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Abstract

Well-defined planar 1D chains and 2D superlattices of gold (Au) nanoparticles in the 1.5~9.7 nm range were successfully
fabricated by a self-assembly technique. When the nanoscale ridge-and-valley structured carbon substrates were dipped in
toluene solution of 3.4-nm Au nanoparticles followed by a natural dry, a planar array of 1D chains of Au nanoparticles were
formed at the valleys of carbon substrates. On the other hand, the 1.5~9.7-nm Au nanoparticles protected by alkanethiols or
2,6-bis(1’-n-thioalkyl)benzimidazol-2-yl)pyridine easily formed hexagonal 2D superlattices on the flat carbon substrates, the
inter-particle spacing being tuned by the ligand length and so on. It was found that for 2D superlattices consisting of large
particles of ~5 nm the electron behavior was dominated by the Coulomb blockade effect at low temperature while the I–V
response was ohmic at room temperature.

© 2003 Published by Éditions scientifiques et médicales Elsevier SAS on behalf of Académie des sciences.

1. Introduction

The precise control of the primary structures of
metal nanoparticles, such as size, shape or composi-
tion, enables us to fabricate the secondary structures of
nanoparticles, which means the regularly ordered
metal nanoparticles with well-defined one- (1D) and
two- (2D) dimensional spatial configuration. Since
such ordered metal nanoparticles, so-called superlat-
tices, are expected to show the novel properties that are
not present in the isolated nanoparticles, the current
interests in colloid chemistry have been focused on the
fabrication of superlattices of size- and shape-
controlled metal nanoparticles, as shown in Fig. 1. The

fabrication of ordered metal nanoparticles would en-
able us to produce the optical devices, such as surface
enhanced Raman scattering (SERS) films [1,2], optical
grating [3], antireflective surface coating [4], selective
solar absorbers [5], and data storage devices [6]. More-
over, the monodisperse metal nanoparticles have po-
tentiality to be the building blocks for nanoelectronic
devices using the single electron tunneling effect [7,8].
Especially, the metal nanoparticles smaller than 2 nm
in size are required for such devices to make use of the
phenomenon of Coulomb blockade at room tempera-
ture [8–14].

To order the metal nanoparticles on substrates by
evaporating the solvent from the nanoparticle solu-
tions, one has to use the rigid stabilizer such as ligand
or surfactant for metal nanoparticles to form nanopar-E-mail address: tosiharu@jaist.ac.jp (T. Teranishi).
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ticle superlattices of well-defined configurations, be-
cause the volume change of stabilizer like linear poly-
mer through the evaporation of the solvent may
suppress the complete arrangement of nanoparticles.
In fact, 2.6-nm polyacrylonitrile-protected Au nano-
particles formed only a partially hexagonal network in
two-dimension [15]. Two approaches have been em-
ployed in order to form superlattice structures of metal
nanoparticles. One is to self-assemble metal nanopar-
ticles by placing a few drops of their solution on a
substrate or by dipping it into the solution, followed by
the solvent evaporation. The self-assembly technique
is a widely used fabrication method of superlattices
due to its easiness and convenience. As indicated by
Bowden and co-workers, the self-assembly technique
has a great potential to produce the complex patterns of
metal nanoparticles by endowing the nanoparticles
with the direction of interaction [16]. Another ap-
proach is to use either external forces, such as an
electrophoretic deposition [17,18] and a LB technique
[19,20], or strong interactions, such as an electrostatic
interaction [21–24] and a DNA hybridization [25–27].
Thus, we can learn the novel nanoscience of nanoma-
terials through nanotechnology.

Here the fabrication techniques and electronic prop-
erties of Au nanoparticle superlattices are presented.

2. Two-dimensional superlattices of gold
nanoparticles

The fabrication of 2D superlattices of metal nano-
particles has been vigorously studied during a decade.
The preparation technique mainly involves a self-
assembly of organic ligand-protected metal nanopar-
ticles larger than 2 nm. Since such nanoparticles are
easily self-assembled in an hexagonal packing on vari-
ous substrates due to the capillary force between the
nanoparticles during the solvent evaporation, there are
too many studies to mention [1, 2, 28–39]. On the other
hand, when one uses 2D superlattices of metal nano-
particles as nanoelectronic devices making use of Cou-
lomb blockade phenomenon at room temperature,
metal nanoparticles smaller than 2 nm in diameter are
required. In this section, the methods to fabricate 2D
superlattices of Au nanoparticles larger and smaller
than 2 nm are presented together with the techniques to
control the particle sizes.

2.1. Fabrication of 2D superlattices of large Au
nanoparticles

Needless to say, precise control of particle size and
shape is required to fabricate their well-defined super-

Fig. 1. Schematic illustration of metal nanoparticle superlattices.
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lattices without mosaic structures. In 2001, we devel-
oped a simple and quite useful method to manipulate
the size of Au nanoparticles by using the heat-
treatment of small Au nanoparticles not in solution
[40,41] but in the solid state [42,43], which is far from
the conventional techniques [44–48]. A preparation of
dodecanethiol-protected Au nanoparticles (DT-Au) as
a source for the heat treatment followed the Brust’s
two-phase (toluene/water) reaction procedure [49].
The organic (toluene) phase was then separated,
evaporated completely in a rotary evaporator at 40 °C,
and dried in vacuo at 30 °C for a day. The crude solid
obtained was heat-treated at 150–250 °C at the heating
rate of 2 °C min–1, and held for 30 min. The heat-

treated product was dissolved in a small amount of
toluene and mixed with methanol to remove excess
free dodecanethiol and TOAB. The dark brown pre-
cipitate was filtered off, washed with methanol, and
redispersed in toluene. Octadecanethiol (ODT) was
also used as a protective agent in place of dode-
canethiol. This heat-treatment of as-prepared DT-Au
nanoparticles at 150, 190 and 230 °C led to the thermo-
dynamical particle growth, the particle sizes becoming
3.4 ± 0.3, 5.4 ± 0.7, and 6.8 ± 0.5 nm, respectively. As
shown in Fig. 2, their UV–vis spectra displayed surface
plasmon absorptions at around 520 nm. These results
indicate that the smaller nanoparticle has the lower
melting point and the nanoparticles grow uniformly
until they become stable at the heat-treatment tempera-
ture. As Maye et al. pointed out [41], an evolution of
the small Au nanoparticles proceeds via sequential DT
desorption, Au core coalescence, and DT re-
protection. During the heat-treatment process, TOAB
melted is thought to serve as a solvent in the particle
growth process, because the uniform growth of nano-
particles was not observed without TOAB molecules.
The Au contents increased from 79.7 to 94.7 wt% with
an increase in the heat-treatment temperature, i.e., with
the size, which is originated from a decrease in the
surface area of Au nanoparticles.

Fig. 3 presents the TEM images of DT-Au nanopar-
ticles heat-treated at 150, 190, and 230 °C, respec-
tively. The particle sizes are proportional to the heat-

Fig. 2. UV–vis absorption spectra of DT-Au nanoparticles with
different diameters.

Fig. 3. TEM images of DT-Au nanoparticles heat-treated at (a) 150 °C, (b) 190 °C and (c) 230 °C. (From [42], with permission from Wiley-VCH
@ 2001.)
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treatment temperatures in this region. These particles
form 2D superlattices with almost completely hexago-
nal packing on flat carbon-coated copper grids for
TEM. The formation area of 2D superlattices is ex-
tended with an increase in the concentration of Au
nanoparticles in toluene. The thickness of ligand layer
estimated from the mean diameters calculated from
TEM and AFM images was 1.25 nm, which is smaller
than the DT ligand length (~1.8 nm) [50]. This result
suggests that the DT ligands are interpenetrating each
other in 2D superlattices of DT-Au nanoparticles [17].
Using ODT in place of DT gives the similar results
except that the Au nanoparticles of 9.7 ± 0.9 nm are
obtained by the heat-treatment at 250 °C [43]. Thus we
can fabricate the self-assembled 2D superlattices of Au
nanoparticles ranging 3.4–9.7 nm in size with hexago-
nal packing. The formation of self-assembled 2D su-
perlattices of Au nanoparticles protected by quaternary
ammonium bromide salts [32,51] or amines [52] has
been investigated as well.

2.2. Electron transport property of 2D superlattice
of 5.4-nm DT-Au nanoparticles

Recently, the electronic properties of metal nano-
particles have been investigated within the context of
decreasing electronic device size features to the nano-
scopic level [13]. Applications of individual nanopar-
ticles as computer transistors, electrometers, chemical
sensors, and in wireless electronic logic and memory
schemes have been described and in some cases dem-
onstrated [53], albeit somewhat crudely at this point. A
conventional MOSFET (metal oxide semiconductor
field effect transistor), which use ~105 electrons for
switching function, will no longer be able to control
the flow of electrons as its size reaches the sub-50-nm
regime. Thus the ordered metal nanoparticles with
well-defined 2D configuration have been focused on to
produce the novel nanoelectronic devices like a single
electron transistor (SET) which works with one elec-
tron at room temperature, allowing the drastic reduc-
tion of electric power [1,2,53,54]. The monodisperse
metal nanoparticles have potentiality to be the building
blocks for nanoelectronic devices using the single elec-
tron tunneling effect – the correlated transfer of elec-
trons one-by-one through the object [55].

Gorter and others argued that, provided the energy
to charge a metal with a single electron, e/2 C (e is
electron charge, C is metal capacitance), was larger

than kB T, electrons would be forced to flow through
the metal in discrete integer amounts rather than in
fluid-like quantities normally associated with transport
in macroscopic materials [56]. Further reasoning led to
the prediction that current-voltage (I–V) curves of a
nanoscopic metal should be distinctly non-ohmic; that
is, current steps should appear corresponding to the
transport of 1 e–, 2 e–, 3 e–, etc., currents through the
metal. In order to avoid thermally induced tunneling
processes at room temperature, the metal island of any
single-electron device must be less than 10 nm in
diameter. This dimension is difficult to reach with
electron beam lithography or scanning probe mi-
croscopies, although it is now easily achieved by
chemists using solution-phase nanoparticle synthesis
methods.

Based on this background, we have fabricated the
large-scale 2D superlattice of 5.4-nm dodecanethiol-
protected Au nanoparticles on air-water interface by
the LB method and transferred it onto the 500-nm gap
Au electrodes on GaAs [57]. Fig. 4 presents the pre-
liminary I–V curve of this 2D superlattice at 4.2 K. It
was found that for large particles of ~5 nm in diameter
the electron behavior was dominated by the Coulomb
blockade effect at quite low temperature while the I–V
response was ohmic at room temperature. To develop
the single electron tunneling devices, the Coulomb
blockade phenomenon should be observed at room
temperature.

2.3. Fabrication of 2D superlattices of small Au
nanoparticles

When one uses 2D superlattices of metal nanopar-
ticles as nanoelectronic devices, making use of Cou-
lomb blockade phenomenon at room temperature,
metal nanoparticles smaller than 2 nm in diameter are
required. Since the formation of ordered structures of
such small nanoparticles is difficult mainly due to the
weak attractive capillary force between the nanopar-
ticles, one should make use of weak interaction be-
tween the protective agents or between the protective
agent and the substrate (Fig. 5). If these interactions are
too strong to be reversible, precipitates of nanopar-
ticles are formed in solution or no rearrangement of
metal nanoparticles on substrates occurs, respectively.
First research on 2D superlattice formation consisting
of metal nanoparticles smaller than 2 nm was reported
by Schmid and co-workers early in 2000 [58], where

982 T. Teranishi / C. R. Chimie 6 (2003) 979–987



they used an interaction between the protective ligand
and the modified substrate to generate 2D superlattices
of 1.4-nm Au nanoparticles. The 2D hexagonal and
square lattices of Au55 nanoparticles on polymer films
were successfully prepared by dipping a poly
(ethyleneimine) (PEI)-covered carbon-coated copper
grid (for TEM) into an aqueous solution of
[Au55(Ph2PC6H4SO3H)12Cl6] nanoparticles. Classical
acid-base reactions took place because of the NH func-
tional groups on the PEI. Most of the nanoparticles
were found in ordered arrangements of up to a few
µm2.

Recently, we succeeded in 2D self-assembly of 1.5–
1.9 nm Au nanoparticles by using a newly synthesized
protective ligand, 2,6-bis(1′-(n-thioalkyl)-benzimi-
dazol-2-yl)pyridine (TCnBIP; see inset in Fig. 6a) [59].
This ligand was designed to have two functional

groups, a disulfide group and 2,6-bis-(benzimidazol-2-
yl)pyridine (BIP) group, the former serving to produce
small Au nanoparticles and the latter inducing the
interaction between the ligands. The small Au nano-
particles were prepared by the NaBH4 reduction of
HAuCl4·4 H2O in the presence of a series of TCnBIP in
DMF/H2O mixed solution. In UV–vis spectra of the
resulting solutions, little plasmon resonance is ob-
served, which means the formation of very small Au
nanoparticles [60]. Fig. 6a,b presents the TEM image
of TC8BIP-protected Au nanoparticles of 1.9 nm in
size and the schematic illustration of the interdigitation
of ligands. The mean interparticle spacing is estimated
to be ca. 3.8 nm, meaning the thickness of TC8BIP
layers between the Au nanoparticles to be 1.9 nm.
Taking the length of TC8BIP molecule to be ~1.5 nm
into consideration, this result suggests that each Au
nanoparticle is stabilized by one TC8BIP layer, and
presumably the TC8BIP ligands are interdigitating
each other as a result of a p–p interaction of BIP
groups, which is also suggested by the formation of
perfectly-ordered 2D superlattices on water (Fig. 6c).
Tuning the ligand length could control the interparticle
spacing of 2D self-assembled superlattices from 1.9 to
2.6 nm [61]. Furthermore, making use of an interligand
complexation of TCnBIP with ferrous ions could ex-
pand the interparticle spacing of 2D superlattices to

Fig. 4. Current–voltage curve of 2D superlattices of 5.4-nm DT-Au nanoparticles formed between 500-nm gapped gold electrodes.

Fig. 5. Strategy to fabricate 2D superlattices of metal nanoparticles
smaller than 2 nm by using the interaction (a) between the protective
ligands and (b) between the protective ligand and the substrate.
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3.6 nm [62]. Now the electron transport properties of
2D superlattices of 1.5–1.9 nm TCnBIP-protected Au
nanoparticles using 50-nm gap and 500-nm interdigi-
tated array electrodes.

3. Planar one-dimensional chains of gold
nanoparticles

The fabrication of 1D superlattices, or 1D chains, of
metal nanoparticles is the most challenging subject
when ordering metal nanoparticles, because it is quite
difficult to self-assemble metal nanoparticles in low
symmetry. If we are able to organize them in 1D
configuration, the tunneling behavior between them
can be investigated and the nanowiring between the
nanodevices, such as single electron transistor and
single electron memory, can be realized, which will
open the door to generate the future ultra-large scale
integrated circuits (ULSI) beyond the ability of the
current photolithography technique. In general, the
template methods are very effective to order nanopar-
ticles in 1D configuration. For example, one-
dimensional chains of gold (Au) nanoparticles have
been successfully fabricated by using the pore chan-
nels of alumina membranes [63], the step edges of

amorphous carbon thin films [64], DNA [65] and
biopolymers [66]. However, the formation of long-
range 1D chains of metal nanoparticles in planar struc-
ture has not been achieved with these template meth-
ods.

Recently we have developed a novel method to
fabricate a planar array of 1D chains of Au nanopar-
ticles size-controlled by the heat-treatment in the solid
state in combination with a specially developed tech-
nique to produce nanoscale ridge-and-valley struc-
tured substrates using a vacuum process [67]. The
20 nm-thick NaCl overlayers were deposited by ther-
mal evaporation onto the optical grade (110) polished
NaCl single crystals (muscut angle < 3°) at 250 °C.
Since NaCl(110) is an unstable plane, the film surface
becomes faceted with low-energy (100) and (010)
planes during the homoepitaxial growth of NaCl. A
30 nm-thick carbon replica layer was deposited di-
rectly on the NaCl surface, as shown in Fig. 7. The
carbon layer was floated off from the NaCl substrate in
water, and was then loaded on 400-mesh copper grids.
As seen in Fig. 7b, presenting an AFM image of carbon
replica layer, it preserved ridge-and-valley surface to-
pography with long and straight in-plane macrosteps
along [001] of the NaCl epilayer. It was found from the

Fig. 6. (a) TEM images of 1.9-nm TC8BIP-protected Au nanoparticles (TC8BIP/Au = 1/1 (mol/mol)). The inset stands for the chemical structure
of TC8BIP ligand. (b) Schematic illustration of the interpenetration of TC8BIP ligands protecting Au nanoparticles. (c) Perfectly-ordered 2D
superlattices of TC8BIP-protected Au nanoparticles on water. ((a) and (b) from [59], with permission from the American Chemical Society @
2000.)
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line profile in Fig. 7c that the valley depth and its
period are a few nm and ca. 20 nm, respectively. Plac-
ing a drop of 3.4-nm DT-Au nanoparticles onto this
carbon substrate, followed by the solvent evaporation,
led to the fabrication of a planar array of 1D chains of
DT-Au nanoparticles, as shown in Fig. 8a. However,
almost all the 1D chains were bundles of a few chains.
In order to avoid the production of such aggregated
structures, the carbon substrate was dipped into DT-Au
toluene solution, followed by being withdrawn parallel
to the valley direction. As seen in Fig. 8b and c (mag-
nified one), the number of bundles of chains was de-
creased, and the planar array of 1D chains of Au nano-
particles ordering in a line was formed throughout a
few square millimeters of the carbon substrate. The 1D
chains formed an array at a distance of ca. 10 nm or ca.
20 nm, which corresponds to a half or one valley
period. From AFM measurement of this sample, there
is likely to be one line of nanoparticles between two
ridges, indicating that the Au nanoparticles were pre-
dominantly immobilized in valleys and partly on
ridges. The formation mechanism is speculated as fol-
lows: When the substrate is withdrawn from the tolu-
ene, the Au nanoparticles are adsorbed and assembled

mainly in valleys at the upper edge of the substrate by
the adhesive [64] and attractive capillary forces [68],
respectively. Then the growth of 1D chains of nanopar-
ticles is caused through convective particle flux by

Fig. 7. (a) Schematic illustration of a preparation of the carbon layer with ridge-and-valley structure and the formation of planar 1D chains of
dodecanethiol-protected gold nanoparticles (DT-Au). (b) AFM image of a ridge-and-valley carbon layer on copper grid. (c) A line profile along
the white line indicated in (b). (From [67], with permission from the American Chemical Society @ 2002.)

Fig. 8. TEM images of 3.4-nm DT-Au nanoparticles on ridge-and-
valley carbon layers. (a) Prepared by a drop method. (b) Prepared by
a dip method. (c) A magnified image of (b). (From [67], with
permission from the American Chemical Society @ 2002.)
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solvent evaporation from the already ordered chains
[39]. An investigation on the formation of 1D Au
nanowire arrays by annealing the planar array of 1D
chains is in progress to achieve ohmic nanowiring
between the nanoelectronic devices.

4. Conclusions

It is certain that controlling the primary structures of
metal nanoparticles, i.e., size, shape, crystal structure,
and composition, is still most important, because these
structures determine the physical and chemical proper-
ties of metal nanoparticles. The current interests of
colloid chemists are focused on the fabrication of low-
dimensional (1D and 2D) superlattices of metal nano-
particles. Here the fabrication techniques and electron
transport properties of 2D superlattices of Au nanopar-
ticles are presented. Now we have a variety of strate-
gies for fabricating the 1D and 2D superlattices, but it
is still difficult to produce the desired patterns of nano-
particles at the desired places. The development of
methodology to order size- and shape-controlled metal
nanoparticles in desired patterns at arbitrary areas will
be the key technology for developing the future nan-
odevices.

Acknowledgements

This work was partly supported by PRESTO, Japan
Science and Technology Corporation and a Grant-in-
Aid for the Encouragement of Young Scientists (No.
13740392) from the ministry of Education, Culture,
Sports, Science and Technology, Japan. I appreciate
Prof. M. Haga for his advice on the syntheses of TCn-

BIP ligands. I thank Dr.Y.Yamamoto for preparing the
nano-gap electrodes for I–V measurement of 2D super-
lattices of Au nanoparticles. My thanks also go to Dr.
A. Sugawara for fabricating the ridge-and-valley struc-
tured carbon substrates.

References

[1] R.G. Freeman, K.C. Grabar, K.J. Allison, R.M. Bright,
J.A. Davis, A.P. Guthrie, M.B. Hommer, M.A. Jackson,
P.C. Smith, D.G. Walter, M.J. Natan, Science 267 (1995)
1629.

[2] R.H. Terrill, T.A. Postlethwaite, C. Chen, C.-D. Poon,
A. Terzis, A. Chen, J.E. Huthison, M.R. Clark, G. Wignall,
J.D. Londono, R. Superfine, M. Falvo, C.S. Johnson Jr,
E.T. Samulski, R.W. Murray, J. Am. Chem. Soc. 117 (1995)
12537.

[3] A. Kumar, G.M. Whitesides, Science 263 (1994) 60.
[4] P. Hinz, H.J. Dislich, Non-Cryst. Solids 82 (1986) 411.
[5] R.E. Hahn, B.O. Seraphin, Physics of Thin Film, Academic

Press, New York, 1978.
[6] S. Sun, C. B. Murray, D. Weller, L. Folks, A. Moser, Science

287 (2000) 1989.
[7] A.N. Korotkov, R.H. Chen, K.K. Likharev, J. Appl. Phys. 78

(1995) 2520.
[8] D.L. Feldheim, K.C. Grabar, M.J. Natan, T.E. Mallouk, J. Am.

Chem. Soc. 118 (1996) 7640.
[9] T.P. Bigioni, L. E. Harrell, W. G. Cullen, D. E. Guthrie, R.

L. Whetten, P. N. First, Eur. Phys. J. D 6 (1999) 355.
[10] L.O. Brown, J.E. Hutchison, J. Am. Chem. Soc. 119 (1997)

12384.
[11] G. Schön, U.A. Simon, Colloid Polym. Sci. 273 (1995) 101.
[12] G. Schön, U.A. Simon, Colloid Polym. Sci. 273 (1995) 202.
[13] R.P. Andres, T. Bein, M. Dorogi, S. Feng, J.I. Henderson,

C.P. Kubiak, W. Mahoney, R. G. Osifchin, R. Reifenberger,
Science 272 (1996) 1323.

[14] D.B. Janes, V.R. Kolagunta, R.G. Osifchin, J.D. Bielefeld,
R.P. Andres, J.I. Henderson, C.P. Kubiak, Superlattices Micro-
struct. 18 (1995) 275.

[15] T. Teranishi, I. Kiyokawa, M. Miyake, Adv. Mater. 10 (1998)
596.

[16] N. Bowden, A. Terfort, J. Carbeck, G. M. Whitesides, Science
276 (1997) 233.

[17] M. Giersig, P. Mulvaney, Langmuir 9 (1993) 3408.
[18] M. Giersig, P. Mulvaney, J. Phys. Chem. 97 (1993) 6334.
[19] J.R. Heath, C.M. Knobler, D.V. Leff, J. Phys. Chem. B 101

(1997) 189.
[20] K.S. Mayya, V. Patil, M. Sastry, Langmuir 13 (1997) 2575.
[21] S. Peschel, G. Schmid, Angew. Chem., Int. Ed. Engl. 34

(1995) 1442.
[22] T. Zhu, X.Y. Fu, T. Mu, J. Wang, Z.F. Liu, Langmuir 15 (1999)

5197.
[23] J. Schmitt, P. Machtle, D. Eck, H. Mohwald, C. A. Helm,

Langmuir 15 (1999) 3256.
[24] K.S. Mayya, M. Sastry, Langmuir 15 (1999) 1902.
[25] C.A. Mirkin, R.L. Letsinger, R.C. Mucic, J.J. Storhoff, Nature

382 (1996) 607.
[26] C.J. Loweth, W.B. Caldwell, X. Peng, A.P. Alivisatos,

P.G. Schultz, Angew. Chem. Int. Ed. Engl. 38 (1999) 1808.
[27] A.P. Alivisatos, K.P. Johnsson, X. Peng, T.E. Wilson,

C.J. Loweth, M.P. Bruchez Jr, P.G. Schultz, Nature 382 (1996)
609.

[28] A. Taleb, C. Petit, M.-P. Pileni, Chem. Mater. 9 (1997) 950.
[29] S.A. Harfenist, Z.L. Wang, M.M. Alvarez, I. Vezmar,

R.L. Whetten, J. Phys. Chem. 100 (1996) 13904.
[30] K.V. Sarathy, G. Raina, R.T. Yadav, G.U. Kulkarni,

C.N.R. Rao, J. Phys. Chem. B 101 (1997) 9876.
[31] M.T. Reetz, M. Winter, B. Tesche, Chem. Commun. (1997)

147.

986 T. Teranishi / C. R. Chimie 6 (2003) 979–987



[32] J. Fink, C.J. Kiely, D. Bethell, D. J. Schiffrin, Chem. Mater. 10
(1998) 922.

[33] A. Taleb, C. Petit, M.-P. Pileni, J. Phys. Chem. B 102 (1998)
2214.

[34] R.P. Andres, J.D. Bielefeld, J.I. Henderson, D.B. Janes,
V.R. Kolagunta, C.P. Kubiak, W.J. Mahoney, R.G. Osifchin,
Science 273 (1996) 1690.

[35] C.J. Kiely, J. Fink, M. Brust, D. Bethell, D.J. Schiffrin, Nature
396 (1998) 444.

[36] Z.L. Wang, Adv. Mater. 10 (1998) 13.
[37] Z.L. Wang, J. Phys. Chem. B 104 (2000) 1153.
[38] J.E. Martin, J.P. Wilcoxon, J. Odinek, P. Provencio, J. Phys.

Chem. B 106 (2002) 971.
[39] S. Stoeva, K.J. Klabunde, C.M. Sorensen, I. Dragieva, J. Am.

Chem. Soc. 124 (2002) 2305.
[40] M.M. Maye, W.X. Zheng, F.L. Leibowitz, N.K. Ly,

C.J. Zhong, Langmuir 16 (2000) 490.
[41] M.M. Maye, C.J. Zhong, J. Mater. Chem. 10 (2000) 1895.
[42] T. Teranishi, S. Hasegawa, T. Shimizu, M. Miyake, Adv.

Mater. 13 (2001) 1699.
[43] T. Shimizu, T. Teranishi, S. Hasegawa, M. Miyake (in press).
[44] M. Green, P. O’Brien, Chem. Commun. (2000) 183.
[45] T. Teranishi, I. Kiyokawa, M. Miyake, Adv. Mater. 10 (1998)

596.
[46] T. Teranishi, M. Hosoe, M. Miyake, Adv. Mater. 9 (1997) 65.
[47] T. Teranishi, M. Miyake, Chem. Mater. 10 (1998) 594.
[48] T. Teranishi, M. Hosoe, T. Tanaka, M. Miyake, J. Phys. Chem.

B 103 (1999) 3818.
[49] M. Brust, M. Walker, D. Bethell, D. J. Schiffrin, R. Whyman,

J. Chem. Soc., Chem. Commun. (1994) 801.
[50] C.D. Bain, J. Evall, G.M. Whitesides, J. Am. Chem. Soc. 111

(1989) 7155.
[51] X.M. Lin, C.M. Sorensen, Chem. Mater. 11 (1999) 198.

[52] L.O. Brown, J.E. Hutchison, J. Phys. Chem. B 105 (2001)
8911.

[53] D.L. Feldheim, C.D. Keating, Chem. Soc. Rev. 27 (1998) 1.
[54] H. Grabar, M.H. Devoret, Single Charge Tunneling, Coulomb

Blockade Phenomena in Nanostructures, Plenum Press, New
York, 1992.

[55] D.V. Averin, K.K. Likaharev, J. Low Temp. Phys. 62 (1986)
345.

[56] C.J. Gorter, Physica 17 (1951) 777.
[57] T. Teranishi, Y. Yamamoto, unpublished results.
[58] G. Schmid, M. Bäumle, N. Beyer, Angew. Chem. Int. Ed.

Engl. 39 (2000) 181.
[59] T. Teranishi, M. Haga,Y. Shiozawa, M. Miyake, J. Am. Chem.

Soc. 122 (2000) 4237.
[60] M.M. Alvarez, J.T. Khoury, T G. Schaaff, M.N. Shafigullin,

I. Vezmar, R.L. Whetten, J. Phys. Chem. B 101 (1997) 3706.
[61] T. Teranishi, M. Kanehara, M. Haseda, T. Hayashi, M. Miy-

ake, manuscript in preparation.
[62] T. Teranishi, M. Haga, T. Hayashi, M. Miyake, manuscript in

preparation.
[63] G. Hornyak, M. Kröll, R. Pugin, T. Sawitowski, G. Schmid,

J. Bovin, G. Karsson, H. Hofmeister, S. Hopfe, Chem. Eur. J. 3
(1997) 1951.

[64] T. Oku, K. Suganuma, Chem. Commun. (1999) 2355.
[65] E. Braun, Y. Eichen, U. Sivan, G. Ben-Yoseph, Nature 391

(1998) 775.
[66] C.A. Berven, L. Clarke, J.L. Mooster, M.N. Wyboune, J.

E. Hutchison, J. E. Adv. Mater. 13 (2001) 109.
[67] T. Teranishi, A. Sugawara, T. Shimizu, M. Miyake, J. Am.

Chem. Soc. 124 (2002) 4210.
[68] P.A. Kralchevsky, V.N. Paunov, I.B. Ivanov, K. Nagayama, J.

Colloid Interface Sci. 151 (1992) 79.

987T. Teranishi / C. R. Chimie 6 (2003) 979–987


	Fabrication and electronic properties of gold nanoparticle superlattices
	Introduction
	Two-dimensional superlattices of gold nanoparticles
	Fabrication of 2D superlattices of large Au nanoparticles
	Electron transport property of 2D superlattice of 5.4-nm DT-Au nanoparticles
	Fabrication of 2D superlattices of small Au nanoparticles

	Planar one-dimensional chains of gold nanoparticles
	Conclusions

	Acknowledgements
	References

