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Nanocomposite materials have become the focus of
great interest due to their multiple applications in both
electronic and optical devices.1 This work deals with
nanoscopic metal and semiconductor heterojunctions
embedded in a dielectric matrix. The nanoscopic size
of the particles leads to enhanced optical properties,2,3

while embedding them in a matrix improves the stabil-
ity and handling of the material.1 Many researchers are
working in this field and are using polymer matrices,
high-temperature glasses, porous glasses, and sol-gel
derived glasses as embedding materials. One of the
most difficult tasks is controlling the size, shape, and
orientation of the particles. The use of anodic aluminum
oxide (AAO) as a template material has been developed
by the groups of Martin4 and Moskovits5 and has been
used for the synthesis of organic and metal micro-
tubules and particles.6-8 Anodic aluminum oxide films
have very regular and uniform pore sizes that have also
been used for the fabrication of nanowires of CdS.5

Also of recent interest is the assembly of metal-
semiconductor heterojunctions within the dielectric
matrix. For example, cadmium chalcogenides on nickel
substrates have been synthesized in commercially avail-
able anodic aluminum oxide.9 Due to the large pore
diameters of the commercial AAO, the resulting metal
structures would not exhibit strong plasmon resonance
extinction in the visible spectrum, nor would quantum
confinement effects associated with the semiconductor
be evident. Using smaller particles, some groups have
electrodeposited particles of Cu-CuO in dielectric ma-
terials which exhibit exciton formation.10

In this paper we report the results of our first efforts
to prepare gold-silver iodide heterojunction rods in
anodic alumina hosts whose pores are ca. 30 nm in
diameter. Our interest in these heterojunction struc-
tures are manifold. First, gold rods prepared in such
template hosts are known to show strong plasmon

resonance bands in the visible spectrum,8 and the
optical constants of silver iodide have been well-
documented.11 Thus, this system serves as a convenient
model for comparison with the predictions of simple
scattering and effective medium type theories.6 Second,
the enhanced local fields arising from the gold phase
may be expected to enhance the third-order nonlinear
optical properties of the confined semiconductor phase.12

Finally, the inherent asymmetry of the Au/AgI particles
is expected to lead to a nonzero second-order electric
susceptibility.

The template synthesis of aluminum oxide was per-
formed using the procedure developed by Martin et al.4,6

Aluminum foil (99.999% pure) was anodized in a 6%
sulfuric acid bath maintained at a temperature of 0 °C
for 14 h at 20 V. The aluminum oxide film was then
detached using a 5% voltage reduction technique. This
procedure yields porous films of ca. 50 µm thickness and
pores of ca. 30 nm diameter. The aluminum oxide was
then sputtered with a 30-40 nm layer of silver.13 A
three-electrode cell was used for the DC deposition of
the silver and gold. The Ag-sputtered oxide was the
working electrode. A silver-silver chloride electrode
served as the reference and a Pt mesh served as the
counter electrode.14 The first step in the synthesis of
the Au/AgI composite was the electrodeposition of a
silver base. At least 3 C of silver was deposited over a
3.14 cm 2 area to ensure that the subsequent gold
deposition occurs deep in the film where the pore
structure is well-defined.15 The silver was deposited at
-0.6V vs SSCE from a silver thiocynate plating solution.
Varying amounts of gold were then deposited at -0.9
V vs SSCE from an Au(I) plating solution. The desired
amount of silver for the conversion was then deposited,
and the composite films were left overnight to soak in
water. This soaking is an important step because it
serves to remove excess silver ions from the pore
channels that would otherwise precipitate out as AgI
when the films are exposed to KI solutions.

The conversion of the second Ag phase to AgI was
performed using a modified technique adapted from Rao
et al.16 An aqueous potassium iodide solution (0.10 M)
was added to the cell and the potentiostat was set to
+0.1 V vs SSCE until all of the uppermost silver layer
had been oxidized to silver iodide, which deposits inside
the pores close to the gold surface. The silver to silver
iodide conversion can be performed at many different
positive potentials. At higher potentials the conversion
occurs more rapidly, but the AgI deposits appear more
granular in TEM images. Finally, the silver base was
removed by placing the sample in concentrated nitric
acid. The film was then washed with deionized water
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and left to dry. The Ag/AgI particle synthesis is
summarized in Figure 1.

To evaluate the completeness of the conversion of
silver to silver iodide, the oxidation of the second layer
of silver was performed using chronoamperometry. The
chronoamperometric experiments involved an initial
potential of -0.4 V with a step to 0.2 V, where the Ag
to AgI conversion can take place. The resulting oxida-
tive current was monitored for 5 min, after which it
reached the background level. The area under the
current-time plot represents the number of atoms of
silver oxidized, and was found to be, within experimen-
tal error, equal to the number of silver atoms electrode-
posited in the second layer. The chronoamperometric
studies demonstrate that we have quantitative conver-
sion of silver to silver iodide and that the gold layer acts
effectively as a plug to prevent the underlying silver
base from being oxidized. It should be noted that low
deposition levels of gold lead to incomplete sealing of
the pore; chronoamperometry experiments thus show
that the silver on both sides of the gold layer is
converted to AgI.

Preliminary characterization of the composites was
performed using linear absorption spectroscopy and
transmission electron microscopy.17 Figure 2 is a TEM
image of 0.3 C of Au/0.5 C of AgI in aluminum oxide.18

In the TEM images, the nanoparticles are rodlike and
show no perceivable boundary between the gold and
silver iodide regions. Thus the silver iodide and the gold
appear to be in direct contact forming one long rod
inside the pore. Significantly, TEM images of samples
containing only 0.3 C of gold also show rodlike struc-
tures but have significantly shorter lengths.19 However,
it should be noted that AgI structures in porous alumina
are brittle and more susceptible to damage during the
microtoming than are the gold segments. Thus, the
distribution in the Au/AgI particle lengths as seen in
the TEM images is larger than previously seen for
template-synthesized Au rods.20 Finally, the number

density and distribution in the positions of the particles
in the porous host are similar to that seen in TEM
images of Au/porous alumina composites discussed
previously and arise from the nonuniform lengths of the
silver rod foundations.6

For comparison purposes, we have also prepared AAO
films containing only AgI particles (no Au component).
Figure 3 depicts a spectrum of the AgI nanoparticles in
the AAO taken at room temperature.21 The spectrum
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Figure 1. Electrochemical synthesis of asymmetric Au-AgI
nanoparticle composite films.

Figure 2. Transmission electron microscope image of 0.3 C
of Au/0.5 C of AgI in aluminum oxide.

Figure 3. Spectrum of AgI in anodic aluminum oxide,
exhibiting a strong exciton peak. The spectrum was taken at
room temperature and pressure using a Hitachi U-3501
spectrophotometer.
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shows a strong peak at 421 nm which has been identi-
fied as an exciton band.11 Extrapolation of the band edge
to baseline yields a band gap energy (Eg) of ca. 2.87 eV
(430 nm). This spectrum is consistent with the bulk AgI
room-temperature spectra reported by Berry.11 The Eg
value estimated from Figure 2 is close to the 2.82 eV
value of bulk AgI reported by Ageev.22,23

Figure 4 (curve A) depicts a spectrum taken of the
Au/AgI in AAO. We observe the plasmon resonance
band of the gold and the band edge of the silver iodide.
While the determination of Eg for the AgI component is
not straightforward in this case, the position of the band
edge is similar to that of AgI particles prepared in AAO
without a contacting Au phase. Interestingly, the
strong exciton peak is absent.

The absence of the exciton peak may be interpreted
in two ways. First, one might conclude that the
electrochemical conversion of the Ag phase to AgI
resulted in small crystallites rather than a continuous

phase. Berry’s study showed that the exciton peak is
absent for 15 nm diameter particles. However, neither
the experimental spectra of AgI particles in AAO nor
the TEM images of the Au/AgI particles in AAO support
this interpretation. The second explanation would be
that the contact between the AgI semiconductor and Au
metal phases leads to energy transfer and lifetime
damping of the exciton peak.24

Plasmon resonance peaks have been studied in detail
in this lab,20 and their dependence on particle shape and
orientation have been explained in terms of small
particle limit scattering or effective medium theory. For
the Au/AgI particle composite, the Au plasmon reso-
nance band appears broader and red-shifted relative to
those of AAO template-synthesized Au particles of
similar dimensions.19,20,25 For comparison, curve B in
Figure 4 is the simulated spectrum using Maxwell-
Garnett theory for a simple composite in which the gold
and silver iodide phases are not in physical contact.

The template synthesis of metal-semiconductor nano-
particles is relatively simple and leads to uniformly
oriented particles which possess the optical properties
associated with their metal and semiconductor compo-
nents. UV/visible spectra calculated from theory are in
qualitative accord with experiment, though further
studies will be necessary to discern the effects of metal-
semiconductor phase interaction. Second harmonic
generation studies on these composites are also in
progress.
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Figure 4. Spectrum of 0.095 C/cm2 Au and 0.239 C/cm2 AgI
in aluminum oxide: (a) experimental and (b) simulated using
Maxwell-Garnett theory where the two materials are nonin-
teracting. The volume fractions f and screening parameters κ

for the metal and semiconductor are f ) 0.05, κ ) 1.54 for Au
and f ) 0.08, κ ) 1.45 for AgI. The path length was 450 nm.
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