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This review highlights the most significant advances of the nanofabrication techniques reported over the past
decade with a particular focus on the approaches tailored towards the fabrication of functional nano-devices.
The review is divided into two sections: top–down and bottom–up nanofabrication. Under the classification
of top–down, special attention is given to technical reports that demonstrate multi-directional patterning
capabilities less than or equal to 100 nm. These include recent advances in lithographic techniques, such as
optical, electron beam, soft, nanoimprint, scanning probe, and block copolymer lithography. Bottom–up
nanofabrication techniques—such as, atomic layer deposition, sol–gel nanofabrication, molecular self-
assembly, vapor-phase deposition and DNA-scaffolding for nanoelectronics—are also discussed. Specifically,
we describe advances in the fabrication of functional nanocomposites and graphene using chemical and
physical vapor deposition. Our aim is to provide a comprehensive platform for prominent nanofabrication
tools and techniques in order to facilitate the development of new or hybrid nanofabrication techniques
leading to novel and efficient functional nanostructured devices.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Nanofabrication involves processes and methods of constructing
engineered nanostructures and devices having minimum dimensions
lower than 100 nm. This technology is the basis for nearly every aspect
of nanomaterials research and development with a focus on their use
for complex multifunctional devices with applications spanning over a
wide technologicalfield fromenergy harvesting and storage, electronics,
sensing, medicine and human health care etc. The last decade has wit-
nessed the development of a variety of nanofabrication techniques ful-
filling high expectations surrounding nanotechnology and
nanofabrication [1–10]. This has facilitated unprecedented growth of
knowledge and thorough understanding of the characteristics specific
to many fascinating nanostructures, their properties related to a partic-
ular application, and the integration of engineered nanomaterials into
multifunctional devices.

Large-scale, commercial implementation of nanofabrication tech-
niques provide exciting opportunities for the unprecedented develop-
ment of information technologies and advanced micro and
nanoelectronic devices such as developing super-high-density micro-
processors and memory chips. Advances in nanofabrication techniques
are expected to lead to technological breakthroughs including storing
each data bit in a single atom that might even be able to represent a se-
quence of 8 bits processed as a single unit of information (known as a
byte). It is believed that future developments in novel nanofabrication-
based technologies will lead to advanced technology applications in
areas such as nano-medicine with a focus on individualized health
care, advanced functional materials with tunable properties, sensors,
surfaces with controlled properties and optics [1,2,6,11].

But in order for all these applications to become reality, the major
need is for the development of engineering nanofabrication approaches
that would allow almost with atomic precision the development or the
processing of materials with the desired structural, mechanical, optical,
magnetic or electronic properties. Given the large breadth of such appli-
cations, generally, the nanofabrication methods are divided into two
major categories: “top–down” and “bottom–up” methods according to
the processes involved in creating nanoscale structures. A top–down
approach corresponds to using nanofabrication tools that are controlled
by external experimental parameters to create nanoscaled structures/
functional devices with the desired shapes and characteristics starting
from larger dimensions and reducing them to the required values
[2,6]. On the other hand, bottom–up approaches seek to havemolecular
or atomic components built up into more complex nanoscale assem-
blies or directed self-assemblies based on complex mechanisms and
technologies [1]. Basically, this area of nanofabrication uses atoms or
small molecules as the building blocks of multi-level structures that
perform various operations and is extremely promising since it could
lead to nowaste or unusedmaterials. In this review, we describe prom-
inent top–down and bottom–up techniques for the fabrication of
nanostructures and devices that have been developed and reported in
the literature since 2000. This review compliments to the available re-
view articles on nanofabrication techniques. New nanofabrication
tools or combination of standard nanofabrication approaches may be
needed in the future research and development of new nanomaterials
including multicomponent nanomaterials. The aim of this review is to
provide a comprehensive platform on prominent top–down and bot-
tom–up nanofabrication techniques that may be useful to the re-
searchers seeking development of new or hybrid nanofabrication
techniques, particularly for the controlled fabrication of complex and
multicomponent nanomaterials that are needed for advanced function-
al applications. In addition to other techniques, we have attempted to
cover physical and chemical vapor phase deposition, and sol–gel meth-
od that can be used for the fabrication of complex and multicompnent
nanomaterials and nanostructures. Our discussions include nanofabri-
cation techniques that are used for fabrication of nanomaterials
and structures ≤100 nm either or both in horizontal and vertical
dimensions. Finally, we present a perspective on future directions of
nanofabrication and the technological implications of further advances
in nanofabrication techniques.

2. Top–down nanofabrication methods

Variousmethods of lithography are used in the top–down approach,
including serial and parallel techniques for patterning two-dimensional
nanoscale features [2,6]. In conventional lithography, required material
is usually protected by amask and the exposedmaterial is etched away.
Chemical etching using acids or mechanical etching using ultraviolet
light, X-rays, or electron beams is performed that determines the fea-
ture resolutions of the final product. Other top–down approaches in-
clude methods such as scanning probe lithography, nanoimprint
lithography and block co-polymer lithography, etc.

2.1. Optical lithography

The microelectronics industry frequently uses optical lithography
for patterning nanoscale features. Optical lithography techniques
were first introduced in the 1960's to fabricate integrated circuits
[2,6,12]. Conventional optical or photolithographic approaches use
light that is collimated through a quartz plate supporting a chromium
coating to create patterns on a surface [2]. The quartz plate which
serves as a mask is placed in contact or close proximity to the
resist-coated wafer [2]. The photoresist is an organic, light-sensitive
material that can be coated on semiconductor wafers. There are two
possible transformations that a photoresist polymer can undergo
upon exposure to light. If a positive photoresist material is illuminat-
ed, the exposed regions will present a higher solubility in the devel-
oping solutions. The photoresist that was exposed can then be
removed from the solution. A negative photoresist material becomes
cross-linked when exposed to light—and will be characterized by a
high solubility in the developing solution. After the interaction with
the developing solution, the areas that were not exposed to light
will be etched away. The remaining photoresist patterns will there-
fore protect the substrate from being removed and/or from the depo-
sition of additional materials. The photoresist can be removed after
the desired process is completed leaving behind the pattern design
on the substrate [2].

Conventional photolithography is a simple technique that makes
possible a resolution of about 1 μm using light of 400 nm [2,13]. To
achieve a better resolution, more advanced photolithography tech-
niques involve placing a mask at the focal plane and projecting onto
a photoresist coating [2]. In projection lithography, a lens is inserted
between the mask and the wafer in order to image the mask onto
the surface of the resist [2].

The most important parameter in optical projection lithography is
the lens' numerical aperture. The numerical aperture is defined as fol-
lows: NA=n sin (i) where n is the refraction index of the medium
through which light travels and i is the maximum angle of light col-
lected at the focal point [2,6]. Using the Rayleigh criterion, the mini-
mum distance that can be imaged by the lens in ideal lens and light
conditions is given by [2,6,13,14].

Lmin ¼ 0:61 � λ=NA

With the introduction of the k factor for real conditions, the for-
mula becomes:

Lmin ¼ k � λ=NA

With a k factor of around 0.3,λ=157 nmandNA=0.6, Lminb80 nm
is currently in production [6,13].

A large number of variations in the basic projection lithography
process exist. For example, the reticle can be modified in complex
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ways to allow the phase of the light to vary as it passes through lead-
ing to constructive and destructive interference at the focal plane,
allowing tighter lines and spaces, a process known as “phase shift li-
thography” [15]. The reticle can also be designed with complex
shapes that are a distorted version of the desired pattern, but interfer-
ences of the light with the mask, optical column, and wafer result in
the actual desired pattern, a process known as “optical proximity ef-
fect correction” [16]. Further, the light incident on the reticle can be
tilted off of the normal so that higher diffraction orders make it
through the column, which results in higher spatial resolution, a pro-
cess called “off-axis illumination” [17].

Other improvements include “immersion lithography”, in which
the space between the lens and the wafer is filled with water. Due
to the higher index of refraction, a higher numerical aperture, and
therefore a smaller feature pitch, is achieved [18]. Another recent im-
provement is called “double pattern” lithography in which a subset of
the final pattern is exposed and processed, followed by the exposure
of the remaining patterns in a subsequent process in order to com-
plete the pattern. This eliminates interference of very closely spaced
patterns on either exposure while taking advantage of the ability to
make very fine alignments [19]. Most recently, it has been shown
that the benefits of double patterning can be extended to b32 nm
logic using selective double pass patterning [20].

Naturally, the ultimate patterning density can be increased with de-
creasing illumination wavelength. In order to circumvent wavelength
limitations, current efforts are directed toward developing “extreme ul-
traviolet lithography” or “EUV” (which actually uses long wavelength
X-rays), where transmitted light reticles are replaced by reflected
lightmasks, and Bragg scattering frommultiple, nm-thick layers creates
the desired pattern [21]. EUV is under development by the semiconduc-
tor industry in the hopes of extending patterning resolution well be-
yond the current 32 nm node, but many problems are yet to be
overcome [22].

A new approach to photolithography called Resolution Augmenta-
tion through Photo-Induced Deactivation ‘RAPID’ was recently dem-
onstrated. Multi-photon absorption from a pulsed laser of 800 nm
excitation induces the cross-linking process within the structure of
a polymeric photoresist material. One photon absorption process of
an 800 nm light excitation simultaneously deactivates the photopoly-
merization (Fig. 1). The phase-shaping of the deactivation beam
therefore makes it possible to construct nanoscale features with scal-
able resolution, of as low as 40 nm [3]. Various two dimensional and
three dimensional morphologies with dimensions of a fraction of
the wavelength of the optical excitation employed may be created
by this method for applications in electronics, optics, and biomedical
devices [3,4].
Fig. 1. [a] A schematic illustration of the experimental setup for RAPID lithography. A pulsed e
larizing Beam Cube) are used in RAPID lithography [b] Luminescence images of the cubes of th
upper left image is 200 nm. The approximate centers of the focal regions are indicated by the lo
ciation for the Advancement of Science.
2.2. E-beam lithography

Electron beam (e-beam) lithography is a commonly used top–
down fabrication method to create various nanostructures and de-
vices [23]. E-beam lithography was originally developed for
manufacturing integrated circuits. The approach of e-beam lithogra-
phy includes creation of low-dimensional structures in the resist
that are subsequently transferred to the substrate material by etch-
ing. E-beam lithography is considered superior over conventional
photolithography. The advantage of e-beam lithography lies in the
fact that it overcomes the diffraction limit of light that helps create
features in the nanometer range. It is a mask-less form of lithography
and very popular in photomask-making for photolithography.

Typical e-beam lithography includes electron beamdirectwrite pro-
cess, where an electron beam of reduced dimensions is exposed directly
to the top surface of a resist-coatedmaterial. The technique involves the
2D scanning of an electron beam over the surface of a material that has
been previously covered with any type of electron-reactive resist.
Therefore, this is a relatively low throughput process. Compared to pho-
tolithography, for example, it has rather low productivity because it is a
serial process and often partially manual. As a result, the writing speed
and transfer rate for the design data are limited [24].

More advanced e-beam lithography includes electron projection
lithography. In electron projection lithography, a combination of
high precision masks and lens systems is used to expose a large
scale pattern onto a substrate coated with resist [26]. It is capable of
a huge penetration depth of electrons [25]. A 100 nm thick nitride
material is used as a mask in the projection lithography. The electron
optical system's rear focal plane contains an aperture that blocks the
highly scattered electrons. The trajectories of the electrons allowed to
pass through the membrane are only slightly altered and ultimately
create a high-contrast image on the wafer surface or substrate
[24,26]. The short wavelength and energy density of the electron
beam allows the fabrication of ultra-fine feature sizes. It has been
used to successfully fabricate many nanoscale devices [26]; including
10 nm thick read heads used in the magnetic recording applications.
E-beam lithography combined with hydrogen silsesquioxane (HSQ)-
based resist engineering has resulted in the ability to manufacture
and use nanoscaled thin-film heads for advanced magnetic recording
at densities of Terabit/square inch and higher [27].

A two-step technique for writing at the nanoscale has been devel-
oped by F. Bretagnol et al. [28]. The authors demonstrated the pro-
duction of patterns that are bio-adhesive in a non-bio-adhesive
substrate. The nanofabrication process is based on the combination
of plasma-based formation of a polyethylene oxide film that is used
for protein-repelling and the subsequent construction of nanoscale
xcitation beam and a phase-shaped, continuous wave (CW) deactivation beam (PBC: Po-
e excitation beam, the deactivation beam, and both beams together. The scale bar in the
ng white lines. Fig. reproduced from Ref. [3] with kind permission, © The American Asso-



Fig. 2. Schematic illustrations of the nanofabrication steps of bio-adhesive in a non-bio-
adhesive substrate using e-beam lithography (a) The deposition of non-bio-adhesive ma-
trix (PEO-like layer ~10 nm) onto the substrate by plasma polymerization of diethylene
glycol dimethyl ether. (b) Exposure of the PEO-like layer to the electron beam (EB) results
in the chemical modification and removal of the material. (c) Biomolecules get confined
inside the arrays as a result of incubation of the patterned surface in protein solution.
Fig. reproduced from Ref. [28] with kind permission, © Institute of Physics Publishing Ltd.
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large bio-adhesive patterns by electron beam lithography that alters
the concentration of the ether bonds of the coating within the matrix
[28]. Fig. 2 illustrates schematically this fabrication and controlled
writing process.

Most recently, arrays of vertically oriented gold and copper nanopil-
lars with diameters down to 25 nm based on patterning polymethyl-
methacrylate were created by e-beam lithography. Fig. 3 shows SEM
images of the prepared Au nanopillars by e-beam lithography [29].
Such nanopillars could find excellent applications in field emission ap-
plications, sensing, energy harvesting/conversion, or nanomedicine.
The key element is to have the ability of controlling their structural
morphologies such that it would match certain applications.

2.3. Soft lithography

Soft lithography has been developed as an alternative for photoli-
thography [30–40]. The soft lithography method is used to transfer a
thin, molecular pattern onto a surface. The main advantage of soft li-
thography is that it does not require expensive clean room processing
Fig. 3. SEM images of Au nanopillars prepared for compression tests with diameters of 25, 50
permission, © American Chemical Society.
steps once the reusable mold is developed; this method also makes it
possible to transfer wet layers more readily than would be possible
using other techniques. This approach usually employs the use of a mi-
croscale replica that can be generated by the controlled molding of a
specific polymer, such as poly(dimethyl siloxane) (PDMS) [41]. Micro-
stamping, stencil patterning, and microfluidic patterning are the three
main soft lithography processes. In microstamping, the molecules
(e.g., peptides, proteins, polysaccharides) are positioned onto the
stamp surface and subsequently transferred to another surface, thereby
producing a self-assembledmonolayer (SAM) [41]. Themicrocontact or
microstamp printing is advantageous because it allows the single step
formation of large scale patterns. Another advantage is the flexibility
of these stamps. They can be used in a desired shape to fit any surface
topography.

Microstamp printing has been employed to fabricate magnetic
nanostructures to study vortex-single domain transition in Co nanodots
(~100 nm) [42]. In another application, a single protein array was de-
posited with 80-nm resolution by using a PDMS stamp that presented
a high Young's modulus [43]. Microfluidic patterning uses a PDMS
mold to form microsized channels on the surface of a substrate which
can then further be employed to deposit fluid materials [2,41]. Micro-
fluidic patterning was successfully used for the controlled deposition
of cells for various applications involving tissue-engineering [41].

An alternative approach to soft lithography without using PDMS
has been proposed by Y.S. Kim et al. [44]. The authors employed a
mold made from a UV-curable polyurethane acrylate. For the soft-
molding, a water-soluble sulfonated polystyrene (SPS) was used. In
addition, multilayer deposition was performed to generate an addi-
tional adhesion-promotion layer between the polymeric layer and
the surface of the substrate [44]. This approach overcomes the limita-
tions of the PDMS-based soft lithography, such as the lateral mold col-
lapse of PDMS that makes it difficult to generate high-density arrayed
nanostructures. The soft lithography without using PDMS allows pat-
tern transfer of highly ordered polymeric nanostructures (80 nm
width°×°400 nm height) on different substrates including glass and
flexible films of polymers [44].

2.4. Nanoimprint lithography

Nanoimprint lithography is an important top–down lithographic
method for advanced nanostructure fabrication. This nanofabrication
method is capable of high-throughput patterning of nanostructures
with high resolution. Nanoimprint lithography is usually based on the
mechanical embossing principle. The method can be employed to gen-
erate patterns with superior resolutions than conventional lithographic
techniques that are limited by either beam scattering or light diffrac-
tion. Uniform mechanical deformation of the materials that are used
as resists generates the replica of the initial pattern. Hence, the
, and 100 nm prepared by e-beam lithography. Fig. reproduced from Ref. [29] with kind

image of Fig.�2
image of Fig.�3


Fig. 4. Process flow for imprint patterning of hard disk substrates. Fig. reproduced from
Ref. [4] with kind permission, © American Vacuum Society.
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approach allows to overcome limitations related to resolution caused
by the diffraction or scattering of the beam. The resist material usually
consists of either a heat or UV exposure curablemonomer or a polymer-
ic material. The adhesion of the resist with the template can be con-
trolled by choosing the desired properties of the resist [45]. Imprint
lithography involves a 3D patterning process in which vertically ar-
ranged topographic layers are used to construct the molds. A broad
range of materials with various properties can be used.

Nanoimprint lithography methods can be classified into three cate-
gories: They are thermoplastic, photo, and electrochemical nanoim-
prints methods. The method of thermoplastic lithography, the earliest
form of nanoimprint lithography, was originally developed by S. Chou's
group at Princeton University [46]. The original process involved depo-
sition of a fine film of a thermoplastic polymer (imprint resist) by spin
coating onto the surface of the sample. This was followed by pressing
together a mold with prefabricated 3D patterns with the sample
under a certain pressure. Subsequent heating above the polymer's
glass transition point resulted in the formation of the pattern of the
mold in the softened polymeric film. A post thermal cooling process in-
volved the removal of original mold from the surface of the sample,
while keeping the pattern resist on the substrate [46]. Reactive ion etch-
ing is usually performed to carry out the pattern-transfer process to the
substrate,

Photo nanoimprint lithography involves coating of the sample sur-
face with a UV-curable liquid resist. This is followed by the process of
pressing an optically transparent mold into the substrate and the
Fig. 5. (a) Schematic illustration of the fabrication of nanofluidic channel that uses a temp
enclosed channels. (b) A typical SEM micrograph of imprinted nanofluidic channels with
103 kb long T5 phage DNA in the nanochannels reaching about 95% (scale bar 50 μm). Fig.
subsequent solidification of the resist under UV radiation. Electrochem-
ical nanoimprinting is another approach that uses a stamp fabricated
from a superionic conductor (silver sulfide). The process involves an ap-
plied voltage that initiates electrochemical etchingwhen the stamp is in
contact with the metal surface. Subsequent formation of metal ions get
transferred from the film to the stamp [47].

During the last few years, there has been significant growth in liter-
ature describing various nanostructure and device fabrication processes
using nanoimprint lithography [48–79].Monolayers ofmolecular rotax-
anes sandwiched between metal electrodes have been used to form
molecular-electronic devices at the nanoscale by using nanoimprint li-
thography [41]. Current–voltage behavior presenting elevated on-off
ratios alongwith reversible switching characteristics has been reported
for these devices, which could therefore act as basic components for the
next-generation electronic circuits [80].

Recently, a step-and-flash imprint lithography (SFIL) approach
has been reported for the patterning of magnetic substrates [4]. The
ever-expanding need for memory storage devices with higher storage
density and capability is primarily responsible for the shift towards
patterned media hard disks. If patterning of the magnetic domain
boundaries can be achieved, the practical limitations of the superpar-
amagnetic effect of magnetic grains (thermal switching of magnetiza-
tion) could be avoided. Patterned-based magnetic hard disks could be
intensively used since they could provide data storage of densities ex-
ceeding 1012bits/in2 (1 Tbit/in2). However, such a shift in the storage
technology will require lithography of extremely high resolution and
precision, as well as very low cost to make such devices marketable
[4].

In SFIL lithography, a photocurable pre-polymer solution is used to
replicate the topography of a rigid mold. A hard disk can be patterned
using SFIL lithography in the same way it is done in semiconductor
device fabrication [4]. Fig. 4 shows the process for the patterning of
hard disk surfaces. The imprint patterning process flow involves de-
position of a liquid acrylate resist by an ink-jet printing process
onto the surface of the substrate. The next step involves lowering
the template to the point at which there is contact with the resist.
Capillarity will cause the resist to flow and fill the volumes between
the substrate and the morphologies of the template which will poly-
merize under UV irradiation (Fig. 4) [4].

The patterned media process expanded into large scale
manufacturing opens the possibility of achieving hard disk storage
devices with a storage superior to 1 Tbit/in2 [4].

Another application of nanoimprint lithography is in the area of
nanofluidics [81–84] that involves the understanding of complex mo-
lecular fluid behavior in small sizes, along with molecular detection
down to a single molecule [85]. The approach is based on the interac-
tion and transportation of various biological molecules, such as
single- or double-stranded DNA, proteins, with nanosized channels
(~50 nm). This is a promising approach for the high sensitivity detec-
tion and understanding of the possible interactions between various
molecules [45,86,87].
late mold for imprinting. This results in a thin polymer layer leaving unfilled and self-
cross sections of 75 nm×120 nm. (c) Fluorescent images showing the stretching of
reproduced from Ref. [45] with kind permission, © Institute of Physics Publishing Ltd.

image of Fig.�5
image of Fig.�4


Fig. 6. (a) Schematic illustration of the fabrication process for long-range plasmonic waveguides. A silicon stamp (fabricated via electron-beam lithography and etching) is pressed
into the nanoimprinted lithography resist, which is spun on a silicon substrate. This is followed by thermal nanoimprint and separation. Strip waveguides are subsequently created
via UV-lithography, gold deposition and lift-off process. Inset figures on the (a) part show the transverse cross-section of the patterned waveguide. Typical atomic force microscope
(AFM) images (horizontal axes in micrometer) of (b) silicon stamp with the grating with a ridge height ~27 nm and (c) shows an imprinted grating with period 514 nm and pro-
trusion depth 28 nm. The inset figure on the (c) part shows a top view of an AFM image of the 8 μm-wide metal stripe deposited on the nanoimprint molded polymer surface. Fig.
reproduced from Ref. [91] with kind permission, © Institute of Physics Publishing Ltd.
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A simple method to fabricate nanofluidic channels of controllable
channel diameter and height was developed by using a modified im-
printing technique [88,89]. The process involves the use of a thin film
of a polymer during the imprinting process. An enclosed nanoscale
channel structures is formed by the polymer that does not entirely
cover the asperities of the mold (Fig. 5(a)) [45]. L. J. Guo et al. have
demonstrated a biological application by introducing DNA strands in
such nanotubular structures [45]. An over 90% stretch was reported
to take place in the nanosized channels having a section size of
~120 nm×75 nm (Fig. 5(b) and (c)). This work demonstrated that
the nanodimensional channels are excellent systems to study both
Fig. 7. (a) Schematic illustration of the natural self-assembly of diblock-copolymer thin
films that results in un-defined patterns (light purple color corresponds to the majority
block-copolymer phase and brown color corresponds to the minority block-copolymer
phase). (b) Sparse template represents an array of posts prepared by electron-beam pat-
terning of an inorganic resist (dark purple color) that generates highly organized and
asymmetric patterns. Fig. reproduced from Ref. [93] with kind permission, © Nature
Publishing Group.
the static and the dynamic behavior of DNA molecules in confined
spaces. The applications that were mentioned included the possible
extremely fast (minutes) mapping of various genomic DNA segments
[86,88,79,89].

In addition, the fabrication by nano-imprint mold fabrication of
extremely long (over 1.5 cm) fluidic channels of uniform diameters
(11–50 nm) could be promising for highly sensitive biochemical
sensors [90].

Nanoimprint lithography has been used for the fabrication of nano-
scale optical devices and components. Plasmonic component fabrica-
tion for advanced optical devices has been achieved by nanoimprint
lithography [91]. Plasmonic nanomaterials with different surface plas-
mon modes (i.e., propagating or localized) are promising candidates
for nanophotonic components [91]. Nanoimprint in combination with
photolithographyhas been employed to fabricate long-range plasmonic
waveguides for ultracompact nanophotonic components (Fig. 6) [92].

The combination of nanoimprint and photolithography processes
includes the pressing of a silicon stamp made by electron beam li-
thography into the nanoimprint lithography resist spun on a silicon
substrate. This leads to the fabrication of plasmonic strip waveguides
using a standard UV-lithography process, gold deposition, and lift-off
(Fig. 6) [92].
2.5. Block copolymer lithography

Block copolymer lithography involves a combination of bottom–

up self-assembly and top–down lithographic processes. The self-
assembly of block copolymers is represented by two polymeric chains
linked together. The self-assembly of thin films of block copolymers
can result in domains with high periodicity (10 nm within a template
or highly elaborate patterns [93–110]. Topographically or chemically
patterned templates are used to control the orientation and
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Fig. 8. Schematic representations of approaches to SPL and the nanometer-scale features produced. Fig. reproduced from Ref. [2] with kind permission, © American Chemical
Society.
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placement of block-copolymer domains. Recent research has shown
that, by accurately controlling properties such as the functionality or
the molecular weight of the block copolymers, pattern generation
can be achieved via molecular engineering. According to J. Poelma
and C. Hawker [93], using a combination of molecular interactions
and topology, advanced surface chemistry processes, and structural
control, it may be possible to fabricate and to design defect-free
structures formed of sub-10-nm morphologies with various dimen-
sions and geometries [111-114]. For example, an organization of
nanoscaled structures was created by electron-beam patterning
using the molecular weight of an inorganic resist to control the
block copolymer domain sizes [115]. The ability to create 20 nm
structures which could be rotated by 90° with superb registration
and almost no defects has also been demonstrated [93]. Fig. 7

image of Fig.�8


Fig. 9. An AFM image of a single trench, fwhm=30 nm, etched into gold using a com-
bination of SNP and the MEA etch. A 9 nm wide structure runs between the asterisks.
Fig. reproduced from Ref. [164] with kind permission, © American Chemical Society.
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illustrates schematically how directed template self-assembly can be
generated using electron beam patterns.

2.6. Scanning probe lithography

In scanning probe lithography (SPL), several techniques including
scanning tunneling microscopy (STM), atomic force microscope
(AFM), or near-field scanning optical microscopy (NSOM) may be
employed to pattern nanometer-scale features. Scanning probe lithog-
raphy allows manipulation at the molecular level and in parallel
for the mapping of surface topography with atomic resolution
[2,5–8,116–140].

SPL techniques such as AFM, STM, and NSOM are commercially
available tools for nanofabrication. They are capable of nanoscale regis-
tration. The process of SPL involves deposition of molecules onto vari-
ous surfaces in a certain arrangement and their imaging usually by a
serial patterning method. However, it is a low throughput process. Fur-
ther development of these tools could pave theway for patterning large
areas in manufacturing. One established SPL approach is dip-pen nano-
lithography (DPN), which involves depositing nanoparticles or mole-
cules, selectively, onto a surface [2,5,141]. Fig. 8 shows a variety of
nanostructural patterning using SPL techniques. For example, Fig. 8A
and B shows the accomplished precise positioning of a large number
of Fe atoms by using an STM tip [142,143]. The DPN process involves
the use of one or several AFM tips that have been previously immersed
in the solution containing the molecules that are to be transferred onto
a surface. The lithography is accomplished by the transfer of the mate-
rial present on the surface of the AFM tip to another surface by following
a predefinedpattern constructedwith the scanning tip (Fig. 8C) [2]. This
method allows the pattering of lateral features with dimensions of
around 50 nm [6]. DPN has been used to patternmolecules that include
self-assembled monolayers (SAMs) for binding oligonucelotides, pro-
teins, and viruses [2,119–121,141,144–147]. SPL can also be used to re-
move previously deposited structures on a surface by force-induced
patterning [2,147,131,132,148–150] (Fig. 8D). In a process referred to
as “nano-shaving”, an AFM tip placed in contact with the surface is
used to successfully remove SAMs (Fig. 10E) in a well-defined pattern
(Fig. 8F) [2,131,151].

SPL can be employed for the chemical modification of a surface
[152]. For example, the possibility of localized controlled oxidation
of a material surface has been demonstrated by accurately scanning
an electrically conductive AFM or STM tip over the surface (Fig. 8G)
[2,150,152]. It is based on an applied electric potential between the
AFM tip and the surface that results in the localized surface oxidation.
This allows the generation of 50-nm wide features. It has been shown
that more advanced patterning approaches based on AFM tips with a
carbon nanotube probe could further decrease the width of the pat-
terned lines down to 10 nm of SiO2 on silicon hydride surfaces
(Fig. 8H) [2,153].

The approach based on simultaneouswriting patternswithmultiple
probes has been demonstrated for swift and parallel patterning of
nanostructures for large-volume production [2,154–157]. Other devel-
opments include electric-field-induced scanning probe lithography
through anodization stamping [158] using novel multifunctional tips
that are more wear-resistant and can carry more ink for massively par-
allel nanofabrication by DPN [141,159] or using fluorocarbon resist to
fabricate features as small as 27 nm on 100-μm2 areas within seconds
[160]. The time-consuming parallelization and scanning can be possibly
improved by a novel type of plasmonic nanolithography process. This
promising technique can increase by two to five orders of magnitude
the final throughput as compared to what is currently possible using
parallel SPL or e-beam lithography [161].

Employing scanning near-field optical lithography (SNOL) or scan-
ning near-field photolithography (SNP) can help circumvent the dif-
fraction limit faced by conventional photolithography [140,162]. The
approach employs a scanning near-field optical microscope (SNOM),
where the sample is irradiated by UV through a small (~50 nm) aper-
ture in the near-field regime (10–15 nm) [163]. This results in the sam-
ple's exposure to non-diffracting, evanescent light emerging from the
aperture that induces photo-exposure on the nanometer scale. Such se-
lectively photo-oxidized adsorbates enable the fabrication of structures
significantly smaller than the conventional diffraction limit [163]. Com-
bining SNPwith amild etching solution (mercaptoethylamine ‘MEA’), it
is possible to fabricate a trench with a resolution of l/30 (9 nm) in gold
(Fig. 9) [164]. It also photochemically converts the surface chemistry of
chloromethylphenylsiloxane (chlorine terminated) to a carboxylic acid
[162,164].

An extension of the SNOM technique is an apertureless scanning
near-field optical microscopy (aSNOM) [163,164]. In aSNOM, large,
localized light intensities are achieved by local enhancement of far-
field light through a nanometer-sized, pointed probe [165]. The tech-
nique aSNOM offers a significant increase in the optical resolution
(~20 to 50 nm) over other photolithographic approaches. However,
it is a relatively technically demanding technique [163].

A combination of SPL and either wet chemical or reactive ion etch-
ing has been developed. The method has been applied as a route for
the construction of nanoimprinting molds [166]. The process employs
local oxidation using AFM tips and the selective etching of Si while
using SiO2 nanopatterns as masks. Since this approach avoids the dif-
fraction consequences of UV lithography, an extremely high resolu-
tion can be obtained at the end of the process [166]. Furthermore, I.
Choi et al., have reported that combining SPL with wet chemical etch-
ing could lead to the fabrication of hierarchical silicon [167]. Hierar-
chical nano-terraced structures were obtained using controlled
probe oxidation followed by silicon wet chemical etching by employ-
ing predesigned fabrication schemes [167].
3. Bottom–up nanofabrication methods

Self-organizing functional systems and devices are the ultimate
aim of bottom–up fabrication. Bottom–up nanofabrication ap-
proaches are related to the construction of multifunctional nanostruc-
tural materials and devices by the self-assembly of atoms or
molecules. This methodology has the potential of generating func-
tional multi-component devices by the controlled assembly of
atoms and molecules, without waste or the need for making or elim-
inating parts of the final system. Some major technological challenges
still remain to be solved, which include the surface preparation and
conditioning for the controlled deposition of the atoms, control of im-
purities and site uniformity, quality of the reactants, etc. Some of the
most prominent bottom–up nanofabrication methods are described
in this section.
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Fig. 10. Schematic illustration of the growth process of ALD. Initially, a monolayer of
precursor molecules is formed on the substrate (Step 1). Inert gas purging then
removes the excess of precursor 1 (Step 2). The added precursor 2 reacts with precur-
sor 1 and forms a layer of the desired material (Step 3). Purging removes the excess of
precursor 2 and reaction by-products (Step 4). The desired thickness is achieved by re-
peating the process. Fig. reproduced from Ref. [175] with kind permission, © Elsevier.
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3.1. Atomic layer deposition

Atomic layer epitaxy (ALE) or atomic layer deposition (ALD) tech-
nique was first developed by Suntola and Antson [168]. Recently, ALD
has emerged as a major potential technology for the processing and
surface engineering of highly complex nanomaterials. The major ad-
vantages of using ALD include the excellent ability to control the
thickness of the deposited layer which enables new approaches to
modify the physico-chemical surface properties of the nanosized ma-
terials and provide opportunities for new synthesis routes to novel
Fig. 11. (a) Schematic depiction of two different TiO2 nanostructures obtained by the ALD p
ticles templated by apoferritin. Fig. reproduced from Ref. [182] with kind permission, © Am
nanostructures and devices [168–175]. ALD is based on sequential
self-terminating surface reactions of gaseous precursors producing
extremely thin, high-quality, conformal films with thickness control
on the atomic level. Fig. 10 illustrates the operation of ALD [175].

ALD can be used to produce core-shell nanostructures. It has prov-
en to be an effective nanofabrication technique for generating core-
shell and shell-hollowed nanomorphologies with the desired proper-
ties. For example, ALD allows controlled synthesis of crystalline
surface morphologies of core-shell nanoscale complex structures
that may provide enhanced properties sought after in many applica-
tions including chemical nanoreactors, enhanced emission, controlled
drug delivery, optical transmission, etc. [174,175]. Using ALD, a crys-
talline ZnO-Al2O3 core-shell nanowire structure was fabricated at a
low temperature (100 °C) [176]. SnO2-ZnO core-shell nanofibers
were synthesized via a two-step process of electrospinning and ALD
for gas-sensing applications [177]. In another work, a highly control-
lable two-step approach that combined the thermal evaporation of
Bi2O3 with the ALD of ZnO was employed to produce Bi2O3-core/
ZnO-shell nanostructures with highly uniform film thicknesses [178].

ALD has been applied to produce nanoengineered materials for
drug delivery scaffolds. The properties of noncytotoxicity, chemical
stability, and easy and versatile surface-functionalization of TiO2

make it a promising candidate as a delivery scaffold for drugs and im-
aging agents [179-181]. However, to be able to act as an efficient de-
livery scaffold, nanoengineering of the TiO2 scaffold surface is
required to offer a means to enhance the drug delivery efficiency
and imaging agents. In a recent work, controlled ALD was employed
to produce a nanostructured TiO2 scaffold surface using a spherically
shaped protein cage (apoferritin) as template. The joint effects of the
thermal action coupled with the osmotic dehydration were found to
provide a highly uniform deposition on the outer and inner surfaces
of apoferritin, leading to both hollow and core-shell nanoparticles
depending upon experimental conditions (Fig. 11) [182].

ALD has also been employed for mass production of one-
dimensional (1D) nanostructures. They are primarily produced by
using highly porous materials such as aerogel or anodized aluminum
rocess. Typical bright-field TEM images of (b) hollow shell and (c) core-shell nanopar-
erican Chemical Society.
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oxide (AAO). Materials with 1D characteristics can be obtained by
ALD by completely filling the holes of such porous materials with var-
ious aspect ratios. This approach can be extended to a large variety of
materials, such as metals, semiconductors, or oxides, to produce 1D
structures with excellent conformity and gap-fill abilities [175].

Among other porous materials, AAO with high aspect ratio nano-
holes or nanopores has been widely used as a nanotemplate for nano-
fabrication of 1D nanostructures by ALD. Recent examples include the
fabrication of catalytically active membranes through the deposition
by ALD of AAO and Al2O3 to lower the nanoholes' size to 10 nm, fol-
lowed by the successive deposition of V2O5/H2O2 that act as the cata-
lytically active system [183], the formation of photoanodes of high
efficiency by coating ZnO over AAO membranes through ALD, and/
or the controlled positioning of ZnO and V2O5 stripes [184,185].
Other applications include the deposition of nano TiO2 photocatalysis
on AAO membranes or Ni nanowires [186], stand alone ZnO–ZnS
core-shell nanotubes or TiO2 nanotubes [187,188], deposition of fer-
romagnetic nanotubes made out of Co and Ni in AAO [189], Fe3O4

nanotubes with high coercive magnetic fields for high-density data
storage applications [190], ZnO nanorods with enhanced field emis-
sion characteristics [191] , ALD SiO2 using AAO/Si [192], and fabrica-
tion of Ru nanostructures using ALD of Ru [193]. Porous
nanocomposite materials have also been fabricated by ALD using a
coating of aerogels. For example, by using very thin Al2O3 ALD films,
ALD ZnO was deposited on a silica aerogel monolith [194], metallic
nanoporous structures using ALD W on carbon, alumina and Germa-
nia aerogels [195,196], and also nanoparticles of Ru deposited on
the aerogel surface [175,197].

The use of ALD along with different self-assembly processes and
structures is a promising approach to create arrays of nanostructures
of high periodicity without using expensive lithography approaches
[175,198]. Self-assembling diblock copolymers have been used in
combination with ALD to fabricate metal oxide capacitors with en-
hanced storage ability [199], hollow inorganic nanospheres and nano-
tubes on nanosize polymer units [200], Polystyrene (PS) with
embedded Ag nanostructures as plasmon resonance sensors [201],
and a nanobowl array using (PS) nanospheres and low temperature
TiO2 ALD [175,201]. Other examples of nanofabrication using com-
bined ALD and self-assembly are the construction of inverse opal pho-
tonic crystals [175,202–210] and self-assembled monolayer-based
nanofabrications [211-227].
Fig. 12. SEM images of the NiAl–LDH/paper film obtained at (a) low magnification and (b)
and (d) high magnification. Fig. reproduced from Ref. [240] with kind permission, © The Ro
ALD has also been demonstrated for nanoscale device fabrication
[175,228]. Interesting examples are the processing of ultra thin pho-
tovoltaic devices in which p-type CuInS2 was introduced inside the
porous structure of the n-type TiO2 [170,229], [297], functionalization
of single-walled carbon nanotubes by DNA used for the improved
growth of HfO2 oxides by ALD [230], high-mobility, field-effect tran-
sistors (FET) and FETs with 1D channel materials [231–234], non-
volatile memory devices [235-238] etc.

3.2. Sol–gel nanofabrication

Sol–gel processing has been widely implemented for the fabrica-
tion of nanostructured functional metal oxide materials and alloys.
Compared to physical, chemical, and plasma deposition techniques,
sol–gel processing is very cost-effective. The sol–gel process relies
on a combination of primarily metal precursors in solution and depo-
sition of the precursors on suitable substrates and subsequent heat
treatment to cause oxidation and/or sintering of the final products.
Recently, much interest has been focused on the sol–gel synthesis of
materials based on the hydrolysis and condensation of molecular pre-
cursors for the growth of a wide range of inorganic materials. Sandh-
age and co-workers [239] have reported a continuous nanocrystalline
rutile TiO2-based coating on butterfly templates by the sol–gel tech-
nique. The replica retains both the macro- and microstructure of the
organic tissue. Therefore, the preparation principle through sol–gel
synthesis of inorganic materials inspires us to accept the challenge
of constructing layered double hydroxides (LDHs). LDHs, also well-
known as hydrotalcite-like compounds or anionic clays, are inorganic
layered materials that are extremely interesting due to their possible
applications in catalysis, adsorption, separation, sensors, electro-
chemistry, and bionanotechnology. Their general formula is
expressed by [MII

1− xMIII
x(OH)2](An−)x/n·mH2O (MII divalent and

MIII trivalent metals, respectively, An− n-valent anion). Zhao et al.
fabricated hierarchical films of layered double hydroxides by using a
sol–gel process and tested their high adaptability in water treatment
[240]. Fig. 12 shows the nanostructured coatings of NiAl–LDH on ordi-
nary copier paper.

They also demonstrated that these metal(II)Aluminum LDH alloy
films with various morphologies and hierarchical structures show
strong adsorption capability for dye molecules (sulforhodamine B
and Congo red) and Cr(VI) ion in water. Therefore, sol–gel
high magnification. SEM images of The MgAl–LDH/paper film at (c) low magnification
yal Society of Chemistry.
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Fig. 13. Spin coating of (a) 1.5, (b) 20, (c) 30, and (d) 50 wt.% DTS solution on top of the second layer of SiO2 particles. Fig. reproduced from Ref. [243] with kind permission, © American
Chemical Society.
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synthesized nanostructured thin films of metal alloys offer new pos-
sibilities for the rational design and fabrication of hierarchical LDH
films, which could potentially be applied in the fields of catalysts, ad-
sorbents, and membrane separation.

Another common application of sol–gel nanostructured thin films
is the utilization of nanoparticles such as silica generated by the sol–
gel process to form highly liquid repellent (superhydrophobic) sur-
faces and films. For this method, in general, there are two routes to
construct the superhydrophobic surface. One is to create a rough
Fig. 14. Sol–gel technique for the fabrication of well-organized hierarchical SnO2 structures w
the biomorphic SnO2: (a and d) 30–40 nm for SnO2-1, (b and e) 60–80 nm for SnO2-2, and
© Elsevier.
surface by aggregation or assembly of the silica particles through
dip coating, spin coating, spraying, or layer-by-layer technique fol-
lowed by chemical surface modification [241]. The other is to produce
the hydrophobic silica or silica composite nanoparticles during the
sol–gel process by adding alkylsilane or fluoroalkylsilane reagents,
followed by dip coating, spin coating, or spraying to create the surface
roughness [241,242]. An alternative procedure has been recently pro-
posed [243] to construct a superhydrophobic surface on polydi-
methylsiloxane (PDMS), i.e., a vapor–liquid sol–gel process in
ith controlled wall dimensions. Field emission scanning electron microscope images of
(c and f) 90–110 nm for SnO2-3. Fig. reproduced from Ref. [247] with kind permission,
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Fig. 16. X-ray diffraction patterns of the samples: a V2O5 xerogel and b calcined mesos-
tructured V2O5. Fig. reproduced from Ref. [248] with kind permission, © Springer.
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conjunction with spin coating. Spin coating of the reactant is per-
formed prior to the vapor–liquid sol–gel process, during which the
reaction takes place directly at the surface of the PDMS substrate in-
stead of occurring in the bulk solution as in the conventional sol–gel
process. By forming two layers of SiO2 particles and spin coating the
dodecyltrichlorosilane (DTS) solution, a superhydrophobic surface is
obtained on the PDMS substrate as shown in Fig. 13. Superhydropho-
bic coating technology has the potential of being scaled up and to be
used for the generation of surfaces with tunable surface energies that
could mitigate water deposition and ice formation. This task is still
extremely challenging given the fact that up to date there is still no
universally accepted solution for the mitigation of ice formation and
buildup with major economic implications. The complete solution re-
quires a combination of nano andmicro-scaled roughness with the al-
teration of the surface energy of the substrate.

By forming two layers of SiO2 particles via vapor–liquid sol–gel
process in conjunction with spin-coating of 50 wt.% or more DTS solu-
tion, a complete coverage of the wrinkle-like structure on the PDMS
surface was obtained, rendering the surface superhydrophobic with
a 162° static contact angle, less than 5° contact angle hysteresis, and
2° sliding angle. Two layers of SiO2 particles are required to allow
the hydrophobic oligomeric siloxane to form the wrinkle-like struc-
ture when spin coating the DTS solution at a concentration larger
than 30 wt.%. With such a technique, various substrates bonded to
the modified PDMS can render themselves superhydrophobic which
could have unique biomedical applications [243].

Similarly, nanostructured metal oxides can be fabricated using
biomimetic sol–gel routes for novel gas sensors. For example, SnO2

with the wide bandgap of 3.62 eV is an intensively studied semicon-
ducting metal oxide (n-type) with significant gas-sensing applica-
tions [244]. Sandhage and co-workers have previously presented
interesting data showing that silica coated with either silicon or
SnO2 andwhich presents 3D hierarchical porosities of diatoms has su-
perb NO detection capabilities [245].
Fig. 15. (a and b) Real-time sensing responses and (c and d) response variations of the sens
tively. Fig. reproduced from Ref. [247] with kind permission, © Elsevier.
Ordered macroporous SnO2 structures with various pore sizes and
opal/inverse opal type, as well as controllable necking, have been fabri-
cated. Furthermore, the 3D hierarchical arrangement is an important
characteristic for gas sensing applications [246]. Since most butterfly
wings have excellent 3D hierarchical porous architectures, Song et al.
[247] used them as templates for the SnO2 fabrication replicas with
highly adjustable wall thickness and morphologies (Fig. 14) [247].

The wall thickness can be easily adjusted by varying the overall
concentration levels of the impregnants or the length of the immer-
sion process. Given the ability to control the size of the grains as
well as the organization of the porous 3D hierarchies, biomorphic
SnO2 has excellent sensing properties for ethanol and formaldehyde
as shown by Song et al. [247]. Most noticeably, the sensing response
of the SnO2 nanostructures increased when the thickness of the
walls decreased (Fig. 15) [247].

Sol–gel technologies also offer very unique opportunities for the syn-
thesis of new classes of energy storage materials and alloys. The vanadi-
um pentoxide xerogel (V2O5·nH2O) matrix, for example, has been
ors to ethanol (170 °C) and formaldehyde (210 °C) of different concentrations, respec-
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investigated as a host material [248]. V2O5·nH2O has excellent electro-
chemical properties and both ionic-electronic conduction. The V2O5

films have been employed because they have the ability to release or to
store significant levels of energy during Li+ intercalation/deintercalation
in lithium-ion batteries. Furthermore, it is possible to produce highly po-
rous V2O5 by sol–gel routes. The large surface area of porous V2O5 films
allows effective penetration of the electrolyte in its structure. Such a pro-
cess can enhance the kinetic performance of the batteries by reducing the
ionic paths. E. Guerra et al. successfully prepared porous gel vanadium
pentoxide (V2O5nH2O) by using sodium metavanadate (NaVO3, 99%)
and the ion-exchange approach [248].

Fig. 16 shows the X-ray diffraction spectra of the V2O5nH2O gel
structures and of the calcined mesostructured V2O5. The diffraction
patterns of the V2O5 materials have rather broad peaks, indicating a
low crystallinity, but with the V2O5 xerogel presenting a higher crys-
tallinity in comparison with the calcined V2O5. Fig. 19 presents SEM
analysis of the V2O5 xerogel and the calcined mesostructured V2O5,
indicating the surface morphological changes that took place in
these samples. The hydrated vanadium pentoxide structures
(Fig. 17a) show the presence of a randomly oriented network of inter-
connected chains. However, the calcined mesostructured V2O5

(Fig. 17 b, c) shows a highly porous surface, characteristic of the
mesoporous materials. This type of structure enables ion impregna-
tion and the effective operation of an energy storage device such as
a battery. Cyclic voltamograms taken from such mesoporous oxides
Fig. 17. Scanning electron micrographs of (a) vanadium pentoxide xerogel (b) calcined
mesostructured V2O5 in ×0,000, and (c) calcined mesostructured V2O5 in ×100,000.
Fig. reproduced from Ref. [248] with kind permission, © Springer.
indicate that the pore formation in the structure of the materials is as-
sociated with an increase in the number of active sites, allowing Li+

ions to penetrate more deeply into the material and to have better
diffusion. Furthermore, the volumetric changes that were observed
after several steps of insertion/deinsertion of Li+ ions are reflected
in irreversible modification in the V2O5 structures. Without the pres-
ence of the porous structure, the high activity of the oxide most prob-
ably would have been lost, therefore indicating that the highly porous
material is a superior choice as the cathodic material for Li+ batteries
[248].
3.3. Molecular self assembly

Molecular self-assembly (MSA) is the process by which molecules
assemble themselves without the presence of outside interactions
[249–251]. Self-assembly in nature often takes place spontaneously.
A typical example is the formation of the lipid bilayer of the mem-
branes of cells. MSA can be leveraged to imitate these strategies
that are present in nature for the creation of new types of molecular
systems that can self-assemble to form supramolecular assemblies.
MSA is a promising approach that can be applied to control the
types and the intensity of the intermolecular forces between these
molecular systems. This could result in the formation of previously
unachieved nanomaterials [252]. However, given the many complex
examples observed in nature, MSA is basically an experimental ap-
proach that is still not completely understood. This is due to the fact
that most of molecular assemblies present a high degree of complex-
ity and are difficult to isolate individually [252].

The approach based on Self Assembled Monolayers (SAMs) corre-
sponds to the most versatile and prominent MSA strategy that has re-
ceived a high degree of scrutinity and research. To form SAMs, the
most commonly used molecules are the thiols and silanes [252]. For
SAMs, the basic building blocks are built through chemical ap-
proaches, and they are bound together by weaker Van der Waals
forces to form various structures. Due to the presence of these weak
forces, it is possible to obtain reversible solution processing of SAMs
allowing mass production of various nanostructural materials/sys-
tems (nanowires, electronic nanocomponents, sensors, etc.) on a
large scale at a low cost. MSA has been applied in biotechnology to
create molecular nanostructures for various biomedical applications.
For example, the triple-helical structure of collagen peptides has re-
cently been harnessed as a subunit in the higher-order assembly of
unique biomaterials. Specific assembly signals have been designed
within collagen peptides, including hydrophobic groups, electrostatic
interactions, and metal-ligand binding. In this way, a range of novel
assemblies have been obtained, including nano- to microscale fibers,
gels, spheres, and meshes, each with the potential for novel biological
applications in drug delivery, tissue engineering, and regenerative
medicine [249–253].

Some of the earliest methods for generating synthetic collagen fi-
bers from small collagen peptides involved chemical cross-linking of
the peptide termini into nonreversible collagen systems [253]. For in-
stance, (Pro-Hyp-Gly)10 units were synthesized and cross-linked via
amide bond-forming reactions [254]. This process resulted in high-
molecular weight products composed of more than 10 linked peptide
chains with nanofiber-like structures that were longer than the ag-
gregates of (POG)10 [253,254]. Alternatively, Hartgerink and co-
workers used native chemical ligation to polymerize small collagen
fragments (Fig. 18) [253,255]. This was achieved by placing a cysteine
at the N-terminus and a thioester at the C-terminus of a (Pro-Hyp-
Gly)9 sequence. The resulting native chemical ligation led to the gen-
eration of long nanofibers with diameters of 10–20 nm. These exam-
ples indicated that small collagen fragments could assemble into
fibers that mimic the diameter of natural collagen fibrils. Cell adhe-
sion sequences were also incorporated into these synthetic collagen
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Fig. 18. Native chemical ligation of short collagen sequences into collagen fibrils. Fig. reproduced from Ref. [253] with kind permission, © American Chemical Society.
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assemblies, a key feature in generating collagen materials with cell
binding activities.

A sticky end organic molecular assembly approach has also been
described in another MSA strategy that relies on hydrophobic, nonco-
valent interactions to promote collagen peptide assembly. Maryanoff
and co-workers, for instance, designed a creative collagen peptide as-
sembly strategy that relied on hydrophobic interactions from termi-
nally placed aromatic residues [256]. Specifically, a
pentafluorophenylalanine residue was placed at the N-terminus and
a Phe residue added to the C-terminus of a (Pro-Hyp-Gly)10 sequence
(Fig. 19A). The spontaneous association of triple helices of this colla-
gen peptide generated fibrils that were micrometers in length and re-
sembled collagen fibers formed in murine aortic tissue, although the
Fig. 19. (a) Sequence of a self-assembling collagen peptide with hydrophobic termini.
(b) A typical transmission electron microscope image of assembled collagen fibers.
Fig. reproduced from Ref. [253] with kind permission, © American Chemical Society.
assembled fibrils are significantly thicker (250 nm vs. 50 nm) (see
Fig. 19B) [253].

An interesting application example ofMSA is described by Kim et al.,
who have shown that the formation of assemblies of amphiphilic poly-
electrolytes introduced within the aluminosilicate nanoplates has the
potential to generate films that could act as hydrophobic barriers
[257]. Approximately 100 nm-thick hydrophobic barriers produced by
this approach were shown to efficiently block moisture transportation
Fig. 20. An AFM image of PEPy-C18 polymers deposited on the mica substrate from the
methanol solution. The samples for AFM were prepared by dipping the mica substrate
into the methanol solution of the PEPy-C18 polymer for 10 s, followed by washing and
drying. Fig. reproduced from Ref. [257] with kind permission, © Elsevier.
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Fig. 21. Curves showing water vapor diffusion resistance of (a) pristine Nafion sub-
strate, (b) 10-bilayer film of PEPy-C18 and saponite, (c) 10-bilayer film of PEPy-C18
and sulfonated polystyrene (SPS) and (d) 10-bilayer film of PEPy-C0 and saponite on
the Nafion substrate. Fig. reproduced from Ref. [257] with kind permission, © Elsevier.
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and to improve thewater vapor barrier characteristics of a Nafionmem-
brane, ca. 50 μm by up to 22 times [257]. Kim's group further produced,
through the spontaneous polymerization of 2-ethynylpyridine, an am-
phiphilic polyelectrolyte, [poly(Noctadecyl- n2-ethynylpyridinium bro-
mide), PEPy-C18]with the help of octadecyl bromide. Fig. 20 shows that
the PEPy-C18 polymer does form domains of uniform dimensions over
the entire surface of the substrate [257].

The resulting nanocomposite materials showed a significant en-
hancement (22 times higher) for the diffusion resistance compared
to the pristine Nafion surfaces (Fig. 21). Such hydrophobic barriers ef-
ficiently block water molecule transportation and hence present ex-
cellent barrier properties [257].

The molecular self-assembly approaches exemplified in this section
demonstrate the possibility of using supramolecular chemistry princi-
ples to craft the size, shape, and internal structure of nanoscale objects.
They deal specifically with organic molecules and their self-assembly
into soft, as well as hard, nanostructures such as carbon nanotubes
and metallic nanoparticles. Soft nanostructures, not the original focus
of nanoscience, remain the least explored systems in terms of physical
properties and value as a toolbox to assemble novel materials. In this
regard, MSA could be leveraged to construct and study various soft
nanostructures to gain deeper insights into their functional properties.

3.4. Vapor phase deposition of nanomaterials

Vapor phase deposition techniques are primarily divided into two
categories: Chemical Vapor Deposition (CVD) and Physical Vapor
Fig. 22. Schematic illustration of the CVD process for graphene production. (a) A thin layer o
1000 °C and subsequently exposed to an environment of carbonaceous gas. (c) As a result
cooling of nickel results in the precipitation of carbon atoms out of the nickel layer that even
ing results in the detached graphene membrane from the Ni layer. The resulting free-standin
colors illustrate hot and cold temperature conditions respectively. The orange and blue colo
spectively. Fig. reproduced from Ref. [303] with kind permission, © Nature Publishing Grou
Deposition (PVD). CVD and PVD techniques are intensively used to
conduct combinatorial nanomaterials research and synthesis of vari-
ous carbon nano-materials. CVD essentially involves the process of
dissociation of molecules of the gaseous reactants, which subsequent-
ly react chemically to form various structures when activated by heat,
light, or plasma discharge. Mostly solid-state, stable products are
formed as a result of the chemical reactions.

The CVD technique has been widely used to grow different types of
carbon nanostructures such as single-walled, double-walled, andmulti-
walled carbon nanotubes and lately graphene on various substrates.
This technique has been further improved by the use of radio-
frequency (RF) for heat generation, with a positive effect on the mor-
phology and crystallinity of the carbon nanostructures: more advanced
control of the diameters, lower levels of non-crystalline carbon forma-
tion, and a higher efficiency of carbon conversion from the gas phase
to the graphitic structures [258–263]. Although major developments
were already achieved during the CVD growth of graphitic nanomater-
ials, still a number of technological issues remain to be understood.
Some of these include the role of the various catalytic systems in the
final morphology of the nanomaterials, the actual growth mechanism
that controls the synthesis of nanomaterialswith specific characteristics
and the role that each hydrocarbon plays in this aspect. Among the
methods that are used to grow carbon allotropes, still CVD is the meth-
od of choice. The careful choice of the metallic catalytic system, the car-
bon source, and the reaction conditions are of the utmost importance
[262–265].

Once the hydrocarbon decomposes, typically at high temperatures
(up to 1000 °C), the carbon atoms diffuse into metal nanoparticles
rearranging themselves in a particular carbon network and finally
precipitating out in the shape of the carbon nanostructures. The ter-
mination of carbon nanotube growth occurs when the surface of the
catalyst nanoparticle is covered by amorphous carbon and the carbon
atoms cannot further diffuse into metal nanoclusters [264]. There are
several methods to synthesize carbon nanotubes, but the CVD tech-
nique has many advantages. This is a relatively low-cost technique
that can be scaled up for the production of large quantities of nano-
tubes. Biris' group has also demonstrated that, during CVD synthesis,
the morphological properties of carbon nanotubes can be controlled
by adjusting the reaction parameters—such as the type of hydrocar-
bon, reaction temperature, the flow rate of the gases, and the compo-
sition of catalytic system [258,265].

Wewill restrict our discussions onCVDof carbon nanotubes as there
are recent comprehensive reviews published on different forms of CVD
f nickel (Ni) is first deposited onto a substrate. (b) The Ni layer is then heated to about
, the carbon atoms that are generated at the Ni surface diffuse into the metal. (d) The
tually forms graphene on the (111) faces of Ni crystallites surface. (e) A chemical etch-
g graphene layer is finally transferred onto appropriate substrates. The orange and blue
rs also represent different chemical compositions such as gas and chemical etchant re-
p.
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and the growth of carbon nanotubes [264,266–268]. Instead, we will
focus our discussion on recent developments in the CVD synthesis of
another wonder carbon nanomaterial, graphene. Graphene is rapidly
emerging as a material with novel properties that can be successfully
used in many advanced applications in a variety of areas: electronics,
gas sensors, batteries, optics, nano-structured display devices and pho-
tonics, and biomedical sectors [269-278].

Graphene is comprised of a single-layer of sp2-hybridized carbon
atoms, arranged hexagonally in a two-dimensional sheet. It was iso-
lated for the first time in a free-standing form out of graphite in
2004 [279,280]. Since then it has become a very active area of re-
search and has garnered considerable interest due to its amazing
electronic, electrical, mechanical and optical properties [279,281–
284]. Graphene is also found to be chemically andmechanically stable
and has high mobility, ballistic transport, and quantum Hall effect at
room temperature making it a great candidate for nano-electronic ap-
plications [285-302].

The synthesis of high-quality and large-area (up to several centi-
meters square) graphene sheets with few defects and excellent elec-
trical and optical properties is still one of the most intensively
researched topics in nanotechnology [303]. Synthesis of large-scale
and high-quality graphene will expand its scope in various applica-
tions. Recent advances in direct CVD synthesis of graphene have dem-
onstrated the possibility of producing high-quality, large-area layers
of graphene without sophisticated and possibly damagingmechanical
and chemical procedures. Samples of large-area, single- and few-layer
graphene have been manufactured by CVD and further transferred to
a number of other possible substrates [304–306].

The CVD-synthesis process (Fig. 22) first involves dissolving car-
bon into the subsurface of a nickel film. Subsequent cooling of the
nickel substrate allows the carbon to precipitate out. Adjusting the
rate of the thermal cooling and the carbon concentration makes it
possible to accurately control the thickness and the crystalline
Fig. 23. (a) Schematic of the growth process for the few-layer graphene using the RF gene
image of few-layer graphene sheets overlaid side by side with hexagonal shape, (d) low-m
coated copper grid. The inset shows a high-resolution image of a few-layer grapheme she
The Royal Society of Chemistry.
ordering of the precipitated carbon. As noted by A. Obraztsov, the
concentration of deposited graphitic carbon is mainly given by the
following parameters: type and concentration of the carbon-
containing gas, temperature and the overall thickness of the Ni film
[303,304]. The resulting graphene layer can be detached from the
substrate after the metal film is removed by chemical etching. Ulti-
mately, it can be deposited or transferred onto other surfaces
[303–306].

X. Wang et al. have synthesized by CVD (MgO supported Co cata-
lyst at 1000 °C) large graphitic sheets that were substrate-free and
composed of only a few layers [307]. The analysis of the resulting gra-
phitic layers revealed the presence of localized sp3 defects within the
sp2 carbon graphitic structure [307].

Recently, Biris' team has reported a low-cost method for the large-
scale synthesis of high-quality few-layer graphene structures via
radio-frequency catalytic chemical vapor deposition (RF-cCVD). RF
excitation of the metallic catalytic systems is believed to improve the
process of carbon uptake by the catalytically active metal clusters, and
the more efficient conversion of the atomic carbon into C–C bonds
and the graphitic structures. This practical and highly reproducible
technique may be utilized to produce large quantities of graphene-
type nanomaterials for various advanced technology applications.
Few-layer graphene sheets were grown over a bimetallic catalytic
system (Fe-Co/MgO) having acetylene as the carbon source [308]. Pre-
viously, the group has shown that this MgO-supported Fe-Co bi-
metallic catalytic system is extremely versatile, and, depending on the
reaction parameters, different types of carbon nanostructures may be
synthesized [309]. Furthermore, Dervishi et al. reported that by only
varying the flow rate of the hydrocarbon, one can control the size and
layer number of graphene sheets synthesized over the same catalytic
system [310]. The RF-cCVD method significantly reduces energy con-
sumption during synthesis while preventing the formation of undesir-
able types of carbons, such as amorphous and glassy carbon [311].
rator, (b) photograph of high-yield graphene synthesized in large quantities, (c) TEM
agnification TEM image of the graphene nanosheets deposited on top of the carbon-
et with diameter of 100 nm. Fig. reproduced from Ref. [308] with kind permission, ©
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Fig. 24. Schematic representation of e-beam-assisted codeposition of polymer and metal and the deposition-parameter-dependent resulting nanostructures. Fig. reproduced from
Ref. [320] with kind permission, © John Wiley.
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To synthesize graphene samples, the Fe-Co/MgO catalyst system
with a 2.5:2.5:95 wt% stoichiometrical composition was prepared by
using the impregnation method [265]. The as-produced graphene
sheets were purified with diluted HCl solution under gentle sonica-
tion. Fig. 23(a) shows a schematic diagram of the growth process
for the few-layer graphene using the RF generator. Fig. 23(b) shows
an optical image of the as-produced few-layer graphene sheets in
large quantities. Transmission electron microscopy (TEM) analysis
revealed a high-yield production of few-layer graphene structures.
High- and low-resolution TEM images (Fig. 23(c) and (d)) indicated
that the as-produced samples were composed of graphene sheets
overlaid side by side, with dimensions of 100–110 nm in diameter
[308]. The comprehensive analysis of graphene sheets (1, 2, 3 layers)
is still very complex, given their unique structures and especially
their thickness. Atomic force microscopy (AFM) is the method of
choice, but still a series of problems needs to be addressed, such as
the presence and the thickness of the dead space between the gra-
phene layers and the substrate, the cantilever tip radius, the bending
of the sheets, and the presence of substrate non-uniformities. As a re-
sult, a combination of transmission electron microscopy (TEM), AFM,
and spectroscopic methods such as Raman should be used.

Among other forms of CVD for nanofabrication, focused ion beam-
assisted chemical vapor deposition has been used to fabricate com-
plex 3D nanostructures. By using a Ga precursor gas, GaN nano-
crystals (200 nm×100 nm×50 nm) were produced while under irra-
diation; atomic nitrogen radicals were simultaneously introduced
onto the surface. The focused ion beam had a major importance for
the generation of nucleation sites and assisting the GaN nanostruc-
tures' growth [312]. Various nanostructures of ZnO (nanowires, nano-
belts, nanostars, nanosprings. etc.) have been grown by metal oxide
chemical vapor deposition (MOCVD) [313–315].

In PVD method, materials are evaporated by electron beam, ion
beam, plasma, or laser. The evaporation material (monomers, mole-
cules, atoms, etc.) is vaporized with the supplied energy and solidifies
on the surface of the substrate. PVD processes are usually carried out
in an ultra-high to high vacuum environment. This enables the vapor
to reach the substrate without interacting in the reaction chamber
with any other gaseous atoms.

A versatile e-beam-assisted codeposition technique to fabricate
multicomponent nanomaterials has been developed and presented
earlier by Biswas et al. [9]. The method allows for several materials
(polymers, metal, insulators, ceramics, and semiconductors) to be si-
multaneously or sequentially evaporated out of metal crucibles that
are bombarded by electrons. This technique allows exploration of a
wide range of organic and inorganic materials with well-defined
component ratios and nanoscale morphologies [9,316–322]. Fig. 24
shows a schematic representation of the codeposition process of
polymer and metal and the resulting nanostructures depending on
the deposition parameters.

Using this system, Bayer et al. fabricated nanostructured compos-
ites from a variety of industrially important polymers such as poly(-
phylene oxide) (PPO)/polystyrene blends with metal nanoparticles.
The surface morphology and the dielectric properties of these
polymer-metal composites can be controlled by using the highly po-
rous structure of PPO polymer as shown in Fig. 25. Such polymer-
silver composite thin films show appreciable capacitance density
under radio frequency polarization [320].

Faupel's group has demonstrated a similar vapor phase codeposi-
tion approach to fabricate mostly polymer-metal nanostructures and
nanocomposites for various functional applications [323–329]. Using
co-evaporation of metal and polymer components, nanocomposites
containing bimetallic AuxAg1−x and CuxAg1−x nanoparticles in a
Teflon AF matrix were produced to tune the position of the surface
plasmon resonance [229]. The group also demonstrated high-
density magnetic nanorods in a polymer matrix by co-evaporation
of ferromagnetic Fe-Ni-Co and Teflon AF polymer. Co-evaporation of
a Fe-Ni-Co alloy together with the fluoropolymer Teflon AF was
shown at elevated substrate temperatures that resulted in extremely
thin rods (~5 nm) with a very large aspect ratio. Such ultra-fine
ferromagnetic nanorods can be obtained above a critical ratio of the
metal/organic deposition rates. The growth of nanorods is attributed
to a self-organization process which is based on the very low
interaction energy between metal and polymer as well as on a critical
threshold in the flux ratio of metal/polymer components. Above this
critical threshold, the growth of the metal particles normal to the
substrate is too fast to embed them into the growing polymer matrix
[328,330]. Fig. 26 shows a cross-sectional transmission electron
microscopy image of such a nanorod film. At low temperatures,
where the condensation coefficient is large, high filling factors and
growth of clusters are observed.

Furthermore, in a recent joint work, the groups of Elbahri and
Faupel demonstrated an omnidirectional transparent conducting-
metal-based plasmonic nanocomposite (TCM). Mady Elbahri et al.
reported the first experimental realization of the omnidirectional
TCM by coating a metal film on a glass substrate with a thin layer
of metal/polymer nanocomposite. The design of this new optoelec-
tronic material is based on a plasmonic metamaterial that consists
of a thin metal film with a nanocomposite coating containing
metal nanoparticles (Fig. 27). The omnidirectional TCM exhibited
optoelectronic properties superior to indium tin oxide (ITO) that is
widely used in optoelectronic devices [331]. In the present case,
the nanocomposites matrix was not deposited by evaporation but
by a special RF sputtering technique from a Teflon target used earlier
by Biederman [332].
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Fig. 25. SEM images showing surface morphology of various PPO/Ag composites as a function of the approximate Ag inclusion ratio. (a) 87% Ag, (b) 82% Ag, (c) 73% Ag, (d) 64% Ag,
(e) 53% Ag, (f ) 49% Ag, (g) 34% Ag, and (h) 21% Ag. Fig. reproduced from Ref. [320] with kind permission, © John Wiley.
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3.5. DNA-scaffolding for nanoelectronics

The use of deoxyribonucleic acid (DNA), a fundamental element to
all living organisms, can lead to potential applications in the fields of
biology or medicine. Recently, DNA-based scaffolding has emerged a
powerful nanofabrication tool. DNA-based fabrication of functional
nanomaterials are covered in comprehensive reviews on DNA origa-
mi [333] DNA-templated assembly [334], self-assembly for medicine
[335] and for molecular sensing [336]. Here, we outline DNA struc-
tures and highlight the recent advances in directed self-assembly
and metallization of DNA for its potential applications in nanoelectro-
nic architecture and photonics.

The DNA molecule is generally viewed as a long polymer chain
formed by two single strands in the shape of twisted ladder structure
often called “double (stranded) helix”. Each single strand (short ones
often called oligonucleotides) is made up of a sequence of the nucleo-
tides in such a fashion that a phosphate group links to two sugars
through a phosphodiester bond. Each rung of the ladder, called a base
pair, is formed by two nitrogenous bases through hydrogen bonds
following a special pairing rule, i.e. adenine (A) with thymine (T) and
cytosine (C) with guanine (G). The vertical outside “backbones” for
the helix are made up of the sugar and phosphate molecules, while
the bases are stacked one on another at 0.34 nm spacing inside of the
backbone. One complete turn contains 10 base pairs and measures
3.4 nm long and 2 nm in diameter. However, DNA also bears other com-
plex structural forms other than the helix. A well-known example is
DNA origami, in which a long single strand DNA (ssDNA) is folded by
self-interaction or by interacting with multiple helper oligonucleotide



Fig. 26. (a) TEM image of Fe-Ni-Co nanorods on top of a layer of Ag clusters in an evap-
orated Teflon AF matrix. (b) Metal filling factor vs. metal/polymer deposition rates at
various temperatures. For the lowest temperature, cluster formation is observed. Fig.
reproduced from Ref. [330] with kind permission, © American Institute of Physics.
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strands (also called staple strands)with a resolution ~6 nm [337]. These
remarkable abilities in molecular recognition and structural configura-
tions allow for DNA to self-assemble into a variety of geometries
ranging from simple 2-D smiley faces [337] to many exotic 3-D shapes,
e.g. boxes with lids [338] and curved 3-D hemispheres and flasks [339].

It should be noted that although individual origami can be reliably
produced, but most of these self-assembly processes occur in solution
phase held in tubes or containers. For implementation in nanoelectro-
nics fabrication, it is apparent that important issues, such as the
ability for controlled large-scale patterning on solid semiconductor
substrates and electrical conductivity, have to be addressed.

Equivalent to nanolithography, one prerequisite is the ability to pat-
tern ordered DNA features. Towards this end, several binding
mechanisms were utilized to pattern DNA to the desired positions on
a substrate that include hydrophilicity and covalent attachment.
Kershner et al. [340] described a method of assembling DNA origami
into complementary binding sites predefined with e-beam lithography
and plasma oxidation on SiO2 or diamond-like carbon (DLC) substrate.
The highly-selective adsorption of 127-nm-sided triangular DNA origa-
mi structures were achieved due to the fact that the hydrophilic oxide
surface attracts the negatively charged DNA while a hydrophobic
Metal nanoparticles 

PolymerMetal
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Fig. 27. Schematic illustration of the TCM system that consists of a glass substrate, a 25-
nm gold film, and a polymer containing silver nanoparticles. Fig. reproduced from Ref.
[331] with kind permission, © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
surface does not. This strategy was then used to produce 2-D arrays
that consist of similar triangular DNA origami structures with corner-
attached T8- or T30-conjugated 5 nm Au nanoparticles (Fig. 28(A))
[341]. A more elaborate strategy that creates ordered DNA origami
arrays attached to predefined discrete Au islands on a Si substrate
(Fig. 28(B)) [342] was also recently reported.

A conventional e-beam lithography (EBL) and lift-off process was
used to generate the discrete Au island arrays. The chip was immersed
and incubated in a solution containing thiolated DNA strands extended
from both ends of DNAorigami nanotubes. Very recently, Davis and col-
leagues [342] constructed DNA origami networks at even smaller scales
to interconnect Au island arrays patterned from block copolymer etch-
ing. Instead of the standard EBL/lift-off process, a much denser array of
Au nanoparticles (5 nm dia. and 62 nm center-to-center interspacing)
was produced by O2/Ar2 plasma etching of a close-packed monolayer
containing micelle encapsulated Au nanoparticles. The thiol-
derivatized ssDNA subsequently reacted with and attached to the Au
islands. This was followed by base-paring with DNA origami structures
to complete the patterning, see Fig. 28(C). The benefits of this work are
threefold. First, the binding sites and origami length scale are one order
of magnitude smaller (5 nm vs. 60 nm) as compared to Ref. [341],
enabling nanoscale surface patterning and fabrication at even higher
density. Second, steric hindering effectively suppresses the occurrence
of multiply binding events, leading to higher yield as compared to Ref.
[341]. Third, block-copolymer self-assembly (BCS) holds great promise
in becoming a major player in nanoelectronics fabrication [343]. Thus,
the marriage of DNA nanostructures and BCS is also of practical
significance.

Although DNA possesses unique molecular recognition and self-
assembly properties, its use in nanoelectronic interconnections and
photonic enhancement necessitates that it be metallized for electri-
cally conductive nanowires or plasmonic waveguides. To address
these challenges, intensive efforts are underway to explore precisely
controlled nanoscale metal deposition. Braun and coworkers [344]
described a two-step approach for construction of a 12 μm long,
100 nm diameter Ag nanowire bridge between two micropatterned
Au electrodes. First, λ-DNA was hybridized to ssDNA attached to the
both sides of the electrode to form a DNA bridge. Ag+ was then
formed on the bridge via Na+/Ag+ion exchange and reduced to Ag
seeds in a basic hydroquninone solution followed by full growth in
a Ag+containing acidic hydroquninone solution. Sequence-specific
selective metallization was also studied with several systems.

In an approach called sequence-specific molecular lithography
[345], nucleoprotein filaments (formed via polymerization of protein
RecA on a ssDNAmolecule and bound to aldehyde-derivatized dsDNA
substrate) act as a mask to prevent Ag metallization from occurring at
these specific locations. Instead of masking, information can also be
encoded into the DNA scaffold to direct sequence-specific metal
growth. For example, the organic component glutaraldehyde deriva-
tized into the DNA scaffold molecule guides localized sequence-
specific metal growth because it is an effective reducing agent [346].
Due to this reduction, a catalytic Ag cluster chain is formed along
the DNA followed by electroless Au deposition to complete the fabri-
cation of Au nanowires that measure a few micrometer long and
~50 nm in diameter. Because of differential binding affinities of
nucleobases and Ag ions in an order of C>G>A≥T from strong to
weak, Ag doublets and triplets could also be programmed and formed
along single-strand DNA oligonucleotide scaffolds using [347].

In addition to 1-D metal structures, Kiehl, Seeman and co-workers
[348] constructed 2D Au nanocomponent arrays by the in-situ hy-
bridization of DNA-Au conjugates to predefined 2-D DNA scaffolds
on a mica substrate (Fig. 29(A)). Recently, Harb and coworkers
[349] utilized electroless plating to achieve continuous Au coating
on isolated T- and Y-shaped branched DNA origami seeded with Ag.
The result indicates that the origami maintains their shapes and the
diameters of coated tubes can be as small as 32 nm. Therefore, it is
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Fig. 28. Patterned DNA origami with Au nanoparticales or islands on substrates: (A) AFM image of DNA origami and T8-coated Au nanoparticle (bright dots) array formed on the
sites of 100-nm-sided equilateral triangles defined with EBL on SiO2. Scale bar, 500 nm. Fig. reproduced from Ref. [341] with kind permission, © Nature Publishing Group. (B) AFM
image of DNA origami nanotubes connected to discrete Au islands defined with EBL/lift-off process in the shapes of (a) triangle, (b) hexagon, (c) square and (d) “z” on SiO2. All scale
bars, 300 nm. Fig. reproduced from Ref. [342] with kind permission, © American Chemical Society. (C) Tapping-mode AFM images of DNA origami attached to block copolymer pat-
terned Au nanoparticles on the complementary ssDNA surface. Fig. reproduced from Ref. [343] with kind permission, © American Chemical Society.

Fig. 29. Metallized DNA structures: (a) Self-assembled high-density 2-D Au array via hybridization of DNA-Au to a preassembled 2-D DNA scaffold. Top panel: AFM image of an
assembled array of the DNA-Au nanocomponents, DNA marker rows, and DNA scaffolding. Bottom panel: TEM image of the 2-D nanocomponent array with Au particles of approx-
imately 6.2 nm. Fig. reproduced from Ref. [349] with kind permission, © American Chemical Society. (b) Au metallization process of Y-shaped branched origami by seeding with Ag
and subsequent electroless Au deposition. Bottom panel shows AFM images of DNA origami before and after metallization. Scale bar: 500 nm. Fig. reproduced from Ref. [350] with
kind permission, © American Chemical Society. (c) A proposed schema for high-precision selective metallization using DNA origami. The process consists of forming DNA origami
by annealing ssDNA scaffold strand (blue) with ssDNA staple strands (orange), positioning the DNA origami into desired binding sites (star and X0s) in a specific orientation on an
electrode (brown) -containing surface, attaching nanoparticles (red and yellow) to their complementary sites on the origami, and depositing metal on the metallic nanoparticles
(yellow) to produce nanowires that connects the electrodes, but the central island (red) is not connected. Fig. reproduced from Ref. [351] with kind permission, © The Royal Society
of Chemistry.
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possible to self-assemble more complex NP patterns using address-
able DNA nanogrids. This would allow for the creation of NP con-
structs that may lead to applications in electronic, optic and
photonic materials. These selective processes allow formetallic fea-
tures to be embedded in the DNA scaffold maintaining its biological
and recognition functionalities simultaneously. However, the metal
coating process usually metalizes the whole origami and fails to dem-
onstrate the potentially great capability of origami that promises
structural selectivities (such as single strand metallization)
Fig. 29(B). A brave idea was recently proposed to construct more
Table 1
A summary of the merits and demerits of top–down and bottom–up nanofabrication techn

Top–down method Merits Demer

Optical lithography Long-standing, established micro/
nanofabrication tool especially for chip
production, sufficient level of resolution at
high throughputs

Tradeo
and re
pensiv
operat

E-beam lithography Popular in research environments, an
extremely accurate method and effective
nanofabrication tool for b20 nm
nanostructure fabrication with desired
shape

Expen
proces
b5 nm

Soft & nanoimprint lithography Pattern transfer based simple, effective
nanofabrication tool for fabricating ultra-
small features (b10 nm)

Difficu
ly pack
other l
templa

Block co-polymer lithography A high-throughput, low-cost method, suit-
able for large scale densely packed nanos-
tructures, diverse shapes of nanostructures,
including spheres, cylinders, lamellae possi-
ble to fabricate including parallel assembly

Difficu
terns w
many
defect
assem

Scanning probe lithography High resolution chemical, molecular and
mechanical nanopatterning capabilities,
accurately controlled nanopatterns in resists
for transfer to silicon, ability to manipulate
big molecules and individual atoms

Limite
and m
particu
based

Bottom–up method Merits Demer
Atomic layer deposition Allows digital thickness control to the

atomic level precision by depositing one
atomic layer at a time, pin-hole free nano-
structured films over large areas, good re-
producibility and adhesion due to the
formation of chemical bonds at the first
atomic layer

Usuall
metho
compo
metals
techno
(Si, Ge

Sol gel nanofabrication A low-cost chemical synthesis process based
method, fabrication of a wide variety of
nanomaterials including multicomponent
materials (glass, ceramic, film, fiber, com-
posite materials),

Not ea
contro
steps

Molecular self assembly Allows self assembly of deep molecular
nanopatterns of width less than 20 nm and
with the large pattern stretches, generates
atomically precise nanosystems

Difficu
unlike

Physical and chemical vapor-
phase deposition

Versatile nanofabrication tools for
fabrication of nanomaterials including
complex multicomponent nanosystems (e.g.
nanocomposites), controlled simultaneous
deposition of several materials including
metal, ceramics, semiconductors, insulators
and polymers, high purity nanofilms, a
scalable process, possibility to deposit
porous nanofilms

Not co
vacuum
proces
ticular
deposi

DNA-scaffolding Allows high-precision assembling of nano-
scale components into programmable ar-
rangements with much smaller dimensions
(less than 10 nm in half-pitch).

Many
unit an
with C
throug
precisely controlled localized metallization within DNA origami, see
Fig. 29(C) [350].
4. Conclusion and perspective on future advances in
nanofabrication and technological implications

The last decade has seen amazing advances in nanofabrication
techniques (both top–down and bottom–up) that have revolution-
ized developments of advanced nanomaterials with unprecedented
iques.

its General remarks

ff between resist process sensitivity
solution, involves state-of-the-art ex-
e clean room based complex
ions

The 193 nm lithography infrastructure
already reached a certain level of maturity
and sophistication, and the approach could
be extended to extreme ultraviolet (EUV)
sources to shrink the dimension. Also, future
developments need to address the growing
cost of a mask set.

sive, low throughput and a slow
s (serial writing process), difficult for
nanofabrication

E-beam lithography beats the diffraction
limit of light, capable of making periodic
nanostructure features. In the future,
multiple electron beam approaches to
lithography would be required to increase
the throughput and degree of parallelism.

lt for large-scale production of dense-
ed nanostructures, also dependent on
ithography techniques to generate the
te, and usually not cost-effective

Self-assembled nanostructures could be a
viable solution to the problem of complex
and costly template generation, and for
templates of periodic patterns of b10 nm.

lt to make self-assembled nanopat-
ith variable periodicity required for

functional applications, usually high
densities in block copolymer self-
bled patterns

Use of triblock copolymers is promising to
generate more exotic nanopattern
geometries. Also, functionalization of parts
of the block copolymer could be done to
achieve hierarchy of nanopatterning in a
single step nanofabrication process.

d for high throughput applications
anufacturing, an expensive process,
larly in the case of ultra-high-vacuum
scanning probe lithography

Scanning probe lithography can be leveraged
for advanced bionanofabrication that
involves fabrication of highly periodic
biomolecular nanostructures.

its General remarks
y a slow process, also an expensive
d due to the involvement of vacuum
nents, difficult to deposit certain
, multicomponent oxides, certain
logically important semiconductors
etc.) in a cost-effective way

Although a slow process, it is not
detrimental for the fabrication of future
generation ultra-thin ICs. The stringent re-
quirements for the metal barriers (pure;
dense; conductive; conformal; thin) that are
employed in modern Cu-based chips can be
fulfilled by atomic layer deposition.

sily scalable, usually difficult to
l synthesis and the subsequent drying

A versatile nanofabrication method that can
be made scalable with further advances in
the synthesis steps.

lt to design and fabricate nanosystems
mechanically directed assembly

Molecular self assembly of multiple
materials may be a useful approach in
developing multifunctional nanosystems
and devices.

st-effective because of the expensive
components, high-temperature

s and toxic and corrosive gases par-
ly in the case of chemical vapor
tion

It provides unique opportunity of
nanofabrication of highly complex
nanostructures made of distinctly different
materials with different properties that are
not possible to accomplish using most of the
other nanofabrication techniques. New
advances in chemical vapor deposition such
as ‘initiated chemical vapor deposition’ (i-
CVD) provide unprecedented opportunities
of depositing polymers without reduction in
the molecular weights.

issues need to explore, such as novel
d integration processes, compatibility
MOS fabrication, line edge roughness,
hput and cost.

Very early stage. Ultimate success depends
on the willingness of the semiconductor
industry in terms of need, infrastructural
capital investment, yield and manufacturing
cost.
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functional properties. Extension of existing nanofabrication tech-
niques will facilitate rapid development of microelectronic circuits
with nanometer scale features. Future research needs to be directed
towards the development of novel techniques and materials required
for the generation of structures with dimensions below ~10 nm. Out-
side the field of microelectronics, new nanofabrication techniques
that take advantage of the combination of top–down and bottom–

up approaches must be developed for new products and technologies
applied in different research areas ranging from biology and medicine
to materials science and electronics. Top–down methods that have
been covered in this review include lithography-based techniques.
While optical lithography remains a popular technique in the micro-
electronics/nanoelectronics arena, and the feature size below 50 nm
is achievable using the current infrastructure, the technique remains
very expensive. Future research on nanomaterials fabrication will de-
pend on the less-expensive processes in order to produce low-cost
nanomaterials and devices. In this regard, one viable approach for op-
tical lithography processes could be less-dependencies on the state-
of-the-art very expensive clean room operations. Electron beam li-
thography is a powerful tool to generate much smaller structures
(~10 nm) with the possibility of highly reproducible nanostructures
with desired shapes. We already have seen unique nanomaterials
and devices fabricated by electron beam lithography. But, the low
throughput remains an important challenge to be overcome. A com-
bination of optical and electron beam lithography has already been
thought for a viable approach towards this end, which could be lever-
aged to fabricate very exotic nanostructures and devices in the future
with unprecedented precision and functional properties. The current
state-of-the art scanning probe lithography allows parallel fabrication
of structures at the molecular scale. The development in this area has
been fascinating. Molecular electronics or functional devices have
been made possible to realize by the applications of scanning probe
lithography methods. We envision that the scanning probe lithogra-
phy based methods will continue to evolve over the next decade
that will address the low-throughput issues. We also envision that
nanoimprint-based lithography will continue to develop into a more
practical method for large-scale fabrication of devices particularly in
the areas of photovoltaics and energy materials arenas.

The bottom–up methods described in this review have shown
tremendous promise in realizing very complex nanostructures
that are difficult to achieve by the usual top–down processes.
Complex technologies in the future will need combination of nano-
scale materials with competing properties in a single system for
viable material solutions to some of the most difficult
technological challenges. Bottom–up nanofabrication techniques
such as self-assembly, vapor-deposition or sol–gel processes pro-
vide unique opportunities in combinatorial nanomaterials fabrica-
tion. A continuation of the use of these techniques is anticipated
in the future for the fabrication of multi-component nanomaterial
systems such as nanocomposites.
Table 2
A comparison of the materials parameters for the various nanofabrication techniques.

Methods Resolution/size Nanofabrication complexity

Optical lithography ~50 nm High
E-beam lithography ~10 nm High
Nanoimprint lithography ~5–10 nm Higher for roll-to-roll processes
Scanning probe lithography b5 nm High
Block co-polymer lithography ~10 nm Low
Atomic layer deposition b5 nm High
Sol–gel ~50 nm High
Molecular, layer-by-layer and
directed self assembly

b5 nm Low

Physical and chemical vapor
phase deposition

b5 nm High

DNA scaffolding b10 nm High
We have summarized various nanofabrication techniques de-
scribed in this review in Tables 1 and 2. In Table 1, we have described
the techniques with respect to advantages and disadvantages of each
technique. Table 2 shows the comparison of the various parameters
such as resolution or size, complexicity/defectivity and material limi-
tation for the various nanofabrication methods.

The exciting progress to date suggests that the field of nanofabrica-
tion will not only continue to advance its current frontiers and respond
to the needs of the electronics industry but is also uniquely positioned
to take on new challenges in the development of novel biomedical
and energy-related technologies. In biomedicine, for example, develop-
ments in nanofabrication tools will allow production of ever smaller
and more sensitive diagnostic and therapeutic probes to accommodate
an enormous number of biological structures and functions. Particular-
ly, in the future, an exciting possibility could be combining scanning
probe lithographywith bionanofabrication techniques to realize unique
biomacrolomolecular structures and devices with unprecedented func-
tional properties that could transform the areas of bionanotechnology-
based advanced medicine for future therapy and drug-delivery etc. The
ability to construct sophisticated surfaceswith functional chemicals and
in controlled chemical environments will enable understanding and
mimicking of biological systems and processes. Synthetic organic chem-
ists will continue to focus on methodologies to construct the complex
molecules that cater to pharmacological targets inspired by natural
products. Over the next two decades, the field is anticipated to focus
on organic supramolecular chemistry to create soft functional nanos-
tructures, including the exploration of their physical properties and
use as components of materials and macroscopic devices.

Themajormotivating factor for pushing towards further advances in
DNA nanoelectronics fabrication stems apparently from the fact that
DNA offers a much smaller one dimension (less than 10 nm in half-
pitch) that is out of the paradigm of the capability of the current semi-
conductor industry. However, nanoelectronics fabrication involves
many sophisticated unit processes and requirements. For these to be
inserted in certain fabrication steps, the biologically-based DNA nano-
technology must not only be compatible with CMOS process but also
meet stringent requirements such as line edge roughness and through-
put. In spite of the inspirational and rapid pace in developments toward
this direction, this emerging area remains in its early infancy. Many im-
portant issues, ranging from fundamental unit processes to overall inte-
gration, need to be addressed. For example, future challenges include
arbitrary geometries,multilevel patterning atmolecular resolution,mo-
lecularly accurate device localization, more material selections with
dielectricity etc. Even if this technology becomes mature, the determi-
nant of its adoption ultimately relies on the willingness of the semicon-
ductor industry in terms of need, infrastructural capital investment,
yield and manufacturing cost.

New nanostructured devices are emerging as sensitive bioanalysis
platforms based on unique optical and electrical properties due to
nanofabrication. For example, dual optical switches for DNA sequence
Nanostructural defectivity Materials range Layering possibility

Low Inorganic and organic No
Extremely low Mostly inorganic No
Low Inorganic and organic Difficult
Extremely low Mostly organic No
Low Inorganic and organic No
Extremely Low Mostly inorganic Yes
High Mostly inorganic No
Low Inorganic and organic Yes

Low–moderately high Inorganic, organic, ceramic,
insulator, semiconductor

Yes

Low Inorganic and organic Yes
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analysis based on fluorescence quenching and simultaneous Raman
scattering of gold nanoparticle aggregates, Raman “hot spots” within
synthesized dimers of silver cubes or spheres leading to enhanced
sensitivity by factors of 20 million and bioelectrical “noses” based
on human olfactory receptor-coated SWNT-FET (field effect transis-
tor) that afford detection of odorant molecules with single carbon
mismatches have already emerged. In addition, nanofabrication has
allowed understanding and manipulation of a large number of com-
plex processes in bio-targeting, ranging from drug delivery, bone-
inspired biomedical scaffolds to eye-tissue regeneration, to self-
organization and responsive behavior. As newmaterials and nanofab-
rication tools become available, biomedicine will increasingly depend
upon more and more methods of nanofabrication enabling the emer-
gence of new techniques. In summary, nanofabrication will continue
to grow and convert nanosciences into an indispensible technology
of the future.
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