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The role of energetic ions of energies from a few keV 
to hundreds of MeV in nanostructuring is highlighted 
with the examples of nanostructures obtained by ion 
irradiation experiments at Inter University Accelera-
tor Centre (IUAC), Delhi and Centre de Spectro-
metrie Nucleaire de Spectrometrie de Mass CSNSM, 
Orsay. They range from the use of ion or atom beams 
of a few keV to generate periodic ripples on surface or 
grow nanocomposite thin films by sputtering to the 
formations of anisotropic structures under swift heavy 
ion impacts. Swift ion irradiation of polymers or 
fullerenes creates strings of carbon particles or wires 
useful as nanocontacts or field emission tips. The 
elongation of noble metal particles embedded in insu-
lators attracts attention for the design of light filters 
or waveguides. The swift heavy ion irradiation of  
silica film containing Fe nanoparticles, transforms the 
magnetic easy axis from in-plane to out-of-plane, 
which is of relevance to the perpendicular magnetic 
recording of information. 
 
Keywords: Ion beam thin films, nanostructures, nano-
particles. 
 
NANOSTRUCTURED materials attract the attention of mate-
rials scientists because their extremely small size and 
large surface-to-volume ratio lead to size dependent 
chemical and physical properties, quite different from 
those of bulk materials of the same chemical composi-
tion1–3. The critical size of the nanodomains with particu-
lar properties is defined on the basis of relevant 
dimensions in each branch of physics, such as the Bohr 
radius of excitons in semiconductors or the correlation 
length of spins in magnets. The wide range of promising 
applications of nanomaterials have led to tremendous  
research activities in this field. Nanoparticles are no-
wadays considered to be useful building blocks for future 
technologies. The most common and economical  
approach of generating nanostructures is the chemical 
route. However, for many applications, thin films are  
required, which are sometimes not achievable by chemical 
techniques. The other methods of creating nanostructured 
thin films are vapour phase condensation (and co-
condensation), arc discharge, RF plasma sputtering (and 

co-sputtering), ion beam sputtering, ion implantation and 
other ion-beam based methods, pulsed laser deposition, 
etc. One can distinguish two basic approaches in synthe-
sis of nanostructures as bottom up and top down. In bot-
tom up processes, the atoms are brought together to form 
particles of nanometric dimension whereas in top down 
processes, large size grains are broken to form nanodo-
mains. Both are used in the ion beam based methods. 
 Ion irradiation is a particularly suitable means to create 
or modify nanostructures, since ions with low energies 
(in the range where the energy loss is dominantly via 
elastic collisions) induce a collision cascade on a shallow 
thickness of the material and high energy ions perturb the 
structure of the target in narrow channels (with diameters 
of the order of 10 nm) up to a few microns in depth, 
mainly through electronic energy transfer processes. In 
addition, the nanopatterning of thin films can be achieved 
by a focused ion beam. The induced transformations are 
often unusual, because of the short duration of the inter-
action, typically of 10–13 s for the cascade and of 10–12 
and 10–10 s for the relaxation of the lattice and electron 
gas. As a landmark, the swift heavy ions (SHI) are those 
with a velocity comparable or larger than the orbital elec-
tron velocity and their energies are typically about or 
more than 100 keV/amu. SHI have the unique feature of 
depositing a large energy density per unit length 
(Se ~ 10 keV/nm), which is for instance liable to produce 
an amorphization of the target material in the perturbed 
cylinder along the ion path, which is referred to as ion 
track. A transient melting or vapourization of the material 
is assumed to occur beyond a threshold of energy transfer 
to the electronic system4. On the other hand, transforma-
tions in the ballistic regime may result from the disorder-
ing correlated to the atomic displacements or from local 
changes of compositions, because of the diffusion of  
atoms during the cascade (radiation induced) or of resi-
dual defects (radiation enhanced), when the latter are  
mobile at the temperature of the experiments. The topology 
of the target surface is also affected by these various types 
of events and by the ejection of atoms (sputtering). 
 This review discusses the possibilities offered by ions 
of different energies in nanostructuring of materials. The 
energy loss of ions in the material can be either by elastic 
collisions or by inelastic collisions, which is quantita-
tively governed by the ion mass and its energy, and can 
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be determined by means of TRIM code simulations of ion 
impacts5. The electronic energy loss, Se, dominates at 
high energies (>100 keV/nucleon) and nuclear energy 
loss, Sn, at low energies (<10 keV/nucleon) and ions of 
heavier mass have higher energy losses (nuclear as well as 
electronic). Nevertheless, applications can be sorted in 
correspondence with three energy ranges, for example, (i) 
very low energies up to a few keV suitable for sputtering 
purpose, (ii) energies from tens of keV to a few MeV 
used in implantation and ballistic mixing experiments and 
(iii) energies above 100 keV/nucleon used for creating 
linear tracks. Figure 1 gives an outline of the typical  
behaviour of the low- and high-energy ions in materials.  
 The important issues concerning the properties of 
nanomaterials are the control of (i) the mean size of parti-
cles, (ii) the particle size distribution, (iii) their filling  
factor in the structure and (iv) the creation of special 
structures, such as an alignment of the particles along the 
ion tracks, a tilting of the easy magnetization direction in 
films, etc. Examples of ion beam synthesis of nanostruc-
tures have been selected mainly from investigations of 
our group, and other related works, for discussing the  
underlying mechanisms and outlining some rules which 
can be used for applications. The present article is a  
review of the research work carried out by our group  
(Inter University Accelerator Centre (IUAC), Delhi and 
 
 

 
 
Figure 1. SRIM simulations of five ion impacts showing that a, in 
nuclear slowing down regime the trajectory of ions is not exactly 
straight and secondary collisions occur, whereas b, in case of swift 
ions, the ion paths are straight except at the end of range of ion. 

Centre de Spectrometrie Nucleaire de Spectrometrie de 
Mass (CSNSM), Orsay) in the field of nanotechnology by 
ion beams, covering energy range from a few keV to a 
few hundred MeV.  

Nanostructuring with low energy ions (a few keV) 

Creation of nanoripples and other surface  
nanostructures 

The creation of periodic arrays of nanoripples and nano-
dots by sputtering with low-energy ions in metals and 
semiconductors has been reported by various groups6–10. 
The practical interest in building nanoripples at the sur-
face of targets is that they can further act as templates for 
growing nanowires in the groves. The surface relief  
induced by sputtering under certain conditions can take 
the shape of ripples similar to those created by the wind 
on the sea or the sand. The ion energies of interest for 
creating defects close to the surface range from a few 
hundred eV to a few keV. Nevertheless, energies up to a 
few hundred keV have also been used. The mechanism is 
of complex nature6, involving the roughening by sputter-
ing and the surface reconstruction by diffusion processes, 
and the final morphology is determined by the balance 
between the two. Cuerno et al.7 proposed a stochastic 
model to express balance equations. The periodic ripples 
can be formed either perpendicular or parallel to the pro-
jection of the ion beam direction in the surface plane  
depending on the ion incidence angle.  
 The originality of the work performed at IUAC was to 
use atom beam instead of ion beam to create ripples at 
surface on Si crystal surface8, which is important for cre-
ating ripples specially at the surface of insulators. The 
dependence of the ripple wavelength on atom fluence and 
on the orientation of Si surface was studied. Figure 2 
shows the ripples at the surface of Si(100) and Si(111) 
wafers, bombarded by 1.5 keV Ar atoms at a fluence of 
3.4 × 1017 ions/cm2. 

Synthesis of metal particles and semiconducting 
particles in insulating matrix by atom beam  
sputtering 

A set-up for atom beam sputtering has been designed and 
assembled at IUAC as shown in Figure 311. The choice of 
an atom beam source instead of an ion source has the  
advantage that a neutral beam does not produce charging 
of the surface of insulating targets by ejection of secon-
dary electrons. It can be used for building surface nano-
structures on a target (previous section) as well as for 
depositing nanocomposite thin films. Our set-up consists 
of an atom source connected to a vacuum chamber 
pumped by a turbomolecular pump, a motionless target 
and a substrate holder, which can be rotated at slow speed 
so as to get uniform deposition. 
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Figure 2. AFM images show nanoripples on Si single crystal (100) irradiated with 1.5 keV Ar atom at two different fluences8. 
 
 

 
 
Figure 3. A schematic sketch of the atom beam sputtering set-up8,11. 

 
 
 The design of the source is such that the produced ions 
are neutralized after extraction. If neutralized before  
extraction they cannot be accelerated. The set-up has 
been used to synthesize films made of noble metal parti-
cles or semiconducting particles embedded in insulating 
matrices such as silica12, carbon13 and polymer14, etc. The 

structure of the thin composite films has been character-
ized by various techniques, including transmission electron 
microscopy (TEM) and atomic force microscopy (AFM). 
The Ag–polymer nanocomposites (Figure 4), synthesized 
by atom beam deposition have been shown to exhibit in-
teresting optical properties14. Indeed, the fractal network 
of Ag nanoparticles (Figure 4 a) has a broad absorption 
band, extending up to infrared region (Figure 4 b), which 
is useful for absorbing solar energy more efficiently. 
Their narrow transmission window around 320 nm can 
also find technological application as UV filters. The uni-
formity of metal nanoparticles distribution at the scale of 
a few cm2 obtained by co-evaporation and by atom beam 
sputtering has been compared and proves to be better in 
the second case11. Furthermore, the precipitation of 
nanoparticles in the coating without annealing is obtained 
more easily, most probably because the sputtered atoms 
hit the substrate with energies of a few eV instead of 
about 0.1 eV for evaporated atoms. Other processes such 
as pulsed laser deposition also provide beams with  
noticeable kinetic energies but it must be stressed that 
they do not permit deposition of homogeneous films over 
several cm2. Thin films made of ZnO : Au were also  
deposited15 by atom beam co-sputtering and submitted to 
subsequent annealing, as it is known that noble metals 
catalyse the growth of ZnO nanorods16. A few nanorods 
obtained with our set-up are shown in Figure 5. 



RESEARCH ACCOUNT 
 

CURRENT SCIENCE, VOL. 98, NO. 6, 25 MARCH 2010 783

 
 
Figure 4. a, TEM micrographs of Ag-PET nanocomposite is shown, which has Ag about 71 at.%. The corresponding diffraction rings are shown 
in the inset. Dark region represents the metal and the bright region represents the polymer. b, The optical absorption spectra of Ag-PET nanocom-
posites (a to d) in visible and in infrared (IR) region, show the broad absorption extending in IR region14. 
 
 

 
 
Figure 5. The TEM viewgraphs of the ZnO nanorods with Au particle 
at top grown by the annealing of the atom beam co-sputtered sample of 
Au–ZnO (ref. 15). One of the pictures shows a ZnO nanorod with Au 
nanoparticle at top. 
 

Synthesis of nanoparticles by ion implantation  

Ion implantation is the most versatile means to introduce 
a foreign element A in the near surface region of a solid 
B, for the purpose of modifying the electronic structure 
by addition of a doping element in low concentration or 
for obtaining a supersaturated solid solution. As A and B 
are seldom soluble in all proportions, particles of pure A 
phase or of a compound AxBy are liable to form in the 
course of the implantation process whenever atomic defects 
are mobile at the implantation temperature, otherwise the 
implanted samples have to be submitted to a subsequent 
annealing. This thermal treatment is also generally  
required for restoring the structure of the matrix, as all 

semiconductors and many covalent or ionic compounds 
are amorphized by the collision cascades produced by 
implanted ions. Metals implanted with another metal spe-
cies remain generally crystalline, apart for selected com-
position of metallic glasses, but a dense network of 
dislocations is developed. The implantation may be per-
formed at temperatures significantly higher than the  
ambient, or the beam current can be increased as much as 
possible for favouring the dynamic annealing of the  
defects and growth of particles by radiation enhanced dif-
fusion. Such conditions of implantations lead to epitaxy 
relationships between particles and matrix when the re-
ticular distances are comparable in some crystallographic 
planes. Favourable cases are, for instance, particles of Ge 
in SiC17, Fe particles in Ge18 or particles of metal oxide, 
carbide or nitride by implantation of O, C, N in a metal19–21, 
because the compound lattice is generally built by inser-
tion of the metalloid atoms in the host matrix.  
 The nature of the precipitated phase obtained by dyna-
mic annealing at temperature Ti or implantation at low 
temperature Tj followed by annealing at same temperature 
Ti is often different, if the matrix undergoes a recrystalli-
zation between Tj and Ti (refs 22–24). Many papers con-
cern the synthesis of particles of noble metals, Ag, Au or 
Cu or their alloys because of their interesting surface 
plasmon resonance25,26. Figure 6 shows a TEM picture of 
Ag particles in silica matrix synthesized by implanta-
tion27 of Ag ions at fluence of 1.6 × 1016 ions/cm2. The 
Ag concentration at the mean range of implanted ions is 
of 5 at.%. There is always a broad size distribution of 
particles formed by ion implantation because of the depth 
gradient of the implanted atoms. In the case of silica  
implanted with Ag ions, this problem gets worse with the 
increasing fluence. As a consequence of the variations in 
size and in interparticle distances with depth affecting the 
mutual polarization of the particles, the surface plasmon 
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resonance of such a system becomes broader with the  
increasing concentration of implanted atoms. 

Limitations and possible solutions 

The synthesis of nanoparticles by ion implantation poses 
mainly three problems. First, when ions are implanted at 
low energies, their depth profile intersects the surface so 
that incoming ions sputter previously implanted ones. 
When the fluence is increased, the concentration of im-
planted element saturates. Next, if the ions are implanted 
at higher energies (to overcome problem of sputtering of 
implanted atoms), the duration of the implantation may 
be prohibitive because the concentration at the mean 
range decreases in inverse proportion to the profile width, 
which varies almost in proportion to the ion energy.  
Finally, the size distribution of the formed particles is not 
uniform due to the concentration depth gradient of  
implanted atoms.  
 Some efforts are made to achieve a narrower size dis-
tribution in nanoparticles synthesized via implantation by 
performing a subsequent irradiation with SHI then an-
nealing. The underlying idea is that each SHI produces 
defects over a certain diameter which will help to limit 
atomic diffusion to the same region during annealing. The 
formation of Si nanoparticle with a narrower size distri-
bution in silica implanted with Si ions has been reported 
by Mohanty et al.28. One can also perform implantations 
at different energies to achieve a more uniform concen-
tration of implanted atoms.  

Synthesis of nanoparticles by ion beam mixing 

The basic mechanisms involved in mixing of multilayers 
by ions in ballistic regime are collision cascades, recoil 
 

 
 
Figure 6. TEM images show Ag nanoparticles synthesized by ion 
implantation with (a) 1016 and (b) 1017 Ag/cm2 of 150 keV. For the flu-
ence of 1016 atoms/cm2 (a), the size of the formed clusters is quite uni-
form with a mean value of 1.4 nm and a standard deviation of 0.5 nm. 
For the fluence of 1017 atoms/cm2 (b), the frequency of clusters de-
creases monotically with increasing size, ranging from 2 to 20 nm. The 
arithmetic mean is 9 nm (ref. 27).  

implantation and radiation enhanced diffusion. This bal-
listic mixing can lead to the formation of nanoparticles in 
non-miscible systems such as layers of noble metals  
embedded in matrices made of Si, SiC, SiO2, Al2O3 and 
other ionic insulators29,30. In these systems, the radiation 
enhanced diffusion of metal atoms, displaced by cascades 
leads to a spheroidization of the metal layer for minimiz-
ing the interface energy. In addition, the metal atoms 
which are displaced by recoil implantation at too large 
distances for returning to the surface of these ‘macropar-
ticles’ form satellite particles with smaller size31 arranged 
in a concentric halo around the central ‘macroparticle’ 
(Figure 7), contrary to the case of implantation (Figure 
6). This particular arrangement leads to a screening of  
dipolar interaction between the macroparticles: the 
spherical halo of nanoparticles acts on the local electric 
field as a uniform charge distribution ρ at the surface of a 
sphere32. 

Nanostructuring under the effect of electronic  
excitations 

Formation of C nanodots in polymers  

Molecular solids are highly sensitive to ionizing radia-
tions of any type. The interest of using ion beams for cre-
ating radicals and subsequent chemical transformations 
lies in (i) the much higher radiolytic efficiency of ions33,34 
and (ii) in localizing the chemical transformation within 
narrow cylinders. Ions induce a more selective release of 
H from molecules than electrons or photons, resulting in 
more localized crosslinking of the bonds and collapse  
of the molecular structure into an amorphous network of  
a-C : H. 
 

 
 
Figure 7. TEM (cross sectional) images of metal nanoparticles 
formed by ion beam mixing of a SiO2/Ag 8 nm/SiO2 film ion beam 
mixed with 1.6 × 1016 Au ions. Dual distribution of particles (formed 
by spheroidization of the layer and by recoil implantation) is clearly 
visible. Large size particles are surrounded by small size particles30. 
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 In the case of inorganic polymers and gels (polymers 
with disordered chains formed from solutions of organic 
precursors like alkoxides), consisting of metal–oxygen or 
metal–carbon chains with organic side groups, irradiation 
with ions of any energy induces the segregation of C from 
organic groups into clusters. When the concentration of  
organic group and irradiation fluence are limited, the 
clusters do not grow too much so that they are semicon-
ducting and exhibit confinement. It is worth noting that 
atomic collisions play no role in all these transformations 
(H release, crosslinking and C segregation) and their 
yield is directly proportional to the integrated amount of 
electronic excitations35. Figure 8 shows the C nanodots 
formed by irradiation with 3 MeV Au ions of a gel with 
composition [Si(CH3)(H)-0-]n derived from methyltrieth-
oxysilane (Si(CH3)(OC2H5)4). Images of the C distribu-
tion in a cross-section of the film were obtained36 by 
energy filter TEM. In this case, the C clusters are ran-
domly scattered in the film because the used ions also 
underwent nuclear collisions deviating from their trajec-
tories. 
 In the case of irradiation with swift ions, having a 
straight path in the material, the C clusters become 
aligned in strings37. Raman analyses show however that, 
whatever their arrangement and percolation in tracks, the 
C clusters exhibit a noticeable degree of sp3 hybridiza-
tion, while percolation should increase the proportion of 
sp2 bonds taking into account the known effect of the 
cluster size on the probability of graphitic loops38. C clus-
ters are also formed in films of same nature by annealing 
in vacuum but they are made of turbostratic graphite.  
 Whatever the condition of irradiations, the clusters 
have comparable sizes for a given local density of trans-
ferred energy Seφ (where Se is the stopping power and φ 
the fluence). They are sufficiently small for exhibiting an 
excitonic confinement and they emit a yellow green  
 
 

 
 
Figure 8. EFTM picture of carbon clusters aligned in track after irra-
diation of MTES by 3 MeV Au ions at a fluence of 1015 ions/cm2 (ref. 
36).  

luminescence, in contrast to the more graphitic particles 
formed during heat treatments. The emission peak shifts 
to the red with increasing irradiation fluence, due to the 
particles growth, and the luminescence yield shows a 
maximum for a given value of Se × φ, beyond which the 
luminescence is quenched as excitons show no more con-
finement. Beside interesting optical properties, the irradi-
ated films have 2–3 times higher hardness than that of 
heat-treated films, as shown by nanoindentation tests. 
The hardness of irradiated polycarbosilanes reaches that 
of bulk SiC. 
 Similar results have been obtained in several Si-based 
gels and polymers. For instance, C nanowires37,38 have 
also been found in SHI irradiated organic polymers by 
Shu Seki et al.39. 

Precipitation of metal particles in gels and oxides 

When metallic ions Mn+ are introduced in gels from 
triethoxysilane (in the form of salts), ion irradiation in-
duces an oxidation–reduction process of these ions by the 
Si atoms with dangling bonds resulting from the radioly-
sis of Si–H bonds, instead of the formation of Si parti-
cles35,39. A threshold amount of energy is required to 
reduce sufficient M atoms in order to form stable nuclei. 
When the incident ions have a low electronic stopping 
power, an overlap of the tracks is needed and the precipi-
tation kinetics obeys the same Poisson law as that of Gib-
bons model40 for the formation of amorphous clusters in 
semiconductors within ballistic regime. Their size distri-
bution remains very narrow as long as the source of metal 
ions in solid solution is not exhausted and the mean value 
can be as small as 2 nm41.  
 In other metastable systems such as silicate glasses 
containing Ag or Au solute atoms, a single ion impact is 
needed to form a stable nuclei even with He ions of a few 
MeV with an electronic stopping power of the order of 
30 eV/A (ref. 42). Therefore the precipitation kinetics is 
in this case simply a linear function of the transferred en-
ergy Seφ  per unit length. The example of the precipita-
tion of Ag particles in a sodalime glass by He ions is 
shown in Figure 9. The interesting characteristics of the 
particles formed is again their narrow size distribution 
and mean size (0.5–2 nm), compared to that obtained by 
annealing treatments at high temperatures of same mate-
rials. 
 Energetic ions deposit enough energy for reducing Fe 
ions in Fe–silica system43. The solubility of Fe in silica 
films grown by low-temperature processes such as mag-
netron sputtering (involving the deposition of atoms with 
low kinetic energies), is so high that only 2 at.%, Fe is 
precipitated in films containing an overall concentration 
of 14 at.% Fe. Irradiation with SHI, such as for instance 
100 MeV Au, proves to be more efficient than a thermal 
treatment at high temperature under Ar : H2 atmosphere 
for reducing the Fe ions, since a reduction yield of 
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12 at.% in a film, containing 14 at.% Fe is achieved as 
against 4.5 at.% by annealing at 900°C. Beside their nar-
row size distribution obtained by the SHI irradiation in 
such systems, another interest is their alignment along the 
ion beam direction44. Such a structure is attractive for the 
perpendicular magnetic recording. 

Precipitation of Si nanoparticles in Si suboxide 

Thin films of SiOx were irradiated with SHI45, as a result 
of which the formation of Si nanocrystals was observed. 
The precipitation of Si nanoparticles was investigated on 
basis of the photoluminescence properties and TEM ob-
servations. It is expected that irradiation causes the evo-
lution of oxygen from the film and a phase separation 
changes the system into Si nanocrystal and a more 
stoichiometric SiO2 matrix. This is an interesting example 
of phase separation of Si and silica under dense electronic 
excitation due to reduction process.  

Creation of carbon nanowires in fullerene 

Fullerenes are almost as sensitive as polymers to irradia-
tion of any nature and undergo similar transformations of 
crosslinking and amorphization. Therefore one may  
expect that isolated tracks in fullerenes constitute conduct-
ing path in an insulating matrix, if the disordering is con-
tinuous and the degree of sp2 hybridization is large 
enough. Indeed, SHI irradiation of a fullerene film leads 
to local increase of conductivity, evidenced by AFM  
 

 
 

Figure 9. Optical absorption spectrum of Ag nanoparticles induced 
by 3 MeV He ion irradiation at a fluence of 1 × 1016/cm2 in a glass ex-
changed for 2 days in a bath containing 0.04 mol% AgNO3 (continuous 
line). The spectrum has been corrected for the absorption of defects in 
the matrix shown by dashed line. The dotted line is a simulation for 
isolated particles based on Mie theory, for a particle size of 1.075 nm 
in a matrix with refractive index of pure silica42. 

imaging in conducting mode. Figure 10 shows the con-
ducting paths observed46,47 in a film irradiated with 
120 MeV Au ions at a fluence of 6 × 1010 ions/cm2. The 
number of conducting paths is less than the ion fluence, 
indicating that some paths are interrupted. The threshold 
voltage for recording an electric signal decreases with the 
increasing ion mass and stopping power and the conduct-
ing paths diameter increases. These characteristics are all 
in agreement with the fact that a threshold of electronic 
energy transfer is required for promoting a transforma-
tion. When the linear density Se is slightly lower than the 
threshold value, clusters of transformed matter are scat-
tered along the ion path, and when it is higher, the trans-
formed volume becomes a continuous cylinder. Now the 
increase in the diameter of conducting channels and the 
diode-like shape of the current-voltage curve are ascribed 
to the dual nature of the transformation occurring in the 
tracks. Vibrational spectroscopies put into evidence a  
polymerization of the fullerene at low ion fluences, van-
ishing as tracks overlap for being replaced by the forma-
tion of amorphous carbon. We attribute the conductivity 
in isolated tracks at low voltage as due to variable range 
hopping between amorphous carbon clusters formed in 
the tracks core and the steep increase of the conductivity 
at higher voltages to a contribution of polymerized phase 
formed in the tracks halo. Anyway, the diameter of the 
conducting channels can be tuned by choosing the mass 
and energy of the ions and they constitute efficient fields 
emitters48. 

Etched tracks and nanoripples as templates for  
nanostructures 

The modified zone in the ion tracks, especially in poly-
mers, can be chemically etched out preferentially to obtain 
a chosen areal density of nanopores from a single one to a 
few 1011/cm2 and with controlled diameters depending on 
membrane nature and ion stopping power. These track 
etched porous membranes can then be used as filters and 
sensors when functionalized by grafting other molecules 
inside or as templates to grow nanocylinders or nanotubes 
of desired materials, for controlled drug release, etc.49–54. 
Figure 11 shows the nanometer size ripples55 formed at 
the surface of a NiO film on different substrates, irradi-
ated at glancing angle by SHI at LN2 temperature. The 
formation of such ripples is attributed to a dewetting of 
NiO with the Si and thermally grown silicon oxide on Si 
substrates55,56. These ripples can also act as templates for 
growing nanowires on the surface. 

Modification of nanoparticles under dense  
electronic excitation 

Little is known of the dissipation mechanism of the  
energy deposited by ions in composite materials. Simula-
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Figure 10. a, Conducting AFM image of the swift heavy ion (SHI) irradiated thin fullerene film. b, The fullerene film 
on substrate having the ion tracks created by SHI irradiation. The ion tracks are conducting due to the transformation of 
fullerene in conducting carbon46.  

 
 

 
 

Figure 11. Ripples in NiO, obtained by 100 MeV Ag ion irradiation at glancing angle at liquid nitrogen temperature are shown here. 
 
tions of thermal spikes have been undertaken recently for 
nanoparticles embedded in a matrix44. It has been shown 
that, when the nanoparticles are made of a metal with a 
relatively low melting point and a good thermal conduc-
tivity and the matrix is a refractory insulator, the heating 

of the matrix facilitates the particle melting, whereas the 
bulk metal is known to remain unaffected under ion irra-
diation in same conditions. The simulations show that 
particles of Ag or Au are melted more easily than Fe par-
ticles of comparable size embedded in a silica matrix and 
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that all the more as they are small. When the particles 
have a size comparable to the diameter of the track in the 
oxide, they show an overheating at their periphery, liable 
to explain some of the experimental results reported in 
the next section. 
 An experimental investigation of these phenomena was 
undertaken at IUAC for correlating changes in noble 
metal silica nanocomposites to such calculations. Some 
structural modifications at the nanometric scale induced 
by SHI irradiation, are discussed57. 

Change of size and shape of Au and Ag  
nanoparticles under SHI irradiation 

Au nanoparticles grown in teflon matrix by tandem ther-
mal deposition (sequential deposition of thin Au and 
polymer layers), do not have spherical shape as evidenced 
by TEM observations. Films deposited directly on TEM 
grids were irradiated by 100 MeV Au ions at different 
fluences. It was observed58 that the shape of particles  
became more spherical and their size grew with fluence. 
The spheroiddization of the particles seems to corrobo-
rate the occurrence of transient melting. The average size 
of the nanoparticles, of about 9 nm before irradiation,  
became around 14 nm after irradiation. Therefore, it  
appears that the particles coalesce together to form bigger 
particles under SHI irradiation. Similar experiments were 
conducted on teflon films containing Ag nanoparticles. A 
quite different behaviour was observed compared to the 
case of Au nanoparticles, since a slight reduction of the 
particle size was observed instead and a loss of Ag atoms 
contained in the films was also evidenced by RBS. The 
latter fact indicates clearly the occurrence of electronic 
sputtering, for Ag nanoparticles in silica and it was not 
observed for Au particles in the same matrix59. Neverthe-
less, the occurrence of electronic sputtering for Au parti-
cles embedded in silica has been reported in another 
study60. On the other hand, surprisingly high sputtering 
yields were measured for very thin Au films on float 
glass under SHI irradiation61.  
 In another series of experiments, in situ X-ray diffrac-
tion (XRD) was used to take the snapshots (Figure 12) of 
the growth of the Au particles in silica matrix62 from an 
average diameter of 4–9 nm under irradiation by 90 MeV 
Ni ions. Such a growth could be observed only for parti-
cles with an initial size smaller than the diameter of 
tracks and a high volume fraction (around 15%). When 
irradiating Au nanoparticles with a same volume fraction 
but larger sizes (mean diameter 12 nm) another pheno-
menon was observed, consisting in an asymmetric growth 
(along the beam direction) of some of the particles at the 
expense of smaller ones63. Figure 13 gives a cross-
sectional TEM picture of the irradiated Au–silica nano-
composite, showing the elongation of Au nanoparticles 
along the beam direction. A similar elongation was found 

for Ag nanoparticles with comparable mean size and  
volume fraction44. In both cases of Au and Ag nanoparti-
cles, the elongation of the particles has an important im-
plication for their surface plasmon resonance (SPR). 
Because of the larger value of the polarizability of parti-
cles parallel to their long axis, the SPR is shifted to red 
when the electric field of incident light is polarized paral-
lel to the projection of the ion beam in the surface plane, 
SPR is shifted to the blue. The SPR absorption shows a 
dichroism of technological interest for light filters and 
waveguides.  
 A similar splitting of SPR is obtained by aligning the 
particles along the beam direction. This type of transfor-
mation has been observed for other filling factor (about  
6 vol%) and size of Ag nanoparticles (varying from  
2 to 15 nm) in a silicate glass, together with other  
 
 

 
 
Figure 12. Ripening of Au particles in silica matrix (with 19 at.% 
metal fraction) by 90 MeV Ni irradiation as observed by in situ XRD, 
is shown here62. 
 
 

 
 
Figure 13. Cross-sectional TEM pictures show the Au nanoparticles 
in pristine and irradiated Au–silica nanocomposite63. 
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bombardment conditions64. Now while irradiating still 
smaller particles (diameters of 0.25–2 nm) with low  
volume fractions (1–5%) by Ag or Au ions of 100 MeV, 
we observed a dissolution of the particles, indicating that 
the quenching rate from the melt after thermal spikes is 
so fast that Ag atoms do not find time for gathering into 
fresh nanoclusters despite their low solubility in silicate 
glasses42. When using ions of quite low energies  
(1–3 MeV) for irradiating the same films, the growth of 
these small particles was evidenced by the sharpening of 
their SPR peak. Since such ions produce no spike, the 
growth was attributed to the ionization of Ag atoms  
located at the surface of Ag clusters followed by their 
migration until a new interface to precipitate was found. 
Statistically, this process contributes to the ripening of 
particles with a lower surface/volume ratio. 
 The irradiation of Au nanoparticles with thick silica 
shells (a colloid deposited on a surface) gave the interest-
ing result that the silica shells get flattened, perpendicular 
to the incident ion direction, whereas the Au particles  
became elongated along the ion beam direction65. The 
flattening of the silica particles was an ideal case of the 
hammering effect of ions on amorphous targets at very 
high fluences modelled by Klaumünzer66. It consists of 
some kind of viscoelastic flow of the material leading to 
an increase of density parallel to the ion beam direction 
or in the jargon of glasses specialists, a redistribution of 
the free volume which constitute the partial point defects 
in amorphous solids. The silica material during its expan-
sion causes a pressure to the Au particle squeezing it in a 
plane perpendicular to the ion beam, provided that the ra-
tio of silica over Au radii in the core-shell colloid is large 
enough. 

Effect of SHI irradiation on nanoparticles of  
magnetic transition metals in silica 

Normally the magnetization of a thin film parallel to the 
surface is easier than in a film perpendicular to it because 
of the shape anisotropy: the hysteresis M(H) curves are 
more squared and residual magnetization under zero ap-
plied field is larger parallel to the surface. For application 
in magnetic recording with high density, an easy axis of 
magnetization perpendicular to the surface is desirable. It 
has been shown that this could be achieved for silica 
films embedded with small Fe particles (mean diameter 
7 nm) with a low volume fraction (7%) by irradiation 
with SHI43,67. This was explained on the basis of the 
stress exerted on the nanoparticles by the matrix, due to 
the hammering effect of SHI on amorphous targets dis-
cussed earlier. Indeed no alignment of the Fe nanoparti-
cles nor the formation of Fe nanowires, modifying the 
shape anisotropy was observed by TEM. This change in 
the orientation of easy magnetization is put into evidence 
more easily by means of electron spin resonance (ESR) 

than by magnetization tests, since in ESR experiments the 
angular dependence of the magnetization under zero ap-
plied field is determined easily and given by well-known 
equations. The resonance field is minimum parallel to the 
easy axis, which is parallel to the surface in pristine films 
and becomes perpendicular to it after irradiation with 1013 
Au ions of 100 MeV as shown in Figure 14 for a silica 
film containing 3 vol% of super paramagnetic Fe 
nanoparticles with a size of ~5 nm. Similar out of plane 
magnetic anisotropy was induced by SHI irradiation for 
particles of FePt L10 with comparable sizes and volume 
fractions68. It was attributed to an elongation of the 
nanoparticles along the beam direction.  
 The effect of swift ions on magnetic metals in solid  
solution or in the form of particles in same silica matrix 
depends on the content of magnetic metal and initial size 
of particles in pristine films. The magnetic transition 
metals are much more soluble in silica and glasses than 
noble metals, and thin films deposited by co-evaporation 
or sputtering with as high atomic contents of Fe as 10% is 
in solid solution in SiO2 : Fe. It has been shown that ion 
irradiation of such films is more efficient than thermal 
treatments at high temperatures (over 900°C) under re-
ducing atmosphere for promoting a reduction and precipi-
tation of Fe in silica films59,66–68. When the metal is 
already precipitated (for metal volume fraction is larger 
than 10%), SHI irradiation does not affect the magnetiza-
tion anisotropy by magnetostriction. However, a strong 
increase of coercivity is recorded when the external field 
is applied parallel to the surface. 
 

 
 

Figure 14. Plot of variation of the electron spin resonance (ESR) 
field as a function of the angle ϕ between the field and the surface, is 
shown, for silica containing 7 at% Fe irradiated with 100 MeV Au ions, 
at fluences indicated in the frame (n.i. is for non irradiated). The tilt of 
easy magnetization axis (corresponding to the minimum field) is shown 
with ion fluence67. 
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Figure 15. Sketch shows the role of ions in different energy regimes in nanostructuring the 
materials. Se and Sn represent (dE/dx)e and (dE/dx)n respectively. 

 
 
Other systems 

There have also been studies of the effect of SHI irradia-
tion on nanoparticles of copper oxide and ZnS in silica, 
showing the capability of modifying the particle size and 
distribution by SHI irradiation69,70. More experiments and 
simulations are required in the case of semiconducting 
particles in silica or other insulating matrices. 
 From the experiments discussed in various sections, it 
is evident that the energetic ions may play a crucial role 
in synthesizing nanostructures (discussed from the second 
sections onwards) as well as in modifying the nanostruc-
tures in different energy regimes (discussed in this section) 
as shown in Figure 15. The applications of focused ion 
beams of a few tens of keV, a new emerging tool in crea-
tion of nanostructures is not covered in this article. 

Conclusion 

The applications of ion beams in different energy regi-
mes, to create or modify nanostructures was discussed on 
basis of a large number of experiments, most of which are 
performed at IUAC and CSNSM. Atom beams of few 
keV can be used to synthesize nanocomposites or to cre-
ate ripples at the surface. The implantation and ion beam 
mixing with a few hundred keV ions are useful for  
obtaining buried nanoparticles. Irradiation with SHI of  

polymers or fullerenes were shown to produce precipita-
tions of carbon nanoparticles and nanowires. The modifi-
cation of the size and shape of metal nanoparticles in an 
insulating matrix has been discussed in terms of thermal 
spikes and hammering effects. 
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