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Abstract. An experimental method to tailor the shape and
the optical absorption spectra of metallic nanoparticles is pre-
sented. It exploits the influence of laser irradiation on particle
growth by self-assembly of atoms deposited on a substrate
surface. By applying nanosecond light pulses of appropriate
fluence and three different wavelengths, oblate silver particles
with three fixed axial ratios have been fabricated. Their opti-
cal extinction spectra were measured with s- and p-polarized
light and are dominated by plasmon resonances at fixed pho-
ton energies determined by the axial ratio. Possible applica-
tions of such tailormade nanoclusters include catalytic con-
verters and optical components with narrow-band extinction,
the magnitude and center frequency of which can be specified
in advance.

PACS: 61.16 Fk; 61.46 +w; 68.65 +g; 78.66 -w

Nanoparticles, or, more generally speaking, structures with
dimensions in the nanometer regime, have been studied ex-
tensively in recent years. These systems have electronic, mag-
netic, optical and chemical properties which differ consid-
erably from those of the corresponding bulk material and
depend strongly on the size and the morphology of the struc-
tures under investigation [1–3]. In particular, nanoparticles of
well-defined dimensions embedded in matrices or supported
on substrate surfaces are therefore promising candidates for
a variety of future applications. Examples are optical fil-
ters which selectively block radiation in narrow wavelength
intervals, integrated optical devices for ultrafast switching
of light [4] and improved catalytic converters featuring en-
hanced yield and selectivity [5, 6]. Unfortunately, however,
the size- and shape-dependent characteristics of nanoparticles
are often obscured by broad size and shape distributions that
are typical of most production techniques and make it dif-
ficult, if not impossible, to exploit the unique properties of
the generated aggregates. Recently, we demonstrated a novel
method for fabricatingmonodispersemetal nanoclusters, i.e.
particles of almost equal size, on dielectric substrates [7].
Even though development of this technique represents a ma-
jor breakthrough, control of theshapeof the particles inde-

pendent of their size has remained a great challenge. Progress
in developing such methods, however, is highly desirable
since many properties of metal clusters depend not only on
their size but also on their shape. In particular if particles
are grown on a substrate surface by deposition of atoms, the
shape may vary considerably. It depends strongly on the dif-
fusion coefficients of the metal atoms on the substrate and on
the surface of the growing clusters [8–10]. In general, one-,
two- or three-dimensional islands and fractal aggregates can
be formed, the actual shape depending on growth parameters
such as the substrate temperature and the flux of atoms [8].
Brune, Kern and coworkers [8, 11, 12] have shown that the
dependence of the shape on the growth parameters, can, if
investigated in detail, be exploited for controlled generation
of metallic aggregates with desired size and shape. In many
cases, however, the complex interplay between the growth pa-
rameters and the resulting morphologies is a drawback rather
than an advantage. Usually, simultaneous change of the mean
size and shape of the nanostructures is observed [9, 13, 14].
For example, metal particles prepared at relatively low sub-
strate temperatures become more and more oblate if the size
increases, an effect which is even more pronounced if coales-
cence plays a role in the growth process.

Here, we present a new method to precisely and indepen-
dently control the mean shape and the average diameter of
nanoclusters prepared by self-assembly of atoms on dielectric
substrates.

1 Generation and characterization of nanoclusters

Before we describe our method to control the shape of metal
nanoparticles, we will first outline their preparation and char-
acterization and explain how their shape is determined.

1.1 Generation of metal nanoparticles

In our experimentsAg atoms generated by an electron beam
evaporator are deposited under ultrahigh vacuum conditions
on quartz substrates, where they form three-dimensional
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islands by diffusion and nucleation, i.e. Volmer−Weber
growth. The coverage ofAg atoms is determined with
a quartz crystal microbalance. It is well known that particles
generated by this method usually exhibit broad size distribu-
tions and, if fabricated at temperatures lower then the barrier
for self-diffusion, are aspherical [9, 13, 14]. The actual shape
can be approximated by rotational ellipsoids with two main
half-axesa andb; see Figure 1a.

1.2 Determination of the mean particle size

The particles are analyzed in situ by scanning force mi-
croscopy (SFM) to determine the number density and the
mean size and by recording their optical extinction spectra in
order to determine the average axial ratioa/b. An example
of SFM measurements is shown in Figure 1b. Deposition of
2.3×1015 atoms/cm2 which corresponds to an integral cov-
erage of 4 monolayers (ML) leads to particles with a number
density of2×1012 /cm2. The SFM images give a mean clus-
ter height (measured in the direction of the substrate surface
normal) of〈a〉 = 1.8 nm and an average width (measured in
the direction parallel to the surface) of〈b〉 = 20 nm. Careful
analysis of the SFM images and of the optical spectra ob-
tained for different cluster sizes shows that the particle height
is reproduced correctly; the width, however, is overestimated
due to the finite radius of curvature of the SFM tip. The ac-
tual mean radius of the particles of〈r 〉 = 2 nm was derived
from the silver coverage and the cluster density as shown in
the SFM images. In view of the aspherical shape of the par-
ticles the effective radius values refer to spheres with the same
volume as the actual clusters

1.3 Determination of the shape of the particles

Because of the overestimation of the particle dimensions par-
allel to the surface by SFM, the shape cannot be deduced
from the SFM images alone. In a recent publication, we have
shown, however, that the axial ratio can be determined by
combining SFM with measurements of the optical spectra
of the clusters [13]. The spectra are dominated by plasmon
polaritons, i.e. excitation of the free electrons driven by the
electromagnetic field. The oblate clusters studied here exhibit
two plasmon resonances, the (1,1) and the (1,0) modes, which
are brought about by oscillations of the electrons in the direc-
tion of the long and short axis of the particles, respectively.
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Fig. 1. a Schematic illustration andb Scanning Force Microscopy (SFM)
image of theAg particles on quartz substrates studied in the present paper.
For details of the preparation conditions, see text

Their center frequencies are determined mainly by the shape
of the aggregates, i.e. the axial ratioa/b. By comparison of
the measured with the theoretical spectra calculated using
electrodynamic theory, the mean shape of the experimentally
prepared silver clusters was determined [13]. Examples of
measured spectra are shown in Figure 2a. With increasing
coverage, i.e. growing mean diameter, the (1,1) mode is red-
shifted, whereas the (1,0) mode is blue-shifted. This indicates
that the axial ratioa/b gradually decreases and the islands
become more and more oblate as their mean size rises. The
result of a quantitative analysis of the spectra is shown in
Figure 3, wherea/b is drawn by open squares connected by
a dotted line to guide the eye. The axial ratio drops off from
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Fig. 2a,b. Optical extinction spectra ofAg particles on quartz substrates
prepared by differentAg coverages given in equivalent monolayers (ML)
a without andb with laser irradiation during growth. The laser wavelength
and the fluence were set toλ= 532 nmandΦ = 400 mJ/cm2. The spectra
were recorded for an angle of incidence of45◦ with respect to the substrate
surface normal by using p−polarized light of aXe-arc lamp combined with
a monochromator. The spectral resolution was10 meV
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Fig. 3. Axial ratio a/b of oblate Ag particles deduced from their optical
extinction spectra as a function of theAg coverage for cluster growth with-
out and with laser irradiation of different wavelength. For details of the
determination ofa/b see text and [13]. The fluence was kept constant at
Φ = 50 mJ/cm2 for each wavelength. For particles made without laser ir-
radiation the average radii〈r〉 are also given. For coverages below10 ML
the different symbols used in the diagram, i.e.full and open dotsand
squares, are superimposed on each other
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unity (very small, almost spherical clusters containing only
about 15 atoms) to about 0.3 for clusters with〈r 〉 = 12 nm,
which corresponds to a coverage of23 ML.

2 Method for nanoparticle shape control

In the following, the dependence of the position of the (1,1)
plasmon mode on the axial ratio will be exploited to stabilize
the shape of the clusters during growth by irradiating them
with nanosecond laser pulses. The principle of the method
is illustrated in Figure 4. As mentioned above, the undis-
turbed particles flatten with increasing size; see Fig. 4a,b.
Simultaneously, the plasmon resonance shifts to lower photon
energy. As a consequence, the photon energyhν of the inci-
dent laser light can be chosen such that only clusters that have
reached a certain axial ratioa/b absorb the light efficiently;
see Fig. 4c,d. The deposited energy is rapidly converted into
heat, and, provided the overlap between the slope of the ab-
sorption profile and the laser line is large enough to induce
a sufficiently high temperature rise, evaporation of atoms is
stimulated. Since these atoms are preferentially ejected from
the edges and perimeters of the particles [16, 17], the axial
ratio of the clusters grows. In short, a decrease in the axial
ratio during deposition of atoms competes with the influence
of laser irradiation, which increases the value ofa/b. As a re-
sult, the shape of the generated clusters remains unchanged
although the mean size grows.

The method introduced here to select and fabricate nano-
clusters of a certain axial ratio is very simple to apply. In fact,
it is even self-regulating in the sense that the slope of the ab-
sorption profile of the clusters automatically locks to the pos-
ition of the laser line on the photon energy scale; see Fig. 4d.
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Fig. 4. Schematic illustration of the laser-based method for fabricating metal
nanoparticles with well-defined shape, see text

This frequency constitutes a barrier that the nanoparticle ex-
citation mode cannot pass. If the cluster absorption profile
shifts towards the laser frequency during atom deposition, the
absorption and therefore the evaporation rate grow and thus
“repell” the profile from approaching further. Another advan-
tage of the method is that the choice of the laser frequency
automatically determines the axial ratio of the generated par-
ticles. Thus, nanoclusters of different, predetermined axial
ratios can be made simply by using different wavelengths of
the applied laser light (see below).

In addition to evaporation, laser-induced diffusion of
atoms on the cluster surface might also contribute to the
change of the shape of the particles during growth. Diffusion
also tends to diminish the length of the large and increase that
of the short axis [18, 19], the equilibrium shape of the par-
ticles being a truncated sphere with an axial ratioa/b close
to unity [18, 19]. The relative importance of diffusion and
evaporation cannot be determined unambiguously here. We
would like to note, however, that our earlier related experi-
ments [7] and calculations [20] on laser-induced narrowing of
cluster size distributions by post-growth irradiation indicate
that self-diffusion is negligible for nanosecond pulses.

At this point, it should be noted that laser-induced changes
of the size and shape of smallAg andAu particles in aque-
ous solution and ofAg, Cu andBi clusters in matrices have
been reported [21–26]. In these studies, however, laser light
was employed only after completion of cluster formation and
no attempt was made to exploit different wavelengths for tai-
loring nanoparticles.

3 Demonstration of particle shape control

For laser treatment and shape stabilization during atom de-
position the particles were irradiated with light pulses gen-
erated by aNd:YAG laser or an optical parametric oscilla-
tor (OPO). The pulse duration was7 ns and the repetition
rate 10 Hz. Wavelengths ofλ = 420,460 and532 nm were
used and the fluence was set to values ranging fromΦ =
50 to400 mJ/cm2. As explained above, the resonance pos-
itions of the two plasmon modes served as a measure of the
shape of the nanoclusters.

Examples of extinction spectra ofAg clusters irradiated
during growth with λ = 532 nmandΦ = 400 mJ/cm2 are
shown in Fig. 2b. The flux of depositedAg atoms was set
to 1 ML per minute. As long as the mean particle size is
〈r 〉 = 2 nm, which corresponds to a coverage of4 ML, there
is no overlap between the laser line and the absorption pro-
file. Therefore, at this stage, no influence of the light on the
growth process is observed and the (1,1) and (1,0) modes
are located at the same photon energies as those for clusters
grown without laser irradiation. In contrast, the optical spec-
tra of larger metal particles prepared under laser irradiation
exhibit pronounced differences when compared to clusters
made without using light: both modes remain fixed, whereas
the amplitudes continue to increase; see Fig. 2b. Even if the
integral coverage exceeds20 ML, the positions of the plas-
mon resonances remain constant, the extinction growing to as
much as55%. We conclude from the experimental data that
the method described above indeed stabilizes the shape of the
nanoparticles efficiently and keeps the axial ratio constant. Its
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value ofa/b= 0.50 was derived by comparison of the experi-
mental with theoretical spectra.

In order to further interpret and optimize the shape ma-
nipulation, the optical absorption coefficient of the silver par-
ticles was calculated as a function of their axial ratio for
the applied laser wavelengths by using electrodynamic the-
ory. The influence of the substrate and of electromagnetic
coupling among the particles has been taken into account
by a method published recently [13, 27]. The results of the
calculations are shown in Fig. 5. The absorption coefficient
follows the plasmon resonance and peaks at an axial ratio
of a/b= 0.28 forλ= 532 nm. Therefore,fully resonant plas-
mon excitation withλ= 532 nmis possible in nanoparticles
that have reached this shape during growth. The inset of Fig. 5
further shows that the absorption coefficient of the nanopar-
ticles for this wavelength deviates noticeably from zero only
for axial ratios belowa/b= 0.60. This explains why the op-
tical spectra of Fig. 2b are not affected by the light for cov-
erages below4 ML. Only for larger coverages does absorp-
tion occur and the competing interplay between deposition of
atoms and removal by light commences. IfΦ = 400 mJ/cm2

is chosen, like in Fig. 2b, the two counteracting processes can
be balanced such that the two axesa andb grow by the same
relative amount already for clusters witha/b= 0.50. If the
fluence is smaller, clusters of constant shape are formed only
if the axial ratio has dropped off to values below 0.50. This
can be seen from Fig. 3b which displays experimental data
collected withΦ = 50 mJ/cm2. With this fluence value and
λ= 532 nm, clusters with a constant axial ratio ofa/b= 0.37
are obtained as soon as the coverage exceeds about12 ML.
Naturally, the lower applied laser fluence must be compen-
sated by the higher absorption coefficient of larger particles
in order to induce the temperature rise needed for evaporation
and diffusion.
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Fig. 5. Absorption coefficient ofAg particles on quartz as a function of their
axial ratio calculated using electrodynamic theory for different wavelengths
of the incident light. Details of the underlying theoretical model can be
found in [7, 13, 20]. Theinsetshows an enlargement for axial ratios ranging
from 0.8 to 0.33

An essential test for the versatility of the method is to
vary the applied laser wavelength and examine its influence
on the axial ratio of the grown nanoparticles. In fact, clusters
with different a/b values were tailored simply by changing
the wavelength. By applyingλ = 460 and420 nm, particles
with a/b= 0.47 and 0.62, respectively, have been fabricated;
see Fig. 3. This is possible since the maximum of the ab-
sorption curve shifts to larger axial ratios if the wavelength
decreases; see Fig. 5. Because of this shift, laser manipulation
commences at smaller coverages (smaller particle radii) if the
wavelength is reduced. In Fig. 3 this is reflected in a deviation
of the axial ratio at lower values as compared to undisturbed
cluster growth. We finally mention that the optical spectra
recorded with s-polarized light exhibit a single narrow reson-
ance. As expected, it is located exactly at the same position as
the (1,1) mode in Fig. 2b.

4 Conclusions

Our experiments have demonstrated the potential of the new
technique to fabricate metal nanoparticles on substrate sur-
faces with predetermined, well-defined shape, i.e. axial ratio
a/b. The method relies on the generation of particles through
deposition of atoms and simultaneous irradiation of the sub-
strate by nanosecond laser pulses. It is based on the pro-
nounced shape dependence of the absorption coefficient of
metal nanoparticles, in particular of the surface plasmon res-
onance, and can be applied to a wide range of cluster sizes
as long as the shift of the plasmon frequency as a function of
a/b predominates its variation on the cluster diameter. This
condition is fulfilled for mean radii below about50 nm. More-
over, the method demonstrated experimentally here forAg
particles on quartz substrates should be applicable at least to
all those nanoparticles that exhibit sharp plasmon resonances
like, for example,Au, Cu, Al , Ta and alkali metal clusters.

The ability to fabricate metal nanoparticles of desired
shape almost irrespective of their sizes opens up the possibil-
ity to examine the dependence of the chemical and physical
properties of these systems with reduced dimensions on their
shape in future experiments. In addition, the particles can be
easily covered with a protective layer, or embedded in ma-
trices to exploit them in technological applications including,
for example, linear and nonlinear optical devices. Along these
lines, it will be of particular importance and value that the
position of maximum extinction on the wavelength scale and
its magnitude can be chosen independent of each other.
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