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The way in which molecular building blocks are arranged
within supramolecular structures has a marked effect on their
chemical and physical properties.1 The development of tech-
niques for controlling the spatial arrangement of the individual
components of a composite material on the nanometer and sub-
nanometer levels is, therefore, crucial to the design and
fabrication of advanced electronic, optical, and mechanical
materials. Basic design strategies for building supramolecular
systems that have appeared in recent years involve control of
hydrogen bonding,2 polymerization in layered solids,3 and thin-
film assembly on solid supports via sequential complexation
reactions4 or ion exchange.5

We recently reported a simple method for assembling
multilayer thin films from single anionic sheets of lamellar
inorganic solids (e.g.,R-Zr(HPO4)2‚H2O (R-ZrP)) and organic
polyelectrolyte cations (poly(allylamine hydrochloride) (PAH)).5e

The method is similar to one reported earlier by Decher and
co-workers,5d except that the replacement of organic polyanions
by two-dimensional sheets prevents mixing of the components
of adjacent layers.5g We describe here an extension of this layer-
by-layer assembly scheme to the fabrication of metal-insula-
tor-gold nanocluster-insulator-metal (MINIM) heterostruc-
tures. The MINIM structure is analogous to two parallel plate
capacitors in series. An important difference between a MINIM
device and a conventional, macroscale capacitor is that the small
gold particle diameter (2.5( 1.5 nm) produces capacitances of
only∼10-18 F, thus allowing the observation of single electron
charging effects at ambient temperatures. Previous work
describing these effects is summarized briefly below.6

Classically, the capacitance of a metal-insulator-spherical
metal particle junction is given by (1),6i whereε0 is the vacuum

permitivity constant,ε is the dielectric constant of the insulator,
r is the particle radius, andL is the junction thickness. The
work done in charging the junction is related to the capacitance
by (2), whereQ is the charge on the capacitor. In the small-

particle limit (<10 nm) the voltage (W/Q) needed to charge
the capacitor by asingle electron becomes experimentally
observableson the order of tens to hundreds of millivolts. (Thus,
Q in eq (2) becomese, the charge of a single electron.) This
leads to a high impedance region (the “Coulomb gap”) in the
i-V curve of the junction. However, one further requirement
is that kT must be less thane2/2C in order to avoid thermal
tunneling of electrons across the gap. To date, single electron
charging has been observed mainly at low temperatures (<77
K), in devices fabricated using electron beam lithography,6c or
by placing the tip of a scanning tunneling microscope over a
sputtered metal island film6b or colloidal particle.6a,j,m Below
we describe the fabrication of large arrays of single electron
tunneling devices by simple wet chemical methods.
MINIM devices were made by first priming the surface of a

gold substrate with 2-mercaptoethylamine.5a Insulating layers
of R-ZrP and PAH were adsorbed (terminating in cationic PAH)
until the desired thickness, typically 30-100 Å as measured
by ellipsometry, was obtained. The substrate was then placed
in an aqueous solution of 2.5( 1.5 nm citrate-stabilized gold
particles for 12 h.7 The anionic particles have a high affinity
for amine functionalities such as those contained in PAH.7 The
remaining half of the double junction was constructed by simply
reversing the adsorption sequence just described (i.e., PAH,
R-ZrP, etc.).
Ellipsometric measurements (see the supporting information)

show the expected film thicknesses for (R-ZrP/PAH) multi-
layers.5e,g An interesting feature of these data is the apparent
increase in film thickness of 60-80 Å following the adsorption
of 2.5 nm gold particles. The increase, which is calculated using
a film refractive index (1.54) appropriate for organic materials,
is 2-3 times the particle diameter as determined by transmission
electron microscopy.7 It reflects the markedly different optical
constants of the gold nanoparticles, as well as their actual
thickness and surface coverage. Irrespective of the detailed
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nature of the thickness change, ellipsometry clearly provides a
qualitative measure of gold particle adsorption. Successive
layers of PAH andR-ZrP can be grown on top of the 2.5 nm
gold particles, and thickness changes are similar to those of the
layers adsorbed prior to particle deposition. More quantitative
evidence for spatially-defined (R-ZrP/PAH)/Au nanocluster/
(PAH/R-ZrP) layers was obtained from X-ray photoelectron
spectra (XPS). Spectra acquired on silicon substrates with [(R-
ZrP/PAH)1/12 nm Au cluster/(PAH/R-ZrP)2] multilayers show
an attenuated gold 4f signal compared to [(R-ZrP/PAH)1/Au
nanocluster] films. In addition, relative Au/Zr, Au/Si and Zr/
Si, intensities calculated from a layered film model agree
quantitatively with the observed values (see the supporting
information). These data support a film structure in which the
gold clusters lie on top of a PAH layer and then are completely
covered by subsequent layers of PAH andR-ZrP, resulting in
the sandwich structure shown in Scheme 1.
In order to measure the current-voltage (i-V) behavior of

the device, ohmic contacts were made as shown in Scheme 1
and in the inset to Figure 1.8 For a junction thickness of 80 Å
and a particle radius of 1.25 nm, the capacitance of a double
tunnel junction device calculated from (1) is 4.5× 10-19 F. A
Coulomb gap,e/C ) 360 mV, should be observable at room
temperature because it is many times greater thankT. A typical
i-V curve for such a MINIM structure is presented in Figure
1A.9 The high impedance region is evident on both sides of 0
V, and represents the average charging potential ((e/2C) of
each particle of the double junction array by a single electron.
Once enough energy is supplied to charge the particles, electrons
tunnel more readily through the junction, resulting in the square-
law dependence of the current rise (R) 0.99) on either side of
the gap.6h These data were obtained at room temperature and
were reproducible as the potential was scanned from-1 to+1

V. Figure 1B shows thei-V behavior of a device of similar
thickness in the absence of the gold particles. The linear curve
is typical of ohmic devices.10

The versatility of the sequential assembly procedure described
above provides a convenient means of tuning the Coulomb gap
potential. Changing the insulator thickness from 80 to 30 Å,
by using fewer inorganic/polyelectrolyte layer pairs, decreases
the gap width from 400 to 275 mV. These values agree
reasonably well with those calculated from (1) and (2) (360
and 320 mV, respectively).11 In addition, the electronic
properties of these devices might potentially be altered by
assembling two dissimilar dielectric materials around the gold
colloids or by assembling multilayers of gold clusters.5a,12 Such
devices are predicted to display single electron transfer current
steps in thei-V curve (the “Coulomb staircase”).6 We are
currently examining thei-V characteristics of these systems.
In conclusion, thin films of insulator-colloidal gold particle-

insulator heterostructures have been assembled on solid supports.
The observation of a high-impedance Coulomb gap indicates
that there is an insignificant density of short circuits in a 1 cm2

array containing approximately 1011 parallel tunnel junctions.
Significantly, these structures and electrical contacts were
assembled exclusively by benchtop, wet chemical techniques.
The ability to control the spatial organization of the individual
components of the composite on the nanometer level has
provided access to some of the interesting electronic properties
of nanoscopic systems.
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Scheme 1. Illustration of the Polymerization of Pyrrole To
Form a Top Contact in Metal-Insulator-Nanocluster-
Insulator-Metal (MINIM) Devices

Figure 1. (A) Current-voltage curves for a [(R-ZrP/PAH)2/2.5 nm
Au clusters/(PAH/R-ZrP)2]/poly(pyrrole) MINIM device (see inset),
scan rate 100 mV/s. (B) Current-voltage curve for the same device as
in (A) without the 2.5 nm Au adsorption step (i.e., [(R-ZrP/PAH)4]/
poly(pyrrole), scan rate 100 mV/s.
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