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Using Self-Assembly for the Fabrication of
Nano-Scale Electronic and Photonic Devices

Babak Amir ParvizMember, IEEEDeclan Ryan, and George M. Whitesides

Abstract—Challenges facing the scaling of microelectronics to  iii) be parallel in nature—producing many circuits and sys-
sub-50 nm dimensions and the demanding material and structural tems simultaneously;
requirements of integrated photonic and microelectromechanical iv) be able to structure in three dimensions
systems suggest that alternative fabrication technologies are .
needed to produce nano-scale devices. Inspired by complex, v) be cost-effective. o .
functional, self-assembled structures and systems found in Nature A number of nanofabrication techniques are under develop-
we suggest that self-assembly can be employed as an effective toainent that take advantage of scanning probe [2], extreme UV [3],
for_nanofabrication. We define a se_lf-assem_bling system as one ine-peam [4], X-ray [5], or ion-beam lithography [6]. These ap-
which the elements of the system interact in pre-defined ways 10 55 ches all meet one or a few of the requirements listed above.

spontaneously generate a higher order structure. Self-assembly . - .
is a parallel fabrication process that, at the molecular level, An alternative approach that has the potential to satisfy many

can generate three-dimensional structures with sub-nanometer Of .the _above rr]entio.ned.requ?rements is self-assembly [7]. The
precision. Guiding the process of self-assembly by external forces objective of this review is to introduce the concept of self-as-
and geometrical constrains can reconfigure a system dynamically sembly for nanofabrication and review its recent use in making
on demand. We survey some of the recent applications of self-as-|yiects and devices with nano-scale features for electronics and
sembly for nanofabrication of electronic and photonic devices. . L

photonics applications.

Five self-assembling systems are discussed: i . . . .
1) self-assembled molecular monolayers: We define a self-assembling system as one in which the in-

2) self-assembly in supramolecular chemistry; dividual components interact in pre-defined ways that result
3) self-assembly of nanocrystals and nanowires; in the spontaneous self-organization of those components into
4) self-assembly of phase-separated block copolymers; higher-order structures. Self-assembly happens extensively in

5) colloidal self-assembly. Nature. From molecules to much more complex biological sys-

These techniques can generate features ranging in size from a feWye g self-assembly contributes to making patterns, ordered ob-
angstroms to a few microns. We conclude with a discussion of the . t d functi | t Self bl fabri
limitations and challenges facing self-assembly and some poten-]eC S, and functional systems. Sell-assembly as a nanotabrica-

tial directions along which the development of self-assembly as a tion method offers a number of advantages.

nanofabrication technology may proceed. 1) Self-assembly is inherently a parallel process. This
Index Terms—Electronic devices, nanofabrication, photonic de- feature is particularly important at the nano-scale. As the
vices, self-assembled monolayers, self-assembly. 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.
HE SCALING of microelectronic devices to sub-50 nm 2) Self-assembly at the molecular level can generate struc-
dimensions in recent years has challenged the capability  tures with sub-nanometer precision.
of conventional solid-state microfabrication technologies in the 3) Self-assembly at the molecular level offers the ability to
cost-effective, mass production of devices and integrated cir-  generate three-dimensional (3-D) architectures.
cuits [1]. Additional architectural and materials requirements 4) External forces and geometrical constraints can alter the
imposed on present day solid-state microfabrication technolo-  outcome of a self-assembly process. We can take advan-
gies by the scaling of photonic devices and microelectrome-  tage of this fact to re-assemble/re-configure a system dy-
chanical systems (MEMS) call for the study of new methods for ~ namically on-demand.
nano-scale manufacturing. We identify five key elements thatTwo main steps are involved in designing a system that takes
a new nanofabrication technology must satisfy to address thgvantage of self-assembly for fabrication. First, the interaction
challenges of ever-decreasing dimensions: the technology mistween the elements that constitute the final system should
i) be able to produce components with nanometer (6e tailored for the proper response. The interaction between
better) precision; the elements (molecules, particles) in the system can be con-
ii) be able to assemble systems from these components;trolled using chemistry. Typically, the chemistry involves hy-
. . . ) drogen bonding, van der Waals forces, electrostatic forces, or
Manuscript recglved June 16, 2003; rey|sed July 7, 2003. This work was SLfJf-dro hobic interactions. We note that the internal interaction
ported by the National Science Foundation (NSF) under Grant CHE-01014 Y phobic eractions € note tha € erna eractio
and the Defense Advanced Research Project Agency (DARPA). of the elements does not uniquely define the final state of a
The authors are with the Department of Chemistry and Chemical Bio'o%(elf-organizing system. External forces and geometrical con-
Harvard University, Cambridge, MA 02138 USA (e-mail: gwhitesides@gmw-, .
group.harvard.edu). strains can change the outcome of a self-assembly process, and
Digital Object Identifier 10.1109/TADVP.2003.817971 provide flexibility to process designers. The second step in the

. INTRODUCTION

1521-3323/03%$17.00 © 2003 IEEE



234 IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 26, NO. 3, AUGUST 2003

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.

Il. CURRENT APPLICATIONS OF SELF-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 mOIGCUH?S (tail 9r°“p) ConStltUte,S the exposed SH{Q_ 1. Scanning tunneling microscopy image of octanethiol monolayer
face of the SAM. Itis possible to form a variety of SAMs, folon Au (111). The molecules self-assemble on the gold surface and form the
example, thiols form SAMs on metals such as gold [9], silvepbserved ordered lattice spontaneously. Octanethiol molecules commensurate

. . . ith the underlying gold lattice structure as marked in the image. (Reprinted
copper, iron [10]’ platlnum [11]’ am_j palladlum [12]' They Cae%ith permission from [17]. Copyright 1997 American Chemical Society.)
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 sfannot take full advantage o.f the size reduction qﬁered by using
icon dioxide surfaces [14]. Fatty acid molecules will form &€ molecular system. Making a molecule that is more than a
SAM on aluminum oxide [15], [16]. Fig. 1 shows a scannin&'”gle device (wire, resistor, capacitor, transistor, etc.) is neces-
tunneling microscope (STM) image of octanethiol molecul&&"Y to justify the move from conventional crystalline devices
forming a SAM on an atomically flat gold substrate [17]. to the molecular ones. Most likely, molecular integrated circuits
Changing the tail group of the molecules in the SAM is aWill play an important role in the future of the field.
easy method to obtain different surface properties. SAMs have>AMS provide a number of intriguing opportunities in lithog-
been used to render surfaces hydrophobic or hydrophilic [1&}PhY when used as the resist. They offer unique advantages
and to change the surface states of a semiconductor [19].sh|{:h as: providing an atomically uniform thickness over a very
MEMS, SAMs have been employed to reduce the adhesilijge area, self-assembling onto substrates with large and un-
problem in sacrificial layer release processes [20], to impro@¥€n surface profiles, and providing a very thinffm) coating.
the reliability of microactuators, and in sensor structures. ~ SAMS have been patterned by microcontact printing [24], scan-
Self-assembly allows for the precise positioning of SAM41iNG probe techniques [25], atom beam [26], e-beam [27], and
a well defined chemical system, on a target location in a hjhotolithography [28]. Microcontact printing provides a very
brid (molecular-inorganic) device. This characteristic of SAMSMPIe way for patterning a surface with a molecular monolayer.
makes them good candidates for molecular electronic devicBsthis technique [24], a poly(dimethyl siloxane) (PDMS) stamp
In most molecular electronic architectures today the inorgarjitk€d with the molecules is brought into conformal, molecular
parts of the device such as leads, connections, and a locatiorl §¥f! contact with the substrate. The molecules transfer from the
the assembly of a SAM are microfabricated and then a SAMEMP to the substrate and the pattern of the stamp is replicated
allowed to self-assemble onto the correct location in the devi@8 the surface. This method has been used for printing organic
structure. By designing and positioning the proper molecul&ctronic circuits [29] and patternlng biological materials on
in the device the desired functionality is obtained. SAMs haw/Pstrates [30] as well as patterning curved surfaces [31]. The
been used as molecular memories [21], molecular wires [28]r€€ outstanding issues in using SAMs as a resist for lithog-
and have exhibited negative differential resistance [23]. raphy are levels ofdefects, lateral diffusion, and post processing.
Using SAMs to build electronic devices and perhaps eventiilthough wet-etching has been used on patterned SAMs [32], a
ally circuits is an intriguing prospect. They can potentially prdull library of post-processes are not presently available to fab-
vide the basis for very high-density data storage and high-spdl&@t€ complex architectures.
devices. It is also interesting to investigate the electro-optical
properties of molecular devices. Many organic molecules hale
signature optical responses especially in the infrared region. ItSupramolecular chemistry is a subset of organic and
would be beneficial to take advantage of these to make optrganometallic chemistry that focuses on the assembly of
electronic devices. molecular components using non-covalent bonds, e.g., hy-
Wiring a self-assembled molecular device is a major chalrogen bonds, electrostatic bonds [33]-[40]. Supramolecular
lenge. If the scaling of a technology is limited by the size of thehemistry, in contrast to two-dimensional self-assembled mono-
microfabricated structure supporting the nano-scale device, dagers, has the ability to fabricate 3-D structures in the size scale

Self-Assembly Using Supramolecular Chemistry
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between a single molecule to a few microns. Supramolecula
chemistry represents an effort among researchers to fabricatl
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 2
molecules in a predefined way, using non-covalent forces, tc
form a larger supermolecule [36]. The recognition and specific

|
binding of two complementary DNA strands is an example of :
such a molecular recognition process. 3 .
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 forimter alia circles, triangles
and squares [41] [Fig. 2(a)]. These larger scale molecular struc
tures whose shape can be controlled by experimental condition
demonstrate a route to large %0 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—hexaert-butyl decacyclene, HB-DQCgoHgg ), 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
thankT" 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 (b)
surface stress, and the cantilevers deflected with a magnltl'ggge 2 (a) Atomic force microscopy images of DNA self-assembly: by

proportional to the number of bound molecules. This nanom@mtroliing the ionic strength of the solutions, protein/DNA aggregates of

chanical device was capable of detecting a single-base mismatiferent Shapeslare formed: 1. rings, 2. trfimers,b 3. trianlgular, exfnﬁl 4. squarbe- (t|>)
Scanning tunneling microscopy image of a sub-monolayer of hexa-tert-butyl

bew\_/een two DNA molecules. . decacyclene molecules on a Cu(100) surface in ultrahigh vacuum at room
Itis clear from these examples that using non-covalent bonggperature: (A), (C) an individual HB-DC molecule is imaged as a six-lobed
to assemble and control molecular form and functionalitgructure in registry with neighboring molecules and (B), (D) the same

: : : lecule is imaged as a torus when its position is not registered with
prowdes a pOtentlal route not Only to new materials adr_;{:'!e?ghboring molecules—the toroidal shape is a result of the rotation of the

phenomena, but also to new applications not accessible usiRfkcule at speeds greater than the scan rate used for imaging. [(a) reprinted
covalent bonds alone. with permission from [41]. Copyright 2001. (b) reprinted with permission from
[42]. Copyright 1998 American Association for the Advancement of Science.]

C. Epitaxially Grown Self-Organized Solid-State Quantum

Dots Varying the substrate temperature during growth, the sub-
Molecular beam epitaxy (MBE) and metal-organic vapotirate angle, the flux ratios, the lattice mismatch, and the growth

phase epitaxy (MOVPE) can produce two-dimensional (2-[§t€ can tune the self-assembly of the dots on the_surface [_46],

planes of semiconductors with atomic scale precision. Thdéd]- This has allowed for close control of the dot size and dis-

techniques can also be employed to form quantum dots Bfpution and also the average spacing between adjacent dots;

semiconductor surfaces by relying on the lattice mismaté@fming long range ordered lattices of these dots has not, how-

between alternative layers (Stranski—Krastanow growth mod@je". been achieved to date. Patt_erned su_bstrates with step edges,

[45]. In this growth mode, a thin layer of material (typicallyd"0OVes, and stress concentration locations have been used to

a few nanometers) grows epitaxially on a substrate with @lide the growth of the dots [48]. A buffer layer between stacks

different lattice constant. The resultant strain in the deposit@4dots has been used to influence the vertical alignment of the

layer can initiate a self-reorganization and convert the cofiots [49].

tinuous overlayer into a group of quantum dots. Si/SiGe and )

(InGa)As/GaAs are the two most widely studied materidl: Self-Assembly of Nanocrystals and Nanowires

systems for the self-organized growth of quantum dots usingChemical synthesis can provide an alternative to MBE in a

this method. The dot diameter ranges from ten to a few hundnedmber of areas. A diverse range of shapes, sizes and, conse-

nanometers, with typical dot heights below ten nanometers. 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
Chang'”g, the spacing between individual nanqcryStals mF%. 3. Transmission electron micrographs of CdSe nanocrystals of
superlattice. In the case of close-packed 3-nm silver nanocryferent shapes: (a) Close-packed array of 4.8 nm diameter nanocrystals

tals, an insulator-to-metal transition occurs as a function 6falebar = 20 nm), (b) rodlike CdSe nanocrystals with an average length

. : 4.5 nm and an aspect ratio of 10:1, (c) teardrop shape nanocrystals, and
the separation between nanocrystals when the ratio of @égtetrapod shaped nanocrystal with its fourth axis pointing out of the plane.

diameter to interparticle separation approaches 1.2 [67]. Ti¢Spyright 2000 American Chemical Society.)
transition is a result of the mode of electron transmission

between individual nanocrystals switching from tunneling (and . . . . . .
hopping) to coherent transport nanorods, due to their anisotropic shape, align with a high de-

A candidate for high-density data storage mediaisaself-or%—ee of directional order upon solvent evaporation and exhibit

nized array of magnetic FePt nanocrystals [68]. Magnetic Fe Ee_frmg_ence. The re;ultlng '_‘ano”’d assembly_may f_md app_ll-
nanocrystals, upon thermal annealing, undergo a phase trans?gp—on_s In electro-optical devices such as polarizing light emit-
mation to yield a face-centered tetragonal superlattice. This é'l?—g diodes. . . . .

perlattice structure is particularly useful for data storage appli-The use of one-dimensional semiconductor materials as

cations, as the collective property associated with this struct I%ndldate fla;ier mat(_et:!la_ttls hfa_s attrac;tjed s!?nlf_lcant attkeJ_ntlon
is high coercivity. Such thin nanocrystal films have the potentit Fca(t;se :) € possi 'f! y o m:prL(_)vkeJ exc(;omc re|<(:om Ana-
to provideTbit /in? storage densities. ion due to carrier confinement. Lieber and coworkers have
- . demonstrated an electrically pumped CdS nanowire laser

The prevalence of self-assembled structures in b|olog|¥

d
N : . J Chemically grown semiconductor nanowires can act
systems has inspired researchers to borrow biological conc
as Fabry—Perot resonators after cleavage of both ends of the

when fashioning new approaches to fabricating Self'assena'nowire This device consisted of an n-type CdS nanowire
bled arrays of nanostructures. Alivisatos and Mirkin have ) yp

modified gold nanocrystals with complementary strands (r)?stlng onap-type Si substra_lte with a meta"a'“m'”? f|Im evap-
grated on top of the nanowire. Carrier recombination in this

DNA [69], [70]. When mixed together, the gold nanocrystals junction resulted in nanowire electroluminescence. Other

recognize each other using the specific biochemistry of DN . .
: . . nanocrystal and nanowire optoelectronic phenomena reported
to form mixtures of dimer (two nanocrystals) and trimer (threg - .
mc{ITude electrogenerated silicon nanocrystal luminescence

nanocrystals) aggregates. Belcher and coworkers have rep(;[%gel optically pumped semiconductor nanowire lasers [82]

the formation of a liquid crystalline phase of virus materi . ;
. ; &nq electrochromic semiconductor nanocrystals [83].
where each virus has a semiconductor nanocrystal tethered a

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 biologicalBlock copolymers are polymers with chains that consist
sciences. Metal nanowires have also been synthesized usingahdistinct sections (blocks) each containing only one type of
structure of a linear virus as a template for metal growth [73]monomer. If the blocks in the polymer chain are incompatible
Compared to nanocrystals, the assembly of nanowire arraysl do not mix, the polymer can self-assemble into ordered
is more challenging due to the shape anisotropy of the objedicrodomains [84]-[86] (Fig. 4). Self-assembly is a result
[55], [74]. Nanowire self-assembly generally results in shodf microphase separation and de-mixing of various parts
to medium range superlattices with only partial order. Severai the polymer. The resultant microdomains in the polymer
groups have presented methods to address this difficulty Btructure consist of different types of monomer. The size of
cluding the assembly of nanowire structures using microfluideach microdomain depends on the preparation method, chain
channels [75] and electric-field assisted assembly [76]. A fieltength, polymer type, volume fraction of each component, and
effect transistor based on an assembly of crossed semiconduttorperature, and is typically between 10 nm to 100 nm. Block
nanowires was demonstrated using fluidic alignment [77], [78opolymers can self-assemble into cylinders, lamellae, and
Recently, Alivisatos and coworkers have demonstrated liquspheres, among other shapes. These shapes can have aspect
crystalline phases of semiconductor CdSe nanorods [79]. THa¢ios exceeding 50:1 [87]. Such aspect ratios are difficult to

------.-
P M
.

1 = {
: IS == 7
A

-
._I

N .
\@’é’ =

7
i
e

-
[
-

77
i Z 2
ma bl L 100 nm

Self-Assembly of Block Copolymers



PARVIZ et al: USING SELF-ASSEMBLY FOR THE FABRICATION OF NANO-SCALE ELECTRONIC AND PHOTONIC DEVICES 237

attain with conventional microfabrication techniques in the
direction perpendicular to the surface of the wafer.

Bytaking advantage of self-assemblyinblock copolymers, one &
can form nano-scale patterns on the surface or in the bulk of thé*™
material. Self-assembly of thin films of block copolymers on sur- 9 e
facesinto ordered patterns has been studied extensively. After thg ™ f -{' e }
ordered pattern of polymer self-assembles on a surface, by sele ™ ' -
tively removing one phase of the polymer, the resulting polymer ' -
patterncanbetransferredtothe substrate by various methods sug_= ’ F .
asdryetchingorelectroplating. Forexample, the self-assembly o
polystyrene (PS)/poly(methylmethacrylate) PMMA in the shape
of cylinders perpendicular to a gold surface has been used for th{®
fabrication of nanoelectrodes [87]. In this case, the PMMA cylin-
derswereremovedafterexposuretothe UVlight,leavingbehind g
hexagonal pattern of gold nanoelectrodes. Bulk self-assembly o
the block copolymersinto micro-spherical domains [88]has bee
studied for making photonic crystals and mechanochromic mate
rials. The polymers can also be mixed with inorganic nanocrys-

tals and molecules such as fullerene to provide an extra deg'F'@e_"'- Transmission electron micrograph(@O,-stained cryo-microtomed
section of self-assembled styrene/isoprene block copolymer. The lattice

of freedom for engineering the properties of the final SuPerIattiG@nstant for this architecture is about 250 nm. The styrene networks appear
[89]. light in this image. (Reprinted with permission from [86]. Copyright 2002.)
Block copolymers provide an easy route to form ordered
patterns with nano-scale features on a surface. Many of the e
; ; . . orous metal oxide fills the space between a self-assembled lat-
polymers are commercially available and inexpensive. A{? . .
lce of spheres with a diameter of about 100 nm. The self-as-
though short range order has been demonstrated for a number o :
o Sembly process of the spheres is controlled by the pattern of
block copolymer systems, achieving long range order remains . .
: microchannels with a length scale larger than 1000 nm. Fig. 5
an elusive goal. . : i
shows examples of structures made by this technique. It is note-
F. Colloidal Self-Assembly worthy that hierarchical self-assembly can controllably create
) ) shapes with nano-scale features in the desired locations. Making
_ The self-assembly of 100-1000 nm diameter micro-sphergg.se nano-scale features is not limited by the capabilities of
into ordered arrays have been extensively studied, part'w'aﬁ%tolithography.
as a means to fabricate photonic bandgap crystals [90]. These
colloidal photonic band gap crystals can be used in lasers [%]
and waveguides [92Fi0O2, ZnO, or polymer spheres with di- ~
ameters ranging from a 100 nm to a few microns have beenSelf-assembly, as described thus far, produces structures
caused to pack under the influence of capillary forces, and mdkem components that organize among themselves in a defined
ordered lattices [93]-[95]. The packing process can be comanner. As mentioned above, the application of external
trolled by gravity, convection, changing the surface chemistry ffrces and constrains can alter/control the outcome of a
the spheres, or imposing geometrical constrains on the systégif-assembly process. In this regard, we introduce directed
For example, by assembling a lattice of spheres inside a ra¢lf-assembly as the ability to control the organization of
crochannel, itis possible to fabricate lines and 3-D patterns witkdividual components using methods supplementary to the
internal feature sizes smaller than is allowed by photolithog¥iginal interactions driving self-assembly. Directed self-as-
raphy [96], [97]. The space between the spheres can be filgembly can, therefore, provide not only the ability to tune the
with other materials such as carbon, CdSe, and metal oxideteraction between individual assembling components but also
[98], [99]. The filling process can be accomplished by sinterindpe ability to position the final assembly at a desired location.
nanocrystals, electrodeposition, chemical vapor deposition,fear example, electric-field assisted self-assembly is used to
oxide reduction. It is also possible to remove the spheres afg@sition nanowires on a pad [76] or to control the orientation
the refill process and produce a porous structure with nano-scaleself-assembled patterns in a block copolymer blend [102].
ordered voids [100]. By varying the geometrical constrains on a set of assembling
A hierarchical self-assembly process has been developeddejloidal particles in a microchannel, different packing orders
Yang and coworkers [101] that uses porous oxides as the filliage obtained [103]. The structure of photonic crystals consisting
material between the spheres. In this case, the self-assentiflynagnetic particles can be tuned by the application of an
process allows for the controlled formation of ordered pattergsternal magnetic field [104].
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 Due tothermalfluctuations and the statistical nature of self-as-

copolymer and subsequently removing the polymer phase. T8&mbly in the nano-scale, we anticipate the presence of a finite

Directed Self-Assembly

I1l. CHALLENGES AND LIMITATIONS OF SELF-ASSEMBLY
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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
Fig. 5. Scanning electron microscopy images of hierarchical colloidédol. Although it is expected that self-assembly will be a cost

self-assembly. (A) The largest pattern in the structure is made by usig§factive and efficient method for manufacturing nano-scale de-
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 tHi€€S and SySt?mSv self-assembly will remain an Un_knowr? ent'ffy
silica spheres are filled with a porous oxide and then the spheres are remasisda commercial process until a functional device is realized in

from the structure. (Reprinted with permission from [101]. Copyright 1998 commercial scenario. The study of defects in self-assembling

American Association for the Advancement of Science.) . . . .
systems and introducing defect tolerant architectures will play a
prominent role in transferring self-assembly from research lab-

number of defectsin the final assembled structures. Some ma@ratories to device manufacturing.

scopic phenomenon such as wettability are less sensitive to deFhe engineering and scientific enthusiasm for challenges re-

fects in a self-assembled molecular monolayer, however, almiztd to self-assembly continues to grow and justifiably so. We

perfect yields are required to operate a molecular electronic deticipate developments toward the integration of self-assem-

vice. Investigating architectures that are tolerant to imperfectiobied structures in existing microfabricated systems, an increased

and defects will be essential for designing a system that takes aderest in mimicking biological function to produce complex

vantage of self-assembly. Most of the self-assembling systemstictures, and the broad participation of multiple disciplines

present generate repetitive patterns with short to medium rarnigeaddressing some of the challenges currently facing self-as-

order. Workingwithinthese constrainsisanotherchallenge fordembly. Self-assembly, we believe, will be a central approach to

signersofdevice and systemarchitectures. Designing and makimgofabrication in future.

the components for self-assembly may notbe atrivialtask. For ex-

ample, making an elementary molecular circuit that can self-as-

sembleintoalargersystemwith more complexitythanthe starting REFERENCES
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