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Ion engineering of embedded nanostructures: From spherical
to facetted nanoparticles
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We show that the high-energy ion irradiation of embedded metallic spherical nanoparticles 共NPs兲 is
not limited to their transformation into prolate nanorods or nanowires. Depending on their pristine
size, the three following morphologies can be obtained: 共i兲 nanorods, 共ii兲 facettedlike, and 共iii兲
almost spherical nanostructures. Planar silica films containing nearly monodisperse gold NPs
共8–100 nm兲 were irradiated with swift heavy ions 共5 GeV Pb兲 at room temperature for fluences up
to 5 ⫻ 1013 cm−2. The experimental results are accounted for by considering a liquid-solid
transformation of the premelted NP surface driven by the in-plane stress within the ion-deformed
host matrix. This work demonstrates the interest of using ion-engineering techniques to shape
embedded nanostructures into nonconventional configurations. © 2009 American Institute of
Physics. 关DOI: 10.1063/1.3186030兴
Amorphous materials subjected to high-energy ion irradiation show irreversible anisotropic plastic flow at temperatures far below the glass transition temperature.1 They shrink
in the direction of the ion beam and expand in the direction
perpendicular to it. On the other hand, for crystalline materials direct irradiation-induced deformation has never been
observed. To overcome this limitation, a new strategy has
been recently adopted to shape metallic nanoparticles 共NPs兲.
Deformation can be induced indirectly by embedding the
NPs into an ion-deformable amorphous host matrix.2–6 With
this technique, spherical NPs deform into prolate nanorods
and nanowires, with an aspect ratio that can be tuned by
varying the irradiation conditions 共ion type, energy and fluence兲. In this work, we show that the ion-shaping mechanism
is not only limited to the transformation of spherical NPs
into prolate nanorods/nanowires, but that, depending on the
NP size and irradiation conditions, a different class of ionshaped NPs can be obtained, namely, embedded NPs with a
facettedlike morphology. This work widens the potentialities
of the ion-engineering technique to shape embedded nanostructures into nonconventional configurations, allowing, simultaneously, to tune the optical features of the corresponding composite glass.7,8
Monodisperse spherical gold NPs, with average diameters of 8, 15, 50, 80, and 100 nm 共size dispersion 10%兲,
were confined within a 350 nm thick silica film deposited
onto a silicon substrate. All the NPs are in a single plane 150
nm below the sample surface, such that the energy deposited
is the same for all the NPs. For more details about the sample
preparation we refer the reader to the literature.6,9 The experiments were carried out with the aid of the GANIL facilities in Caen 共France兲. High energy 共HE兲 was used to obtain 5
GeV Pb ions. Samples were irradiated at room temperature
共300 K兲 and at normal incidence for fluences ranging from
a兲
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1 ⫻ 1013 up to 5 ⫻ 1013 cm−2. In order to avoid any macroscopic heating, the ion flux was limited to 3
⫻ 108 ions cm−2 s−1. The electronic stopping power of the
Pb ions in both SiO2 共17 keV nm−1兲 and gold
共76 keV nm−1兲 were calculated with the SRIM 2008 code.10
After preparation in cross-section geometry 关共cross-sectional
transmission electron microscopy 共TEM兲兴, the irradiated
samples were analyzed using CM30 and Tecnai F20 microscopes. TEM micrographs were processed with a slow-scan
camera and analyzed with the Digital micrograph program.
The average NP sizes and their dispersion have been determined by considering the corresponding size distribution
profiles. These were obtained by analyzing at least 100 particles for each sample.
Figures 1共a兲–1共e兲 show TEM micrographs of Au NPs of
different sizes 共8–100 nm兲 after irradiation with 5 GeV Pb
ions at a fluence of 5 ⫻ 1013 cm−2. From the inspection of
these figures, we can infer that there are two populations of
NPs: 共i兲 NPs larger than 80 nm conserve their spherical
shape after SHI irradiation. 共ii兲 smaller NPs become elongated along the beam direction. Usually, the as-prepared NPs
can be characterized by estimating their diameter, D0,
whereas ion-deformed NPs can be described by considering
their major and minor axes, i.e., Dmax and Dmin. Figure 2
shows the evolution of the normalized major axis 共Dmax / D0兲
as a function of the initial NP size 共D0兲 for two irradiation
fluences: 1 ⫻ 1013 cm−2 共open circles兲 and 5 ⫻ 1013 cm−2
共full circles兲. In both cases, we observe a linear decrease of

FIG. 1. Bright-field TEM micrograph of gold NPs irradiated at a fluence of
5 ⫻ 1013 cm−2. 共a兲 8 nm, 共b兲 15 nm, 共c兲 50 nm, 共d兲 80 nm, and 共e兲 100 nm.
95, 043105-1

© 2009 American Institute of Physics

Downloaded 09 Feb 2010 to 131.211.105.164. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

043105-2

Rizza et al.

FIG. 2. Evolution of the normalized major axes 共Dmax兲 as a function of the
pristine NP size for irradiation fluences of 1 ⫻ 1013 cm−2 共open circles兲 and
5 ⫻ 1013 cm−2 共full circles兲.

the ratio with the size of the pristine NP. In particular, for
NPs larger than 80 nm, the deformation is almost completely
suppressed. This confirms previous observations, see, e.g.,
Ref. 11, indicating that the process is somehow related to the
initial volume of the NPs, i.e., the larger the NP the larger its
inertia against ion deformation.
Focusing our attention to the ion-deformed NPs only
共D0 ⬍ 80 nm兲, we observe that we can discern two subcategories: 共i兲 8 and 15 nm NPs transform into the usual prolate
rodlike shape, whereas 共ii兲 the spherical NPs whose initial
diameter is 50 nm evolve toward a facetted shaped, Figs.
3共a兲 and 3共b兲.12 It is worth mentioning that the latter shape
共50 nm NPs兲 most likely does not correspond to the steadystate morphology for the irradiated NPs, i.e., the nanorod/
nanowire shape. It is therefore all the more noteworthy that a
careful control of 共i兲 the electronic stopping power, 共ii兲 the
pristine NP size, and 共iii兲 the irradiation fluence, permits to
ion-shape NPs into a facetted configurations within an amorphous matrix. Moreover, although all the irradiated NPs
present similar morphologies, they are not always made of a
single grain, see, e.g., Fig. 3共b兲. The presence of grain
boundaries in irradiated NPs reveals that the transformation
takes place independently for each grain, i.e., to be effective
the process does not require that the whole volume of the NP

FIG. 3. 关共a兲 and 共b兲兴 TEM micrographs of two 50 nm NPs irradiated at a
fluence of 5 ⫻ 1013 cm−2. 共a兲 Single crystal NP, 共b兲 NP formed of two
grains, 共c兲 HRTEM micrograph, 共d兲 diffraction pattern of an ion-shaped
50 nm NP, and 共e兲 3D reconstruction of from the HRTEM image.
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contributes simultaneously to the transformation. High resolution TEM 共HRTEM兲 of a single crystal irradiated NP and
the corresponding diffractrogram are shown in Figs. 3共c兲 and
3共d兲. The latter shows that the facettes have the 兵110其 orientation. However, this does not correspond to one of the most
stable forms, i.e., the truncated octahedron, where the crystal
surface is dominated by 兵111其 and 兵100其 forms.12,13 Figure
3共e兲 shows the three-dimensional 共3D兲 reconstruction of the
NP shape obtained from the HRTEM micrograph. Finally, a
similar transformation has also been observed for 40 nm
Au–Ag alloy NP irradiated with 90 MeV Xe ions,14 e.g., for
a stopping power on the low energy side of the Bragg peak.
Thus, this transformation represents a general behavior of the
irradiated NPs, where the key parameter is the size rather
than the stopping power 共within a certain extend兲.
Although by now several observations of the ionshaping process have been reported in the literature, the underlying mechanism driving it has not been completely elucidated yet, even though a few theoretical studies have been
attempted.2,11,15,16 In the most reasonable mechanism proposed hitherto, one assumes that the effects of stress and the
thermal spike combine to induce the elongation of the metallic NPs.11,16,17 Elongation will only occur when the temperatures of both the metallic NP and the dielectric SiO2
matrix exceed their respective individual melting temperatures within the ion track, i.e., the elongation of embedded
NPs necessitates the flow of metallic species into the liquid
silica track. However, numerical simulations indicate that the
energy deposited into the electronic subsystems can only
melt metallic NPs whose diameters are smaller than 20
nm.2,11 Thus, 50 nm NPs cannot melt and the previous
mechanism for deformation cannot be adopted.
Two different pathways can be invoked to account for
the morphological transformation of the NPs under irradiation: the solid-solid and the liquid-solid transformation. The
first mechanism, is driven by the diffusion of defects. These
become mobile at some temperature and tend to migrate to
the interface, where they remain in motion. Although at the
nanoscale the diffusion coefficient can be larger than that at
the macroscopic scale,18,19 the very rapid relaxation time of
the lattice temperature for the embedded Au NPs, e.g.,
10−10 s,11,20 associated with the fact that the transformation
is completed within a fluence of 5 ⫻ 1013 cm−2, render this
mechanism quite improbable. The liquid-solid transformation refers to surface premelting. In fact, often the melting
transition is preceded by premelting phenomena, where a
liquid layer is first formed on the solid surface and continues
to thicken with temperature increase until the solid core
melts. This mechanism was used to explain shape transformations of Au NPs,21 at temperatures lower than the particle
melting temperature. Recently, Ruan et al.,22 have experimentally observed the reversible surface premelting of Au
NPs 共2–20 nm兲 under femtosecond laser irradiation. Experimental observations of surface premelting in 61.5 nm Au
NPs were reported by Plech et al.23
If the existing models state that NPs larger than 20 nm
cannot melt, this does not imply that they cannot be heated
up. The corresponding temperature increase will depend on
the NP size, i.e., the larger the NP the less it will heat up.
However, the critical melting size of the NPs, 20 nm, must
be considered with caution. The reason is that the models/
simulations contain very crude approximations for the potential barrier at the metal/dieletric interface 共Kapitza resis-
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tance兲. This barrier, which depends on the band structure of
the two interfacial materials, controls the heat transport
driven by electrons and phonons. For the Au/ SiO2, this interface barrier is about 4 eV.24 Such a high barrier may reduce the heat spreading. It will result in an increase of both
the temperature peak within the metal NP, i.e., the melting of
larger NPs, as well as the relaxation time of the heated region, i.e., enhancement of the diffusion time.
For NPs in the range of 40–60 nm, it is likely that the
temperature elevation is not too far from the melting temperature such that their surfaces may transform into liquid
layers. For Au NPs in the range 10–60 nm, Sambles25 estimates a liquid layer thickness as high as 2.2 nm. If we take
this value for our NPs, this corresponds to about 25% for the
volume of the NP that is in a liquid state. Thus, the facetting
process is probably associated with the epitaxial reconstruction from the core of the NP which remains in the solid state.
For larger NPs, with diameter between 80 and 100 nm, the
temperature increase either is not sufficient to activate the
surface premelting or the premelted region is too thin, such
that the deformation of the NPs becomes strongly reduced or
negligible.
Finally, our NPs are confined within an ion-deformable
matrix. In this case, during the irradiation, a compressive
in-plane stress is built-up within the matrix.16 The
irradiation-induced stress, acting on the NPs, may thus
modify their surface energies, ␥共hkl兲, and surface tensions,
共hkl兲, and thus alter the energetic configurations. As the morphological change must occur during the surface premelting
this can be seen as a liquid-solid transformation process mediated by the in-plane stress generated within the silica matrix by the impinging ions.
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