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Templated fabrication of
non-spherical gold nanoparticles
Extensive research interest in na-
nometer-dimensioned inorganic
particles and clusters has mainly
been driven by their broad impact
on the emerging disciplines of
nanoengineering, nanoelectronics,
and nanobioelectronics. Metal
nanoparticles—gold in particular—
have been the focus of numerous
investigations in recent years be-
cause of potential optical, elec-
tronic, and chemical properties, and
their promise in applications such
as biosensing.1-3 Of particular inter-
est is the utility of their behaviors
due to quantum-confinement ef-
fects, with nanocluster-based de-
vices being envisioned as the next
generation in electronics miniatur-
ization.

One of the technological chal-
lenges is to fabricate robust and or-
ganized assemblies of these
nanoscale building blocks where
the collective structural properties
and functions might be manipu-
lated by the size, shape, orientation,
and position relative to each other
as well as the composition of the
nanoparticles. Self-assembled
monolayers (SAMs) have attracted
special attention because their
preparation is simple and the result-
ant films are densely packed,
highly ordered, and largely free of
defects. Here, we describe how
self-assembled monolayers of alka-
nedithiol and silane thiol—on
metal and glass substrates, respec-
tively—are being used as templates
for the nucleation and growth of nano-sized
gold particles.4

Several methods for the preparation of gold
nanoparticles have been investigated: these in-
clude the use of colloidal methods, physical va-
por deposition process, and template synthe-

sis. Among the existing methods, the colloidal
approach is one of the most popular. However,
although large bodies of works have success-
fully demonstrated that such methods can pro-
duce well-defined nanoparticles, there are still
some drawbacks. In particular, the stability of

both the particle and the particle’s
attachment to the surface are at issue,
as is controlled aggregation and flex-
ibility for further function-alization.
One thing we do know: although
nanoparticle superstructures already
provide exciting prospects for chem-
ists, physicists, biologists, and mate-
rial scientists from theoretical, experi-
mental, and practical perspectives,
they are still in their infancy. Elec-
tronic miniaturization may be even-
tually be achieved through one of sev-
eral different paths.

Here we present an alternative
method for the preparation of non-
spherical gold nanoparticles, all
aligned identically with respect to the
surface. They are prepared via an or-
ganometallic chemical vapor deposi-
tion (OMCVD) process where the
particles grow attached directly to the
template surface. The OMCVD pro-
cess offers several advantages in ad-
dition to the possibility of area-
selective deposition where nucleation
and growth only occur on so-called
growth areas.5,6 For instance, the pro-
cess is economical: deposition is per-
formed under low vacuum and low
temperature. Also, the aggregation
state of the particles can be controlled
because the particles are immobilized
on the surface and fixed in their mor-
phology. In addition, using OMCVD,
the gold nanoparticles are free and
flexible for further functionalization
since they are not capped.

To enhance the design and optimi-
zation of applications based on

OMCVD-fabricated gold nanopar-ticles, a thor-
ough understanding of their basic properties is
necessary. Non-spherical particles—which
should exhibit more interesting and exciting

Figure 1. Atomic force microscope (AFM) images of  organometallic chemical
vapor deposition (OMCVD) gold on SH-terminated self-assembled monolay-
ers (SAMs) on different substrates: (a) 1,8-octanedithiol (C8-DT) SAMs on
Au(111); (b) C8-DT SAMs on flat Ag; and (c) 3-
mercaptopropyltrimethoxysilane (MPS) SAMs on silicon wafer. On the right of
the images are the corresponding height distributions of the gold
nanoparticles.
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plasmon resonance patterns than their spheri-
cal counterparts—are presented here. The size
and form characterization of OMCVD-grown
gold nanoparticles is determined using atomic
force microscopy (AFM), scanning tunnelling
microscopy (STM), and scanning electron mi-
croscopy (SEM). Here, 1,8-octanedithiol (C8-
DT) SAMs were used: i) mica substrates car-
rying a thin layer of gold with (111) orienta-
tion on the surface; ii) flat silver substrates; and,
iii) 3-mercaptopro-pyltrimethoxysilane (MPS)
on silicon wafers. The precursor for the
OMCVD process used is [(CH

3
)

3
P]AuCH

3
. The

chosen deposition time was 30 minutes.
Figure 1 shows the AFM images of OMCVD

gold deposited on: a) C8-DT SAMs on
Au(111); b) on flat Ag; and c) on MPS SAMs.
A first glance at their height histogram, the
particle distribution after deposition both on
MPS and on C8-DT SAMs on Ag is more or
less the same, with a mean height value of about
7.5nm. The height of OMCVD gold on C8-DT
SAMs on Au was remarkably low, with a mean
height value of 0.7nm. On the other hand,
OMCVD gold nanoparticles on MPS SAMs
have the broadest height distribution: its lat-
eral size was the largest of the three samples.

The true lateral sizes were examined via
STM and SEM. Figure 2a shows the STM im-
age of the gold nanoparticles from Figure 1a—
the C8-DT on (111) Au—and Figure 2b an
SEM image of the nanoparticles on MPS. In
the case of C8-DT on Au, the an average par-
ticle height was approximately 0.5nm (obtained
via AFM measurements, see Figure 1a) and
lateral diameter was about 5nm (from STM
measurements, see Figure 2a). Thus, an aspect
ratio of 1:10 was found. The other two cases
yielded lateral sizes of 7nm (Ag substrate) and
12nm (MPS on silicon). Non-spherical particles
showing pancake-like structures with different
aspect ratios were fabricated.

One reason why this shape difference occurs
is the difference in the orientation of the SAMs
relative to the surface: normal for MPS SAMs
and the C8-DT SAMs on Ag, and 30º from nor-
mal for C8-DT SAMs on Au.7 Other reasons
can be the surface roughness and the availabil-
ity of free SH groups.

Figure 3 shows the schematic representation
of the non-spherical, pancake-shaped OMCVD
gold nanoparticles on MPS SAMs (Figure 10a,
aspect ratio 7:10 = 0.6), the C8-DT SAMs on
Au(111) (Figure 10b, aspect ratio 1:10=0.1),
and the C8-DT SAMs on Ag (Figure 10c, as-
pect ratio 7:10= 0.7).

In future, nanoscale lateral structuring of the
template SAMs into growth and non-growth
regions will be performed using modern meth-

Templated fabrication of non-spherical gold nanoparticles

ods such as electron-beam or focused-ion-beam
lithography. This will allow for OMCVD gold
nanoparticle arrays with various symmetries.
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Figure 2. (a) Scanning tunnelling microscope (STM, 195nm×195nm) image of organometallic chemical
vapor deposition (OMCVD) gold nanoparticles on 1,8-octanedithiol (C8-DT) self-assembled monolayers
(SAMs) on Au(111) substrate. (b) scanning electron microscope (SEM) images of OMCVD gold on 3-
mercaptopropyltrimethoxysilane (MPS).

Figure 3. Schematic illustration of the non-spherical OMCVD gold nanoparticles grown on: (a) MPS SAMs
(8nm height, 12nm lateral size); (b) on C8-DT SAMs on Au(111) (0.5nm height, 5nm lateral size); and (c)
on C8-DT SAMs on Ag (7nm height, 10nm lateral size).
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Detecting and controlling a single electron in quantum
dots using an atomic force microscope
Quantum dots (QDs) of various
kinds are among the most im-
portant devices in nanotech-
nology. A variety of applica-
tions of the technology are be-
ing pursued, including informa-
tion storage, improvement in
laser efficiency, and quantum
computation. Although detec-
tion and control of the charg-
ing state of individual QDs is
considered to be a key tech-
nique for those applications, it
still remains challenging—es-
pecially for self-assembled
semiconductor quantum dots
and nanoparticles—due to the
difficulty of attaching leads to
such small nano-objects.

We have developed a new
technique to address this issue
based on the detection of elec-
trostatic force by an atomic
force microscope (AFM). It
enables us to detect and control
the charging state of individual
QDs using a single-electron
charge. An AFM probe serves
as an electrometer for charge
detection as well as a gate elec-
trode for modulating the charge.
The long-range nature of elec-
trostatic force enables the detec-
tion of the charging state of the
QD with relatively large dis-
tance between the tip and quan-
tum dot, and the quantum-dot
and substrate. This means that
the technique is applicable even
to capped QDs, which are prac-
tically more important, as no
current has to be collected at the
tip. Moreover, in light of poten-
tial qubit readout by AFM for
quantum computation, the abil-
ity to detect the charging state
of the quantum dot weakly
coupled to external leads is of
great importance, since a strong
coupling introduces decoher-
ence of the qubit. In particular,
single-shot measurements of in-
dividual electronic charge are a
necessary condition and could
be achieved by a weak capaci-
tive coupling between the

charge detector (AFM tip in our
case) and the dot.

Figure 1 depicts the sample
structure and the experimental
setup. Self-assembled InAs QDs
are grown onto InP substrate by
chemical-beam epitaxy. A two-
dimensional electron gas (2DEG)
formed in the InGaAs quantum
well was used as the back elec-
trode, sitting 20nm underneath a
layer of InAs quantum dots. An
InP spacer layer between the QD
layer and the 2DEG layer serves
as a tunneling barrier. An oscil-
lating conductive AFM tip is
brought above a single InAs
quantum dot (at 4.5K, in vacuum)
with a typical average tip-QD dis-
tance of 20nm. The resonance-
frequency shift and dissipated
energy of the oscillating cantile-
ver are measured as a function of
the tip-back-electrode bias volt-
age. These two quantities are
measures of the electrostatic
force and the energy dissipated
in the sample.

Figure 2 depicts the measured
results. The resonance-frequency
shift shows several jumps on a
parabolic background that ac-
count for a capacitive interaction
between the tip and the back elec-
trode. The jumps can be inter-
preted by a series of single-elec-
tron charging events: a result of
single-electron tunneling from
the back electrode to the quan-
tum dot. These jumps are essen-
tially measuring the Coulomb
blockade energies in the dot. The
corresponding structures appear
in the dissipation signal as peaks,
which are a measure of energy
dissipation due to the single-elec-
tron tunneling process.

This technique could be used
for the investigation of the elec-
tronic structure of an individual
QD without defining additional
leads. In addition, the access to
the dissipation signal could en-
able the investigation of the in-

Figure 1. Schematic diagram of the sample quantum-dot structure and the
experimental setup to detect the electronic charge.

Figure 2. Shown is the resonance-frequency shift and dissipated energy of the
atomic force microscope (AFM) cantilever as a function of the tip-back electrode
voltage. The jumps and peaks indicated by arrows in each curve correspond to
single-electron charging events in a single InAs quantum dot. Continues on page 4.
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triguing interaction between micromechanical
oscillators and single-electron systems.
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The conceptualization of metamaterials
through homogenization
Suppose we consider the electromagnetic re-
sponse of a composite metamaterial that con-
sists of a random collection of disparate par-
ticles. Provided that the linear particulate di-
mensions are small relative to electromagnetic
wavelength(s), the composite may be regarded
as being effectively homogeneous. The con-
stitutive parameters of such a homogenized
composite medium (HCM) may be estimated
using any one of several homogenization for-
malisms.1 The process of homogenization has
the potential to extend electromagnetic/opti-
cal material properties and therefore is of con-
siderable importance in the design of novel
materials.

The term metamaterial has been coined to
describe artificial composites that exhibit physi-
cal properties that are either not at all exhib-
ited by their component phases or not exhib-
ited to the same extent by their component
phases. Prime examples of metamaterials are
provided by HCMs. In this communication, a
brief survey of five different conceptualizations
of HCM-based metamaterials is presented. Our
focus is on the interesting electromagnetic/op-
tical properties that may be realized rather than
the mathematical details of homogenization—
further details of the theory are available else-
where.2

1. In electromagnetics, the most general lin-
ear material is called bianisotropic: here, the
dielectric displacement D is anisotropically-
coupled to both the electric field E and the
magnetic field H, and the magnetic induction
B is anisotropically-coupled to both E and H.
While manifestations of bianisotropy are not
readily observed in naturally-occurring mate-
rials, bianisotropic HCMs may be readily con-
ceptualized. In order to do this, it is necessary
that one of the HCM components is anisotro-
pic and another exhibits magnetoelectric cou-
pling. For example, the homogenization of a
biaxial dielectric material with an isotropic
chiral material gives rise to a biaxial
bianisotropic HCM.2

2. Generally, biaxial dielectric materials ex-
hibit birefringence. That is, there are generally
two different wavevectors associated with
planewave propagation in a given direction.
The wavevectors and wavenumbers arise as

eigenvectors and eigenvalues, respectively, of
a 2×2 propagation matrix. Exceptionally, this
matrix yields only one independent eigenvec-
tor and one eigenvalue: the corresponding plane
wave is called a Voigt wave. Such waves ex-
hibit an unusual property: their amplitude is
linearly dependent upon propagation distance.

A key characteristic of materials that sup-
port Voigt wave propagation is that they are
biaxial; i.e., Voigt waves cannot propagate in
uniaxial materials. However, two such materi-
als may be homogenized to produce a biaxial
HCM, provided that the distinguished axes of
the uniaxial components do not coincide. Nu-
merical calculations have revealed that biaxial
HCMs may be conceptualized that support
Voigt wave propagation, even though their
uniaxial component phases do not.3

3. The phase velocity of a plane wave is
called negative if it is directed opposite to the
rate of energy flow (as provided by the time-
averaged Poynting vector). Several unusual
properties follow as a consequence of negative
phase velocity (NPV), the most notable being
negative refraction.4 The issue of NPV propa-
gation has recently generated much excitement
in the optics/electromagnetics communities,
prompted by experimental reports of micro-
wave negative refraction in metamaterials.5

The scope for realizing NPV propagation is
generally greater in more complex materials,
as the parameter space is correspondingly
larger. For example, numerical studies have
revealed that we may conceptualize a
bianisotropic HCM, in the form of a Faraday
chiral medium, that supports NPV propagation
while its component phases do not. The Fara-
day chiral medium develops as a result of ho-
mogenizing an isotropic chiral medium with a
magnetically-biased ferrite.6

4. Within the realm of isotropic dielectric
materials, let us consider the homogenization
of one component phase with relatively-high
refractive index and low dispersion with an-
other that has relatively-low refractive index
and high dispersion. Using the Bruggeman
homogenization formalism, it has been dem-
onstrated that the group velocity in the corre-
sponding HCM can exceed the group velocity
in either component phase, for certain ranges

of volume fraction.7

5. Finally, we turn to nonlinear materials. By
means of homogenization, an enhancement of
nonlinear properties may be achieved. For ex-
ample, if we consider the homogenization of a
weakly nonlinear material with one that is lin-
ear, then the degree of nonlinearity exhibited
by the resulting HCM can exceed that of its
component phases for certain ranges of volume
fraction. This nonlinearity enhancement has
been established for both isotropic8 and aniso-
tropic9 HCMs.

In conclusion, electromagnetic/optical ma-
terial properties may be extended in various
ways through homogenization. Thus, HCM-
based metamaterials have much to offer in the
design of new materials.
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