not only blocks certain
conduction channels, but also redistributes the current non-uniformly across
the walls. The interwall interaction will play a similar role in a bundle of single-
wall nanotubes, or a rope. Such interwall interaction becomes important when
new nanoscale devices are formed from nanotube networks. We will discuss
the electrical characteristics of network-based devices in the next section.

10.4.2 Electronic and transport properties of network
devices

In this section, we will describe electronic and transport properties of hybrid
nanodevices based on mixed-chirality nanotube networks, which are readily
available to industry. No theoretical foundation for nanocomposite network
thin-film transistors comparable to Shockley’s theory of classical transistors
currently exists. We have developed a methodology for modelling the electrical
properties of nanotube composite thin films, and optimizing the production
specifications for yielding the optimal performance, while minimizing the
number of defective components. Our computational approach is to model
the device as a random dispersion of nanotubes. The dispersion can be mod-
elled with fractal diffusion taking into account the lens effect of the substrate
template that imposes alignment of the nanotubes at the channel edges. The
dispersion is also represented as a grid of resistors and nodes. Using
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Kirchhoff’s laws and measured and modelled nanotube conductance and nan-
otube junction conductance, the electronic properties of individual model
channels can be estimated. A Monte Carlo approach to statistically charac-
terize outcomes shows the optimal channel dimensions and nanotube density
resulting in the most semiconducting devices; and models ensemble statistics
of the electrical properties of these thin films.

104.2.1

Figure 10.27 shows a birds eye view of a mixed-chirality network. We can
regard it as a system of percolating sticks. Here, the solid lines represent
metallic nanotubes and the dashed lines semiconducting nanotubes. The over-
lay shows possible subregions that would result from such dispersion on a
template. We know from fractal or percolation theories that an infinitely large
network of sticks will percolate at a threshold density of pr, = 4.262/37L§ or
higher. This value is about 0.64 nanotubes in 1 um?® for a random dispersion
of 3-zzm nanotubes. Channels are not infinite in extent, and local regions have
three possible connectivity classes as shown in Fig. 10.27. The first possibility
is that connectivity is broken, so that the device lacks a conducting path
from the one electrode to the other. If all the tubes are semiconducting, high
densities would solve this problem. But with mixed chirality, a high density
in which the fraction of metallic tubes will result in a device with metallic
properties. For the infinite extent channel, when the density of metallic CNTs
becomes 0.64 NTs/um?, the device will be metallic. The second possible
outcome is a channel that has a conducting path from one electrode to the
other exclusively with metallic tubes. The broken connectivity and the metallic

Model description
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Fig. 10.26 Partial conductance of the con-
stituent tubes of (a) a double-wall (10,
10)@(15, 15) nanotube and (b) a triple-wall
(5. 5)@(10, 10)@(15, 15) nanotube, Values
for the outermost (15, 15) tube are given
by the solid line, for the (10, 10) tube by
the dashed line, and for the innermost (5,
5) tube by the dotted line (from Sanvito, S.,
Kwon, Y.-K., Tomanek, D. and Lambert, C.J.
(2000) Phys. Rev. Leit. 84, 1974 ©2000 The
American Physical Society, reprinted in part
with permission).
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Fig. 10.27 Classification of the different chi-
rality of assembled SWNTs in channels.
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connectivity are undesired outcomes. What industry seeks are techniques for
creating semiconducting channels of nanotube networks. The third possible
outcome 1is a channel with at least one semiconducting nanotube along each
path of nanotubes connecting the two electrodes. Thus, there are three possible
classes of devices: not connected, metallic, and semiconducting. Our model
can be used to predict the likelihood of each class for a given set of processing
parameters.

A conceptual block diagram of our model is provided in Fig. 10.28. The
inputs to the model are the channel dimensions, fraction of metallic nanotubes,
and nanotube density. These are the parameters used to describe a single
channel or a single device. The number of trials for the Monte Carlo statistics is
also an input and specifies the number of such devices that will be modelled in
the simulation. As the model runs it accesses a database of nanotube properties.
The model outputs the probability distribution functions for each class. A bias
voltage can be specified to model /-V, curves for individual channels.

The program is modular and the database is flexible and extensible. Cur-
rently, there are nominal properties for nanotube conductivity operating at
room temperatures, in an ambient environment, and dispersed on a generic
substrate. The program is designed to allow the database to grow and include
nanotube properties including alternative algorithms for the dispersion statis-
tics (the position and orientation in the channel) that simulate bundling or other
dynamics; and nanotube properties that are environmentally active to address
questions of using the thin film as a sensor and modelling the sensor perfor-
mance or determining when a device might fail; and compare the performance
of different chirality mixtures on different substrates.

The central algorithm is shown in Fig. 10.29. First. a channel is modelled
by populating it with nanotubes. Internally, the orientation and classifica-
tion (defining properties) of each nanotube is maintained in a list. Next, the
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locations where nanotubes contact the electrodes and the nanotube junctions
in the channel are found. These locations are used to segment the nanotubes
into resistors and nodes. This equivalent circuit is analyzed to determine path
connectivity and assign a classification: broken, metallic, or semiconducting,
fo the device channel. The electronic properties are determined by solving the
equivalent circuit using WinSpice. Performing this sequence many times to
acquire statistics for the probability distribution functions of each class as a
function of density or other manufacturing variable.

10422  Monte carlo results

The probability distributions as functions of nanotube density are shown in
Fig. 10.30. The dashed lines represent the percentage of semiconducting nan-
otube networks as a function of CNT densities. Manufacturers want a high
probability of semiconducting nanotubes, and processing parameters that are
not too sensitive to variation. For example, the statistics ideally won’t change
significantly as the width, length or density changes. Optimally, the high
turnout of semiconducting networks will occur for a wide range of densities,
not within a narrow peak.

The probability distribution of not-connected networks resembles the
Fermi-Dirac distribution function starting with 100% not connecting, having
a nearly linearly slope near the 50% not connecting point, and ending with
100% connecting, shown with selid lines in Fig. 10.30. In percolation theory,
the percolation threshold characterizes the criteria at which a system will
percolate. But this applies generally to systems that are infinite in extent,
It is inconvenient to use a percolation threshold to characterize systems of
percolating sticks that are directional and finite in extent. A more convenient
metric for characterizing connectivity is the reference point at which 50% of
the channels percolate. When the channel width is held constant the py point
occurs at higher densities, as the channel length is increased.

When the channel length is held constant, the pg point occurs at lower den-
sity as the width increases. This result is counterintuitive at first glance, when

Fig. 10.28 Conceptual
describing our model.

block

diagram
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Fig. 10.29 Central algorithm of the model.

Probability Distributions
For different Classes.

IV Curves

considering percolation as a function of area. But the channel connectivity
imposes a directional connectivity. Consider two channels side by side. The
probability for both being unconnected follows the product rule, thus 75%
will have at least one of the two channels connecting at the single channel
oo density point. Thus, doubling the channel width substantially increases
the number of connecting devices. The final set in Fig. 10.30 illustrates the
sensitivity to small changes in chirality mix. Even a small change in the
fraction of metallic content can result in significantly more or fewer metallic
devices.

10.4.2.3  Nanotube network electronic properties

Our database currently focuses on four resistances for modelling the equivalent
circuit. First, measurements of metallic SWNT are length dependent and about
4kQ/pm (McEuen and Park 2004). The conductivity of the semiconducting
nanotubes is reported to be length dependent and dependent on the gate voltage
(Burke 2002; McEuen and Park 2004; Llani ef al. 2006). Nanotubes have been
found to have conductances that vary inversely as length and are proportional
to applied voltage (McEuen and Park 2004):

G = uCy (Vs — Vig) /L.

where Cg is the capacitance per unit length of the tube, Vo is the thresh-
old voltage, p is the mobility, and L is the tube length. Here, an array of
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Fig. 10.30 Probability distributions as functions of nanotube density with selected manufacturing parameters. The solid lines represent “not
connected” devices; the dashed lines show the probability of semiconducting devices at a given density, whereas the dash-dotted lines do this

for metallic devices.

values is generated to create an /-V curve, though the factor of capacitance
and mobility can vary significantly. Nanotube mobilities have been measured
from 1000-10 000 cm?/V s for CVD tubes, and recently a value as high as
200 000em?/V s has been reported for graphene (Bolotin ef al. 2008). The
electrical measurements were done on various junctions of crossed nanotubes
(Fuhrer et al. 2000) and modelled computationally (Yoon ef al. 2001). We used
anominal value of 40 kS2 but these are highly sensitive to pressure, so that the
network might be useful as an electromechanical sensor. Finally, we set the
contact resistance between a nanotube and an electrode to be 50 k€2.

The shape of the resulting {—V curves resembles those found experimentally
as shown in Fig. 10.31. We find similar orders of magnitude difference for
semiconducting and metallic networks, but the capacitance/mobility factor
could change the outcome significantly.

We have shown that nanotube networks exhibit excellent semiconducting
properties; and it is possible to produce hybrid nanodevices from mixed-
chirality nanotubes. We have developed a model for estimating the probability
of successful and defective semiconductors resulting from a set of manu-
facturing parameters. For example, over 90% of devices with 40 x 2 um?
channel dimension, of 1/3 metallic content, and p =4 NTs/ wm? will have
semiconducting properties.
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Fig. 10.31 /-V,

characteristic calculated

(left) and experimental measured one (right).

-9
(=]
o
o

g Lgngth=4 Hm g -
R Width=2 ym — [l
—— ) 4.0} ‘
c 3.0 ; 5
o Density=1 NT/ Hmz o %
‘5 Fraction Metallic=0.3333 5 3.0} [}
(&) Q
8 2.0 3 \
5 5 20p
A 3
= b £ 1.0t
S o
o (]

0.0 0.01

-4 -2 0 2 4 -2 0 2 4 6
Gate Voltage (V) Gate Voltage (V)

10.5 Conclusion

The self-assembly process has been a key strategy in building biological sys-
tems for billions of years. This process is now being used to assemble inorganic
nanostructures for large-scale functional devices. The self-assembly strategy
has been used for various device fabrication methods such as pen-writing,
printing, and directed assembly. The advanced fabrication strategy allows us
to pattern quite versatile materials such as organic molecules, nanoparticles
and nanowires, and it enabled the fabrication of functional devices such as
carbon-nanotube network-based transistors. Considering that most new nanos-
tructures are prepared in solution or powder form, the self-assembly strategy
is expected to play a key role in nanomanufacuring of hybrid devices based on
nanomaterials in the future.
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