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Nanocrystals (NCs) are one of the important building blocks for fabrication of nanostructured

arrays for wide range of optical, electronic, magnetic, catalytic and biosensing applications. Here,

our recent advances in the synthesis, self-assembly and application of NC-micelles are highlighted.

The NCs are encapsulated inside the core of surfactant micelles in a rapid, interfacially driven

micro-emulsion process. The flexible surface chemistry of the NC-micelles causes them to be

water-soluble and allows further self-assembly into two- and three-dimensional ordered arrays.

The NC-micelles are biocompatible, of interest for bio-labeling. Finally, integration of the ordered

arrays and charge transport property are discussed.

Introduction

Nanocrystals (NCs) exhibit unique size- and shape-dependent

physicochemical properties arising from low-dimensional

quantum confinement effects and have a wide range of poten-

tial applications in areas such as optics, electronics, catalysis,

magnetic storage and biological sensing.1–5 NCs have been

successfully used as building blocks for the fabrications of

2- and 3-D NC arrays for the development of ‘artificial solids’

(or metamaterials) with new collective optical and electronic

properties derived from the interaction or coupling of nearest

neighbour NCs in an assembly, leading to a wide range of

potential applications in areas such as optics, electronics,

magnetic storage and sensor platforms.2,6–12 For example, In

2-D quantum dot monolayers formed in a Langmuir trough,

Collier et al.8 reported quantum mechanical tunneling between

adjacent silver NCs at an interparticle spacing below 1.2 nm

and a reversible insulator-to-metal transition below 0.5 nm.

Even richer transport and collective phenomena are expected

for 3-D NC arrays.13 Zeng et al.12 observed magnetic coupling

within magnetic NC arrays. Using uniformly-sized CdSe NCs

passivated with a close-packed monolayer of organic coordi-

nating ligands (trioctylphosphine oxide), Murray et al.14

exploited the inherent tendency for monodisperse lyophobic

colloids to self-assemble to create periodic, three-dimensional

quantum dot superlattices. Following this approach, Klimov

et al.10,15 prepared ordered CdSe quantum dot films and

demonstrated optical gain and stimulated emission.

Microscopically, formation of ordered NC arrays relies on

balancing nanoparticle attractions and interaction through

forces such as charge interaction, van der Waals interactions,

hydrogen bonding, etc. On this aspect, NC surface chemistry is

crucial for controlling the nanostructure in final ordered NC

arrays. For example, carboxylic acid groups have been func-

tionalized on the NC surfaces to induce hydrogen bonding

between NCs and form quasi-honeycomb hexagonal close

packing and simple cubic packing.16 Through tuning NC

surface charges and charge numbers, diamond-like non-close

packed NC arrays were observed through TEM imaging.17

Linear NC arrays through cross-linking difunctionalized NCs

using a molecular linker.18 Macroscopically, the ordered NC

arrays have been formed through varied processes. The most

studied process involves evaporation of a drop of NC organic

solution on solid substrates (TEM grid, mica or HOGH, etc),

forming face-centered-cubic (fcc), body-centered-cubic (bcc)

or hexagonal-close-pack (hcp) superlattice films.3,19,20 Collier
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et al.8 reported a Langmuir–Blodgett process to form a 2-D

hexagonal close-packed superlattice film of silver NCs. A

heterogeneous precipitation process and formation of super-

lattice solids were reported and carried out by slow addition of

nonsolvents into a NC organic solution.21 Over long time

aging, well-shaped crystal superlattice solids with fcc structure

were finally obtained.

Previous extensive efforts in fabrication of NC arrays have

been focused on using alkane-chain capped monodisperse

NCs.4,13,22 These NCs are hydrophobic and chemically inert.

Consequently, ordered NC arrays were formed by balancing

the forces of interparticle attraction and van der Waals inter-

action due to alkane chain interdigitation. The alkane chain

interdigitation has been demonstrated to be thermodynami-

cally favorable for the stability of the final NC arrays.23 Yang

and co-workers24 demonstrated the patterned magnetic NC

arrays combining the soft lithography method. Recently, NC

self-assembly has been extended to form arrays with two

compositions and varied crystal structures.25–27 Progress has

been recently made in the synthesis of hierarchically ordered

NC/polymer macrostructures by combined self-assembly of

metal or semiconductor NCs with polymers through the

‘‘Breath figure’’ method.28–30

The common problem associated with the above ap-

proaches is that alkane chain capped NCs are hydrophobic

and soluble only in organic solvents. The van der Waals

interactions between interdigitated alkane chains surrounding

the NCs result in weak mechanical and thermal stability which

is not ideal for the fabrication of reliable devices. It is desirable

to incorporate NCs in inorganic thin film matrices such as

silica or titania for achieving chemical, thermal and mechan-

ical robustness and enhanced device functionality.31–34 Earlier

efforts have focused on encapsulation of metal NCs inside

sol–gel matrices.35–37 Recently, mesoporous materials have

been used as templates to create composite materials with

metal or semiconducting NCs.38–42 There are several disad-

vantages associated with the above methods: first, the NC

arrays inside the host materials exhibit poorly defined or less

ordered structures. This is problematic to get reproducible

results in structure and device measurements. Second, the

methods have less control over particle sizes and loading.

Finally, it is difficult to precisely control interparticle spacing

that is essential for achieving collective physical proper-

ties.8,12,43,44 These combined factors ultimately limit routine

integration of NCs into 2- and 3-D artificial solid devices, in

which electronic, magnetic and optical properties could be

tuned through electron charging and quantum confinement of

individual NCs mediated by coupling interactions among

neighboring NCs.8,12,44

In this article, our recent advances on the synthesis of a new

building block – NC-micelle,9,45,46 its self-assembly45,47–49 and

applications in optical34 and electric9,34 integration and bioi-

maging50 are summarized. Using the NC-micelle as a building

block, we demonstrated the formation of highly ordered NC

arrays in inorganic frameworks through several self-assembly

processes such as hydrothermal process, evaporation process,

etc. These ordered arrays provide a model system for study of

collective behavior of the NC assembly.

2 Synthesis of NC-micelles

The key to stabilizing hydrophobic NCs in an aqueous phase

is to reduce NC/water surface tension. We envisioned organi-

cally-passivated NCs as large hydrophobic molecules that, if

incorporated individually into the hydrophobic cores of sur-

factant micelles, would result in the formation of NC-micelles

composed of a metallic NC core and a hybrid bilayer shell with

precisely defined primary and secondary layer thicknesses (see

Fig. 1).9 The hydrophilic NC-micelle surface would cause

them to be water-soluble and allow further assembly or

functionalization as depicted in Fig. 1.

To synthesize NC-micelles, a micro-emulsion procedure was

developed first (see Fig. 2). A concentrated NC solution,

prepared in organic solvents (chloroform, hexane, etc.), was

Fig. 1 Schematic illustration of the synthesis of water-soluble and biocompatible gold NC-micelles and formation of periodically ordered gold

NC/silica arrays through varied self-assembly processes.

1384 | Chem. Commun., 2008, 1383–1394 This journal is �c The Royal Society of Chemistry 2008



added to an aqueous solution of surfactants under vigorous

stirring to create an oil-in-water micro-emulsion. Organic

solvent evaporation transferred the NCs into the aqueous

phase by an interfacial process driven by the hydrophobic

van der Waals interactions between the primary alkane of the

stabilizing ligand and the secondary alkane of the surfactant,

resulting in thermodynamically defined interdigitated bilayer

structure (Fig. 1). The interdigitated bilayer is the driving force

for the stability of the NC-micelle structure. This was evi-

denced by the three endothermal peaks appearing atB11.5 1C

for the NC-C12TAB sample, B47 1C for the NC-C14TAB

sample, and B72 1C for the NC-C16TAB sample from

differential scanning calorimetry (DSC) experiments on the

dried powder samples of gold NC-micelles that were prepared

using DT-stabilized gold NC and surfactants with different

alkane chain lengths (C12TAB, C14TAB and C16TAB).45 The

temperature of the peak maxima increased with increasing

alkane chain length. This suggested that longer alkane chains

contributed to more extensive van der Waals interactions.51,52

For single-tailed surfactants, an alkane chain of eight or more

carbons was required to stabilize NC-micelles, with gold NCs

stabilized by C12 alkanethiols (dodecanethiol).

The surfactant encapsulation was accomplished in a single,

rapid (10 min) step of solvent evaporation. In our method, the

stabilization of hydrophobic NCs in the aqueous phase relies

on the thermodynamically favorable interdigitation of surfac-

tants and NC stabilizing ligands formed after solvent evapora-

tion, enabling rapid efficient transfer of the NCs into the

aqueous phase. The method provides several advantages: (1)

the encapsulation process involves no chemical reactions, and

therefore would not change the physical properties (optical,

electronic, etc) of the original NCs.50,53 (2) The encapsulation

process is simple and flexible through the use of varied

surfactants and block copolymers, such as cationic, anionic

and non-ionic surfactants, to form NC-micelles, allowing

facile control of micelle surface charge and functionality; (3)

the densely packed interdigitated surfactant bilayers behave

like a barrier layer that may help to prevent NC-micelle

aggregation or core NC oxidation, thus preserving their

physical properties. Finally, phospholipids can be used to

form biocompatible NC-micelles for bioimaging and biosen-

sing applications. A variety of commercial lipids with func-

tional groups, such as –(OCH2CH2)OH, –NH2, –COOH,

–biotin, etc, can be used to enhance biocompatibility or for

further bioconjugation.50,54

NC-micelle solutions usually remained the same color of the

original hydrophobic nanoparticles and are very stable for

several years. The numbers of NCs can be controlled through

either NC concentration or surfactant concentration. For

spherical gold NC-micelles, their monodispersity was con-

firmed by UV/visible spectroscopy (Fig. 1), where no differ-

ence was observed in the position or width of the plasmon

resonance band (B510 nm) of the C12-alkanethiol stabilized

gold NCs in chloroform and the resulting water soluble

NC-micelles.

In addition to spherical NCs, we have successfully extended

the surfactant encapsulation technique to stabilize and self-

assemble NCs with other shapes such as rods and cubes.45

Transmission electron micrograph (TEM) images revealed

that surfactant ‘‘bilayer’’ stabilized CdTe nanorods formed

uniform arrays (Fig. 3(d)) while Fe2MnO4 NC-micelles self-

organized into ordered arrays with cubic symmetry (Fig. 3(e)).

Depending on the surfactants, the final NC-micelle surface

can be tuned through various functional groups. Through

electrostatic interactions and/or hydrogen bonding, 2- and

3-D NCs arrays can be formed. Fig. 3(b) and (c) show some

representative TEM images of 3-D gold NC superlattices.

In addition to our methods, several other methods to

synthesize metallic, semiconducting and magnetic NC-micelles

or similar structures have also been reported. For metal NCs,

Patil et al.51 reported the formation of an interdigitated bilayer

that stabilized silver nanoparticles in the aqueous phase. Shen

Fig. 2 Process scheme for the synthesis of water-soluble NC-micelles. Addition of an oil containing gold NCs into a surfactant containing

aqueous solution during vigorous stirring leads to the formation of an oil in H2O microemulsion. Subsequent evaporation of oil transfers the NCs

into the aqueous phase by an interfacial process driven by the hydrophobic van der Waals interactions between the primary alkane of the

stabilizing ligand and the secondary alkane of the surfactants, resulting in thermodynamically defined interdigitated bilayer structures surrounding

individual NCs to make them water soluble. Adapted from ref. 9.

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 1383–1394 | 1385



et al.55 used a similar method to synthesize magnetic fluids.

Euliss et al.56 transferred hydrophobic maghemite nanoparti-

cles into an aqueous medium using block copolypeptides.

When the aqueous maghemite was combined with the block

copolypeptide, the nanoparticles assembled into uniform clus-

ters comprised of approximately 20 nanoparticles, resulting in

a water-soluble block copolypeptide–nanoparticle composite

structure. Ai et al.57 synthesized magnetite-loaded polymer

micelles and used them as ultrasensitive magnetic-resonance

probes. Kim et al.58 synthesized magnetic micelles using cross-

linked amphiphilic block copolymers. Lecommandoux et al.59

synthesized magnetic nanocomposite micelles and vesicles

using amphiphilic poly(butadiene)-b-poly(glutamic acid) and

magnetic iron oxide. Dubertret et al.54 encapsulated individual

NCs in phospholipid block-copolymer micelles and demon-

strated both in vitro and in vivo imaging. When conjugated to

DNA, the NC-micelles acted as in vitro fluorescent probes to

hybridize to specific complementary sequences. Moreover,

when injected into Xenopus embryos, the NC-micelles were

stable, nontoxic (o5 � 109 NCs per cell), cell autonomous,

and slow to photobleach. Pellegrino et al.53 reported a syn-

thetic procedure for amphiphilic polymer coated NCs. Poly-

(maleic anhydride-alt-1-tetradecene) was used to decorate

hydrophobic NCs with different materials. A cross linker,

bis(6-aminohexyl)amine, was added to cross-link the polymer

shell around each NC. Organosilane surfactant was used to

encapsulate luminescent CdSe quantum dot clusters inside the

micelles.60

3 Formation of biocompatible fluorescent

NC-micelles and their use for neuron cell imaging

We have extended the surfactant encapsulation method to the

synthesis of water-soluble, biocompatible semiconductor NC-

micelles.50 Monodisperse CdSe and CdSe/CdS core/shell

NCs61 were used to demonstrate the synthesis of fluorescent

semiconductor NC-micelles. A concentrated suspension of

NCs in chloroform was added to an aqueous solution contain-

ing a mixture of surfactants or phospholipids with different

functional head groups such as ethylene glycol (–PEG) and

amine (–NH2). PEG was used to improve biocompatibility

and amine groups provided sites for further bioconjugation.

Addition of the NC chloroform suspension into the surfac-

tant/lipid aqueous solution under vigorous stirring resulted in

the formation of an oil-in-water microemulsion. Evaporation

of chloroform during heating transferred the NCs into the

aqueous phase by an interfacial microemulsion process, result-

ing in thermodynamically defined interdigitated bilayer struc-

tures. Based on evaluation of water-solubility and stability

using UV-vis spectroscopy, TEM and fluorescent spectra,

optimized lipids were those with at least 6–8 carbons in their

hydrophobic alkane chains.

NC-micelle solutions exhibited the same visible and emis-

sion colors as hydrophobic NCs, as shown in the optical

micrograph (Fig. 4(A)). As shown by UV-vis spectroscopy in

Fig. 4(B), no difference was observed in the position or width

of the absorbance bands at B480 and B590 nm from hydro-

phobic NCs and NC-micelles, which suggested that

NC-micelles maintained their optical properties in water.

Formation of ordered hexagonal close packing shown in

TEM (Fig. 4(C)), as expected for individual monosized NCs,

further confirmed the monodispersity of the NC-micelles.

Photoluminescence (PL) spectra of NC-micelles exhibited no

obvious shift in emission wavelength in comparison with those

of the original NCs. Studies of photo-stability of these water-

soluble NC-micelles under long-time laser irradiation showed

that these NC-micelles exhibited no loss of PL intensity in

water. The fluorescent lifetime of the CdSe/CdS-micelles was

measured to be B30 ns. The stability of NC-micelles in a

cellular aqueous environment was confirmed by incubation

with rat hippocampal neurons (see below).

The biocompatibility of CdSe/CdS NC-micelles was evalu-

ated in an initial study to examine their uptake in cultured rat

hippocampal neurons. These biocompatible NC-micelles ap-

peared to accumulate in intracellular vesicular compart-

ments62–64 in several cell types suggesting uptake may be

mediated, at least in part, through endocytosis. Since synaptic

vesicle recycling is tightly coupled to neurotransmitter re-

lease,65 endocytosis could be manipulated by depolarization

of the plasma membrane to excite neurons, evoking exocytosis

for neurotransmitter release followed by endocytotic retrieval

of synaptic vesicle membranes from nerve terminals. As shown

in Fig. 5(A), NC-micelles (emission 592 nm, red) accumulated

in neurons, distinguished by immmunohistochemical counter-

stain for NeuN (green), after exposure for 16 h in basal serum-

free growth media. The retained fluorescence character after a

fairly long incubation suggested the monodispersity and a

general compatibility of the NC-micelles within a cellular

environment.

To get a more deep view of NC uptake, We used pulse-chase

labeling to expose hippocampal cultures to NC-micelles dur-

ing membrane depolarization to trigger neurotransmitter re-

lease and coupled exo/endocytosis, followed by a return to

basal media. NC fluorescence was monitored by confocal

microscopy in widespread, yet clustered pattern surrounding

Fig. 3 TEM images of ordered NC-micelle arrays. (a) 2-D gold

NC-micelle hexagonal arrays. (b) [100] orientation of 3-D gold NC-

micelle arrays. (c) [110] orientation of 3-D gold NC-micelle arrays. (d)

Ordered CdTe nanorod-micelle arrays. (e) 2-D Fe2MnO4 nanocube-

micelle arrays. (f) [100] orientation of 3-D ordered Fe2MnO4 nano-

cube-micelle arrays. Adapted from ref. 45.

1386 | Chem. Commun., 2008, 1383–1394 This journal is �c The Royal Society of Chemistry 2008



NeuN-positive neurons (Fig. 5(B)). This is consistent with a

diffuse, punctate localization and uptake in neuronal processes

and synapses. After exchange for basal media without NCs,

there was an apparent time-dependent increase in the peri-

nuclear accumulation of NC fluorescence accompanied by a

decrease in the more widespread distribution seen immediately

after KCl depolarization (Fig. 5(C) and (D)) after 5 h, NCs

were effectively taken up by an endocytotic mechanism that

was promoted by increased synaptic vesicle recycling and

potentially followed by transport to lysosomes. This was

evidenced by that the majority of NC fluorescence appeared

to locate to a perinuclear compartment adjacent to NeuN

stained neuronal nuclei. The results indicated a vesicular-

mediated process for NCs fusing into lysosomal compart-

ments.66

4 Synthesis of ordered NC arrays

NC-micelles afford flexible surface chemistry and function

depending on the use of different surfactants. They retain

the shape of the original hydrophobic NCs, which can be

spherical, cubic and rod-like. Using the NC-micelle as a

building block, we have demonstrated the formation of 2-

and 3-D ordered NC arrays in several self-assembly processes

including hydrothermal self-assembly process, evaporation-

induced self-assembly process, and cooperative self-assembly

process.

4.1 Synthesis of hierarchically ordered mesostructured NC

arrays

Through a hydrothermal self-assembly process, the NC-

micelles were successfully utilized as building blocks in the

synthesis of new, supported, and hierarchically ordered inor-

ganic mesophase crystals.48 Unlike the inert alkane chain

capped NCs, NC-micelles provide multifunctional interface

for further self-assembly with metal oxides through charge

interactions and hydrogen bonding, which is analogous to the

self-assembly of surfactant mesophases with metal oxides.67

Depending on the substrates, these crystals consisted of either

individual or subunit crystals. Inside these mesophase crystals,

the gold NCs were assembled as an fcc mesostructure with

oriented features.

The process (shown in Fig. 1) involved two steps: (1)

preparation of a building block solution and (2) hydrothermal

Fig. 5 Images of CdSe/CdS-micelles, prepared using aPEG, DPPC

and HDA, in cultured rat hippocampal neurons. (A) Fluorescent

microscopy image of NC accumulation (arrows) after 16 h of incuba-

tion (B1 mg ml�1 QD-micelles) in neurons identified by nuclear

staining for NeuN (green). (B–D): Confocal microscopy of pulse-chase

labeling with NC-micelles. Incubation with NC-micelles during depo-

larization with 55 mM KCl for 10 min (B) shows dispersed, punctate

staining (indicated by asterisks) characteristic of neurite processes;

whereas after chase in basal media without NP-micelles for 1 h (C) or

5 h (D) shows increasing perinuclear localization (arrows) with a

corresponding decrease in the punctate stain seen in the 10 min

labeling. Adapted from ref. 50.

Fig. 4 (A) An optical micrograph of CdSe NCs in chloroform and

CdSe-micelles in water prepared using CTAB. (B) UV-vis spectra of

(1) CdSe/CdS in hexane, (2) CdSe/CdS-micelles prepared using 1,2-

dioctanoyl-sn-glycero-3-phosphocholine (C8-lipid) and hexadecyl-

amine (HDA), and (3) 1,2-distearoyl-sn-glycero-3-phosphoethanola-

mine-N-amino (polyethylene glycol) (aPEG) and dipalmitoyl phos-

phatidylcholine (DPPC). (C) TEM image of CdSe/CdS-micelles. (D)

PL of CdSe/CdS in toluene (solid line) and C8-lipid encapsulated

CdSe/CdS-micelles in water (dashed line). Adapted from ref. 50.

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 1383–1394 | 1387



nucleation and growth of mesophase crystals. In the first step,

the NC-micelles were synthesized through a surfactant encap-

sulation process (Fig. 1, process (1)). The second step involved

the nucleation and growth of mesophase crystals in a hydro-

thermal self-assembly process. Bis(triethoxylsilyl)ethane

(BTEE) was used as the precursor.

Well-shaped and oriented NC/silsesquioxane crystals with

face-centered cubic mesostructure began to grow over several

hours and covered the whole substrate. Fig. 6(A) shows a

typical SEM micrograph of large area arrays of the mesophase

crystals grown on glass slides. These crystals were fairly uni-

form in shape and size (B15 mm) with flower-like hierarchical

structure, which consists of three to five subunit crystals with

hexagonal shape and size of B7 mm. A cross-sectional view of

a crystal (Fig. 6(B), inset) shows that the mesophase crystal

was about B8 mm high. TEM images (Fig. 6(C) and (D)) and

low-angle XRD (see Fig. 7) reveal that the gold NCs self-

assembled as an fcc mesophase inside these crystals. TEM

images (Fig. 6(C) and (D)) show [110] and [100] orientations of

the NC mesophase along with its corresponding selected

electron diffraction pattern. The TEM images were consistent

with a unit cell of B10.6 nm and a uniform, minimum

interparticle spacing of B3 nm. The formation process in-

volved a nucleation and growth self-assembly process, which

was monitored using XRD (Fig. 7) and SEM (Fig. 8). Within

the initial 10 min, the macroscopic crystals (size o0.5 mm,

Fig. 8) begun to nucleate with no recognizable shape. At this

stage, the NCs had started to self-assemble, exhibiting short

range order. This was evidenced by the small hump between 2y
2–31 in XRD patterns (Fig. 7(A), curve a). After 20 min,

triangle-shaped crystals with size from 0.5 to 1 mm appeared.

XRD patterns showed two peaks at low angle corresponding

to cubic symmetry. Between 30 and 40 min, uniform hexagon-

shaped subunit crystals with size of 7 mm were developed.

Some of them merged into hierarchical structures. XRD

(Fig. 7(A) curves (c) and (d)) showed that the fcc mesophase

began to form with the emergence of (311) and (222) peaks.

After 60 min, the hierarchical mesophase crystals completely

developed, each of which consisted of three to five uniformly

merged subunit crystals. XRD (Fig. 7(A), curve (e)) revealed

that the gold NC cubic mesophase was fully established by full

appearance of (111), (220), (311) and (222) reflections. The

enhanced intensity of the (111) and (222) XRD reflections

during the crystal growth course (after 40 min) indicated an

oriented growth with (111) planes parallel the substrate. This

was consistent with the shapes of the mesophase crystal

changing from triangular to hexagonal shape during the

growth phase.

Fig. 6 SEM and TEM images of hierarchical NC mesostructure

arrays on glass slides. (A) A low resolution SEM image. (B) A

magnified SEM image of (A). Inset shows a cross-sectional image.

Representative TEM images from (C) [110] orientation and (D) [100]

orientation. The inset of (C) shows the selected area electron diffrac-

tion pattern from the image in (C). Adapted from ref. 48.

Fig. 7 (A) XRD patterns of hierarchical NC arrays on glass slides

grown for (a) 10, (b) 20, (c) 30, (d) 40 and (e) 60 min. (B) XRD patterns

of hierarchical NC arrays on mica grown for (a) 10, (b) 30 and (c)

60 min. (C), XRD patterns of powder samples precipitated in solutions

at (a) 40, (b) 60 and (c) 120 min. Adapted from ref 48.

Fig. 8 SEM images of hierarchical NC arrays at different growth

times: (A) 10 min; (B) 20 min; (C) and (D) 40 min. Adapted from ref 48.

1388 | Chem. Commun., 2008, 1383–1394 This journal is �c The Royal Society of Chemistry 2008



Substrate surface properties strongly influence the nuclea-

tion and growth of inorganic materials.68 In addition to

amorphous glasses, we have conducted the crystal growth on

mica substrates. In comparison with those grown on glass

substrates, the crystals on the mica surface were fairly uniform

in shape and size (B12 mm), but possessed circular rather than

flower-like structure, and had only one single unit instead of

several merged subunit crystals. Another apparent difference

was that the crystal has an orientated feature on the mica

surface with (111) planes parallel to the substrates. This could

be due to the hexagonal crystalline surface that promotes

preferential growth along (111) planes. Similar to the case of

amorphous glass, the XRD patterns (Fig. 7(B), curves (b) and

(c)), show enhanced reflections of the (111) and (222) planes

suggesting the (111) planes of the NC cubic mesophase were

parallel to the substrate. It was noteworthy that prior work in

self-assembly of silica and surfactants indicated that only a

one-dimensional hexagonal mesophase was formed.69–71 It

was proposed that surfactants formed hemirod micelles on

the mica surface, leading to a one-dimensional surfactant/

silica mesophase. In our systems, NC-micelles were pre-

formed in a homogeneous aqueous solution. Self-assembly

with organo-bridged silsesquioxane started with ‘‘hard

sphere’’ NC-micelle building blocks instead of ‘‘soft’’ pure

surfactant micelles or liquid crystals. Thus, the cubic meso-

phase was preferentially formed.

For growth times longer than 40 min a precipitate was

observed. XRD patterns (Fig. 7(C)) on the precipitates

showed irregular patterns, which suggested much less or-

dered/organized NC/silsesquioxane arrays. This unambigu-

ously establishes that the mesophase crystals were grown

from the solution rather than deposited via precipitation.

Thermal and mechanical stability is essential for NC arrays

in practical nanodevice integrations. Heat treatment over time

usually broadens the NC size distribution.72 Our results

showed that the organo-bridged silsesquioxane framework

provided extensive protection from thermally induced particle

agglomeration. TEM (Fig. 6(C) and (D)) has verified the

monodispersity in the crystal arrays. UV-vis spectra further

verified that the NC monodispersity was preserved inside the

mesophase crystals after thermal annealing, showing no

changes in the surface plasmon resonance band of the gold

NC. This implied that the inorganic framework provided

enhanced thermal stability. Additionally, in comparison with

ordered NC superlattice films that exhibited cracking, these

hierarchical NC mesophase crystals showed no cracking, unit

cell distortion or shrinking even after heating to 100 1C for

several hours, further confirming their mechanical stability.

4.2 Synthesis of ordered NC arrays in thin films

For device fabrication, thin films are more desirable than

powders. The NC-micelles are water-soluble and allow to

conduct sol–gel process to form ordered NC films through

varied coating processes such as spin, cast and dip-coating, etc.

To form thin films, we used acidic conditions designed to

minimize the siloxane condensation rate (pH B 2). By sup-

pressing siloxane condensation and thereby gel formation,

solvent evaporation accompanying coating induced self-as-

sembly of NC-micelles into fcc NC thin film mesophases in a

manner similar to the evaporation-induced self-assembly of

cubic or hexagonal silica/surfactant thin film mesophases.73,74

Silica condensation plays an important role in formation of

ordered 3-D gold NC/silica arrays.47 Oligosilica species in

homogeneous coating solutions are essential to form ordered,

transparent gold/silica thin films without cracking. Extensive

silica condensation leads to less ordered gold/silica mesophase.

By using organo-silsesquioxane, we were able to tune the

framework chemistry and dielectrics. The final film consists

of monodisperse gold NCs arranged within silica or organo-

silsesquioxane host matrices in an fcc mesostructure with

precisely controlled interparticle spacing.

The gold NC/silica films are transparent when less than

300 nm thick (Fig. 9(d)) and have an average refractive index

of B1.7. The film thicknesses can be controlled from 100 nm

to several micrometers depending on the spin rate or precursor

concentration. The gold NCs inside the film remained mono-

disperse (Fig. 9(a)–(c)). This was further confirmed by TEM

results and high resolution SEM images. Low-magnification

SEM imaging (Fig. 10(A)) shows that the film had a uniform

and continuous surface without macroscopic granularity or

cracks. A high-resolution SEM image (Fig. 10(B)) confirmed

that ordered gold NCs were distributed uniformly on the film

surface.

The XRD pattern of the NC thin films were indexed as an

fcc structure with unit cell a B10.5 nm with primary peaks of

(111), (220)/(311) and (222) reflections between 2y 1 and 41.

After aging for 24 hours at room temperature, the film

exhibited a lower degree of ordering with the disappearance

of the (220)/(311) reflections and intensity decrease of (222)

Fig. 9 UV-Vis spectra of (a) DT-stabilized gold NCs, (b) a gold NC/

silica film prepared by using TEOS and (c) a gold/ethyl bridged

silsesquioxane film prepared by using BTEE. (d) An optical micro-

graph of an as-prepared ordered gold/silica film on a glass substrate

that covers the logo of Sandia National Laboratories. Adapted from

ref. 49.
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(Fig. 10(C1)). Periodically ordered regions were observed

throughout the whole film thickness (Fig. 11(A)). The contin-

uous and uniform air-film and film-substrate interfaces were

consistent with SEM results showing no steps, kinks or

cracking that appear in superlattice films prepared by evapora-

tion of a NC solution.20,43,75 The TEM images are consistent

with an fcc structure (Fm3m space group) with a measured

unit cell a = B10.8 nm and a minimum average interparticle

spacing ofB2.3 nm. It should be noted that the gold NC/silica

thin film had a larger unit cell than that of previous super-

lattice films and solids19,75 due to the silica layer between each

of the individual gold NCs. As shown in plane-view image

(Fig. 11(B)), regions of ordered gold NC arrays inside silica

exhibited no preferred orientation with a seamless transition

between ordered domains of gold NCs. Within the film, the

gold NCs remained monodisperse.

We were able to tune the NC/silica mesophase from the

cubic, gold NC/silica mesophase to a 2-D hexagonal silica/

surfactant mesophase (Fig. 12, XRD patterns (C) and (D)) by

reducing the concentration of the gold NCs, while maintaining

a constant surfactant/silica molar ratio. Highly ordered NC

mesophases also require very monosized NCs as was demon-

strated by the broad, poorly-defined XRD pattern (Fig. 12(E))

obtained for a gold NC/silica powder sample prepared as in

Fig. 12(B) but using gold NCs with rather broad size distribu-

tion synthesized according to Brust et al.76

Fig. 11 (A) Cross-sectional TEM image of ordered gold NC/silica

thin film. (B) Plane view TEM image of ordered gold NC/silica films

through the complete film thickness showing the seamless transition

within ordered domains. Inset, a high resolution TEM image. (C)

Plane view TEM image of ordered gold NC/silsesquioxane films

prepared by using BTEE. (D) Patterned gold NC/silica thin films

using the micromolding method. Adapted from ref. 49.

Fig. 10 (A) Low-resolution SEM image of an ordered gold NC/silica

thin film. (B) High-resolution SEM image from the same specimen in

(A). (C) XRD patterns of gold NC/silica films. Ordered gold/silica

films prepared using a coating solution that was aged at ambient

condition for (C1) 24 h and (C2) 5 h. (C3) Ordered gold/silica film

prepared using a coating solution without aging. (C4) Ordered gold/

silsesquioxane film prepared using a solution that was aged at ambient

condition for 24 h. (C5) Ordered gold/silsesquioxane film prepared

using a solution without aging. Adapted from ref. 49.

Fig. 12 XRD patterns of gold NC/silica mesophases. Insets (L) and

(M) are magnifications of the (111) reflections plotted linearly for

samples prepared as in (B) with two different secondary alkane chain

lengths of the surfactant (CH3(CH2)n(NCH3)3
+Br�; nL = 15,

nM = 11). Adapted from ref. 9.
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As suggested by the bilayer structure of NC-micelle as

shown in Fig. 1, the interparticle spacing or the lattice constant

can be tuned by changing the primary NC particle size dp, the

primary layer thickness d1, or the secondary layer thickness d2.

We have demonstrated the (111) d- spacing can be adjusted

linearly from ca. 5.0 to 7.2 nm through variation of dp from 1.0

to 3.3 nm. Insets L and M show that changing the secondary

layer thickness d2 by four carbon units (CH3(CH2)n-

(NCH3)3
+Br�, nL = 11 to nK = 15) resulted in a 1.11 nm

change in (111) d-spacing (1.38 Å per C–C bond) consistent

with model predictions and structural studies.

Formation of ordered gold NC/silica thin films is analogous

to that of self-assembly of surfactant and silica.77 We proposed

a cooperative self-assembly mechanism for the formation of

ordered gold NC/silica mesophases67 involving charge inter-

action and hydrogen bonding between hydrolyzed silica and

surfactant head groups on the NC-micelle surface. Prior work

on self-assembly and formation of surfactant and silica meso-

phases indicated that a series of mesophases were formed

including lamellar, 1-d hexagonal, cubic, and 3-d hexagonal

periodic symmetries depending on the surfactants, sol–gel pro-

cess conditions, etc. In the case of NC-micelles and silica, only

fcc mesostructures were preferentially formed regardless of basic

and acidic catalytic conditions. This was due to the fact that the

gold NC-micelles were pre-formed in a homogeneous solution

and behaved rather like a ‘‘hard’’ sphere tending to form fcc

close packing than ‘‘soft’’ pure surfactant micelles that are

inclined to phase transformation. The method was flexible and

allowed tuning of framework composition, and thus dielectrics,

by using different sol–gel precursors. In addition to silica, we

have demonstrated the synthesis of ordered gold NC arrays

inside organo-silsesquioxane frameworks. Organo-bridged sil-

sesquioxane is an ideal low k host, exhibiting chemical and

mechanical robustness.78,79 The ordered gold NC/silsesquioxane

was prepared by using B3 nm DM-stabilized gold NCs, CTAB

and BTEE. The corresponding XRD patterns (Fig. 10(C4) and

(C5)) and TEM image (Fig. 11) revealed that films exhibit

ordered fcc mesostructure. In addition, the self-assembly, when

using BTEE, was not strongly affected by solution aging unlike

that when using TEOS. This was due to that the organo-bridged

precursor had a relatively slower hydrolysis and condensation

rate than TEOS.80 Fig. 11(D) shows the patterned stripes and

dots containing ordered gold NC/silica superlattices fabricated

using micromolding techniques.73

Our method provides several advantageous features over

previous methods. (1) The water-soluble NC-micelles allow the

preparation of ordered NC arrays in aqueous phase, resulting

in enhanced safety and better compatibility with current

semiconductor fabrication processing. (2) Our method allows

simple tuning of framework composition, thus dielectrics,

between NCs. This is essential to achieve enhanced collective

properties of such three-dimensional superlattice films.31,81

Furthermore, the inorganic framework provides chemical and

mechanical robustness,82 and prevents films from cracking.

4.3 Integration of NC arrays for charge transport study

Ordered arrays of metallic NCs in silica are potential sources

of implementation of several types of model systems offering a

variety of opportunities to study the physics of transport. We

have investigated the charge transport in ordered three-dimen-

sional NC arrays, fabricated in planar metal-oxide-semicon-

ductor (MOS) devices (see schematic in Fig. 13). The sample

was initially biased at V1 for 50 s, then rapidly switched (o1

ms) to V2 and the time evolution of the capacitor charge

monitored. We have observed an S-shaped profile with a

B7.5 s discharge time for the sample with gold NCs. Samples

without gold exhibited normal RC discharge behavior (with a

time constant B100 ms). The total excess charge contained in

this capacitor is approximately 2.8 � 10�11 C. Assuming the

capacity of each NC to be one electron based on electrostatic

energy considerations, this corresponds to 1018 cm�3 charged

NCs. This was attributed to the charging of the gold in the

oxide near the gate electrode when the gate was negatively

biased. After reversing the gate voltage to V2, the electrons on

the gold NCs were swept out of the oxide into the gate

sequentially from the gate side first. No change in substrate

capacitance occurred until the gold NCs in the oxide were

discharged as they effectively pin the Si-surface in accumula-

tion. Using the fcc lattice constant, a uniform gold NC

concentration was estimated in the oxide of B4 � 1018

cm�3. However, only those NCs located near the gate elec-

trode could respond to the high frequency signal used to

measure the capacitance, resulting in roughly all of the NCs

in the first 25% of the oxide film being occupied by electrons.

Given the spacing for these dots, Coulomb blockade effects

were expected to control transport amongst the gold NCs.

However, disorder and trapping within the silica matrix could

prevent collective effects, so transport in this situation was

probably also influenced by a combination of local kinetic and

diffusive factors, particularly at room temperature where these

experiments were performed. The charge storage and trans-

port behavior was completely different from that of the

corresponding MOS capacitor prepared without gold with

silica identical to the host matrix of the NC array, and it

was evident that charge was stored on the gold NCs and that

the discharge characteristics were dominated by electron

transport involving the NCs.

To further investigate the charge transport mechanism in

our 3D arrays, we fabricated planar metal–insulator–metal

(MIM) devices, incorporating an Au NC/silica array as the

insulator layer (see schematic in Fig. 14), and measured their

temperature dependent I–V characteristics.

At room temperature, the I–V curve was linear with a zero-

biased resistance of 1 MO, corresponding to a film resistivity

of about 3 � 106 ohm cm. Nonlinearity in the I–V behavior

near zero bias was evident at 200 K and increased with

decreasing temperature. At 100 K and below, conduction

occurred through the gold NC/silica insulator only above a

minimum threshold voltage, VT, indicative of a collective

Coulomb blockade83 resulting from electrical isolation of the

NCs. Comparison measurements on gold-free control samples

showed no significant change in the I–V characteristics over

this temperature range.

We observed temperature-dependent conductance of the

Au/silica NC array (Fig. 14) and a strict Arrhenius behavior

(Go p exp[�Ec/kbT]) over the complete temperature range

77–300 K. This attests to the particle/array uniformity.
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Previous studies showed that 2D NC arrays and granular films

in general often showed a Go p exp[�(Ec/kbT)
1/2] dependence

caused by particle-size polydispersity.84–86 We calculated the

experimental value of the charging energy, Ec = 90 meV,

determined from the slope in Fig. 14(A) (inset). This discre-

pancy between the experimental results and the prediction for

an isolated NC reflected the reduction of the charging energy

arising from the influence of the surrounding NCs. For 2-D

NC arrays with sufficiently small NC spacings, both modeling

and experiment showed the charging energy to vary recipro-

cally with the number of nearest neighbors.84,87 Although 3-D

models of the NC charging energy have not been formulated,

it was anticipated that interparticle capacitance could easily

account for the 33 meV reduction in Ec. observed here.

At low temperatures (T o 100 K) where we observed

Coulomb blockade behavior, theory predicted that, for V 4
VT, current scales as a power law, I = Io(V/VT � 1)z. The

scaling exponent z reflected the dimensionality of the acces-

sible current conducting pathways, and, for 1-D and 2-D

systems, both modeling84,87 and experiment88 showed z to

equal approximately the array dimensionality. Fig. 14(B) plots

representative current–voltage scaling data for our 3D gold/

silica NC arrays. Our results show at 77 K power law scaling

with z = 2.7 (negative bias) and z = 3.0 (positive bias). To

date, there are no theoretical predictions or simulations of the

3D scaling exponent, however the greater value of z observed
here, compared to previous studies of 2D88 and quasi-3D

arrays,84 is consistent with the greater number of conductive

pathways expected for a fully 3D array.

5 Conclusions

The synthesis of NC-micelles represents a new synthetic

methodology, enabling flexible NC surface chemistry and

function. The method is easy, rapid (10 min), and avoids

complicated multi-step surface functionalization procedures.

The flexible surface chemistry and function provide a new

interface for self-assembly and formation of ordered NC

arrays with controlled morphology and framework that allows

tuning of chemical and physical properties. The robustness of

this approach should allow formation of a variety of other

functional water-soluble nanomaterials such as C60, carbon

nanotubes and porphyrins that currently require complex

procedures to achieve water solubility.
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