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Nano-Scale Electronic and Photonic Devices
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Abstract—Challenges facing the scaling of microelectronics to
sub-50 nm dimensions and the demanding material and structural
requirements of integrated photonic and microelectromechanical
systems suggest that alternative fabrication technologies are
needed to produce nano-scale devices. Inspired by complex,
functional, self-assembled structures and systems found in Nature
we suggest that self-assembly can be employed as an effective tool
for nanofabrication. We define a self-assembling system as one in
which the elements of the system interact in pre-defined ways to
spontaneously generate a higher order structure. Self-assembly
is a parallel fabrication process that, at the molecular level,
can generate three-dimensional structures with sub-nanometer
precision. Guiding the process of self-assembly by external forces
and geometrical constrains can reconfigure a system dynamically
on demand. We survey some of the recent applications of self-as-
sembly for nanofabrication of electronic and photonic devices.
Five self-assembling systems are discussed:

1) self-assembled molecular monolayers;
2) self-assembly in supramolecular chemistry;
3) self-assembly of nanocrystals and nanowires;
4) self-assembly of phase-separated block copolymers;
5) colloidal self-assembly.

These techniques can generate features ranging in size from a few
angstroms to a few microns. We conclude with a discussion of the
limitations and challenges facing self-assembly and some poten-
tial directions along which the development of self-assembly as a
nanofabrication technology may proceed.

Index Terms—Electronic devices, nanofabrication, photonic de-
vices, self-assembled monolayers, self-assembly.

I. INTRODUCTION

T HE SCALING of microelectronic devices to sub-50 nm
dimensions in recent years has challenged the capability

of conventional solid-state microfabrication technologies in the
cost-effective, mass production of devices and integrated cir-
cuits [1]. Additional architectural and materials requirements
imposed on present day solid-state microfabrication technolo-
gies by the scaling of photonic devices and microelectrome-
chanical systems (MEMS) call for the study of new methods for
nano-scale manufacturing. We identify five key elements that
a new nanofabrication technology must satisfy to address the
challenges of ever-decreasing dimensions: the technology must

i) be able to produce components with nanometer (or
better) precision;

ii) be able to assemble systems from these components;
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iii) be parallel in nature—producing many circuits and sys-
tems simultaneously;

iv) be able to structure in three dimensions
v) be cost-effective.

A number of nanofabrication techniques are under develop-
ment that take advantage of scanning probe [2], extreme UV [3],
e-beam [4], X-ray [5], or ion-beam lithography [6]. These ap-
proaches all meet one or a few of the requirements listed above.
An alternative approach that has the potential to satisfy many
of the above mentioned requirements is self-assembly [7]. The
objective of this review is to introduce the concept of self-as-
sembly for nanofabrication and review its recent use in making
objects and devices with nano-scale features for electronics and
photonics applications.

We define a self-assembling system as one in which the in-
dividual components interact in pre-defined ways that result
in the spontaneous self-organization of those components into
higher-order structures. Self-assembly happens extensively in
Nature. From molecules to much more complex biological sys-
tems, self-assembly contributes to making patterns, ordered ob-
jects, and functional systems. Self-assembly as a nanofabrica-
tion method offers a number of advantages.

1) Self-assembly is inherently a parallel process. This
feature is particularly important at the nano-scale. As the
length scale of devices shrink to smaller sizes, it becomes
exceedingly difficult to manipulate individual compo-
nents. Parallel fabrication techniques are also superior to
the serial ones in terms of the speed of production.

2) Self-assembly at the molecular level can generate struc-
tures with sub-nanometer precision.

3) Self-assembly at the molecular level offers the ability to
generate three-dimensional (3-D) architectures.

4) External forces and geometrical constraints can alter the
outcome of a self-assembly process. We can take advan-
tage of this fact to re-assemble/re-configure a system dy-
namically on-demand.

Two main steps are involved in designing a system that takes
advantage of self-assembly for fabrication. First, the interaction
between the elements that constitute the final system should
be tailored for the proper response. The interaction between
the elements (molecules, particles) in the system can be con-
trolled using chemistry. Typically, the chemistry involves hy-
drogen bonding, van der Waals forces, electrostatic forces, or
hydrophobic interactions. We note that the internal interaction
of the elements does not uniquely define the final state of a
self-organizing system. External forces and geometrical con-
strains can change the outcome of a self-assembly process, and
provide flexibility to process designers. The second step in the
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design of a self-assembling system is to determine external pa-
rameters in order to guide the process and achieve the desired
result. For example, electrostatic, magnetic, or hydrodynamic
forces can be employed to guide a self-assembly process toward
a particular outcome.

In the following sections, we will survey some of the recent
applications of self-assembly for making nano-scale features
and devices.

II. CURRENT APPLICATIONS OFSELF-ASSEMBLY IN

NANOFABRICATION

A. Self-Assembled Monolayers (SAMs) on Solid Substrates

A SAM is a monolayer of organic molecules that forms spon-
taneously as an ordered lattice on the surface of an appropriate
substrate [8]. The molecules in the SAM lattice will chemi-
cally bind to the substrate at one end (head group). The other
end of the molecules (tail group) constitutes the exposed sur-
face of the SAM. It is possible to form a variety of SAMs, for
example, thiols form SAMs on metals such as gold [9], silver,
copper, iron [10], platinum [11], and palladium [12]. They can
also form on some compound semiconductors, such as InP and
GaAs [13]. Although sensitive to moisture in the environment,
organosilanes can form SAMs on hydroxylated silicon and sil-
icon dioxide surfaces [14]. Fatty acid molecules will form a
SAM on aluminum oxide [15], [16]. Fig. 1 shows a scanning
tunneling microscope (STM) image of octanethiol molecules
forming a SAM on an atomically flat gold substrate [17].

Changing the tail group of the molecules in the SAM is an
easy method to obtain different surface properties. SAMs have
been used to render surfaces hydrophobic or hydrophilic [18],
and to change the surface states of a semiconductor [19]. In
MEMS, SAMs have been employed to reduce the adhesion
problem in sacrificial layer release processes [20], to improve
the reliability of microactuators, and in sensor structures.

Self-assembly allows for the precise positioning of SAMs,
a well defined chemical system, on a target location in a hy-
brid (molecular-inorganic) device. This characteristic of SAMs
makes them good candidates for molecular electronic devices.
In most molecular electronic architectures today the inorganic
parts of the device such as leads, connections, and a location for
the assembly of a SAM are microfabricated and then a SAM is
allowed to self-assemble onto the correct location in the device
structure. By designing and positioning the proper molecules
in the device the desired functionality is obtained. SAMs have
been used as molecular memories [21], molecular wires [22],
and have exhibited negative differential resistance [23].

Using SAMs to build electronic devices and perhaps eventu-
ally circuits is an intriguing prospect. They can potentially pro-
vide the basis for very high-density data storage and high-speed
devices. It is also interesting to investigate the electro-optical
properties of molecular devices. Many organic molecules have
signature optical responses especially in the infrared region. It
would be beneficial to take advantage of these to make opto-
electronic devices.

Wiring a self-assembled molecular device is a major chal-
lenge. If the scaling of a technology is limited by the size of the
microfabricated structure supporting the nano-scale device, one

Fig. 1. Scanning tunneling microscopy image of octanethiol monolayer
on Au (111). The molecules self-assemble on the gold surface and form the
observed ordered lattice spontaneously. Octanethiol molecules commensurate
with the underlying gold lattice structure as marked in the image. (Reprinted
with permission from [17]. Copyright 1997 American Chemical Society.)

cannot take full advantage of the size reduction offered by using
the molecular system. Making a molecule that is more than a
single device (wire, resistor, capacitor, transistor, etc.) is neces-
sary to justify the move from conventional crystalline devices
to the molecular ones. Most likely, molecular integrated circuits
will play an important role in the future of the field.

SAMs provide a number of intriguing opportunities in lithog-
raphy when used as the resist. They offer unique advantages
such as: providing an atomically uniform thickness over a very
large area, self-assembling onto substrates with large and un-
even surface profiles, and providing a very thin (nm) coating.
SAMs have been patterned by microcontact printing [24], scan-
ning probe techniques [25], atom beam [26], e-beam [27], and
photolithography [28]. Microcontact printing provides a very
simple way for patterning a surface with a molecular monolayer.
In this technique [24], a poly(dimethyl siloxane) (PDMS) stamp
inked with the molecules is brought into conformal, molecular
level contact with the substrate. The molecules transfer from the
stamp to the substrate and the pattern of the stamp is replicated
on the surface. This method has been used for printing organic
electronic circuits [29] and patterning biological materials on
substrates [30] as well as patterning curved surfaces [31]. The
three outstanding issues in using SAMs as a resist for lithog-
raphy are levels of defects, lateral diffusion, and post processing.
Although wet-etching has been used on patterned SAMs [32], a
full library of post-processes are not presently available to fab-
ricate complex architectures.

B. Self-Assembly Using Supramolecular Chemistry

Supramolecular chemistry is a subset of organic and
organometallic chemistry that focuses on the assembly of
molecular components using non-covalent bonds, e.g., hy-
drogen bonds, electrostatic bonds [33]–[40]. Supramolecular
chemistry, in contrast to two-dimensional self-assembled mono-
layers, has the ability to fabricate 3-D structures in the size scale
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between a single molecule to a few microns. Supramolecular
chemistry represents an effort among researchers to fabricate
molecular components that will controllably associate to form
larger structures, with defined form and functionality, than
currently available using covalent bonds. As such we can
define molecular recognition as the association of two or more
molecules in a predefined way, using non-covalent forces, to
form a larger supermolecule [36]. The recognition and specific
binding of two complementary DNA strands is an example of
such a molecular recognition process.

The opportunity to assemble molecular structures of different
size and shape from that allowed by covalent chemistry is il-
lustrated in the formation of aggregates of protein/DNA com-
plexes that self-assemble to forminter alia circles, triangles
and squares [41] [Fig. 2(a)]. These larger scale molecular struc-
tures whose shape can be controlled by experimental conditions
demonstrate a route to large (50 nm) molecular structures.

One elegant demonstration of the potential for new function-
ality from non-covalent assemblies is the observation of an ap-
parent molecular rotor [42], [43] [Fig. 2(b)]. The rotor is a mol-
ecule—hexa-tert-butyl decacyclene, HB-DC , that ro-
tates when it falls out of registry with a close-packed monolayer
of HB-dc molecules. The energy required for rotation is less
than and, consequently, room-temperature operation of this
molecular rotor is observed.

Gimzewski and coworkers have reported the direct transla-
tion of a molecular recognition event into a nanomechanical re-
sponse [44]. They fabricated an array of silicon cantilevers and
functionalized one side of each cantilever with DNA molecules.
When exposed to a solution of complementary DNA molecules,
molecular recognition between the DNA strands changed the
surface stress, and the cantilevers deflected with a magnitude
proportional to the number of bound molecules. This nanome-
chanical device was capable of detecting a single-base mismatch
between two DNA molecules.

It is clear from these examples that using non-covalent bonds
to assemble and control molecular form and functionality
provides a potential route not only to new materials and
phenomena, but also to new applications not accessible using
covalent bonds alone.

C. Epitaxially Grown Self-Organized Solid-State Quantum
Dots

Molecular beam epitaxy (MBE) and metal-organic vapor
phase epitaxy (MOVPE) can produce two-dimensional (2-D)
planes of semiconductors with atomic scale precision. These
techniques can also be employed to form quantum dots on
semiconductor surfaces by relying on the lattice mismatch
between alternative layers (Stranski–Krastanow growth mode)
[45]. In this growth mode, a thin layer of material (typically
a few nanometers) grows epitaxially on a substrate with a
different lattice constant. The resultant strain in the deposited
layer can initiate a self-reorganization and convert the con-
tinuous overlayer into a group of quantum dots. Si/SiGe and
(InGa)As/GaAs are the two most widely studied material
systems for the self-organized growth of quantum dots using
this method. The dot diameter ranges from ten to a few hundred
nanometers, with typical dot heights below ten nanometers.

(a)

(b)

Fig. 2 (a) Atomic force microscopy images of DNA self-assembly: by
controlling the ionic strength of the solutions, protein/DNA aggregates of
different shapes are formed: 1. rings, 2. trimers, 3. triangular, and 4. square. (b)
Scanning tunneling microscopy image of a sub-monolayer of hexa-tert-butyl
decacyclene molecules on a Cu(100) surface in ultrahigh vacuum at room
temperature: (A), (C) an individual HB-DC molecule is imaged as a six-lobed
structure in registry with neighboring molecules and (B), (D) the same
molecule is imaged as a torus when its position is not registered with
neighboring molecules—the toroidal shape is a result of the rotation of the
molecule at speeds greater than the scan rate used for imaging. [(a) reprinted
with permission from [41]. Copyright 2001. (b) reprinted with permission from
[42]. Copyright 1998 American Association for the Advancement of Science.]

Varying the substrate temperature during growth, the sub-
strate angle, the flux ratios, the lattice mismatch, and the growth
rate can tune the self-assembly of the dots on the surface [46],
[47]. This has allowed for close control of the dot size and dis-
tribution and also the average spacing between adjacent dots;
forming long range ordered lattices of these dots has not, how-
ever, been achieved to date. Patterned substrates with step edges,
grooves, and stress concentration locations have been used to
guide the growth of the dots [48]. A buffer layer between stacks
of dots has been used to influence the vertical alignment of the
dots [49].

D. Self-Assembly of Nanocrystals and Nanowires

Chemical synthesis can provide an alternative to MBE in a
number of areas. A diverse range of shapes, sizes and, conse-
quently, new material properties are accessible using chemistry
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[50]–[55]. Nanocrystals of various metals and semiconductors,
nanowires, and even highly asymmetric shapes [56]–[58] such
as teardrops and tetrapods [59] are some of the nano-scale ob-
jects that can be made using chemical synthesis (Fig. 3). While
interest in individual nanocrystals and nanowires is driven to-
ward an understanding of the size-and shape-dependent proper-
ties of various materials, the collective properties of assemblies
of these objects is technologically relevant [52], [60]–[66].

Through judicious choice of the surface chemistry of
nanocrystals, it is possible to allow a dispersion of nanocrystals
to self-organize and form ordered two-dimensional or 3-D
superlattices [64]. The interaction driving this organization
process is predominantly Van der Waals attraction between
nanocrystals. It is possible to control the electronic coupling
between arrays of semiconductor and metal nanocrystals by
changing the spacing between individual nanocrystals in a
superlattice. In the case of close-packed 3-nm silver nanocrys-
tals, an insulator-to-metal transition occurs as a function of
the separation between nanocrystals when the ratio of the
diameter to interparticle separation approaches 1.2 [67]. This
transition is a result of the mode of electron transmission
between individual nanocrystals switching from tunneling (and
hopping) to coherent transport.

A candidate for high-density data storage media is a self-orga-
nized array of magnetic FePt nanocrystals [68]. Magnetic FePt
nanocrystals, upon thermal annealing, undergo a phase transfor-
mation to yield a face-centered tetragonal superlattice. This su-
perlattice structure is particularly useful for data storage appli-
cations, as the collective property associated with this structure
is high coercivity. Such thin nanocrystal films have the potential
to provide storage densities.

The prevalence of self-assembled structures in biological
systems has inspired researchers to borrow biological concepts
when fashioning new approaches to fabricating self-assem-
bled arrays of nanostructures. Alivisatos and Mirkin have
modified gold nanocrystals with complementary strands of
DNA [69], [70]. When mixed together, the gold nanocrystals
recognize each other using the specific biochemistry of DNA
to form mixtures of dimer (two nanocrystals) and trimer (three
nanocrystals) aggregates. Belcher and coworkers have reported
the formation of a liquid crystalline phase of virus material
where each virus has a semiconductor nanocrystal tethered at
one of its ends [71], [72]. The observation of liquid crystalline
behavior provides a demonstration of new material properties
emerging at the interface between materials and biological
sciences. Metal nanowires have also been synthesized using the
structure of a linear virus as a template for metal growth [73].

Compared to nanocrystals, the assembly of nanowire arrays
is more challenging due to the shape anisotropy of the object
[55], [74]. Nanowire self-assembly generally results in short
to medium range superlattices with only partial order. Several
groups have presented methods to address this difficulty in-
cluding the assembly of nanowire structures using microfluidic
channels [75] and electric-field assisted assembly [76]. A field-
effect transistor based on an assembly of crossed semiconductor
nanowires was demonstrated using fluidic alignment [77], [78].
Recently, Alivisatos and coworkers have demonstrated liquid
crystalline phases of semiconductor CdSe nanorods [79]. The

Fig. 3. Transmission electron micrographs of CdSe nanocrystals of
different shapes: (a) Close-packed array of 4.8 nm diameter nanocrystals
(scalebar = 20 nm), (b) rodlike CdSe nanocrystals with an average length
of 34.5 nm and an aspect ratio of 10:1, (c) teardrop shape nanocrystals, and
(d) tetrapod shaped nanocrystal with its fourth axis pointing out of the plane.
(Copyright 2000 American Chemical Society.)

nanorods, due to their anisotropic shape, align with a high de-
gree of directional order upon solvent evaporation and exhibit
birefringence. The resulting nanorod assembly may find appli-
cations in electro-optical devices such as polarizing light emit-
ting diodes.

The use of one-dimensional semiconductor materials as
candidate laser materials has attracted significant attention
because of the possibility of improved excitonic recombina-
tion due to carrier confinement. Lieber and coworkers have
demonstrated an electrically pumped CdS nanowire laser
[80]. Chemically grown semiconductor nanowires can act
as Fabry–Perot resonators after cleavage of both ends of the
nanowire. This device consisted of an n-type CdS nanowire
resting on a p-type Si substrate with a metal/alumina film evap-
orated on top of the nanowire. Carrier recombination in this
p-n junction resulted in nanowire electroluminescence. Other
nanocrystal and nanowire optoelectronic phenomena reported
include electrogenerated silicon nanocrystal luminescence
[81], optically pumped semiconductor nanowire lasers [82],
and electrochromic semiconductor nanocrystals [83].

E. Self-Assembly of Block Copolymers

Block copolymers are polymers with chains that consist
of distinct sections (blocks) each containing only one type of
monomer. If the blocks in the polymer chain are incompatible
and do not mix, the polymer can self-assemble into ordered
microdomains [84]–[86] (Fig. 4). Self-assembly is a result
of microphase separation and de-mixing of various parts
of the polymer. The resultant microdomains in the polymer
structure consist of different types of monomer. The size of
each microdomain depends on the preparation method, chain
length, polymer type, volume fraction of each component, and
temperature, and is typically between 10 nm to 100 nm. Block
copolymers can self-assemble into cylinders, lamellae, and
spheres, among other shapes. These shapes can have aspect
ratios exceeding 50:1 [87]. Such aspect ratios are difficult to
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attain with conventional microfabrication techniques in the
direction perpendicular to the surface of the wafer.

Bytakingadvantageofself-assemblyinblockcopolymers,one
can form nano-scale patterns on the surface or in the bulk of the
material. Self-assembly of thin films of block copolymers on sur-
faces intoorderedpatterns has beenstudied extensively. After the
ordered pattern of polymer self-assembles on a surface, by selec-
tively removing one phase of the polymer, the resulting polymer
patterncanbetransferredto thesubstratebyvariousmethodssuch
asdryetchingorelectroplating.Forexample, theself-assemblyof
polystyrene (PS)/poly(methylmethacrylate) PMMA in the shape
of cylinders perpendicular to a gold surface has been used for the
fabrication of nanoelectrodes [87]. In this case, the PMMA cylin-
derswereremovedafterexposuretotheUVlight, leavingbehinda
hexagonal pattern of gold nanoelectrodes. Bulk self-assembly of
theblockcopolymers intomicro-sphericaldomains [88]hasbeen
studied for makingphotoniccrystalsandmechanochromicmate-
rials. The polymers can also be mixed with inorganic nanocrys-
tals and molecules such as fullerene to provide an extra degree
of freedom for engineering the properties of the final superlattice
[89].

Block copolymers provide an easy route to form ordered
patterns with nano-scale features on a surface. Many of the
polymers are commercially available and inexpensive. Al-
though short range order has been demonstrated for a number of
block copolymer systems, achieving long range order remains
an elusive goal.

F. Colloidal Self-Assembly

The self-assembly of 100–1000 nm diameter micro-spheres
into ordered arrays have been extensively studied, particularly
as a means to fabricate photonic bandgap crystals [90]. These
colloidal photonic band gap crystals can be used in lasers [91]
and waveguides [92]. , ZnO, or polymer spheres with di-
ameters ranging from a 100 nm to a few microns have been
caused to pack under the influence of capillary forces, and make
ordered lattices [93]–[95]. The packing process can be con-
trolled by gravity, convection, changing the surface chemistry of
the spheres, or imposing geometrical constrains on the system.
For example, by assembling a lattice of spheres inside a mi-
crochannel, it is possible to fabricate lines and 3-D patterns with
internal feature sizes smaller than is allowed by photolithog-
raphy [96], [97]. The space between the spheres can be filled
with other materials such as carbon, CdSe, and metal oxides
[98], [99]. The filling process can be accomplished by sintering
nanocrystals, electrodeposition, chemical vapor deposition, or
oxide reduction. It is also possible to remove the spheres after
the refill process and produce a porous structure with nano-scale
ordered voids [100].

A hierarchical self-assembly process has been developed by
Yang and coworkers [101] that uses porous oxides as the filling
material between the spheres. In this case, the self-assembly
process allows for the controlled formation of ordered patterns
over three orders of magnitude of the length scale. The diameter
of the pores in the metal oxide used to infiltrate the lattice is on
the order of 10 nm. The ordered pores in the metal oxide re-
sult from mixing the precursor for the metal oxide with a block
copolymer and subsequently removing the polymer phase. The

Fig. 4. Transmission electron micrograph ofOsO -stained cryo-microtomed
section of self-assembled styrene/isoprene block copolymer. The lattice
constant for this architecture is about 250 nm. The styrene networks appear
light in this image. (Reprinted with permission from [86]. Copyright 2002.)

porous metal oxide fills the space between a self-assembled lat-
tice of spheres with a diameter of about 100 nm. The self-as-
sembly process of the spheres is controlled by the pattern of
microchannels with a length scale larger than 1000 nm. Fig. 5
shows examples of structures made by this technique. It is note-
worthy that hierarchical self-assembly can controllably create
shapes with nano-scale features in the desired locations. Making
these nano-scale features is not limited by the capabilities of
photolithography.

G. Directed Self-Assembly

Self-assembly, as described thus far, produces structures
from components that organize among themselves in a defined
manner. As mentioned above, the application of external
forces and constrains can alter/control the outcome of a
self-assembly process. In this regard, we introduce directed
self-assembly as the ability to control the organization of
individual components using methods supplementary to the
original interactions driving self-assembly. Directed self-as-
sembly can, therefore, provide not only the ability to tune the
interaction between individual assembling components but also
the ability to position the final assembly at a desired location.
For example, electric-field assisted self-assembly is used to
position nanowires on a pad [76] or to control the orientation
of self-assembled patterns in a block copolymer blend [102].
By varying the geometrical constrains on a set of assembling
colloidal particles in a microchannel, different packing orders
are obtained [103]. The structure of photonic crystals consisting
of magnetic particles can be tuned by the application of an
external magnetic field [104].

III. CHALLENGES AND LIMITATIONS OF SELF-ASSEMBLY

Due to thermal fluctuationsand the statistical nature of self-as-
sembly in the nano-scale, we anticipate the presence of a finite
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Fig. 5. Scanning electron microscopy images of hierarchical colloidal
self-assembly. (A) The largest pattern in the structure is made by using
micro-channels. (B) Latex micro-spheres self-assemble in the channels to form
a 3-D lattice structure. A close up is shown in (C). (D) The spacing between the
silica spheres are filled with a porous oxide and then the spheres are removed
from the structure. (Reprinted with permission from [101]. Copyright 1998
American Association for the Advancement of Science.)

numberofdefects in the finalassembled structures.Somemacro-
scopic phenomenon such as wettability are less sensitive to de-
fects in a self-assembled molecular monolayer, however, almost
perfect yields are required to operate a molecular electronic de-
vice. Investigatingarchitectures thatare tolerant to imperfections
and defects will be essential for designing a system that takes ad-
vantage of self-assembly. Most of the self-assembling systems at
present generate repetitive patterns with short to medium range
order.Workingwithintheseconstrainsisanotherchallengeforde-
signersofdeviceandsystemarchitectures.Designingandmaking
thecomponents forself-assemblymaynotbeatrivial task.Forex-
ample, making an elementary molecular circuit that can self-as-
sembleintoalargersystemwithmorecomplexitythanthestarting
elements, poses a major challenge when beginning to design and
synthesize the molecular components.

IV. CONCLUSION

Self-assembly plays a prominent role in making objects, pat-
terns, and functional systems in Nature. By presenting highly
complex, functional systems with nano-scale components, bi-
ology certainly exhibits the best manifestation of self-assembly.
Inspired by this impressive demonstration in Nature, we argue
that self-assembly has the potential to radically alter how we
generate nano-scale components and how we assemble these
components into larger systems.

Several approaches for using self-assembly for nanofabrica-
tion are already under investigation. They range from molec-
ular manipulation through the use of SAMs and supramolec-
ular chemistry, to much larger systems made by the controlled
self-assembly of colloids. The products of these self-assembly
techniques can be used either directly in a device (for example,
a SAM in a molecular electronics device), or indirectly to assist
conventional microfabrication processes (for example, transfer
of a pattern made in phase-separated block copolymers to a sub-

strate with reactive ion etching). In the near future, we anticipate
a hybrid approach, combining microfabrication with nanofab-
rication through self-assembly, to be the dominant method for
making devices and systems by self-assembly. The ability to
make an entire system exclusively using self-assembly remains
to be seen.

Self-assembly allows for the integration of incompatible
process technologies. For example, single nanowire lasers
can self-assemble on a variety of substrates. This flexibility
provides a way for the integration of optical and electronic
devices on multiple platforms. The study of self-assembly
also paves the way for investigating two other very interesting
self-processes, namely, self-healing and self-replication.

Self-assembly has been employed to make molecular elec-
tronic devices, memories, and photonic bandgap materials in
research labs; for the most part however, it remains a research
tool. Although it is expected that self-assembly will be a cost
effective and efficient method for manufacturing nano-scale de-
vices and systems, self-assembly will remain an unknown entity
as a commercial process until a functional device is realized in
a commercial scenario. The study of defects in self-assembling
systems and introducing defect tolerant architectures will play a
prominent role in transferring self-assembly from research lab-
oratories to device manufacturing.

The engineering and scientific enthusiasm for challenges re-
lated to self-assembly continues to grow and justifiably so. We
anticipate developments toward the integration of self-assem-
bled structures in existing microfabricated systems, an increased
interest in mimicking biological function to produce complex
structures, and the broad participation of multiple disciplines
in addressing some of the challenges currently facing self-as-
sembly. Self-assembly, we believe, will be a central approach to
nanofabrication in future.
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