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C O N S P E C T U S

Although nanocrystals and nanowires have proliferated new scientific ave-
nues in the study of their physics and chemistries, the bottom-up assem-

bly of these small-scale building blocks remains a formidable challenge for device
fabrication and processing. An attractive nanoscale assembly strategy should be
cheap, fast, defect tolerant, compatible with a variety of materials, and parallel
in nature, ideally utilizing the self-assembly to generate the core of a device, such
as a memory chip or optical display. Langmuir-Blodgett (LB) assembly is a good
candidate for arranging vast numbers of nanostructures on solid surfaces. In the
LB technique, uniaxial compression of a nanocrystal or nanowire monolayer float-
ing on an aqueous subphase causes the nanostructures to assemble and pack
over a large area. The ordered monolayer can then be transferred to a solid sur-
face en masse and with fidelity.

In this Account, we present the Langmuir-Blodgett technique as a low-cost
method for the massively parallel, controlled organization of nanostructures. The
isothermal compression of fluid-supported nanoparticles or nanowires is unique
in its ability to achieve control over nanoscale assembly by tuning a macro-
scopic property such as surface pressure. Under optimized conditions (e.g., sur-
face pressure, substrate hydrophobicity, and pulling speed), it allows continuous
variation of particle density, spacing, and even arrangement. For practical appli-
cation and device fabrication, LB compression is ideal for forming highly dense
assemblies of nanowires and nanocrystals over unprecedented surface areas. In
addition, the dewetting properties of LB monolayers can be used to further
achieve patterning within the range of micrometers to tens of nanometers with-
out a predefined template. The LB method should allow for easy integration of nanomaterials into current manufacturing
schemes, in addition to fast device prototyping and multiplexing capability.

Introduction
Assembly presents one of the most fundamental

issues in nanoscience. Rational assembly strate-

gies are needed not only to build complex struc-

tures with novel collective properties but also to

pattern nanoscale building blocks for device fab-

rication at a practical scale. Although top-down

approaches toward these architectures such as

nanoimprint lithography, near-field lithography,

and scanning probe techniques have demon-

strated high spatial resolution, bottom-up meth-

ods are still highly desirable for their simplicity

and compatibility with large-scale, heterogeneous

integration processes. In the past several decades,

significant advancement has been made in the

chemical synthesis of nanomaterials: building
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blocks of a wide range of materials can now be made with

good control over their size, shape, and crystallinity. How-

ever, major advances in the field of assembly must be made

in order to fully utilize the functionality offered by nanoscale

materials and to realize their practical application toward opti-

cal, electronic, and magnetic devices.

Parallel organization, rather than serial manipulation, is

a necessity. In addition to patterning and placement with

high fidelity, the ideal assembly technique must be easily

integrated into current fabrication schemes, such as roll-to-

roll processing. Such techniques typically involve strategic

design of solvent flow, liquid interfaces, and wetting prop-

erties. For microscale devices, self-assembly of three-dimen-

sional electrical networks and large device arrays have

been demonstrated using capillary forces driven by hydro-

phobic interactions or liquid menisci.1,2 For the assembly of

nanoscale building blocks, large efforts have been focused

on spontaneous organization of colloidal solutions. Early

examples include the fabrication of photonic bandgap

“opals” composed of silica spheres packed by sedimenta-

tion or slow evaporation.3 In addition, superlattices of

colloidal semiconductor quantum dots,4 magnetic nanopar-

ticles,5 and metal nanocrystals6-8 have been demonstrated

using solvent evaporation. Spontaneous crystallization of

these structures results from tuning interparticle forces by

optimization of solvent composition, evaporation rate, par-

ticle concentration, and particle surface chemistry. Micro-

fluidic channels, as well as convective flow cells, have been

used to direct solvent flow during the assembly process.9,10

However, large-scale patterning of nanostructures with

these methods is difficult to achieve. In addition, superlat-

tice crystallization can be extremely sensitive

to sample quality and often requires nanostructures exhib-

iting high monodispersity and near-spherical shapes.

To address these difficulties, a common strategy is to

employ a predefined template to control deposition dur-

ing solvent evaporation. Templating methods apply the fact

that colloidal assembly is driven by capillary forces at the

drying front. For planar fabrication, the surface of a sub-

strate can be modified chemically or geometrically to assist

nanostructure assembly. For example, substrates patterned

with alternating regions of hydrophobic and hydrophilic

molecular layers result in selective deposition of small par-

ticles into hydrophilic sections.11 Physical templates such as

wells and trenches can be used to confine an evaporating

suspension, forming organized clusters of particles.12,13

These techniques are also compatible with anisotropic

nanostructures.14 However, because template fabrication

typically involves lithographic processing, this assembly

method is often limited to what can be currently achieved

using top-down approaches. In this Account, we summa-

rize our efforts in the assembly and patterning of nanoma-

terials by the Langmuir-Blodgett (LB) technique, which has

proved to be a very versatile tool to fabricate both closely

packed nanoparticle superstructures and well-defined pat-

terns with low particle density. First, we discuss the basic

method of LB compression and dip-coating in the frame-

work of nanoscale assembly. We cover the fabrication of

two-dimensional arrays of nanorods, nanowires, and nanoc-

rystals that adopt unique close-packed architectures. We

then discuss how LB monolayer transfer can be used as a

patterning technique by utilizing general dewetting princi-

ples. It should be noted that this Account does not review

methods where nanoparticles are synthesized in situ within

or at the surface of a molecular LB film.

FIGURE 1. Langmuir-Blodgett trough: (A) schematic of a water-filled Langmuir-Blodgett trough from the top and side views; (B) image of a
substrate being pulled vertically through a Langmuir monolayer of silver nanowires. The speed of both the dip-coater and the mobile barrier
are mechanically controlled.
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Langmuir-Blodgett Monolayers: From
Molecules to Nanoparticles
Research on water-supported thin films dates back to the nine-

teenth century.15 When amphiphilic molecules, usually dis-

solved in an immiscible volatile solvent, are spread onto a

water surface, a Langmuir thin film consisting of a water-sup-

ported monolayer of the molecules can be obtained.16,17 The

molecular density in the monolayer can be readily altered by

compressing or expanding the film using a barrier. Such a thin

film can be transferred onto a substrate (e.g., by dip-coating)

and a solid-state thin film is obtained upon evaporation of the

underlying water layer. This has led to numerous applications

based on ultrathin films.18-20 Traditionally, LB assembly and

deposition has been used for generating films of organic spe-

cies, including long-chain aliphatic compounds, aromatic com-

pounds, porphyrins, dyes, and large biological molecules.21

Fatty acids, however, are the quintessential monolayer mate-

rial having been studied by Irving Langmuir in the early

1900s. Langmuir was able to relate pressure-induced force to

the phase transitions of long-chain surfactant monolayers,

expanding upon the idea of surface tension and free energy

using a molecular picture that involved steric hindrance,

FIGURE 2. Selected examples of close-packed Langmuir-Blodgett monolayers of nanocrystals and nanowires: (a) Pt nanocrystal arrays used
as 2D model catalysts;29 (b) BaCrO4 nanorods arranged into liquid crystalline patterns;30 (c) densely packed Ag nanowire arrays for
molecular sensing using surface-enhanced Raman spectroscopysthe inset shows an area of close-packed nanowires;31 (d-f) superlattice
architectures assembled from Ag nanocrystal building blocks of different polyhedral shapes, (d) truncated cubes, (e) cuboctahedra, and (f)
octahedra. The insets in panels d-f show individual nanocrystal geometry (top), fast Fourier transform images indicating long-range order
within each monolayer (middle), and close-up views of the nanocrystal unit cell (bottom). Panels a and b are TEM images, while the
microscopy graphs in (c-f) are SEM images. Reprinted with permission from ref 27. Copyright 2007 Nature Publishing Group.
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molecular orientation, and rearrangement.16 Having been

extensively applied by Katharine Blodgett, the LB technique

refers to the passing of a solid barrier vertically through the

air/water interface to achieve monolayer or multilayer depo-

sition.22

Nanoparticles can also be processed in the same fashion as

traditional LB molecules. This is a general, but versatile,

method for arranging nanoscale building blocks of different

compositions, morphologies, and sizes. A wide variety of

nanoscale materials have been organized into two-dimen-

sional monolayers using the LB technique, including CdSe,23

Fe3O4,24 Ag,25-27 Au,28 and Pt29 nanoparticles; Au, BaCrO4,

and BaWO4 nanorods;30 Ag,31 Si,32 Mo3Se3
-,33 ZnSe,34

WOx,
35 and Ge36 nanowires; and carbon nanotubes.37 The

isothermal compression of fluid-supported nanoparticles or

nanowires is unique in its ability to achieve control over

nanoscale assembly by tuning a macroscopic property such as

surface pressure. Under optimized conditions, it allows con-

tinuous variation of particle density, spacing, and even

arrangement. LB compression is ideal for forming highly

dense assemblies of nanowires and nanocrystals over unprec-

edented surface areas. In addition, the dewetting properties of

LB monolayers can be used to achieve patterning from

micrometer to tens of nanometers range without a predefined

template.

Close-Packed Nanoparticle Superlattices by
Compression
The LB technique has been shown to be a high-throughput,

low-cost, easily integrated method for the controlled assem-

bly and patterning of nanoparticles and nanowires. A sche-

matic of the process is shown in Figure 1. The assembly

process is carried out in a water-filled trough equipped with a

mobile barrier and a pressure sensor (Wilhemy plate). Nano-

particles are dispersed in a volatile solvent that is immiscible

in water, typically chloroform or hexane. The solution is then

spread dropwise onto the water surface where it spreads to an

equilibrium surface pressure and evaporates, leaving behind

a water-supported film of particles. The high surface tension

of water allows the interfacial region to easily support nano-

structures with dense material compositions that are other-

wise not buoyant. The mobile barrier is then used to laterally

compress the monolayer at a controlled speed, typically at a

rate of 1-40 cm2/min. Ordered arrays are achieved at high

surface pressures, where the colloidal nanostructures are con-

FIGURE 3. The optical response of a silver nanoparticle film can be tuned using Langmuir-Blodgett assembly: (a-c) SEM images of
transferred LB films and their corresponding visual appearances (inset) at surface pressures of 0, 1, and 14 mN/m; (d) the surface pressure
isotherm curve taken during compression of a nanoparticle film; (e,f) the optical reflectance of Langmuir-Blodgett nanoparticle films while
supported on the fluid subphase. In the low surface pressure regime (panel e), the optical response of the film is dominated by Bragg
scattering. In the high surface pressure regime (panel f), near-field plasmon coupling leads to a continuum of resonances rather than distinct
resonant wavelengths. Reprinted with permission from ref 27. Copyright 2007 Nature Publishing Group.
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densed into a solid, cohesive film. At low surface pressures,

convective flow can be induced by a temperature gradient or

by intentionally agitating the interface. This is particularly ben-

eficial for metal nanoparticles that experience size-depend-

ent dispersion forces, leading to the self-segregation of

monodisperse nanoparticle lattices.38 The resulting 2-D super-

lattices can then be transferred onto solid substrates by ver-

tical dip-coating.

In addition to surface pressure, the resulting nanoparticle

arrays are greatly affected by particle size, shape, and passi-

vating ligand. While spherical nanoparticles form close-packed

superstructures, faceted particles can generate 2D lattices with

alternative symmetries determined by the shape of the parti-

cles.27 Of particular note are the interlocked architectures

formed by LB films of Ag octahedral nanocrystals. For highly

anisotropic structures, such as the rods and wires in Figure

2b,c, oriented films with textures resembling liquid crystals can

be achieved. Nanorods with short aspect ratios adopt smec-

tic ordering;33 as aspect ratio increases, order is lost in one-

dimension such that the film adopts nematic-like order.31

Deposition of the nanowires films onto arbitrary substrates

allows for a versatile processing method for creating ultrahigh-

density aligned nanowire arrays that can accommodate flex-

ible substrates.31,39

The area of the monolayer can be tuned continuously by

moving the barrier, effectively changing the interparticle spac-

ing within the nanoparticle film. This makes it possible to

observe the transition between uncoupled and coupled nano-

particle arrays as the interparticle spacing is reduced. For

example, Collier et al. demonstrated that as the spacing

between small Ag quantum dots (d ≈ 2.7 nm) was decreased,

increased electronic coupling between the nanoparticles lead

to a metal-to-insulator transition at separation distances below

5 Å.25 With larger faceted Ag nanocrystals (d ≈ 100-250 nm)

that exhibit intense light scattering due to localized plasmon

resonances, we demonstrated that interparticle separation

could be used to completely tune the optical response of the

LB film.27 For particle separations greater than the diameter,

Bragg scattering is observed; for particles spaced as far as 40

nm apart, near-field plasmon coupling results; at shorter dis-

tances of ∼2 nm, surface plasmons can be delocalized over

the entire nanocrystal monolayer (Figure 3). The observation

of these cooperative effects demonstrates the LB technique as

a powerful tool for constructing a large-scale, bottom-up mate-

rial whose collective properties can be tuned by controlling

organization at the nanoscopic level. In addition, these close-

packed arrays of metal nanoparticles can find immediate

application as sensing substrates for surface-enhanced Raman

spectroscopy (SERS). Such metallic layers are expected to

exhibit large local electromagnetic field enhancement, partic-

ularly for anisotropic building blocks with sharp tips and non-

circular cross-sections. LB deposition has been demonstrated

as a successful tool for the fabrication of high-response SERS

substrates by assembling a high density of electromagnetic

hot spots that are readily accessible for analyte

adsorption.31,40-42

Micrometer-Scale Nanoparticle Fingering
Patterns by Dip Coating
While most research efforts in nanoparticle LB films have been

directed to produce high-density nanoparticle arrays, little has

been done to study low-density nanoparticle monolayers and

their transfer onto substrates. Compared with a close-packed

nanoparticle monolayer, the dewetting process of a dilute

FIGURE 4. Ordered nanoparticle stripe patterns via dewetting a
dilute particle monolayer: (a-d) a schematic drawing illustrating the
formation of an aligned gold nanoparticle stripe pattern by dip
coating. Only the nanoparticles at the water-substrate contact line
(gold dots in b-d) are shown for clarity. The substrate is raised
slowly (a, b) so that water is evaporated when a new surface is
exposed. The “wet” contact line containing uniformly dispersed
nanoparticles breaks up into aggregates of nanoparticles (b, c)
owing to the fingering instability during the initial dewetting stage.
These fingertips then guide further deposition of nanoparticles,
finally forming the extended stripe pattern (d). (e) Direct optical
microscopy observation of the water front reveals a rapid motion
of nanoparticles toward the wet tips (circled area) of the stripes as
indicated by the arrows. This leads to the unidirectional growth of
the stripes across the entire substrate as shown in the optical
microscopy image in panel f. Reprinted with permission from ref
43. Copyright 2005 Nature Publishing Group.
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monolayer is especially interesting because the free space

between particles allows a higher degree of convection-in-

duced motion during evaporation. In this manner, LB films can

also be utilized to fabricate regular patterns of nanostructures

by controlling the deposition process.

Well-aligned stripe patterns with tunable orientation, thick-

ness, and periodicity at the micrometer scale can be obtained

by a facile dip-coating process (Figure 4).43 Stripe formation

results from convective flows at the moving contact line of a

colloidal LB monolayer, where film dewetting onto a hydro-

philic substrate produces fingering instabilities. The resulting

pattern is explicitly determined by factors that affect the

meniscus formed between the monolayer and the vertically

moving substrate. Nanoparticles are loosely arranged within

FIGURE 5. Tuning stripe dimension by changing the surface pressure of the water-supported nanoparticle film. (a-d) The SEM images (scale
bars ) 100 µm) show that the thickness of the stripes increases with higher particle density on water. (e) The isotherm of the nanoparticle
film. The inset shows the typical color of the gold nanoparticle film on water. (f) The coverage of the stripes on the substrate is linearly
dependent on the particle density of the particle monolayer. Reprinted with permission from ref 43. Copyright 2005 Nature Publishing
Group.

FIGURE 6. The periodicity of the fingering instability is highly dependent on the velocity of the moving contact line and can be readily
tuned by changing parameters of Ca: (a) the periodicity of generated stripe patterns is plotted against substrate pulling speed for various
viscosities of the aqueous subphase; (b) the period of the stripe pattern is plotted with respect to pulling speed on a log scale.
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the stripe pattern. Because dewetting is a general process that

involves no special template, this patterning technique is ideal

for macroscopic patterning of nanoparticle arrays within small-

scale analytical devices such as “lab-on-a-chip.” Specifically,

ordered nanoparticle stripes could easily be overlaid with

microfluidic channels to create multiplexed, addressable areas

for quantitative chemical analysis.

A schematic of the dip-coating process is shown in Figure

4. The retreating meniscus is unidirectional, with evaporation

rate controlled by the speed of the moving substrate. Nano-

particles at the contact line are carried off the surface film and

dried onto the substrate. During this step, nanoparticles at the

water-substrate contact line segregate into periodically dis-

tributed domains of nanoparticles due to the fingering insta-

bility of the drying front.44-47 The uniform size of these

domains is likely due to the local depletion of available nano-

particles at the drying edge. As the substrate continues to be

raised, more nanoparticles precipitate out of the LB film to

form aligned stripes parallel to the pulling direction.

These nanoparticle monolayers present complex points of

study in two-fluid systems, where parameters such as vis-

coelasticity, fluid height, and surface tension are intimately

coupled to the chemical and physical nature of the mono-

layer itself. Hydrodynamic instabilities have been observed for

monolayers of brush polymers, which change conformation at

the spreading edge,48 and Langmuir films of lipid molecules

give rise to unique patterns dependent on monolayer densi-

ty.49 For nanoparticles and nanowires, a wide variety of exper-

imental parameters can be changed during LB film transfer to

tailor the resulting stripe pattern. Stripe width is dependent on

FIGURE 7. A general method for assembling 1D arrays of colloidal particles from their dilute monolayer: (a) Schematic illustration showing
colloidal particle dispersions with sequentially reduced dimensionality. First, a 3D colloidal solution is spread on to a water surface, forming
a 2D particle monolayer. An immersed substrate intersects the monolayer and creates a contact line. With partially wettable substrates,
parallel 1D arrays of particles can be deposited on the substrate upon lifting through (b) a stick-slip motion of the contact line. (c) A typical
optical microscopy image of thus prepared Au single nanoparticle (diameter 50 nm) lines on a Si substrate. The curvature of the lines
replicates that of the water meniscus. The typical line width is approximately one nanoparticle as revealed by the SEM image in panel c.
Reprinted with permission from ref 51. Copyright 2006 American Chemical Society.
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the particle density on the water surface, which is readily con-

trolled by increasing or decreasing the surface pressure at the

air/water interface. When the film is compressed, the stripes

become thicker (Figure 5).

Pulling speed of the substrate is another important factor

and can be used to tune the periodicity of the stripe patterns:

periodicity increases for decreased pulling speed (Figure 6).

The highly periodic pattern of stripes indicates that the con-

tact line instability responsible for fingering adopts a charac-

teristic wavelength. Interparticle interaction plays no

observable role in this pattern formation, with the only

requirement being an isotropic particle distribution within the

LB monolayer. A similar trend has also been observed in other

fluidic systems where fingering instabilities occur at the sol-

vent spreading front, evidenced by stripe patterns that

undergo bifurcation, coalescence, and widening.50 For a New-

tonian fluid, this wavelength is inversely proportional to the

capillary number, Ca ) Vη/γ, where V is the contact line veloc-

ity, η is viscosity, and γ is surface tension. For the stripe pat-

tern generated by our LB nanoparticle monolayers, the

experimentally obtained dispersion relation between substrate

pulling speed and periodicity gives a dependence of λ ≈ V-1/3

(Figure 6b), in agreement with the findings by Cazabat et al.50

Extending this dependence on Ca, stripe patterns can also be

modulated by changing the viscosity of the underlying liquid

subphase (Figure 6a).

Single-Nanoparticle Lines by Stick-Slip
Deposition
Furthering this application of monolayer dewetting, extended

control over nanoparticle and nanowire placement can be

achieved by performing LB film transfer onto a substrate

where wetting at the contact line is unfavorable. As previously

discussed, when a completely wettable substrate (water con-

tact angle <10°) is pulled vertically through a LB monolayer,

ordered micrometer-scale stripes are deposited perpendicu-

FIGURE 8. The stick-slip method can readily produce 1D arrays of colloidal particles with a wide range of sizes and materials. A couple of
examples are shown in the SEM images: (a) 0.9 µm, (b) 450 nm, and (c) 160 nm SiO2 spheres, (d) 50 nm Ag nanocubes, and (e, f) 7 nm Pt
nanoparticles. Panel f is a higher magnification image showing the details of the Pt line in panel e. Reprinted with permission from ref 51.
Copyright 2006 American Chemical Society.
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lar to the meniscus.43 Dip-coating onto a more hydrophobic

substrate (water contact angle >20°) instead produces pat-

terns of single-particle lines (Figure 7) oriented parallel to the

meniscus. Here, contact line pinning occurs at the meniscus

formed between the dilute particle monolayer and the par-

tially wettable substrate. During the dip-coating process, the

pinned meniscus is dragged by the raising substrate and

becomes stretched. Eventually, it breaks and recedes to a new

pinning site on the substrate. This stick-slip motion leads to

deposition of one-dimensional arrays of nanoparticles that are

spatially resolved, where the nanoparticle lines are depos-

ited during a “stick” event and the spacing is due to the “slip”

of the meniscus (Figure 7). In this manner, one-dimensional

arrays of nanoparticles of varying shape, size, and composi-

tion can be controlled in the absence of any lithographic pro-

cessing (Figure 8).51 This patterning process has been

demonstrated to produce these lines over large areas, with

particle diameters ranging from micrometers down to a few

nanometers.

Changing the nanoparticle density within the water-sup-

ported monolayer is again a convenient means of tailoring

particle density within the patterned lines. With a LB trough,

the monolayer can be controllably expanded or compressed

by moving a barrier, thus changing the particle concentra-

tion. Performing LB monolayer transfer at varying surface pres-

sures results in small groups or chains of nanoparticle oligo-

mers, whereas at higher pressures continuous one-

dimensional arrays are obtained. Upon further compression,

branched and buckled lines can also be collected. This con-

trol over nanoparticle placement allows for the design of hier-

archical device structures that otherwise require top-down or

serial approaches to patterning. For example, one-dimensional

arrays of gold nanoparticles patterned by this stick-slip

method have been successfully used to catalyze and template

the growth of vertical silicon nanowires arrays.51

One-Step Patterning of Aligned Nanowire
Arrays
The concepts of contact line deposition52-54 and the

stick-slip behavior of menisci55-58 can be extended to a

more general method for the patterning of nanowires. While

a Langmuir monolayer is necessary for obtaining single-par-

FIGURE 9. One-step patterning of aligned nanowire arrays by programmed dip coating: (a) an oxygen plasma cleaned silicon wafer was
immersed in a Ag nanowire dispersion in methylene chloride and pulled out by a programmable mechanical dipper to control the stick-slip
motion of the solvent-substrate contact line; (b) nanowire arrays with tunable density and arbitrary spacing over the entire 4-in. wafer were
obtained; (c) a magnified view of panel b showing that each repeating set of nanowires is composed of four equally spaced arrays with
decreased nanowire density as shown in the optical microscopy images in panel d corresponding to sticking times of 20, 15, 10, and 5 s,
respectively. Reprinted with permission from ref 59. Copyright 2007 Wiley-VCH.
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ticle lines, aligned single-nanowire arrays can be obtained by

controlled stick-slip deposition from both the 2D monolayer

and an isotropic colloidal dispersion if nanowire lengths are in

the micrometer range. When a solvent meniscus is pinned on

a substrate, capillary flow toward the meniscus is responsible

for the highly selective deposition along the contact line, most

commonly observed as a coffee ring stain.53 Uniquely for an

evaporating nanowire dispersion, this capillary flow can also

orient the nanowires along the flow direction, thus generat-

ing aligned arrays deposited selectively at the meniscus. Uti-

lizing this property, we achieved massive patterning of aligned

nanowires over large areas such as on a 4-in. wafer as shown

in Figure 9.59 Both nanowire density and line spacing can be

programmed using a mechanical dipper to regulate the stick-

ing time and slipping distance, respectively. This low-cost,

entirely scalable method also enables the selective position-

ing of nanowires onto prefabricated electrodes as shown in

Figure 10. This assembly method is advantageous because it

is produced directly from a nanowire dispersion, the most

common form of nanowire “stock,” with minimal material con-

sumption. This programmed stick-slip deposition clearly dem-

onstrates the potential of controlled dewetting for patterning

nanostructures.

Conclusions
In order to realize the integration of nanoscale materials into

devices that have practical significance, nanoscale patterning

techniques that are scalable, massively parallel, low-cost, and

high throughput must be developed. The use of LB monolay-

ers to produce ordered nanoparticle and nanowire arrays pre-

sents a readily implemented solution to these manufacturing

obstacles. Transfer of a fluid-supported LB film to a substrate

by dip-coating allows added control over nanoparticle and

nanowire placement, producing patterns of stripes and lines

with variable densities and high fidelity.

The techniques discussed in this review meet the chal-

lenges for new production tools that enable device flexibility

and functionality, employing the dewetting properties of LB

FIGURE 10. Selective positioning and addressing of nanowire arrays on prefabricated electrodes by programmed dip coating: (a) optical
microscopy image showing a 6 × 6 array of Cr/Pt electrodes on a SiO2/Si wafer; (b) after selective nanowire deposition, the six parallel
nanowire arrays can be seen lying across the electrodes; the center-to-center distance between the neighboring electrodes is 1 mm; (c, d)
optical microcopy images showing a set of four probe electrodes before and after nanowire deposition, respectively; (e) I-V measurement of
a thus-made device showing the successful addressing of the deposited nanowire arrays. Reprinted with permission from ref 59. Copyright
2007 Wiley-VCH.
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monolayers rather than relying on templates or serial manip-

ulation. It is most likely, however, that these techniques will

not completely supersede top-down approaches but instead

will provide a complementary tool for nanoscale patterning.

The greatest advantage of the techniques presented here is

that no specialized equipment is necessary. In principle, LB

assembly and patterning will allow both manufacturers and

researchers to rapidly prototype devices using simple bench-

top fabrication, furthering the exploration of new device phys-

ics and design for nanoscale materials.

P.Y. thanks F. Kim, S. Conner, H. Lee, H. Song, P. Sinsermsuk-

sakul, and several other members of his group that greatly con-

tributed to the development of this nanostructure assembly

program. This work was supported by the Office of Basic Sci-

ence, Department of Energy.

BIOGRAPHICAL INFORMATION

Andrea Tao is currently a postdoctoral researcher at the Univer-
sity of California, Santa Barbara, where she holds a UC Office of
the President’s Postdoctoral Fellowship. She received her A.B in
Chemistry and Physics from Harvard in 2002 and her Ph.D. in
Chemistry from UC Berkeley in 2007, where she worked on the
synthesis and assembly of nanocrystals for plasmonic applica-
tions. She is the recipient of a Young Chemists Prize from the
International Union of Pure and Applied Chemistry and a National
Science Foundation Graduate Research Fellowship. Her current
research interests include adaptive biophotonics and self-assem-
bling nanoscale systems.

Jiaxing Huang received a B.S. in Chemical Physics from Univer-
sity of Science and Technology of China in 2000 and a Ph.D. in
chemistry from the University of California, Los Angeles, in 2004.
He then became a Miller Fellow to carry out postdoctoral research
in Professor Peidong Yang’s group at the University of Califor-
nia, Berkeley. He joined the Materials Science and Engineering
Department at Northwestern University as an Assistant Profes-
sor in 2007. He is the recipient of a Young Chemists Prize from
the International Union of Pure and Applied Chemistry and the
National Starch & Chemical Award in Polymer Science and Engi-
neering from the American Chemical Society. His current research
focuses on the chemical synthesis and assembly of nanostruc-
tured materials for tailoring properties and applications; exam-
ples include anisotropic plasmonic nanostructures, high-
performance conducting polymers, and controlled assembly of
soft nanomaterials.

Peidong Yang received a B.S. in chemistry from University of Sci-
ence and Technology of China in 1993 and a Ph.D. in chemistry
from Harvard University in 1997. He did postdoctoral research at
University of California, Santa Barbara, before joining the faculty
in the department of Chemistry at the University of California, Ber-
keley, in 1999. He is the recipient of Alfred P. Sloan research fel-
lowship, the Arnold and Mabel Beckman Young Investigator

Award, National Science Foundation Young Investigator Award,
MRS Young Investigator Award, Julius Springer Prize for Applied
Physics, ACS Pure Chemistry Award, and NSF A. T. Waterman
Award. His main research interest is in the area of low-dimen-
sional semiconductor and metal nanostructures and their appli-
cations in nanophotonics, energy conversion and nanofluidics.
More about the Yang group research can be found in http://
www.cchem.berkeley.edu/pdygrp/main.html.

FOOTNOTES

*Corresponding author. E-mail: p_yang@berkeley.edu. Tel: 510-643-1545. Fax: 510-
642-7301.

REFERENCES
1 Gracias, D. H.; Tien, J.; Breen, T. L.; Hsu, C.; Whitesides, G. M. Forming Electrical

Networks in Three Dimensions by Self-Assembly. Science 2000, 289, 1170–1172.
2 Jacobs, H. O.; Tao, A. R.; Schwartz, A.; Gracias, D. H.; Whitesides, G. M.

Fabrication of a Cylindrical Display by Patterned Assembly. Science 2002, 296,
323–325.

3 Velev, O. D.; Jede, T. A.; Lobo, R. F.; Lenhoff, A. M. Porous silica via colloidal
crystallization. Nature 1997, 389, 447–448.

4 Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Self-Organization of CdSe
Nanocrystallites into Three-Dimensional Quantum Dot Superlattices. Science 1995,
270, 1335–1338.

5 Shevchenko, E. V.; Talapin1, D. V.; Kotov, N. A.; O’Brien, S.; Murray, C. B. Structural
Diversity in Binary Nanoparticle Superlattices. Nature 2006, 439, 55–59.

6 Narayanan, S.; Wang, J.; Lin, X.-M. Dynamical Self-Assembly of Nanocrystal
Superlattices during Colloidal Droplet Evaporation by in situ Small Angle X-Ray
Scattering. Phys. Rev. Lett. 2004, 93, 135503.

7 Harfenist, S.; Wang, Z. L.; Whetten, R. L.; Vezmar, I.; Alvarez, M. M. Three-
Dimensional Hexagonal Close-Packed Superlattice of Passivated Ag Nanocrystals.
Adv. Mater. 1997, 9, 817–822.

8 Kalsin, A. M.; Fialkowski, M.; Paszewski, M.; Smoukov, S. K.; Bishop, K. J. M.;
Grzybowski, B. A. Electrostatic Self-Assembly of Binary Nanoparticle Crystals with a
Diamond-Like Lattice. Science 2006, 312, 420–424.

9 Shiu, J. Y.; Kuo, C. W.; Chen, P. Actively Controlled Self-Assembly of Colloidal
Crystals in Microfluidic Networks by Electrocapillary Forces. J. Am. Chem. Soc.
2004, 126, 8096–8097.

10 Yang, S. M.; Ozin, G. A. Opal Chips: Vectorial Growth of Colloidal Crystal Patterns
inside Silicon Wafers. Chem. Commun. 2000, 24, 2507–2508.

11 Aizenberg, J.; Braun, P. V.; Wiltzius, P. Patterned Colloidal Deposition Controlled by
Electrostatic and Capillary Forces. Phys. Rev. Lett. 2000, 84, 2997–3000.

12 Yin, Y.; Lu, Y.; Xia, Y. A Self-Assembly Approach to the Formation of Asymmetric
Dimers from Monodispersed Spherical Colloids. J. Am. Chem. Soc. 2001, 123,
771–772.

13 Guo, Q.; Teng, X.; Rahman, S.; Yang, H. Patterned Langmuir-Blodgett Films of
Monodisperse Nanoparticles of Iron Oxide Using Soft Lithography. J. Am. Chem.
Soc. 2003, 125, 630–631.

14 Liddle, J. A.; Cui, Y.; Alivisatos, P. Lithographically Directed Self-Assembly of
Nanostructures. J. Vac. Sci. Technol., B 2004, 22, 3409–3414.

15 Pockels, A. Surface Tension. Nature 1891, 43, 437–439.
16 Langmuir, I.; Blodgett, K. B. A New Method of Investigating Unimolecular Films.

Kolloid-Z. 1935, 73, 258–263.
17 Blodgett, K. B. Monomolecular Films of Fatty Acids on Glass. J. Am. Chem. Soc.

1934, 56, 495.
18 Langmuir-Blodgett Films; Roberts, G., Ed.; Plenum: New York, 1990, p 425.
19 McCullough, D. H., III; Regen, S. L. Don’t forget Langmuir-Blodgett films. Chem.

Commun. 2004, 2787–2791.
20 Zasadzinski, J. A.; Viswanathan, R.; Madsen, L.; Garnaes, J.; Schwartz, D. K.

Langmuir-Blodgett Films. Science 1994, 263, 1726–33.
21 Petty, M. C. Langmuir-Blodgett Films: An Introduction; Cambridge University Press:

Cambridge, U.K., 1996.
22 Blodgett, K. Films Built by Deposting Successive Monomolecular Layers on a Solid

Surface. J. Am. Chem. Soc. 1935, 57, 1007–1022.
23 Dabbousi, B. O.; Murray, C. B.; Rubner, M. F.; Bawendi, M. G. Langmuir-Blodgett

Manipulation of Size-Selected CdSe Nanocrystallites. Chem. Mater. 1994, 6, 216–
219.

Langmuir-Blodgettry of Nanocrystals and Nanowires Tao et al.

1672 ACCOUNTS OF CHEMICAL RESEARCH 1662-1673 December 2008 Vol. 41, No. 12



24 Fried, T.; Shemer, G.; Markovich, G. Ordered Two-Dimensional Arrays of Ferrite
Nanoparticles. Adv. Mater. 2001, 13, 1158–1161.

25 Collier, C. P.; Saykally, R. J.; Shiang, J. J.; Henrichs, S. E.; Heath, J. R. Reversible
Tuning of Silver Quantum Dot Monolayers through the Metal-Insulator Transition.
Science 1997, 277, 1978–1981.

26 Xue, C.; Chen, X.; Hurst, S. J.; Mirkin, C. A. Self-Assembled Monolayer Mediated
Silica Coating of Silver Triangular Nanoprisms. Adv. Mater. 2007, 19, 4071–4074.

27 Tao, A.; Sinsermsuksakul, P.; Yang, P. Tunable Plasmonic Lattices of Silver
Nanocrystals. Nat. Nano 2007, 2, 435–440.

28 Heath, J. R.; Knobler, C. M.; Leff, D. V. Pressure/Temperature Phase Diagrams and
Superlattices of Organically Functionalized Metal Nanocrystal Monolayers: The
Influence of Particle Size, Size Distribution, and Surface Passivant. J. Phys. Chem. B
1997, 101, 189–197.

29 Song, H.; Kim, F.; Connor, S.; Somorjai, G. A.; Yang, P. Pt Nanocrystals: Shape
Control and Langmuir-Blodgett Monolayer Formation. J. Phys. Chem. B 2005, 109,
188–193.

30 Yang, P.; Kim, F. Langmuir-Blodgett Assembly of One-Dimensional Nanostructure.
ChemPhysChem 2002, 3, 503–506.

31 Tao, A.; Kim, F.; Hess, C.; Goldberger, J.; He, R. R.; Sun, Y. G.; Xia, Y. N.; Yang,
P. D. Langmuir-Blodgett Silver Nanowire Monolayers for Molecular Sensing Using
Surface-Enhanced Raman Spectroscopy. Nano Lett. 2003, 3, 1229–1233.

32 Whang, D.; Jin, S.; Wu, Y.; Lieber, C. Large-scale hierarchical organization of
nanowire arrays for integrated nanosystems. Nano Lett. 2003, 3, 1255–1259.

33 Kim, F.; Kwan, S.; Akana, J.; Yang, P. Langmuir-Blodgett Nanorod Assembly.
J. Am. Chem. Soc. 2001, 123, 4360–4361.

34 Acharya, S.; Panda, A. B.; Belman, N.; Efrima, S.; Golan, Y. A Semiconductor-
Nanowire Assembly of Ultrahigh Junction Density by the Langmuir-Blodgett
Technique. Adv. Mater. 2006, 18, 210–213.

35 Sung Jong, Y.; Ju Wan, L.; Yung-Eun, S.; Young Hwa, J.; Hong Goo, C.; Do Kyung,
K. Fast Switchable Electrochromic Properties of Tungsten Oxide Nanowire Bundles.
Appl. Phys. Lett. 2007, 90, 173126.

36 Wang, D.; Chang, Y. L.; Liu, Z.; Dai, H. Oxidation Resistant Germanium Nanowires:
Bulk Synthesis, Long Chain Alkanethiol Functionalization, and Langmuir-Blodgett
Assembly. J. Am. Chem. Soc. 2005, 127, 11871–11875.

37 Li, X.; Zhang, L.; Wang, X.; Shimoyama, I.; Sun, X.; Seo, W. S.; Dai, H. Langmuir-
Blodgett Assembly of Densely Aligned Single-Walled Carbon Nanotubes from Bulk
Materials. J. Am. Chem. Soc. 2007, 129, 4890–4891.

38 Ohara, P. C.; Leff, D. V.; Heath, J. R.; Gelbart, W. M. Crystallization of Opals from
Polydisperse Nanoparticles. Phys. Rev. Lett. 1995, 75, 3466–3469.

39 Whang, D.; Jin, S.; Wu, Y.; Lieber, C. M. Large-Scale Hierarchical Organization of
Nanowire Arrays for Integrated Nanosystems. Nano Lett. 2003, 3, 1255–1259.

40 Freeman, R. G.; Grabar, K. C.; Allison, K. J.; Bright, R. M.; Davis, J. A.; Guthrie,
A. P.; Hommer, M. B.; Jackson, M. A.; Smith, P. C.; Walter, D. G.; Natan, M. J.
Self-Assembled Metal Colloid Monolayers: An Approach to SERS Substrates.
Science 1995, 267, 1629–1631.

41 Haynes, C. L.; Yonzon, C. R.; Zhang, X.; Duyne, R. P. V. Surface-Enhanced Raman
Sensors: Early History and the Development of Sensors for Quantitative Biowarfare
Agent and Glucose Detection. J. Raman Spectrosc. 2005, 36, 471–484.

42 Jeong, D. H.; Zhang, Y. X.; Moskovits, M. Polarized Surface Enhanced Raman
Scattering from Aligned Silver Nanowire Rafts. J. Phys. Chem. B 2004, 108,
12724–12728.

43 Huang, J.; Kim, F.; Tao, A. R.; Connor, S.; Yang, P. Spontaneous Formation of
Nanoparticle Stripe Patterns through Dewetting. Nat. Mater. 2005, 4, 896–900.

44 Fitzgerald, S. D.; Woods, A. W. The instability of a Vaporization Front in Hot Porous
Rock. Nature 1994, 367, 450–453.

45 Cazabat, A. M.; Heslot, F.; Troian, S. M.; Carles, P. Fingering Instability of Thin
Spreading Films Driven by Temperature Gradients. Nature 1990, 346, 824–826.

46 Karthaus, O.; Grasjo, L.; Maruyama, N.; Shimomura, M. Formation of Ordered
Mesoscopic Polymer Arrays by Dewetting. Chaos 1999, 9, 308–314.

47 Chen, X.; Lenhert, S.; Hirtz, M.; Lu, N.; Fuchs, H.; Chi, L. Langmuir-Blodgett
Patterning: A Bottom-Up Way To Build Mesostructures over Large Areas. Acc.
Chem. Res. 2007, 40, 393–401.

48 Xu, H.; Shirvanyants, D.; Beers, K. L.; Matyjaszewski, K.; Dobrynin, A. V.;
Rubinstein, M.; Sheiko, S. S. Molecular Visualization of Conformation-Triggered Flow
Instability. Phys. Rev. Lett. 2005, 94, 237801.

49 LeGrange, J. D. Observation of Directional Pattern Formation near the Three-Phase
Contact Line in a Langmuir-Blodgett Transfer Configuration. Phys. Rev. Lett. 1991,
66, 37–40.

50 Cazabat, A. M.; Heslot, F.; Carles, P.; Troian, S. M. Hydrodynamic Fingering
Instability of Driven Wetting Films. Adv. Colloid Interface Sci. 1992, 39, 61–75.

51 Huang, J. X.; Tao, A. R.; Connor, S.; He, R. R.; Yang, P. D. A General Method for
Assembling Single Colloidal Particle Lines. Nano Lett. 2006, 6, 524–529.

52 Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.; Witten, T. A.
Contact Line Deposits in an Evaporating Drop. Phys. Rev. E 2000, 62, 756–765.

53 Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.; Witten, T. A.
Capillary Flow As the Cause of Ring Stains from Dried Liquid Drops. Nature 1997,
389, 827–829.

54 Govor, L. V.; Reiter, G.; Parisi, J.; Bauer, G. H. Self-Assembled Nanoparticle
Deposits Formed at the Contact Line of Evaporating Micrometer-Size Droplets. Phys.
Rev. E 2004, 69, 061609.

55 Gleiche, M.; Chi, L. F.; Fuchs, H. Nanoscopic Channel Lattices with Controlled
Anisotropic Wetting. Nature 2000, 403, 173–175.

56 Kovalchuk, V. I.; Bondarenko, M. P.; Zholkovskiy, E. K.; Vollhardt, A. Mechanism of
Meniscus Oscillations and Stripe Pattern Formation in Langmuir-Blodgett Films. J.
Phys. Chem. B 2003, 107, 3486–3495.

57 Giraldo, O.; Durand, J. P.; Ramanan, H.; Laubernds, K.; Suib, S. L.; Tsapatsis, M.;
Brock, S. L.; Marquez, M. Dynamic Organization of Inorganic Nanoparticles into
Periodic Micrometer-Scale Patterns. Angew. Chem., Int. Ed. 2003, 42, 2905–2909.

58 Diao, J. J.; Sun, J. W.; Hutchison, J. B.; Reeves, M. E. Self Assembled Nanoparticle
Wires by Discontinuous Vertical Colloidal Deposition. Appl. Phys. Lett. 2005, 87,
103113.

59 Huang, J.; Fan, R.; Connor, S.; Yang, P. One Step Patterning of Aligned Nanowire
Arrays by Programmed Dip Coating. Angew. Chem., Int. Ed. 2007, 46, 2414–2417.

Langmuir-Blodgettry of Nanocrystals and Nanowires Tao et al.

Vol. 41, No. 12 December 2008 1662-1673 ACCOUNTS OF CHEMICAL RESEARCH 1673




