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The current state of spontaneous formation of self-assembled monolayers (SAMSs) on
different substrates as well as on nanoparticles (referred to as monolayer-protected clusters,
MPCs) is surveyed. Attention is then focused onto the assembly and self-assembly of
nanoparticles (including MPCs), polymers, and polyelectrolytes into two-dimensional (2D)
arrays and three-dimensional (3D) networks. Examples are given for the potential electronic
applications of SAMs, MPCs, and the 2D and 3D structures fabricated from them and from
polymers and polyelectrolytes. These examples include the formation of junctions, hetero-

junctions, and single-electron-transfer devices.

I. Introduction

Self-assembly implies the spontaneous organization
of molecules, molecular clusters, and aggregate struc-
tures into two-dimensional (2D) arrays and three-
dimensional (3D) networks by attractive forces or
chemical bond formation. Biomineralization,!2 Mother
Nature’s self-assembly, provides a strikingly elegant
and economic approach to the formation of 2D and 3D
structures in desired sizes, shapes, and physical and
chemical properties. The shiny and extremely tough
structure of seashell, a protein—aragonite scafolding,?
the highly desirable mechanical properties (strength-
to-weight ratio, for example) of natural spider silk, a
liquid-crystalline phase of fibroin assembled by non-
covalent aggregation into a random coil,* and the
precisely sized and linearly arranged iron oxide particles
in magnetotactic bacteria® amply demonstrate the scope
and versatility of biomineralization. No wonder chemists
and material scientists have been inspired by biology
and launched a mimetic approach to advanced materials
preparation.5?

Chemical self-assembly is driven by the potential
benefits of fabricating electronic, optical, electro-optical
devices, and sensors economically.8 Requirements of the
information industry (comprises computing, communi-
cation, measurement, and data storage) illustrates best
the point. According to industry projections, computers
by 2010 should be 256 times more capable as the current
generation. Feature sizes of this computer will have to
be well below the 100-nm range. It is increasingly
recognized that current technologies will not be able to
scale to this level and that chemical self-assembly will
become the only economically feasible approach to the
fabrication of components in the 30-nm range.

The purpose of the present review is to survey the
current state of chemical self-assembly and illustrate
some applications in electronics. Emphasis will be
placed on self-assembled systems which have been
shown to function both in solution and in the solid state.
Thus, the self-association of surfactants into micelles,
microemulsions, and vesicles (liposomes) will not be
treated here. The interested reader is referred to
published books and reviews.58
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Il. Chemically Self-assembled Systems

The benefits of chemical self-assembly are increas-
ingly realized. This approach permits the fabrication of
highly ordered, appropriately oriented 2D and 3D
structures at a fraction of the cost of traditional band-
gap engineering (molecular beam epitaxy, for example).
Most importantly, it is versatile. A wide range of
molecules and aggregated structures (nanoparticles or
nanoplatelets, for example) having desired functional
group moieties can be conveniently self-assembled.
Furthermore, 3D structures can be constructed by
combining several chemical methods (self-assembled
alkanethiol monolayers and layer-by-layer self-as-
sembled nanoparticles, for example) and even combining
chemical and physical methods (depositing alkanethiol
monolayers onto an ultrathin evaporated gold film, for
example).

11.1. Self-assembled Monolayers (SAMs). Trans-
ferring a well-packed monolayer from aqueous solution
surfaces to solid substrates was demonstrated a long
time ago by the Langmuir—Blodgett (LB) technique.10-11
LB-film formation is, however, cumbersome and time-
consuming and requires a film balance. These problems
have been overcome by the spontaneous formation of
self-assembled monolayers (SAMs) on substrates.2-15
Self-assembly is governed by the strong attraction (be
it physisorption, chemisorption, or covalent bond forma-
tion) of an appropriately functionalized headgroup onto
the substrate surface and by the hydrophobic interaction
between the hydrocarbon tails of the molecules consti-
tuting the SAM. Formation of a SAM can be monitored,
in situ, by electrochemical (quartz crystal microbalance,
cyclic voltammetry, and impedance spectroscopy)i®17
and optical (ellipsometry,!8 surface plasmon resonance
imaging,® and infrared reflection absorption spectros-
copy?®) measurements. The structure of the SAM formed
can be imaged, ex situ, by microscopic techniques
(scanning electron and scanning force microscopies).?!

Two different methods are practiced today for the
spontaneous formation of SAMs on substrates. The first
method involves the silanation of the substrate (typi-
cally glass) by surfactant silanes or siloxanes. Formation
of sulfur coinage—metal (most often gold) covalent bonds
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Figure 1. Schematics of OTS SAM formation on a glass
substrate.

represents the second method of SAM formation. Both
methods are attractive since they avoid the complex
mechanical manipulation required for making LB films
and since they are economical and amenable to scale-
up. There is an additional important difference between
LB films and SAMs. In LB film the configuration of the
surfactants, determined by the parameters which are
responsible for monolayer formation, is retained regard-
less of the type of substrate onto which the floating
monolayer is transferred. In contrast, in SAMs the
surfactant organization is primarily dependent on the
nature of the substrate.

The spontaneous formation of a tightly packed mono-
layer upon the immersion of a substrate into a suitable
solution was reported first by Sagiv and co-workers.?2
They immersed scrupulously clean glass, poly(vinyl
alcohol), oxidized polyethylene, and evaporated alumi-
num substrates into millimolar solutions of n-octadec-
yltrichlorosilane (OTS) in an organic (80% n-hexade-
cane, 12% CCl,, and 8% CHCI3) solvent for a few
minutes and obtained a well-packed SAM. The mech-
anism of self-assembly was discussed in terms of chemi-
sorption and hydrolysis of the Si—CIl bonds at the
substrate surface and subsequent formation of a net-
work of Si—O—Si bonds (Figure 1). Recent theoretical
and experimental studies established the energy offsets
between a silicon conduction band and the lowest
unoccupied molecular orbitals to be between 4.1 and 4.3
eV and that between the silicon valence band and the
highest occupied molecular orbital of the alkyl chains
to be between 4.1 an 4.5 eV in siloxane SAM, irrespec-
tive of the alkyl chain length (between C12 and C18).23
These results validated the concept of using SAMs as
ultrathin insulators and have been rationalized in terms
of a good alignment between the carbon sp® and the
silicon sp® orbitals and by assuming that the band
structures of the carbon and silicon are almost centered
on their respective sp?® level.23 Preferential adsorption
of a silane surfactant from a mixture depends on the
structures of the amphiphiles and the substrate. Self-
assembly by physisorption is reversible, while that of
chemisorption is irreversible. Thus, surfactants phys-
isorbed in monolayers can be replaced by surfactants
which are able to chemisorb. Such behavior was dem-
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Figure 2. Schematics of alkanethiol SAMs on silver and gold
substrates (showing tilt angles of 12° and 27°, respectively).

onstrated by allowing a donor cyanine dye D (capable
of physisorption) and OTS (known to chemisorb) to
compete for binding sites on a given substrate. The ratio
of OTS to D present in the SAM was found to increase
with increasing time of substrate immersion into an
organic solution containing fixed concentrations of D
and OTS. This behavior indicated kinetically controlled
physisorption of D and thermodynamically controlled
chemisorption of OTS.?* Removal of the reversibly
adsorbed (physisorbed) D led to a skeletonized SAM
with pinholes in the shape of D. Such pinholes can, in
turn, serve as templates for other molecules (or nano-
particles) to self-assemble.?> This approach opens the
door, therefore, to chemical nanopatterning.2®

Immersion of a well-cleaned gold (or silver or copper,
typically 200—400-nm thick, evaporated onto a 2—3-nm
chromium-covered glass slide) substrate into an alco-
holic solution of an organic thiol or dithiol results in the
formation of a SAM. The immersion time, depending
on the nature and concentration of the thiol (or dithiol)
used, varies between minutes and days. Nonadsorbed
thiol (or dithiol) molecules are removed by copious
rinsing by alcohol to provide a stable long-lasting and
defect-free SAM.

Examination of the adsorption of a mixture of thiol
surfactants onto a gold substrate has provided useful
insight into structure and mechanism of SAM forma-
tion. For example, SAMs assembled from a mixture of
—SH(CH);;0H and —SH(CH);950H had different com-
position-dependent wettabilities, indicating the absence
of significant segregation on the gold surface.?” Once
again, lack of domain formation is typical for SAM films
but it is a rarity for LB films. Electron diffraction and
FTIR studies and computer simulations have estab-
lished that the alkyl chains of alkanethiol-type (and
dithiol-type) surfactants are tilted approximately 30°
with respect to the gold substrate (and the sulfur atoms
reside in the 3-fold hollows).12 In contrast, SAMs formed
from alkanethiol-type (and dithiol-type) surfactants on
silver (or copper) substrates are not appreciably tilted
(Figure 2).28 However, rigid thiol SAMs behave differ-
ently; they have a relatively small tilt from either the
gold or silver substrate normal. Quantitative FTIR of
4'-substituted-4-mercaptobiphenyls established the tilt-
ing of the biphenyl planes from the surface to be 14°,
20°, and 12° and rotation around the 1,4 axis of the ring
to be 30°, 15°, and 30° for the NO,, C(O)CHj3, and CO»-
Et substituents on gold substrates.?® On silver sub-
strates, tilt angles for the NO,, C(O)CHgs, and CO,Et
4'-substituted 4-mercaptobiphenyl SAMs were found to
be 8°, 21° and 11° respectively, while the rotation
angles around the 1,4 axis of the ring were at 30°, 15°,
and 30°.2°

In closing this section, it is appropriate to mention
that the formation of SAMs, particularly from thiols and
dithiols on gold, is an established and mature technique.
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Several hundred research papers and reviews have
appeared and the structure of SAMs is well under-
stood.121430-32 The extent of substrate coverage by
SAMs (i.e., the extent of pinholes) can be conveniently
determined by measuring the faradaic response of the
[Fe(CN)e]*~/[Fe(CN)g]*~ redox couple in aqueous solu-
tion by cyclic voltammetry (employing the SAM-coated
substrate as the working electrode). The cathodic (re-
duction) and anodic (oxidation) faradaic current peaks
at the metal are completely suppressed in the presence
of a defect-free SAM layer.3334

11.2. Monolayer-Protected Clusters (MPCs). Sta-
bilization of dispersed colloidal particles by surface
treatments have been known for more than a century.
Indeed, the beautiful deeply red colloidal gold disper-
sions, prepared by Michael Faraday sometime in the
1850s are still proudly displayed at the Royal Institution
in London. Colloidal particles can be stabilized electro-
statically and sterically.3® The synergestic and concur-
rent particle preparation and electrostatic stabilization
is illustrated by classical synthesis of 12-nm diameter
gold particles.3® The method involves the reduction of
an aqueous gold chloride solution by sodium citrate. The
gold particles formed are stabilized by an electrical
double layer (composed of bulky citrate ions, chloride
ions, and the cations attracted to them) responsible for
the Coulombic repulsions which decays exponentially
with increasing interparticle separations. There is a
weak minimum in the van der Waals energy at an
interparticle separation which approximately corre-
sponds to the diameter of the stabilized gold nano-
particle. This minimum (where the attractive van der
Waals forces are overcompensated by the repulsive
electrostatic interactions) is responsible for the electro-
static stabilization of the gold colloids in dispersions.
Steric stabilization is accomplished by adsorbing poly-
mers and/or surfactants onto the surfaces of colloidal
particles. Intertwining of the adsorbed polymers (and/
or surfactant) in the interparticle space restricts the
conformational motion (entropy effect) and increases
local polymer concentration (which has to be compen-
sated by solvation = osmotic effect) which, in turn,
results in the stabilization of the particle. It should be
pointed out that stabilization of colloidal particles by
long-chain surfactants and/or polyelectrolytes involves
both electrostatic and steric effects.3>37 Preparation and
characterization of nanoparticles and their assembly
have been recently reviewed.38

Coating (capping or derivatization) by molecules
which form chemical bonds with or chemisorb onto the
particles provides an extremely useful method of nano-
particle stabilization.3° Credit should be given to Brust
and co-workers who prepared monolayer-coated gold
nanoparticles (=5 nm in diameter) by the sodium
borohydride reduction of AuCl,;~ in toluene—water in
the presence of alkanethiols.®® Significantly, this pio-
neering work has opened the door to treating nanopar-
ticles as if they were simple molecules. Alkanethiols,
mercapto alcohols, mercaptocarboxylic acids, and thiophe-
nol(s) have been shown to be highly suitable capping
agents for CdSe,*041 CdS,*243 ZnS,*445> maghematite,6
Pd,*” Ag,*849 and Au®°5! nanoparticles (Figure 3). The
capped nanoparticles can be separated from the dispers-
ing solvent, stored as dried powders, and redispersed
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Figure 3. Schematics for the capping of a nanoparticle by
alkanethiol molecules (i.e., the formation of MPCs).

on demand in a suitable solvent (polar solvent if the
capping agent provides a hydrophilic surface and apolar
solvent if the capping agent provides a hydrophobic
surface) to form the same sized nanoparticles with the
same degree of monodispersity.5253 Nucleophilic re-
agents have also been fruitfully employed as caps for
nanoparticles.>*

Murray and co-workers have coined the phrase of
monolayer-protected clusters, MPCs, to describe the 3D
analogs (i.e., monolayers on spherical nanoparticle
substrate surfaces, see Figure 3) of 2D SAMs (i.e.,
monolayers on flat substrate surfaces).5355-62 Impor-
tantly, capping agents on nanoparticle surfaces can be
exchanged by stronger ligands,35:56.63

(RS),MPS + x(R'SH) —
x(RSH) + (R'S),(RS),, ,MPC (1)

where x and n are the number of entering (stronger)
and original (weaker) ligands, respectively. Citrate ions
are readily replaced by a thiol ligand on gold nanopar-
ticle surfaces, for example. This ligand-exchange reac-
tion provides an important means for the chemical
functionalization of the nanoparticles and greatly ex-
tends the versatility of these systems.5364 MPCs can be
conveniently transferred from solvent to solvent, stored
in the dried state, or organized (and self-organized) into
2D arrays or 3D networks on solid substrates. This
versatility provides the potential for exploitation for
catalytic, electronic, and optical applications. Thiol-
functionalized oligonucleotides have also been shown to
provide good monolayer coverage to gold nanoparticles
(i.e., formed a good MPC!).55 Formation of nanostruc-
tured metallic films have also been demonstrated by the
self-assembly of carboxylate-functionalized alkanethi-
olate gold MPCs, using copper ion bridges, and the
subsequent burning off of the organic materials (at
<350° C).%6 It should be remembered, however, that
surface properties of MPCs are different from those of
their uncapped analogs (assuming that they can be
prepared and examined!).

11.3. Self-assembly into 3D Networks. Adsorption
(either by physisorption or by chemisorption) of nano-
particles onto a substrate is the simplest method of
fabricating self-organized 2D arrays and/or 3D net-
works. Adsorption is accomplished by dropping a few
drops of dilute nanoparticle dispersion onto a suitable
substrate (casting) and evaporating the solvent (usually
slowly and in a controlled environment).6-%° Alterna-
tively, the substrate is immersed into a dilute nanopar-
ticle dispersion (for a time optimized for the adsorption),
withdrawn, rinsed, and dried. Depending on the surface
modifiers and on the dielectric constant of the medium,
TiO, particles self-assembled into cubic arrays™ or
rodlike structures.”? Silver nanoparticles have been
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Figure 4. [100]s TEM images recorded from a single region of a silver nanocrystaline array (stabilized by dodecanethiol SAMSs)
under (a) in-focus and (c) out-of-focus conditions, showing the faceted shape and directional intermolecular bonds of the particles.
The dark lines indicate (T) planes and the white—dark lines indicate the rotation of the {111} plane across the twin plane and
the region with stacking faults. A structural model for the formation of {100} twins in the fcc superlattice is inset in (c). (b) and
(d) are enlarged TEM images selected from (a) and (c), respectively, showing the relationship of the {111} and {100} facets of the
truncated octahedron particles to the projected unit cell (white lines) of the superlattice. The dotted lines in (d) indicate the
directional intermolecular contacts formed by the groups of surfactant chains from facets on neighboring nanocrystals. Taken
from Harfenist, S. A.; Wang, Z. L.; Alvarez, M. M.; Vezmar, |.; Whetten, R. L. J. Phys. Chem. 1996, 100, 13904—13910 (ref 78).

similarly deposited onto electrodes.”? The success of
forming well-ordered 2D arrays and/or 3D networks
rests upon the adsorption of truly monodispersed nano-
particles.

Crystallization of suitably derivatized nanoparticles
into well-ordered arrays has also been demonstrated.”3-75
Differently sized alkanethiol-derivatized gold nanopar-
ticles, depending on experimental conditions, organized
themselves into ordered bimodal arrays, size-segregated
regions of hexagonal close-packed monodispersed par-
ticles, and random arrangements of pseudohexagonal
lattices.”855 Of particular significance is the formation
of well-characterized size-selected crystalline-thiol-
capped gold and silver nanonanoparticles and nanoc-
rystal arrays (see Figure 4, for example).””~8 Fractional

crystallization from toluene by the addition of different
amounts of a miscible nondispersing solvent (typically
acetone) yielded a series of thiol-capped gold nanopar-
ticles (with Au-core diameters ranging from 1.1 to 3.1
nm) which could be treated (isolated as solid and
redispersed in a nonpolar solvent without any structural
alteration) and characterized like any large molecules.
Significantly, sharp Bragg peaks were observed in the
X-ray diffraction of the gold nanoparticle a high degree
of ordering into body-centered cubic (bcc), near bcc, or
face-centered (fcc) packing.8!

Self-assembly has also been shown to be mediated by
capillary forces,8+85 temperature control,8 and dialysis®’
to drive millimeter-scale objects and gold nanoparticles
into three-dimensional crystalline arrays.
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Figure 5. Schematics of “bilayer-within-bilayer” replication
580—584 (ref 96).

Capped (derivatized) nanoparticles can be tethered
to a substrate to form ordered two-dimensional net-
works and three-dimensional arrays. Two different
approaches have been used. The first (and historically
the earlier)?* approach involved the self-assembly of a
bifunctional monolayer onto a substrate (formation of
a SAM from an o,w-dithiol, for example) and then the
subsequent attachment of the nanoparticles to the
monolayers.888° The second approach involved the de-
rivatization of nanoparticles themselves by bifunctional
molecules and their connection subsequently to each
other and to substrates.®991 Thus, the formation of
multilayer films have been reported upon the deposition
of 6-nm gold particles, stabilized by a,w-dithiols onto
glass substrates.®0—92 Alternatively, “naked” gold nano-
particles were layer-by-layer self-assembled onto a
3-mercaptopropyl trimethoxysilane derivatized glass
(each adsorbed layer of gold nanoparticles was capped
by 1,4-benzenedimethanethiol).®® Formation of self-
organized fibrous material was also reported on the
decomposition of AUC'(NHzR; R = CgH17; C1oHos; C16H33)
complexes.®*

An interesting approach to multilayer formation by
targeted self-replication of silane multilayers was re-
ported recently.®% Exposure of a self-assembled bilayer
of hydrogen-bonded silane and carboxyl-group-termi-
nated silane SAM to undried acetone and immediate
immersion into an OTS solution in dried bicyclohexyl
led to the insertion of a new silane bilayer (Figure 5).
Consecutively repeating the process n times produced
an identically organized 8 (n = 2), 16 (n = 3), and 2 x
2" layers of film by “bilayer-within-bilayer” intercala-
tion.96.67

Advantage has also been taken of the nucleotide base-
pair recognition in DNA hybridization for the construc-
tion of 2D arrays and 3D networks.®’~193 The approach
is illustrated by the hybridization of thiol-functionalized
oligonucleotide SAMs with complimentary thiol-func-
tionalized gold nanoparticles to produce a gold substrate—
DNA link—gold nanoparticle array (Figure 6). The
purpose of adding a thiol spacer (6-mercapto-1-hexanol,

of silanes. Taken from Maoz, R.; Sagiv, J. Adv. Mater. 1998, 10,

20060
LT

Figure 6. Schematics of a DNA hybrldlzation based self-
assembly of gold nanoparticles onto a gold substrate The
method involves (i) the formation of a thiol-functionalized
oligonucleotide SAM on a gold substrate and (2) its hybridiza-
tion by a complimentary thiol-functionalized oligonucleotide
onto which gold nanoparticles had been attached by S—Au
bonding.

for example) is to minimize nonspecific adsorption and
to ensure the perpendicular orientation of the thiol-
functionalized oligonucleotides.® Judiciously mixing the
spacer with the thiol-functionalized oligonucleotide
provides some control over the distances between the
gold nanoparticles, introduced upon hybridization by a
thiol-functionalized complementary oligonucleotide (Fig-
ure 5). Because having a high pH and heating the DNA
duplexes above the melting point result in dehybridiza-
tion,104-106 gttachment of the gold nanoparticles (through
hybridization) is reversible. This reversible hybridiza-
tion has been exploited for sensor construction.10!

Advantage has been taken of well-ordered 2D nano-
particles for substrate patterning.2® In one approach
electron beam exposure is used to etch the substrate
between the tightly packed 2D nanoparticle arrays and
the subsequent removal of the nanoparticles results in
a patterned substrate.107.108

11.4. Layer-by-Layer Self-assembly of Ultrathin
Films. Self-assembly of alternating layers of oppositely
charged polyelectrolytes and nanoparticles (or nano-
platelets) is deceptively simple (see Figure 7). Self-
assembly is governed by a delicate balance between
adsorption and desorption equilibria. In the self-as-
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Figure 7. Schematics of spontaneous self-assembly of a
nanostructured film. A well-cleaned substrate is immersed into
a dilute aqueous cationic polyelectrolyte solution for a time
optimized for the adsorption of a 2.0 &+ 0.5 nm thick polymer,
rinsed, and dried. Next, the polycation-coated substrate is
immersed into a dilute dispersion of negatively charged
nanoparticles for a time optimized for adsorption of a mono-
particulate layer, rinsed, and dried to form an organic—
inorganic sandwich unit. Subsequent sandwich units are
deposited analogously. The method is amenable to the fabrica-
tion of more complex superlattices and scale-up.

sembly of nanoparticles, for example, the efficient
adsorption of one (and only one) monoparticulate layer
of nanoparticles onto the oppositely charged substrate
surface is the objective of the immersion step. Desorp-
tion of nanoparticles forming a second and additional
layers (and preventing the desorption of the first added
layer) is the purpose of the rinsing process. The opti-
mization of the self-assembly in terms of maximizing
the adsorption of nanoparticles from their dispersions
and minimizing their desorption on rinsing requires the
judicious selection of stabilizer(s) and the careful control
of the kinetics of the process.

Forces between nanoparticles (or nanoplatelets) and
binder nanolayers (polyions or dithiols, for example)
govern the spontaneous layer-by-layer self-assembly of
ultrathin films. These forces are primarily electrostatic
and covalent (for self-assembled monolayers, SAMs, of
dithiol derivatives onto metallic surfaces) in nature, but
they can also involve hydrogen bonding, #—x interac-
tions, van der Waals attractions, hydrophobic and
epitaxial or other types of interactions. It is important
to recognize that polyionic binders must have counte-
rions which can be displaced to electrostatically bind
them to the oppositely charged surface. The use of
dithiols is only relevant with building blocks which
incorporate accessible metal atoms, M (Au and Ag
nanoparticles, for example) or semiconducting nanopar-
ticles (MS and MSe, for example where M = Cd, Zn,
Pb) in which covalent M—S bonds can be formed. The
properties of the self-assembled multilayers depend
primarily on the choice of the building blocks used, their
rational organization, and integration along the axis
perpendicular to the substrate.
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Figure 8. Nanofabricated heterojunction formed by the self-
assembly of a 4-thioacetylbiphenyl onto gold (B) evaporated
onto the bottom space of a bowl-shaped ca. 300-A diameter
pore formed by electron beam lithography and plasma etching,
on a suspended SiN membrane (A). The top electrode is formed
by evaporating (in ultrahigh vacuum) titanium (10 A, followed
by 30 A) and gold (800 A) onto the SAM, at a very low
deposition rate (0.3 A/s) and at low temperatures. Taken from
Zhou, C.; Deshpande, M. R.; Reed, M. A.; Jones, L.; Tour, J.
M. Appl. Phys. Lett. 1997, 71, 611—613 (ref 124).

Sequential adsorption of oppositely charged colloids
was reported in a seminal paper.19® Self-assembly was
subsequently “rediscovered” and extended to the prepa-
ration of multilayers of polycations and phosphonate
anions!-113 and to the layering of polyelectrolyte.10
Construction of electrodes coated by polyelectrolytes,
clays, and other materials often involved self-assem-
bly,114115 albeit the method had not been called as such.
Self-assembly is now routinely employed for the fabrica-
tion of ultrathin films from charged nanoparticles
(metallic, semiconducting, magnetic, ferroelectric, and
insulating, for example), nanoplatelets (clays or graphite
platelets, for example), proteins, pigments, and other
supramolecular species.113116-118 |ndeed, layer-by-layer
self-assembly has been recognized as a subfield of colloid
chemistry and the exponentially increasing research
publications are listed at a website.11°

That a large variety of molecules, polyelectrolytes,
nanoparticles, and nanoplatelets can be layer-by-layer
adsorbed, in any desired order, is the greatest advantage
of self-assembly. The oppositely charged species are held
together by strong ionic bonds and form long-lasting,
uniform, and stable films which are often impervious
to solvents. No special film balance is required for the
self-assembly; indeed, the method has been referred to
as a “Molecular Beaker Epitaxy”.12° Furthermore, self-
assembly is economical (dilute solutions and dispersions
are used and the materials can be recovered) and readily
amenable to scaling-up for the fabrication of large-area
defect-free devices on virtually any kind and shape of
surfaces.

I11. Examples of Potential Electronic
Applications

Careful manipulation of the chemical structure of the
molecules constituting the SAM permits the construc-
tion of fully conducting, completely isolating, or semi-
conducting ultrathin films on metal surfaces. Suitably
selected SAMs can also change the Schottky energy
barrier in a heterojunction by functioning as an oriented
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Figure 9. Fabrication of a silver nanowire connecting two gold electrodes (top left). (a) One gold electrode was wetted with a
droplet of 0.2 nM 5'-GGGCGGCGACCT-3'-disulfide oligonucleotide (oligo A) and 10 nM NacCl. The other electrode was similarly
treated by AGGTCGCCGCCC-3'-disulfide oligonucleotide (oligo B). (b) After rinsing, the electrode was covered by a 0.2 pM solution
of A-DNA which had two sticky ends, complimentary to oligo A and oligo B. A flow of solution perpendicular to the electrodes
stretched the A-DNA molecules, leading to hybridization. (c) The DNA was loaded by silver ions by immersion into 0.1 M AgNO;
and (d) complexed by the addition 0.05 M NH,OH. (¢) The DNA-templated wire was developed by the reduction of DNA-bound
Ag to silver metal by 0.05 M hydroquinone in the presence of citrate buffer (pH = 3.5). Taken from Braun, E.; Eichen, Y.; Sivan,

U.; Ben-Yoseph, G. Nature 1998, 391, 775—778 (ref 129).

dipole layer. Thus, for example, hole injection from a
copper electrode into a layer of conjugated polymer was
found either to improve or to degrade upon the self-
assembly of a monolayer of either HS(CsH4C;),CsHs—F
or HS(CeH4C,)2CsHs—H, respectively, between this
junction.'2! The effect of SAMs originates in the chang-
ing of the surface potential of the copper electrode. When
the Kelvin probe technique (i.e., making the current zero
between a vibrating Kelvin probe tip and the substrate
surface by an applied bias voltage to define the surface
potential between the substrate and the tip) was used,
a surface potential change of +0.3 V and —0.2 V was
determined for the HS(CsH4C>).CsHs—F and HS(CeHs-
C5)2CeHs—H SAM-coated copper electrode with respect
to the uncoated electrode.1?!

The beneficial properties of SAMs can be fruitfully
exploited in potential nanoelectronic applications.??
Creating a metal/SAM/metal junction and/or connecting
a wire to the SAM remain, however, a formidable
challenge. Evaporation of a metal (aluminum or gold,
for example) layer onto or the use of silver paints on
the SAM may well damage the monolayer and cause
electrical shorting. Attempts to overcome this problem
included the construction of more complex self-as-
sembled films (10 or more layer-by-layer self-assembled
polyelectrolytes, nanoparticles, and/or depositing a semi-
conducting polymer under and/or onto the self-as-
sembled layers),1?% the nanofabrication of special junc-
tions (Figure 8, for example),124125 the design of
nanowires!?6-128 (see Figure 9, for example),'2° and the



Reviews

tuning
fork

STM tip

0.0.0.0.0.006.0.0.0.0.0.0.0.0.0,

Figure 10. Schematics of a tuning fork based SPM capable
of rapid i—V measurements of SAMs. Taken from Fan, F. R.
F.; Yang, J. P.; Dirk, S. M.; Price, D. W.; Kosynkin, D.; Tour,
J. M.; Bard, A. J. 3. Am. Chem. Soc. 2001, 123, 2454—2455
(ref 132).

Figure 11. Schematic representation of a Hg-SAM/SAM-
metal junction. The liquid Hg-SAM surface comes into con-
formational contact with the SAM-metal surface. The unifor-
mity of the contact at the atomic level is unclear; indeed, the
presence of solvent (ethanol) between the SAM layers is
indicated. Taken from Haag, R.; Rampi, M. A.; Holmlin, R.
E.; Whitesides, G. M. J. Am. Chem. Soc. 1999, 121, 7895—
7906 (ref 133).

examination of single-electron-transfer events by AFM
(where electrical contact is made between a conducting
AFM tip and an isolated MPC, tethered to a conducting
substrate, for example).13%131 Of importance is the
recently reported rapid electrical characterization of
SAMs by a tuning fork based scanning probe microscope
(Figure 10).132

Examples will be provided for the formation junctions,
heterojunction, and single-electron transfer in the sub-
sequent sections.

111.1. Metal/SAM Junctions. Examination of metal/
SAM/metal junctions in the solid state, as stated above,
is plagued by the damage of the SAM and electrical
shorting. Valuable information has been obtained,
however, by measuring electrical breakdown voltages,
BDVs, in a recently proposed relatively simple and
experimentally flexible Hg-SAM/SAM-metal junction
(Figure 11).13 The measured values for BDVs were
found to increase with increasing packing density and
decreasing tilt angle of the SAM constituting thiols.
Furthermore, SAMs composed of C14 or longer chain
length alkane thiols sustained a constant electrical field
up to 8 & 1 x 108 V/m on silver substrates, a perfor-
mance similar to that of a micrometer-thick polyethyl-
ene.lSS

Electrochemical examination of SAMs, deposited onto
electrodes in aqueous solutions, should also be men-
tioned. Cyclic voltammetry, electrical impedance spec-
troscopy, and chronoamerometry (of aqueous solutions
of the [Fe(CN)e¢]3~/[Fe(CN)g]*~ redox couple as well as
electroactive SAMSs) provided information on the sub-
strate metal coverage by the SAMs and, more impor-
tantly, permitted the determination of electron tunnel-
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h* injector

Gold substrate

Figure 12. Fabrication of a p*-n junction capable to function
as a rectifying device undergoing a Zener breakdown. The
device consists of two layers: the first layer is a p-doped
semiconductor polymer, SCP (polypyrrole, Ppy*, for example),
deposited onto a pretreated (by mercaptoethylamine hydro-
chloride, MEA) conducting substrate (gold, for example) which
serves as the anode. The second layer is composed of n-type
semiconductor nanoparticles (cadmium selenide, CdSe, for
example) and 1,6-hexanediol, HDT, layer-by-layer self-as-
sembled onto the first layer and coated by a thin film of
aluminum (Al) which serves as the cathode. Taken from
reference Cassagneau, T.; Mallouk, T. E.; Fendler, J. H. 3. Am.
Chem. Soc. 1998, 120, 7848—7859 (ref 144).

ing from redox centers, attached or adsorbed onto the
SAM, to the electrode (or vice versa). Significantly, the
determined electron-transfer rate constants and reor-
ganization energies were found to be in good agreement
with theoretical predictions.134-136 The junctions inves-
tigated produced a diode-like response!3” and allowed
the quantitative examination of charge-transfer pro-
cesses in SAMS.138 These results have opened the door,
in turn, to the meaningful design of sensors®® and
photelectrochemical solar energy converting sys-
tems_l407142

111.2. More Complex Heterojunctions. Rectifying
behavior for layer-by-layer self-assembled films with
total thickness on the order of 6 nm (or less) has been
observed in specially fabricated heterostructures (see
Figure 8, for example) in the solid state.124143

Rectification could be demonstrated on a more com-
plex and thicker (on the order of 20 nm or more) self-
assembled films using standard electrical measure-
ments. We have reported, for example, the construction
of a ultrathin rectifying heterojunction by chemical
assembly and self-assembly.1#4 Ultrathin films were
prepared by self-assembling trioctylphosphine oxide,
TOPO, capped n-type 20—40-A diameter CdSe nano-
particles and 1,6-hexadecanethiol, HDT, onto p-doped
semiconducting polymers, SCP (electrochemically de-
posited poly(3-methylthiophene), PMeT, or chemically
deposited poly(pyrrole), Ppy). The SCP was formed on
a mercaptoethylamnie (MEA) pretreated gold substrate.
Electrical contact was made by connecting the gold
substrate to aluminum, evaporated onto the CdSe
nanoparticles (Figure 12). Electrical properties of these
heterojunctions were characterized by current (i) voltage
(V) measurements. The i—V characteristics manifested
themselves in a forward and a reverse branch (Figures
13). Injection of charges was believed to occur mainly
by tunneling through the interfaces between the elec-
trodes and the hole or electron conductors. The observed
tunneling mechanism can be expressed by the Fowler—
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Figure 13. i—V characteristics measured for an Au/p-doped
PMeT film/(Al.O3)-Al (A) and for an Au/p-doped PMeT film/
(HDT/CdSe)s/(Al,O3)-Al (B). Taken from Cassagneau, T.; Mal-
louk, T. E.; Fendler, J. H. 3. Am. Chem. Soc. 1998, 120, 7848—
7859 (ref 144).
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Figure 14. Fowler—Nordheim plot calculated from the i—V
characteristic of the system Au/p-doped PMeT film/(HDT/
CdSe)s/(AlOz)-Al in the forward direction. Taken from Cas-
sagneau, T.; Mallouk, T. E.; Fendler, J. H. 3. Am. Chem. Soc.
1998, 120, 7848—7859 (ref 144).

Nordheim equation which describes the field emission
tunneling current, I, as a function of the bias voltage:14®

I = V2 exp(—pdIV) 2)

where d is the thickness of the device sandwiched
between the electrodes. Plotting eq 1 logarithmically led
to a good straight line (Figure 14) which permitted the
fitting of the forward branch of the i—V curve. The
reverse branch did not follow either a Schottky or a
Fowler—Nordheim law but indicated a Zener break-
down.

The Zener breakdown should appear at a potential
which corresponds to the difference between the con-
duction band edge of CdSe and the valence band edge
of the polymer. According to the energy level diagram
sketched in Figure 15,*4 this difference is between 2.3
and 2.4 eV at the PMeT*/CdSe junction and about 2.66
eV at the Ppy*™/CdSe junction. It is observed that the
breakdown occurs at about —2.5 and —2.3 V for PMeT™
and Ppy™, respectively. Thus, the energy required for
inducing a reverse current is in fair agreement with the
minimum energy to be applied. Therefore, the Zener
breakdown is the consequence of the high density of
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Figure 15. Schematic energy level diagram for a p*-n junction
consisting of a p-doped semiconductor polymer (poly(pyrrole),
Ppy, or poly(3-methylthiophene), PMeT), and CdSe nanopar-
ticles. Taken from Cassagneau, T.; Mallouk, T. E.; Fendler, J.
H. J. Am. Chem. Soc. 1998, 120, 7848—7859 (ref 144).

donors in the polymer film. The main interest in Zener
breakdown is to produce “hot” electrons in the n-type
layer which could be used, for instance, for stimulating
the luminescence in a phosphor and hence to provide a
route to bimodal electroluminescence, with two distin-
guishable emissions depending on the direction of the
applied potential.

Ultrathin silicon wafer—silicon nanoparticle junctions
were also constructed by chemical assembly and self-
assembly (Figure 16).146 Our method involved the
preparation of colloidal 1—10-nm diameter silicon nano-
crystallites, Si-nc, by the sonication of anodically etched
silicon wafers in toluene and their covalent attachment
to derivatized silicon wafers (p-Si-D or n-Si-D). The
substrate derivatization consisted of three steps: (i) self-
assembly of dimethyloctadecylmethoxysilane (DOMS)
onto given substrates, followed by (ii) bromination (iii)
and subsequent hydroxylation of the brominated ter-
minal methyl groups to give 18-hydroxydimethylocta-
decylsiloxane monolayers covalently attached to the
silicon wafers, p-Si-D or n-Si-D. It should be noted, in
passing, that we could attach Si-nc to any substrate
(gold, glass, and quartz, for example) which can be
functionalized by OH groups.14¢

When p-type substrates (p-Si, p-PS, and p-Si-D) were
used, the forward bias condition corresponded to the
application of a negative voltage to the Ppy film with
respect to the back contact on the Si substrate. For the
simple p-Si/Ppy/Au junction, the i—V plot was almost
symmetrical. The observed rectification in the p-PS/Ppy/
Au films originated in the interface between the PS and
the p-Si substrate which behaved like an n-type silicon.
Consequently, a p—n-like junction was formed with the
bulk p-Si (under the PS layer). The rectification ob-
served with the p-Si-D/n-Si-nc/Ppy/Au junction was
caused by the p-Si-D/n-Si-nc interface while the Ppy film
assisted the Si-nc in the electron injection.146

Interestingly, (p- or n-)Si-D/Si-nc/Ppy/Au junctions
were not regulated by the thermionic emission beyond
an applied forward bias of 1 V. However, a good fit was
found on using the Fowler—Nordheim law (eq 2). At
forward bias, electrons are injected into the conduction
band of the quantized Si-nc at the cathode (via the Ppy
layer), while holes flow along the valence band of the
p-doped Si substrate at the anode. Therefore, rectifica-
tion occurs at the p-Si/Si-nc interface. It should be noted
that the reactivity and/or the electronic properties of Si-
nc made from p-Si and n-Si were observed to be different
in these devices. Specifically, the asymmetry ratio was
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Figure 16. Cross-sectional view of the self-assembled p-D/Si-nc/Ppy/Au junction self-assembled. Taken from Sweryda-Krawiec,
B.; Cassagneau, T.; Fendler, J. H. Adv. Mater. 1999, 11, 659—664 (ref 146).

higher while the current density was lower for Si-nc
obtained from p-Si than those prepared from n-Si. These
differences suggest that sizes, size distributions, surface
defects, and reactivity toward the OH-terminated mono-
layer of Si-nc play an important role in the properties
of the junctions constructed.!#® Reversing the bias led
to the injection of electrons into the conduction band of
p-Si and their rapid recombination with the holes
already present in the valence band (see curves ¢ and d
in Figure 17A). Size-quantized Si-nc at the p-Si-D/Ppy
interface dramatically improved the rectifying proper-
ties of the junctions (compare curves b and d in Figure
17A). The conduction band shifts upward about half as
much as the downward shift of the valence band in
Si-nc up size quantization, which is negligible for Si
particles larger than 5 nm. The conduction band edge
of Si-nc is located at almost the same level as the
conduction band edge of PS. This may explain why both
the p-PS/Ppy/Au and p-Si-D/Si-nc/Ppy/Au film were
rectifying at forward bias. It also justifies this method
of construction of electroactive junctions by the layer-
by-layer self-assembly of silicon nanocrystallites.146
n-Type substrates in n-Si/Ppy/Au, n-Si-D/Si-nc/Ppy/
Au, and n-Si-D/Si-nc/Au films were also tested. For
these films, the polarity of the back contact electrode
was made negative relative to the gold contact, under
a forward bias. The n-Si/Ppy/Au (see curve f in Figure
17B) and n-Si-D/Si-nc/Au junctions (not shown) did not
exhibit rectification at +2 V and the current was
negligible. Introducing a layer of Si-nc (made from
etching of n-Si) between n-Si-D and Ppy (n-Si-D/Si-nc/
Ppy/Au) led to a dramatic change in the i—V curve (see
curve h in Figure 15B). An asymmetry ratio of 138 was
found, with the highest current densities determined
(490 uAlcm? at +2 V). The valence band edge of size-
guantized Si-nc can be located at lower energy (5.5 eV

and below) than that of Ppy (5.7 eV) thereby favoring
hole injection, while the valence band edge of PS (6.2
eV) is at much higher energy. The meager rectification
in the n-PS/Ppy/Au film (curve g in Figure 17B) at
forward bias, in contrast to pronounced rectification on
employing size-quantized Si-nc at the interface n-Si-D/
Si-nc (curve h in Figure 15B), is rationalized analo-
gously. As expected, the barrier height to overcome
tunneling was observed to increase proportionally to the
current density at a given voltage, that is, +2 V.14
Interfacial electron transfer has been shown to be
controlled by the charge (positive or negative) on the
outermost polyelectrolyte in layer-by-layer self-as-
sembled films.*4” Negatively charged poly(acrylic acid)
and positively charged polylysine were layer-by-layer
self-assembled onto a cystamine SAM functionalized
gold working electrode. Efficient electron transfer from
the [Fe(CN)e]3~/[Fe(CN)g]*~ redox couple (in aqueous
solution, using a conventional three-electrode cell) was
only possible if positively charged polylysine was the
outermost layer on the working electrode. Self-as-
sembled films terminating in negatively charged poly-
(acrilic acid) showed high resistance to electron transfer.
Apparently, electron transfer was found to be governed
by electrostatic interactions at the coated electrode
electrolyte interface while the porous structure of the
self-assembled polyelectrolyte film allowed redox trans-
formations (with nonlinear decrease with increasing
thickness of the polyelectrolyte layers self-assembled)
at the electrode surface.’#” Similarly constructed elec-
trodes have been demonstrated to function as sen-
sors, 1487152 sjgnal transducers,'>® molecular transport-
ers,154155 and photoelectrochemical solar cells.156:157
111.3. Single-Electron Transfer. Single-electron
conductivity implies, by definition, the controllable
charge transport by individual electrons. There are two
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Figure 17. Electrical characteristics of the different junctions
investigated: A = all devices with a back contact to p-type
silicon wafers polarized positively under a forward bias. a =
p-Si/Ppy/Au; b = p-PS/Ppy/Au; ¢ = p-Si-D/Si-nc (prepared from
p-Si)/Ppy/Au; d = p-Si-D/Si-nc (prepared from n-Si)/Ppy/Au; e
= p-Si-D/Si-nc (prepared from p-Si)/Au. B = all devices with
back contact polarized negatively under a forward bias. f =
n-Si/Ppy/Au; g = n-PS/Ppy/Au; h = n-Si-D/Si-nc (prepared from
n-Si)/Ppy/Au. Taken from Sweryda-Krawiec, B.; Cassagneau,
T.; Fendler, J. H. Adv. Mater. 1999, 11, 659—664 (ref 146).

stringent requirements for the observation of single-
electron events. First, the electrostatic energy of intro-
ducing an electron into an isolated conductor, E;, has
to be larger than its thermal fluctuation, kgT:

E,=e%/2C > kT (3)

(where C is the effective capacitance of the conductor, e
is the charge of the electron, kg is the Boltzmann
constant, and T is the absolute temperature). This can
be accomplished by decreasing the temperature or the
capacitance or, indeed, decreasing both of these param-
eters. The capacitance is determined by the size of the
conductor and its distance from the surrounding elec-
trodes (gates). A simple calculation shows that charging
a macroscopic capacitor (having capacitance in the 10712
F range) by a single electron would require a potential
of 1078 V and a temperature in the milli-Kelvin range
to avoid thermal fluctuations. Single-electron events
become observable at room temperatures, however, if
the junction capacitance is lowered to the 10718 to 1071°
F range. This can be best achieved by entrapping a
conducting nanoparticle (with a diameter <2 nm) into
an appropriate tunneling barrier’®® or by placing a
highly ordered and closely packed monodispersed (o <
10%) array of conducting nanoparticles (with diameters
<2 nm, each of which are protected by an insulating
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Figure 18. Ideal staircase i—V characteristics of a single-
electron tunneling junction. As the junction is biased by a
constant current I, at |Q| > e/2, a tunneling event takes place,
making |Q| jump to —e/2 and a new charging cycle restarts.
The junction is Coulomb blockaded as long as |Q| < e/2 or the
voltage V < e/2C (plateau of the current), while single-electron
tunneling is characterized by a jump of the current at |Q| >
e/2. Because the current is proportional to the reciprocal of
the resistance R of the junction times the voltage, each single-
electron tunneling generates a jump of ¢/RC in the current.

surfactant monolayer) between macroscopic elec-
trodes.159-161

The second requirement for realizing single-electron
events is that the dielectric constant of the barrier which
surrounds the conducting nanoparticle should have a
tunneling resistance, Rt, which exceeds the resistance
quantum, Rq (Rt > Rg, Rg = h/e? ~ 25.8 kQ). This
requirement can be met by selecting an insulating
barrier which ensures the localization of the electron
in (or on) the nanoparticle.

Single-electron trapping and flow manifest them-
selves in an observable Coulomb blockade, Coulomb
staircase, and differential negative resistance in con-
trast to the classical ohmic behavior of a macroscopic
capacitance device. Thus, application of a bias voltage
of e/2C (or an odd multiple of ¢/2C) to the monolayer-
protected nanoparticle (by the conducting tip of the
AFM, for example) is required for the current to flow
through the circuit. When the charge, |Q|, on the
junction is smaller than e/2 (|Q| < e/2), the potential
energy barrier of the trapped single electron, already
present in (or on) the nanoparticle, cannot be overcome;
that is to say the entry of the next incoming electron is
Coulomb Blockaded. When the junction is biased at a
constant current, I, at |Q| > e/2, electrons will tunnel
in increments with a frequency of I/e. The incremental
electron tunneling manifests itself in the appearance
of steps in the current—voltage plots, that is, in the
setup of a Coulomb Staircase (Figure 18). Oscillations
at the steps in the current—voltage plots sometimes
become also observable as differential negative resis-
tance regions. For single-electron transport, there is a
linear relationship between the current and the fre-
guency of the voltage signal. Superimposing a sinusoidal
signal onto the bias voltage, the amplitude of the
measured current through the conducting nanoparticle
is proportional to the signal frequency. Furthermore,
the ratio of the current to the frequency is equal to the
electron charge.
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Figure 19. Schematic representation of a tunneling junction
made upon applying a voltage between a ligand-stabilized
metal cluster and a STM tip. Both the tip and the substrate
are conductive and the ligand shell is the tunneling barrier
between these two electrodes and the metallic core of the
cluster.

Single-electron tunneling, at low temperatures, has
been observed by scanning tunneling microscopy.!58
Evidence has been obtained for Coulomb staircase
behavior, for example, on charging a 1,10-phenantroline
ligand (phen) stabilized 2.1-nm diameter platinum
cluster, PtsoophenzsO,0, by an STM tip, on a gold
substrate at 4.2 K (Figure 19).1%2 Single-electron-
transfer events have been observed at room temperature
in polymer spin-coated (35-nm-thick poly(methyl meth-
acrylate), PMMA) highly ordered arrays of 2—4-nm
diameter silver nanoparticles between Al electrodes,63
in CdS nanoparticles, in situ generated on conducting
AFM tips,®4 in gold nanoparticles connected by dithiol
SAMs to a gold substrate,'58.165 in gold nanoparticles
incorporated into a source-drain-gate nanofabricated
device,166167 and in organized and surface capped gold
nanoparticles.168

Particularly interesting is the recently observed single-
electron transfers in monolayer-protected gold cluster
dispersions by differential pulse voltammetry; these
experiments have been likened to “doing redox chem-
istry with quantum capacitorss’16° gbserving “quan-
tized double-layer charging”.53 Because the magnitude
of the capacitance on an MPC is on the order of 10718
to 10~9(atto—subatto) F range, charging of a single
particle occurs in potential intervals (described by eq
2) which can be observed in voltammetry. Indeed, this
has been reported for gold MPCs.57170-182 Using con-
trolled potentials permitted the estimation of the aver-
age number of electrons stored on the MPCs from the
pattern of voltammograms. Single-electron transfer
involving MPCs is analogous then to the Coulomb
staircase, albeit requiring a different equivalent circuit
(Figure 20).53172 More recently, quantized double-layer
charge of gold MPCc, immobilized onto gold substrates
by SAM, has also been demonstrated.173174

Three-dimensionally size-quantized semiconductor
nanoparticles (quantum dots) is often referred to as
artificial atoms by the physicists because their electronic
wave functions are predicted to exhibit atomic-like
symmetries.1’>7181 Indeed, discrete energy level struc-
tures have ben reported for many size-quantized semi-
conductor nanoparticles.® The concept of artificial atoms
should stimulate the development of new theories and
guantum dot based computing and devices.

To the best of our knowledge, there is only one
published report on single-electron charging of a layer-
by-layer self-assembled ultrathin film.182 Sequential
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Figure 20. A = A cartoon of quantized double-layer charging
of neutral MPCs diffusing from bulk solution to an electrode/
solution interface charged with a potential Epzc + €/CcLu. All
MPCs are charged to that potential by + a single electron and
then diffuse back to the solution. B = differential pulse
voltammetry (top) and cyclic voltammetry (bottom) of hex-
anethiolate gold MPC. Taken from Templeton, A. C.; Wuelfing,
M. P.; Murray, R. W. Acc. Chem. Res. 2000, 33, 27—36 (ref
53).

self-assembly of anionic exfoliated zirconium phosphate,
o-Zr(HPO4),H20 (a-ZrP), poly(allylamine hydrochloride)
(PAH), negatively charged gold nanoparticles (Au),
PAH, o-ZrP, and poly(pyrrole) (Ppy) onto a mercapto-
ethylamine hydrochloride (MEA) treated gold substrate
leads to the formation of a metal—insulator—gold nano-
particle—insulator—metal, MINIM ultrathin film, Au-
MEA/a-ZrP/PAH/AU/PAH/a-ZrP/PPy. Current—voltage
curves of this MINIM device displayed tunable Coulomb
gaps.18?

These investigations have been largely motivated by
the perceived possibility of constructing a memory
storage device based on the presence or the absence of
a single electron on a nanoparticle. Furthermore, un-
derstanding the behavior of individual nanoparticles
(which we have learned to treat as if they were
molecules) and their collective ensemble will aid the
transition to molecular electronics.'83-187 Fabrication of
single-electron transistors will also open the door to a
large variety of nanoelectronic applications.

1V. Conclusion

These are exciting times for chemists. Inspired by
biomineralization, they can apply their expertise to
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assembly and preside over the self-assembly of 2D and
3D structures on the nanometer scale from a large
variety of chemicals. Taking advantage of established
chemistries, they can select molecules and clusters of
molecules which function as insulators, semiconductors,
conductors, and even superconductors and have a vast
range of desirable properties. Indeed, metallic, semi-
conducting, magnetic, and ferroelectric nanoparticles
have been prepared and chemical self-assembly has
been demonstrated to produce, in addition to the
electronic application highlighted here, optical, electro-
optical, charge, and memory storage devices. We are
only at the beginning of the chemical approach to
advanced materials preparation and can confidently
look forward to the unexpected and unthought of
discoveries.
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