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O1 
On the Role of Kinetics in the Disordering and Reordering of Pyrochlores during Irradiation 
Blas Uberuaga, Los Alamos National Laboratory, US 
Chao Jiang, Los Alamos National Laboratory, US 
Christopher Stanek, Los Alamos National Laboratory, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
Chris Scott, Loughborough University, GB 
Roger Smith, Loughborough University, GB 
 
keywords: Fundamentals and Modeling; Defects Production; Oxides: Ceramics; Defect Annealing; Disorder 
 
The processes occurring during the irradiation of a material are highly non-equilibrium in nature, representing a 
competition between defect creation and recombination.  While the ultimate state of the material depends on the 
thermodynamic stability of the various possible phases available to the material, the kinetics of defects will determine 
if and how the material can reach those thermodynamic states.  Much work has focused on the thermodynamics of 
complex oxides, including the formation of defects and of disordered and amorphous phases.  However, the role of 
kinetic processes has been relatively neglected, though recent work [Chartier, et al, PRL 102, 155503 (2009)] has 
highlighted the possible role of kinetic recovery in the radiation tolerance of pyrochlores.   
In this presentation, we examine the role of kinetic processes in both the formation of damage and the subsequent 
annealing of that damage in pyrochlores.  Using density functional theory, molecular dynamics, and accelerated 
molecular dynamics, we investigate how the nature of the defects produced during irradiation depends upon the 
irradiation conditions and chemistry of the pyrochlores and how the recovery from that damage also changes as the 
pyrochlore chemistry is changed. 
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O2 
Predicted Structure and Stability of A4B3O12 delta-phase Compositions 
Chris Stanek, Los Alamos National Laboratory, US 
Chao Jiang, Los Alamos National Laboratory, US 
Blas Uberuaga, Los Alamos National Laboratory, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
Robin Grimes, Imperial College London, GB 
 
keywords: Atomic Scale Simulation; fluorite derivative structure; structure stability 
 
A combination of atomistic simulation techniques has been employed to predict ordered structures for a series of 
A4B3O12 d-phase compounds, where A is a 3+ cation ranging in size from Sc

3+
 to Ho

3+
 and B is a 4+ cation ranging from 

Ti
4+

 to Zr
4+

.  Experimentally, a fully-ordered cation structure has yet to be resolved for any of these compounds. 
 Monte Carlo energy minimization calculations using short-range pair potentials identified three low energy 
arrangements of A

3+
 and B

4+
 cations.  The details of these three structures were analyzed with the layer motif method. 

To quantitatively determine the d-phase structure of each composition, the three configurations were re-evaluated 
with density functional theory. We also used special quasirandom structures to compare the ordered low energy 
configurations to cation disorder. For all compositions considered, we found that at least one of the three ordered 
structures is lower in energy than the disordered structure, suggesting the thermodynamic stability of an ordered 
phase. Of the three ordered structures identified by this approach, one has not been identified previously in the 
literature for any composition. In addition, we discuss the stability of d-phase compounds with respect to other ABO4-

x" fluorite derivative compositions and predict the structure of compositions for which none has been reported.  
Finally by considering the complete stability map of these fluorite derivative oxides and defect energies we are able to 
suggest which are likely to be more radiation tolerant.  Such results are considered in the light of recent experimental 
data and hence suggestions are made as to which are candidates for further experimental investigation. 
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O3 
Accumulation of disordered zone in MgAl2O4 irradiated with swift heavy ions 
Kazuhiro Yasuda, Kyushu University, JP 
Motoki Etho, Kyushu University, JP 
Shinji Kawasoe, Kyushu University, JP 
Tomokazu Yamamoto, Kyushu University, JP 
Syo Matsumura, Kyushu University, JP 
 
keywords: Oxides; Swift-Heavy Ion; TEM 
 
Swift heavy ion irradiation induces ion tracks in MgAl2O4 when the value of electronic stopping power, (dE/dX)e, is 
higher than ~10 keV/nm. High angular resolution electron channeling x-ray spectroscopy (HARECXS) analysis using 
transmission electron microscopy has detected the formation of disordered zone, along the isolated ion tracks in a 
widespread region of 10 nm in diameter, in which Al and Mg cations occupy tetrahedral (IV) and octahedral (VI) sites 
randomly. This paper describes accumulation of disordered zone in MgAl2O4 irradiated with 200 MeV Xe or 340 MeV 
Au ions at ambient temperature up to higher fluence. At fluence higher than 10

16
 ions/m

2
, individual traces of ions 

were not observed with diffraction contrast, whereas the specimen does not undergo to the amorphous state even at 
1x10

17
 ions/m

2
 with 200 MeV Xe ions. The HARECXS profile of a specimen irradiated with 340 MeV Au ions to 2.5x10

16
 

ions/m
2
 shows less dependence with electron beam direction, indicating the accumulation of point defects and 

extended defects, such as dislocation loops in the specimen. The analysis suggests that cations preferentially occupy 
octahedral sites over the specimen at this fluence where the disordered zone overlaps plural times in average. 
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O4 
Phase transformation of ZrO2 induced by ion irradiation at high pressure 

Beatrice Schuster, GSI Helmhotzzentrum für Schwerionenforschung, DE 
Maik Lang, University of Michigan, US 
Reinhard Neumann, GSI Helmholtzzentrum für Schwerionenforschung, DE 
Christina Trautmann, GSI Helmholtzzentrum für Schwerionenforschung, DE 
 
keywords: Swift-Heavy Ions; Zirconia; Phase Transition; High Pressure 
 
Zirconia (ZrO2) is a commonly used ceramic known for its high thermal and mechanical resistance and its excellent 
radiation hardness. Exposure to swift heavy ions at ambient conditions showed that ZrO2 transforms from monoclinic 
to its high-temperature polymorph (tetragonal) if the fluence exceeds values of about 5×10

12
 Pb- or U-ions/cm

2
, or 

correspondingly higher fluences for lighter ions [1].  
This report describes phenomena observed when performing novel irradiation experiments which allow the exposure 
of pressurized samples to swift heavy ions. The pressure is applied by using a diamond anvil cell (DAC), in which the 
sample is squeezed in between two 2-3 mm thick diamonds. Irradiations were performed at the heavy-ion 
synchrotron SIS of GSI where the kinetic energy of the ions is sufficiently large (~200MeV/u) to completely pass 
through the first diamond. 
Recent experiments showed that irradiations at pressures between 11 and 13 GPa induce the transition from the 
monoclinic to the tetragonal phase already at a fluence as low as ~2×10

11
 Pb/cm

2
 [2]. For irradiations at even higher 

pressure (20-30 GPa), we were able to quench the second high- pressure phase (orthorombic II) to ambient 
conditions. This phase appeared to be metastable for it transformed to the tetragonal high-temperature phase after 
exposure to the Raman laser light.  
Perspectives of high-pressure irradiations are discussed, emphasizing their role as a powerful trigger for 
transformations into the high-pressure and/or high-temperature phase which normally cannot be stabilized to 
ambient conditions. 
 
 
[1] A. Benyagoub, Phys. Rev. B, 72, 094114 (2005). 
[2] B. Schuster, M. Lang, R. Klein, C. Trautmann, R. Neumann, A. Benyagoub, Nucl. Instr. Meth. B, 267, 964 (2009). 
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O5 
Defects And Swelling Induced In Yttria-Stabilized Zirconia By Swift Heavy Ion Irradiations 
Jean-Marc Costantini, CEA/Saclay, FR 
 
keywords: Defects Production; Oxides: Ceramics; Swift-Heavy Ions 
 

Cubic zirconia (ZrO2) is considered as a suitable refractory host (Tm3000 K) for actinide confinement used for 
transmutation or high-temperature reactor projects. Until recently, literature data on radiation damage of this 
material was rather limited concerning damage induced with heavy ions in the electronic slowing down regime. Point 
defects due to pure electronic excitations were mainly investigated with energetic photons [1, 2]. In our extended 
study, we investigated point defect creation in yttria-stabilized zirconia (ZrO2: Y) exposed to various heavy ions (from C 
to U) covering an energy range from 100 MeV to several GeVs. The results from optical absorption spectroscopy and 
electronic paramagnetic resonance spectroscopy [3-6] are reviewed with special emphasis on the respective roles of 
elastic collisions and electronic excitations. Also ion-induced swelling (out-of-plane expansion) [7], which is an 
important issue for nuclear applications, will be addressed in this review.  
  
References: 
[1] V. M. Orera, R. I. Merino, Y. Chen, R. Cases, and P. J. Alonso, Phys. Rev. B 42, 9782 (1990). 
[2] C. B. Azzoni, and A. Paleari, Phys. Rev. B 44, 6858 (1991). 
[3] J. M. Costantini, F. Beuneu, D. Gourier, C. Trautmann, G. Calas, and M. Toulemonde, J. Phys.: Condens. Matter 16 
(2004) 3957. 
[4] J. M. Costantini, and F. Beuneu, Nucl. Instr. and Meth. B 230 (2005) 251. 
[5] J. M. Costantini, and F. Beuneu, J. Phys.: Condens. Matter 18, 3671 (2006). 
[6]  J. M. Costantini, and F. Beuneu, Phys. Stat. Sol. (c)  4 (2007) 1258. 
[7] J. M. Costantini, C. Trautmann, L. Thomé, J. Jagielski, F. Beuneu, J. Appl. Phys. 101 (2007) 073501. 
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O6 
Ion beam enhanced crystallization of sol-gel grown TiO2 films 
Michael Nastasi, Los Alamos National Laboratory, US 
 
keywords: sol gel; irradiation; epitaxial growth 
 
  Titanium dioxide films, especially anatase films, have been extensively explored for the potential applications of solar 
energy conversion devices or photocatalytic decomposition of pollutants.  The key property that determines the 
performance of anatase films in these applications is charge carrier transport, which is determined by the mobility of 
films; this in turn is critically dependent on the crystal quality in thin film.  Therefore, a great amount of research 
interests have been place on developing new sysnthesis methods to improve the crystal quality of anatase TiO2 films. 
  Our recent work in this area has shown that ion irradiation can be used to dramatically influence the epitaxial growth 
of sol-gel grown anatase TiO2 films by reducing the crystallization and epitaxial grow temperature and increasing film 
density. We observe that exposing sol-get TiO2 to an Ar ion irradiation (300 keV, 3x10

15
/cm

2
) at 350 

o
C produces 

epitaxial TiO2 films whose crystal quality, as determined by x-ray diffraction and TEM, is comparable to films processed 
with thermal annealing only 800 

o
C.  An increase in the ion irradiation temperature to 500 

o
C resulted in films with 

superior crystal quality than obtained by thermal annealing at 800 
o
C.  The thermally process films were observed to 

contain pores, which were not present in the ion beam processes films.  The ion beam process films were found to be 
approximately 40% more dense than the thermally processed film.  These results clearly show that the ion irradiation 
offers a unique opportunity for the low temperature synthesis of high quality anatase TiO2 films.   
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O7 
Damage recovery and optical activity of Europium implanted wide gap oxides 
Eduardo Alves, Instituto Tecnológico e Nuclear, PT 
Teresa Monteiro, Departamento de Física e I3N, Universidade de Aveiro, PT 
Carlos Marques, ITN, PT 
Luís Alves, ITN, PT 
Marco Peres, Departamento de Física e I3N, Universidade de Aveiro, PT 
 
keywords: Oxides, Ion implantation, Optical activity, Defect annealing 
 
Wide band oxide compounds are considered ideal laser host materials for rare earth ions. In this study we compare 
and discuss the defect and optical behavior of sapphire and magnesium oxide single crystals implanted at room 
temperature with different fluences (1×10

15
 to 1×10

16
 cm

-2
) of Europium ions. Rutherford backscattering-channeling 

(RBS-C) shows that for fluences above 5x10
15

 cm
-2

 the implantation damage profile obtained from the channeling 
spectra reaches the random level. This result indicates a surface region with high disorder level in the Al-sublattice. 
Implantation damage recovers fast for annealing in oxidizing atmosphere but even for the highest fluence we recover 
almost completely all the damage after annealing at 1573 K, independently of the annealing environment (reducing or 
oxidizing). The annealing above 1273 K promotes the formation of Eu2O3 in the samples with higher concentration of 
Eu. Both detailed angular scans and x-ray diffraction show the alignment of the (111) plane of the cubic Eu2O3 phase 
with the matrix. The optical activation of the rare earth ions at room temperature was observed after annealing at 
1073 K by photoluminescence and ionoluminescence. The only exception was found for the sample implanted with 
the 1×10

16
 cm

-2 
annealed in reducing atmosphere. The results clearly demonstrate the possibility to get Eu 

incorporated in regular lattice sites and optical active with the best intra-ionic emission found for the samples 
implanted with 5x10

15
 cm

-2
. In Al2O3 lattice the highest intensity line of the Eu

3+
 ions corresponds to the electric dipole 

5
D0®

7
F2 transition that occurs ~616 nm. For the MgO samples the Eu

3+
 optical activation was also achieved after 

implantation with different fluences. Here, the lanthanide recombination is dominated by the magnetic dipole 
5
D0®

7
F1 

transition near by 590 nm commonly observed for samples were Eu
3+

 is placed in a high symmetry local site. 
In this work we will present and discuss the defect-RE interactions and its role on the optical behavior of the 
implanted samples combining the results obtained by different optical and structural techniques. 
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O8 
Effects of swift heavy ion irradiation on the structure of Er2O3-doped CeO2 
Baolin Zhu, Osaka Prefecture University, JP 
Akihiro Iwase, Osaka Prefecture University, JP 
Kazufumi Yasunaga, Kyushu University, JP 
Norito Ishikawa, Japan Atomic Energy Agency, JP 
Yuji Baba, Japan Atomic Energy Agency, JP 
Yoshihiro Okamoto, Japan Atomic Energy Agency, JP 
Norie Hirao, Japan Atomic Energy Agency, JP 
Hirotaka Ohno, Osaka Prefecture University, JP 
Yuki Tahara, Osaka Prefecture University, JP 
 
keywords: CeO2; Burnable poison; Swift heavy ion; lattice structure; XRD, XAFS 
 
To control the initial reactivity of UO2 fuel in light-water reactors, it is useful to dope some elements (so called 
burnable poison), which have a high neutron absorption cross section, into UO2 fuel. Gadolinium trioxide, Gd2O3, has 
already been used as burnable poison in actual nuclear fuel, and erbium trioxide, Er2O3, has also been proposed as 
another burnable poison. During a long-term reactor operation, nuclear fuel is subjected to the irradiation with high 
energy (around 100 MeV) fission products (FPs). Therefore, it is important for the nuclear reactor safety to study the 
effects of high energy FPs on UO2 fuel doped with burnable poison. 
   In the present experiment, in order to simulate the effects of high energy FP irradiation on burnable poison doped 
UO2, Er2O3-doped CeO2 pellets were irradiated with 200MeV Xe

14+
 ions at a tandem accelerator of JAEA-Tokai. As the 

lattice structure of CeO2 is the same as that of UO2, and the melting point and oxygen mobility of CeO2 is quite similar 
to those of UO2, CeO2 can be used as a simulation material of UO2. The changes in lattice constant by the Er-doping 
and the irradiation were measured by using X-ray diffraction (XRD) method. X-ray photoelectron spectroscopy (XPS) 
and X-ray absorption fine structure (XAFS) measurements were also used to estimate the effects of the irradiation on 
the lattice and electronic structures around Er atoms. The XRD spectra show the decrease in lattice constant and 
increase in full-width of half maximum (FWHM) after the Er2O3 doping. The effects of the irradiation appear as the 
increase both in lattice constant and FWHM. More importantly, the experimental result shows that the effects of swift 
heavy ion irradiation on the lattice constant and its FWHM of CeO2 become more remarkable with increasing the 
amount of Er2O3 in CeO2. The result of XPS and XAFS will also be discussed. 
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O9 
Basic Properties of Radiation-Induced Point Defects in Halides and Oxides 
Anatoli Popov, Max Planck Institute, Stuttgart, DE 
E. Kotomin, Institute of Solid State Physics, University of Latvia, LV 
J. Maier, Max Planck Institute, Stuttgart, DE 
 
keywords: Defects Production; Oxides: Ceramics; Oxides: Ionic Crystals 
  
The aim of this talk is to give a survey of recent studies of the (mostly) optical properties of  radiation-induced point 
defects in alkali and alkaline-earth halides,  simple oxides and some ABO3 perovskites. 
The following topics will be discussed in detail: 

1. The major differences in point defect production mechanisms in halides and oxides: excitonic mechanism and 
elastic collisions. Rabin-Klick diagram. The threshold energies for defect formation. Role of impurities. 

2. Optical properties of single F and F-aggregate centers and complementary hole centers. Mollwo-Ivey law for 
F-type centers in halides and oxides. Its extension for other  rock-salt structure insulators. 

3. Processes of the photo/thermal conversion/destruction of  electron- and hole centres in oxides : example of 
F

+
 <--> F photoconversion in oxides (MgO and Al2O3). Mechanisms of the F center annealing and metal 

colloid/nanocavity formation. Main differences between halides and oxides. 
4. Overview  of  the F-type centres in perovskites.  
5. Surface defects. 
6. Point defect migration in alkali halides and oxides. Similarities and differences. 

  
[1] E.A.Kotomin, A.I.Popov, Nucl. Instr. Meth. B 141, 1 (1998). 
[2] Yu. Zhukovskii, E.A. Kotomin, R.A. Evarestov, D.E.Ellis, Int. J. Quant. Chem., 107, 2956 (2007). 
[3] Yu. Zhukovskii, E.A. Kotomin, S. Piskunov, D.E. Ellis, Ferroelectrics, 378 (2009) 
[4] E.A. Kotomin, A.I. Popov, In: Radiation Effects in Solids, NATO ASI Science Series II. Physics, Chemistry and 
Mathematics (Eds. K. Sickafus and E.A. Kotomin), Vol. 235, p. 153-192. 
 
 
 
  



REI 2009 Oral 
 

 12 

O10 
The Relationship between Displacement Energy Threshold and Frenkel Pair Formation Energy in Ionic Systems  
Roger Smith, Loughborough University, GB 
Lanchakorn Kittiratanawasin, Loughborough University, GB 
Blas Uberuaga, LANL, US 
kurt Sickafus, LANL, US 
 
keywords: Fundamentals and Modelling; Ionic Crystals; 
 
Displacement energy thresholds (Ed) and Frenkel Pair formation energies (Fp) as a function of separation distance are 
calculated for MgO, SrO, NaCl, Dy2O3 and Er2O3 using classical molecular dynamics and fixed charge potentials. The 
results show a wide range of values for Ed, which for a given atomic species can vary by a factor of more than two 
depending on the direction in which the displaced particle is propagated.  The Frenkel pair formation energies are 
quite similar for the different atomic species within a crystal but vary by a large factor between the different 
compounds, (e.g. 3.6eV for Na and 4.2eV for Cl,  in NaCl, 13.4eV for Mg and 12.7eV for O in MgO). 
When Ed is just exceeded the resulting atomic structure usually consists of a single Frenkel pair or a rearrangement of 
atoms within the crystal onto different lattice sites with the occasional more complex defect structures. 
The direction of propagation which gives the highest and lowest values of Ed for different atoms in the same 
structures are partially but not fully correlated and there is a big variation in the average values of Ed between the 
different structures, (32eV in NaCl and 87 eV in MgO). 
The implications of the results and the relationship between Ed and Fp as a function of species and crystal structure is 
discussed. 
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O11 
First principles calculations of point defects in ABO3 perovskites 
Eugene Kotomin, Max Planck Institute, DE 
Yuri Zhukovskii, Institute of Solid state physics, Univ. of Latvia, LV 
Sergey Piskunov, University of Duisburg-Essen, DE 
Joachim Maier, Max Planck Institute for solid state, DE 
 
keywords: Fundamentals and Modeling; oxides; defetcs production 
 
ABO3-type perovskites continue to attract considerable attention due to numerous high tech applications. However, 
radiation defects affect materials properties. One of the most important defects is an oxygen vacancy with trapped 
electrons called also the F center. Detailed analysis of F center calculations in perovskites for both bulk and densely 
packed surfaces is summarized in our previous articles [1,2].  
We present here a comparative study of the F centers in three perovskites: SrTiO3 (widely used as a substrate for 
growth of high-Tc superconductors), PbTiO3 (actuators and sonar devices) and PbZrO3 (diagnostic material for 
radiation environment). We analyze how variation in A (Pb or Sr) and B (Ti or Zr) cations changes properties of pure 
materials and defects therein. First principles periodic defect calculations have been performed using the CRYSTAL-06 
code.  
The calculated band structures for three perovskites containing the F centers differ considerably. In PbZrO3 this is a 
deep defect, with the donor level close to the middle of the gap, 1.7 eV below the bottom of the conduction band. In 
contrast, in PbTiO3 and SrTiO3 titanates the F centers are shallow defects.  
We predict considerable defect segregation from the bulk to the surface. 
 
[1] J. Carrasco, F. Illas, N. Lopez, E.A. Kotomin, Yu.F. Zhukovskii, R.A. Evarestov, Yu.A. Mastrikov, S. Piskunov, and J. 

Maier, Phys. Rev. B73, 064106 (2006). 
[2] Yu.F. Zhukovskii, E.A. Kotomin, R.A. Evarestov, and D.E. Ellis, Intern. J. Quant. Chem. 107, 2956 (2007). (A review 

article) 
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O12 
Structure of swift heavy ion tracks and their use in nanocluster modification, studied with molecular dynamics 
Olli Pakarinen, University of Helsinki, FI 
Flyura Djurabekova, University of Helsinki, FI 
Kai Nordlund, University of Helsinki, FI 
Patrick Kluth, Australian National University, AU 
Mark Ridgway, Australian National University, AU 
 
keywords: Swift-Heavy Ions; Nanostructures in Insulators; Fundamentals and Modeling 
 
Swift heavy ion irradiation leaves a latent ion track around the ion path in many materials. In recent experiments, a 
previously unresolved fine structure in latent ion tracks in amorphous silica was found comprising a low-density core 
and a high-density shell, and was confirmed by molecular dynamics (MD) simulations [1]. 
To further study the effect of swift heavy ion tracks on material properties, we model track generation in several 
different materials by MD simulations to see if the density fine structure is visible in other materials than silica, and 
compare characteristics like track dimensions and formation threshold energies to available experimental values. We 
also model a high dose of irradiation by successive track generation by large-scale molecular dynamics simulations 
which open a direct view to the atomistic structure of materials under irradiation, and show how overlapping tracks 
change the material properties. 
Elongation or flattening of metal and semiconductor nanoclusters inside an insulating substrate has recently been 
demonstrated on several materials under swift heavy ion irradiation. The effect has been shown to be related to track 
formation properties of the substrate. We present large-scale MD simulations on Au and Ge nanocluster modification 
under swift heavy ion irradiation, showing how nanocluster and ion track dimensions affect the shape transformation, 
aiming for controlled formation of nanorods or disks with desired dimensions. 
 
[1] P. Kluth, C. S. Schnohr, O. H. Pakarinen, F. Djurabekova, D. J. Sprouster, R. Giulian, M. C. Ridgway, A. P. Byrne, C. 
Trautmann, D. J. Cookson, K. Nordlund, and M. Toulemonde, Phys. Rev. Lett. 101, 175503 (2008). 
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O13 
Modelling cascade events in uranium dioxide 
Clare Bishop, Imperial College London, GB 
Robin Grimes, Imperial College London, GB 
Dave Parfitt, Imperial College London, GB 
Blas Uberuaga, Los Alamos National Laboratory, US 
 
keywords: 
 
Radiation damage can significantly influence both the thermal and material properties of uranium dioxide. Cascade 
events are modelled in uranium dioxide using classical molecular dynamics simulations. The resulting cascade damage 
is analysed to determine the nature of the defect environments produced. Various effective pair potentials are 
invoked within the model including both full charge and partial charge models. As a result, we compare the defective 
environments created as a result of the differing potential models utilised. Temperature accelerated dynamics (TAD) is 
performed within the resulting defective regions of the radiation impaired uranium dioxide. An advantage of this 
technique is that we can probe longer timescales than are accessible by classical molecular dynamics. Consequently, 
we can further our insight into the defect migration processes that occur within uranium dioxide as a result of 
radiation damage. 
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O14 
Defect Production in Tin Doped Indium Oxide (ITO) Films Induced by 1 MeV Proton Bombardment 
G. Amolo, University of the Witwatersrand, ZA 
John Comins, University of the Witwatersrand, ZA 
T. Derry, University of the Witwatersrand, ZA 
 
keywords: Proton irradiation; ITO films; defetc annealing 
 
Indium oxide I2O3 is a wide bandgap n-type semiconductor having a direct optical bandgap of 3.75 eV. Indium tin oxide 
(ITO) results from substitutional doping with Sn. The resulting donor levels merge with the conduction band at 
sufficiently high dopant concentrations resulting in substantial conductivity [1]. ITO has high optical transparency and 
is thus amenable to conventional optical studies.  Irradiation of ITO films with 1 MeV protons with fluences ranging 
from 1x10

15
 to 250x10

15
 ions/cm

-2
 induces darkening over a broad spectral region similar to that observed in ion 

bombarded diamond and attributed to defect clusters [2].  The increases in the optical absorption coefficient in ITO 
thin films as a function of proton fluence show three stages of development.  The first stage involves relatively rapid 
growth, followed by a slow and near linear second stage of development and finally a third stage of increased growth. 
The growth processes are temperature dependent and the respective growth rates in each of the stages are reduced 
with increasing temperature of irradiation of the sample.  At the highest fluence of 250x10

15
 ions/cm

-2
 a 1/λ 

dependence of the irradiation-induced absorption with wavelength is observed, being consistent with the presence of 
defect clusters.  A model of defect creation involving the heterogeneous nucleation of defect clusters has been 
developed that satisfactorily accounts for the three-stage growth of the optical absorption and its temperature 
dependence.  X-ray diffraction studies show evidence of a strained lattice resulting from the proton bombardment as 
well as recovery after long period storage. The effects are attributed to defect annealing.  
 
1.  I. Hamberg and C.G. Grandqvist, J. Appl. Physics 60 (1986) R123. 
2.   S. Connell, J D Comins and J P F Sellschop, Rad. Effects Letters 2 (1988) 57 
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O15 
Insights on Irradiation-Induced Amorphization in Silicon Carbide 
William Weber, Pacific Northwest National Laboratory, US 
Fei Gao, Pacific Northwest National Laboratory, US 
 
keywords: Fundamentals and Modeling; Defect Production; Carbides and Nitrides 
 
Experimental charged-particle irradiations and molecular dynamics simulations have been used to investigate the 
evolution of ion-beam-induced amorphization in silicon carbide. Atomistic simulations of individual collision cascades 
indicate that single interstitials, vacancies, antisite defects, and small defect clusters are produced in SiC. Simulations 
of cascade overlap have been used to follow property changes and amorphization during damage accumulation. The 
relative changes in disorder, elastic modulus, and volume are in good agreement with experimental measurements. 
Detailed analysis of the computer simulation results reveals discontinuities in the elastic constant, C11, as a function of 
volume change that are associated with the initial overlap of cascades and an elastic instability that drives 
amorphization. Similar discontinuities are observed in the change in system energy with volume change, and in the 
energy per defect with dose. These results suggest that an elastic instability, due to the volume change from defect 
accumulation, and corresponding energy instability lead to ion-beam-induced amorphization in SiC. 
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O16 
Effects of SHI on Band gap of Strained AlGaN/GaN Multi Quantum Wells 
N. Sathish, University of Hyderabad, IN 
G. Devaraju, University of Hyderabad, IN 
Anand Pathak, University of Hyderabad, IN 
A Turos, Institute of Electronic Materials Technology, PL 
S. Khan, Inter-University Accelerator Centre, IN 
D. Avasthi, Inter-University Accelerator Centre, IN 
M. Bazzan, University of Padova, IT 
E. Trave, Ca' Foscari University of Venice, IT 
P. Mazzoldi, University of Padova, IT 
B. Arora, Indian Institute of Technology, IN 
 
keywords: Swift ions; III-Nitrides 
 
III-Nitrides have attracted much attention due to their versatile and wide range of applications, such as blue/UV light 
emitting diodes. Strained layer super lattices offer extra degree of freedom to alter the band gap of lattice 
mismatched Hetero structures. Swift Heavy Ion Irradiation is a post growth technique to alter the band gap of 
semiconductors, spatially. We have successfully demonstrated the tuning (shift) of band gap of irradiated and 
subsequently annealed samples from about 47nm for lower fluence to 81nm for higher fluences [1]. In the present 
study, Strained AlGaN/GaN Multi Quantum Wells (MQWs) were grown on sapphire with insertion of AlN and GaN as 
buffer layers between substrate and epilayers by MOCVD. These buffer layers are known to improve the structural 
and optical properties [2]. Such grown AlGaN/GaN MQWs were irradiated with 200 MeV Au ions at a fluence of 
5x10

11
 ions/cm2. As grown and irradiated samples have been characterized by HRXRD and PL. The analysis of 

Symmetrical and Asymmetrical Reciprocal space mappings gives information on out-of-the-plane strain and in-plane 
strain, respectively. Measured strain values show that strain increases upon irradiation. However, increase in the 
strain upon irradiation has affected the band gap of MQWs, which has been confirmed by PL measurements. PL shows 
that there is an increase of intensity of luminescence of GaN and MQWs by one order of magnitude upon irradiation, 
which is attributed to SHI induced dynamic annealing processes. 
  
References: 

1. G Devaraju, S Dhamodaran, A P Pathak, G Sai Saravanan, J Gaca, M Wojcik A Turos,   S A Khan, D K Avasthi
 
and 

B M Arora,  Nucl. Instr. and Meth. B, 266 (2008) 3552. 
2. Amano, H., Sawaki, N., Akasaki, I. Appl. Phys. Lett. 48, 353-355 (1986). 
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Optical spectroscopy and TEM techniques have been applied to study the radiation damage and correlated 
mechanical stresses in Al2O3 and Al2O3:Cr single crystals induced by (1-3) MeV/amu Kr, Xe and Bi ion irradiation. 
Mechanical stresses were evaluated in situ using a piezospectroscopic effect through the shift of the respective lines 
in ionoluminescence spectra. It was found that dose dependence of the stress level for Xe and Bi ions, when ionization 
energy loss exceeds the threshold of damage formation via electronic excitations, exhibits several alternate stages 
showing the build-up and relaxation of stresses. The beginning of relaxation stages is observed at fluences associated 
with beginning of individual ion track regions overlapping. 
The residual stress profiles and stress tensor components through the ion irradiated layers were deduced from depth-
resolved photostimulated spectra using laser confocal scanning microscopy set-up. It was determined that stresses are 
compressive in basal plane and tensile in perpendicular direction in all samples irradiated with high energy ions. XTEM 
examination has revealed the amorphous layer formation in ruby specimens bombarded with Xe ions (Se=24 keV/nm). 
No amorphization has been found after Kr ion irradiation (Se=16 keV/nm). 
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We have studied electronic- and atomic-structure modifications of WO3 films by ion impact. WO3 films were prepared 
by oxidation of W films on MgO substrates or W sheets [1]. Using the carbon-film collector method [2], we obtained 
the W erosion yield of ~200 without correcting the carbon-film collection efficiency for 90 MeV Ni ion impact under 
the equilibrium charge state of 19. This value is much larger than the yield estimated from the elastic collision 
cascade, indicating major contribution of the electronic energy deposition. We find that the yield under the incident 
charge of 11 (non-equilibrium charge) is ~1/5 of that under the equilibrium charge and this ratio is larger than the 
ratio of 1/46 assuming charge square dependence of the electronic stopping (Se) and n-th power dependence (Se

n
) of 

the erosion yield with the preliminary n-value of 3.5 (the erosion yields are ~30 and ~2000 for 60 MeV Ar and 200 MeV 
Xe ion with the equilibrium charge). Depth dependence of the charge state, effective length for attaining the 
equilibrium charge and their effects on the erosion yields are under investigation. The X-ray diffraction (XRD) intensity 
decreases to a half of that of unirradiated film after the Ni ion impact at ~ 10

12
 cm

-2
. A broad peak of optical 

absorbance appears around 1.6 µm after the Ni ion impact. Measurements of valence modifications by ion impact are 
under way to search the origin of the absorption peak. The erosion yield by 100 keV Ne ion impact is obtained to be ~ 
16 and this value is much larger than the usual sputtering yield of ~1. Modifications of optical absorption and XRD 
intensity by low-energy ion impact are under way and the results of high- and low-energy ion impact will be 
compared.      
 
1. N. Matsunami et al., J. Nucl. Mater. 2009 in print. 
2. N. Matsunami et al., Nucl. Instrum. Meth. B266(2008)2986. 
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Water (H2O), carbon monoxide (CO), carbon dioxide (CO2) and ammonia (NH3) have been identified as important 
constituents of various astrophysical environments, where they are exposed to energetic processes induced by ions 
(originating from solar and stellar wind as well as galactic cosmic rays), electrons and UV photons.  The irradiation 
effects induced by these projectiles, such as chemical synthesis of molecular species, structural alterations and 
sputtering, have been intensively investigated over the last decades. Nonetheless, only a few experimental studies 
using swift heavy ions exist, although also heavy particles are present in cosmic rays and solar wind. The aim of the 
present work is to simulate the astrophysical environment where icy grain mantles are subject to heavy ion cosmic ray 
irradiation in the electronic energy loss regime (for example: in dense interstellar clouds). 
The pure (CO or NH3) and mixed (e.g. H2O:NH3, NH3:CO, N2:CO) ices were prepared by gas condensation onto a CsI 
substrate inside a high-vacuum chamber. All ices were deposited at a temperature of 14 K. The samples were 
irradiated by nickel ions with energies of 0.8 MeV/u and 8 MeV/u, and analysed in-situ by means of Fourier Transform 
Infra Red (FTIR) spectrometry. Nickel ions were used because the physics of energy deposition is similar to that 
deposited by iron ions, which are the most abundant heavy component of cosmic rays. 
 In this work the effects caused by nickel ions on condensed films will be presented. Destruction of ice molecules but 
also formation of new species has been observed. The obtained results show that particle ejection from icy grains by 
sputtering induced by heavy ions cannot be neglected with respect to desorption induced by weakly ionizing particles 
such as UV photons and protons. 
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The intense electronic excitations and ionizations released in the wake of swift heavy ions can produce important 
atomic rearrangements in solids. In many crystalline materials, these give rise to the formation of amorphous ion 
tracks leading ultimately to the amorphization of the bombarded layer. However, in some cases, swift heavy ions do 
not induce damage creation but instead generate crystalline-to-crystalline phase transition [1-3]. These two kinds of 
phase transformations were enriched by the recent finding that swift heavy ions can also induce epitaxial 
recrystallization of pre-damaged layers produced by nuclear collisions [4]. 

From the fundamental point of view, two types of models, either based on the ‘Coulomb explosion’ concept or 
the ‘thermal spike’ mechanism are usually proposed to account for swift heavy ion induced atomic movements. 
However, because the timescales of the processes involved in both interpretations are quite inaccessible to usual 
characterization techniques, it is very difficult to identify the actual mechanism. Nevertheless, the recent study of 
irradiation effects in the twin oxides zirconia and hafnia, which share many physical and chemical properties, offered 
the unique opportunity to impose drastic constraints on the models. This comparative study [3] clearly demonstrates 
that the thermal spike is the appropriate mechanism which governs the transition from the monoclinic to the 
tetragonal phase in zirconia and hafnia rather than the Coulomb explosion process.  

The three different types of swift heavy ion induced phase transitions in solids (i.e., crystalline–to–amorphous, 
crystalline–to–crystalline and amorphous–to–crystalline phase transformations) will be illustrated with recent 
experiments performed at the GANIL accelerator and the mechanisms leading to these effects will be discussed and 
interpreted within a single view based on the thermal spike process. 
  
[1] Evidence of a phase transition induced in zirconia by high energy heavy ions; A. Benyagoub et al.; Appl. Phys. Lett. 

77, 3197 (2000). 
[2] Evidence of an ion-beam induced crystalline-to-crystalline phase transformation in hafnia; A. Benyagoub; Eur. Phys. 

J. B 34, 395 (2003). 
[3] Mechanism of the monoclinic-to-tetragonal phase transition induced in zirconia and hafnia by swift heavy ions; A. 

Benyagoub; Phys. Rev. B. 72, 094114 (2005).  
[4] Athermal crystallization induced by electronic excitations in ion-irradiated silicon carbide; A. Benyagoub et al.; Appl. 

Phys. Lett. 89, 241914 (2006). 
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When a swift heavy ion with typically some MeV kinetic energy has penetrated an insulator, nano sized modifications 
on the surface can be detected. These modifications stem from electronic excitations induce by the incoming ion. 
When changing the geometry to glancing incidence a single ion impact may lead to a series of periodic nano patters 
on the surface[1]. 
The total length of these nano patterns ranges form some nanometers up to   a few micrometers depending on the 
angle of incidence. To explain the origins and the periodicity of the nano dots  ab initio assisted calculations for the 
model system of a 100 MeV Xe ion irradiating on a SrTiO3 surface have been performed [2]. 
The electronic energy loss is calculated within the Lindhard formalism and used to compute the primary electronic 
excitation induced by the penetrating ion. The heat transport into the lattice away from the track core is described in 
terms a two temperature model, a coupled system of diffusion equations.The transfer of energy from the electronic to 
the phononic system is due to electron--phonon coupling while heat transport is governed by a diffusivity parameter 
which is usually treated as a constant. However in the case of an insulator this is not appropriate since thermal 
properties depend on the charge carrier density. This density will change during the irradiation due to excitations of 
electrons and is highly inhomogeneous. Therefore, a temperature dependent diffusivity is introduced, resulting in 
locally molten areas which agree well with the experimentally observed nano patterns. It will be demonstrated that 
this temperature dependent diffusivity effectively confines the electronic energy in areas of high temperatures[3]. 
 
[1] Akcöltekin et al., Nature Nanotechnology 2, 290-294 (2007) 
[2] Osmani et al., Journal of Physics: Condensed Matter 20 315001 (2008) 
[3] Osmani et al., Laser and Particle Beams accepted 
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In order to close the nuclear fuel cycle, advanced concepts for separating fission products from other fuel materials 
are necessary.  One method for doing this is a dispersion fuel form in which a reprocessible inert matrix captures and 
immobilizes the fission products emanating from the fissile core.  A critical issue of this dispersion fuel concept is the 
tendency of fission products to reside in one phase or another of the composite.  We considered CERCER composites 
as a demonstrative dispersion fuel design, in which various fluorite phases are surrogates (HfO2, CeO2) and UO2 for the 
fissile core, and alkaline earth oxides are used for the inert matrix, complementary to a concurrent experimental 
effort.  Density functional theory (DFT) based calculations of fission product (Xe, Sr, and Cs) incorporation and 
segregation in alkaline earth metal oxides, HfO2 and UO2 oxides, and the MgO-(U, Hf, Ce)O2 interfaces have been 
carried out.  In the case of UO2, DFT calculations are performed using spin polarization and with a Hubbard U term 
characterizing the on-site Coulomb repulsion between the localized 5f electrons.  The fission product solution energies 
in bulk UO2±x have been calculated as a function of non-stoichiometry x, and are compared to that in MgO.  We report 
two major findings: (1) matrix cation size effect and (2) fission product segregation at interphase boundaries, and 
discuss these findings in the context of our current understanding of the feasibility of the dispersion fuel concept for 
easing separation processes.  Finally, atomistic results of fission product Xe segregation from UO2 bulk to different 
types of grain-boundaries in UO2 are shown and discussed.  
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In order to manipulate light on the nanoscale, the fabrication of photonic materials and devices (e.g. waveguides, 
photonic crystals) using micro- and nanoscale processing is of growing interest. A key point is the development of new 
fabrication processes for materials widely used in integrated optics such as lithium niobate (LN). Due to its 
outstanding properties like the wide range of transparency, large electro-optical and nonlinear optical coefficients, it is 
particularly suitable for photonic and sensor applications. A promising method for LN processing is the use of ion 
beam based techniques. In particular ion beam induced crystal defects are utilized for the tuning of the refractive 
index and reduction of the chemical stability enabling selective etching. Depending on ion mass and energy, defects 
are generated via nuclear or electronic energy loss of the ions. So far, the defect formation by nuclear processes is 
well understood. On the contrary the modeling of the defect formation induced by electronic processes is still an 
evolving field. 
In this work the formation as well as the annealing of defects predominantly generated by nuclear and accordingly 
electronic energy deposition is compared directly. For this purpose x- and z-cut LN crystals were irradiated with 270 
keV and 5 MeV Si-ions, respectively. The irradiation was performed at room temperature as well as at a temperature 
of 15 K. Subsequently thermal treatment was done at 250°C. In the electronic energy loss regime the amorphization 
fluence does not significantly depend on crystal cut and irradiation temperature. This is in contrast to the defects 
formed by nuclear collisions, where the defect concentration measured for z-cut is remarkably lower compared to 
that of x-cut and, moreover, increases with decreasing temperature. However despite these differences the relative 
annealed fraction of defects due to thermal treatment is independent of the defect formation process. 
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Optical waveguides were produced in silica by light ion implantation as early as 1968. The waveguiding was caused by 
the increase in refractive index associated to the lattice compaction brought about by nuclear collision damage. They 
were non-tunneling waveguides with low light attenuation [1].  More recently, the processes induced by higher 
energy irradiation with heavier ions (swift ions), where electronic stopping power is dominant, has been investigated. 
It appears that electronic excitation processes also cause a similar compaction effect at quite low fluences (10

12
-10

13 

cm
-2

) and even viscous flow [2]. In order to explore the possibilities of swift-ion irradiation to fabricate optical 
waveguides, silica plates have been irradiated with F 5 MeV, Cl 20 MeV and Br 20 MeV and fluences in the range of 
10

12
-10

14 
cm

-2
. Useful waveguides have been achieved whose refractive index profiles have been determined from the 

dark mode method and show a clear correlation with the electronic stopping power curves. The results have been 
complemented with information on the point defects generated by electronic excitation and measured by 
complementary techniques (optical absorption and EPR). They have been discussed in terms of a recent exciton-decay 
model recently developed in our laboratory. Apart from the technological interest, the waveguiding effect offers an 
useful tool to analyze the damage processes triggered by electronic excitation.  
  
1. P.D. Townsend, P.J. Chandler and L. Zhang, Optical Effects of Ion Implantation, Academic Press, 1994. 
2. A. Benyagoub, S. Klaumünzer, M. Toulemonde, Radiation induced compactation and plastic flowof vitreous silica. 
Nucl. Instrum. Method B, 146 (1998) 449-454. 
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A random distribution of silica nanowires can be grown on a silicon substrate by a simple metal-induced vapour-liquid-
solid process, with the average diameter of the nanowires depending on the size distribution of the metal catalyst 
particles.  The as-grown nanowires exhibit intrinsic room-temperature photoluminescence (PL) that is characteristic of 
oxygen-deficit defect-centers in silica.  The nanowires can also be doped with optically active impurities such as Er to 
produce extrinsic luminescence emission at other wavelengths.  These intrinsic and extrinsic optical properties 
together with their large surface-volume fraction, chemical inertness and biocompatibility make silica nanowires 
attractive functional materials for applications such as environmental and biological sensing.  In this study we show 
that metal ion-implantation is an effective alternative to deposited thin films for promoting the nucleation and growth 
of nanowires and that it affords additional flexibility for fabricating functional nanowire structures, including 
luminescent structures based on intrinsic and extrinsic luminescence. 
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Amorphous chalcogenides, also referred to as chalcogenide glasses and vitreous semiconductors has attracted 
considerable attentions because of their potential usefulness in the fabrication of information storage devices. 
Current memory technology such as DVD-RAM and phase change Ram (PCRAM) exploits the switching behaviours, 
both optical and electronic, of this family of material induced by laser or electric current pulses. The structural 
reversible phase change between the amorphous and the crystalline state is the data storage mechanism. However, 
for a given alloy composition, the crystallization transition kinetics are strongly affected by the local atomic 
arrangements and chemical bonding of the amorphous network. It is important therefore to understand the short 
range order of different amorphous states achieved by appropriate handling of the materials.  
In this work, the details controlling the phase stability of as-deposited (sputtered) and 130 keV Ge

+
 ion irradiated 

(1x10
14

 ions/cm
2
) amorphous Ge2Sb2Te5 and GeTe chalcogenides thin films (50 nm thick) have been investigated by 

means of in situ time resolved reflectivity measurements during annealing in the 120-160 °C temperatures range and 
ex situ micro-Raman spectroscopy. An enhancement of the crystallization kinetics occurred in the irradiated 
amorphous samples for both chalcogenides. Raman scattering analysis was used to correlate the stability of the 
amorphous phase to its structure. The experimental results showed an alterations of the local order after irradiation, 
including GeTe bonds breaking induced by the ion beam. The observed behaviour is not peculiar of the implanted 
species but is connected to the energy loss in nuclear encounters, released by the ions inside the chalcogenides 
glasses. The variations of the amorphous network tend to modify the atomic arrangement and facilitate the transition 
to the crystalline structure. Tentatively the effect might be attributed to some sort of thermal spikes. 
 
 
 
  



Oral  REI-2009 
 

  29 

O27 
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Optical nonlinearities of metal nanoparticle materials are one of the charactaric plasmonic properties and are strongly 
enhanced by the local electric field in nanoparticles around the surface plasmon resonance.  The nonlinearities are 
expected to be applied to optical devices of a single nanostructure.  For the design of plasmonic devices and the 
understanding of the origin of optical nonlinearity, it is significant to evaluate the spectrum of the nonlinear optical 
constants with steep changes around resonance.  Here we present the spectral dependence of third-order optical 
susceptibility experimentally evaluated with pump probe method and a femtosecond laser system.  Metal 
nanoparticle materials are fabricated by negative ion implantation technique.  The evaluated spectra are analyzed on 
hot electron effect using the Maxwell-Garnett approximation with the Drude model for intraband transition and first 
principles calculation for interband transition.  The interband transition term in hot electron effect dominates the 
dispersion around the surface plasmon resonance beyond the band edge by Fermi smearing.  Intrinsic strong field 
effect to the nonlinearity is suggested from the analysis and the interband transition contribution in strong field effect 
is comparable to the hot electron effects.  We will also discuss the particle-size and host-medium dependence of the 
third-order nonlinear optical response. 
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Currently, by using the ion implantation technique, photoluminescence (PL) from Ge nanocrystals (Ge NCs) has been 
obtained by room temperature (RT) Ge implantation into a SiO2 matrix followed by a high temperature anneal. In this 
way two PL bands can be observed, one at 310 nm and the second, with much higher yield at 400 nm. In the present 
work we have used another experimental approach. We have performed the Ge implantation at high temperature (T i) 
and then subsequently a high temperature anneal at 900 °C in order to grow the Ge NCs. With this aim we have 
worked with Ti between RT and 600 °C. By performing the implantation at Ti = 350 °C, we have found a PL yield three 
times higher than the one obtained from the usual RT implantation at the same fluence. A partial explanation of this 
behavior is given by the mean size distribution of the Ge NCs as revealed by transmission electron microscopy (TEM) 
observations. Moreover, by changing the implantation fluence between Φ = 0.25 x 10

16
 and 2.2 x 10

16
 Ge/cm

2 
we have 

observed that the maximum PL yield is obtained with Φ = 0.5 x 10
16

 and 1.2 x 10
16

 Ge/cm
2
. In addition, we have 

investigated the influence of the annealing time on the induced PL yield. Finally, by irradiating the Ge NCs we have 
quenched the PL emission. However, a further annealing at 600°C brought as a consequence the full recovery of the 
original PL yield. 
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The ion implantation is a very versatile tool to dope surface layers either with dispersed atoms (the solubility limit can 
be easy overcome), or with mono- and multi-elemental clusters. For this reasons it has a variety of applications in the 
material science. 
Er-doped silica-based systems constitute a promising class of materials for optoelectronics, since the Er 1.54 mm 
luminescence emission is in the wavelength range of minimum absorption for silica; the co-doping with other 
chemical species can be successfully exploited to enhance the Er emission intensity. Recently, it has been found that 
metallic species act as sensitizers for the Er emission: an efficient energy transfer occurs from sub-nanometric Au 
particles towards the Er ions, which subsequently de-excite radiatively. In particular, the experiments indicate that the 
cluster size has an effect on the cross section for the Er emission. To this respect, a careful control of the cluster size is 
needed, especially in the nano- and subnano-metric range. 
We have investigated the possibility of use the ion implantation and suitable annealing treatments to control the Au 
clusterization in Er-implanted silica. The structural analyses were performed by the x-ray absorption spectroscopy 
(XAS) at the Au LIII-edge, which is a suitable tool to study the formation of few-atom clusters; the XAS was used in 
standard fluorescence mode (at the Italian beamline GILDA and ID26 beamline, ESRF) and in high-energy resolution 
fluorescence detection mode (at ID26). The first mode was adopted to estimate the cluster size (from the measure of 
the interatomic distance contraction with respect to the bulk phase); the second setup was used to obtain detailed 
information on the oxidized Au fraction. It is demonstrated that the implantation dose and selected post-implantation 
thermal annealing control the very early steps of the cluster nucleation and growth. The optical properties of the Er-
Au composite systems are also addressed. 
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Though the intriguing phenomenon of metal nanoparticle elongation via swift heavy-ion irradiation is a well 
established observation, a definitive identification of an atomistic mechanism governing this process remains lacking.  
We now report extensive results for a range of elemental metal nanoparticles (Co, Ni, Cu, Ag, Pt and Au) embedded in 
silica and irradiated with Au ions (10-200 MeV) as we seek to establish the material properties and irradiation 
parameters that drive this spherical to rod-like shape transformation.  At a given irradiation energy, spherical 
nanoparticles below a critical diameter do not elongate but instead are dissolved in the matrix while larger 
nanoparticles become progressively more rod-like.  For the latter, the major dimension is aligned with the incident 
ion–beam direction while the minor dimension (dminor) saturates at a value comparable to the critical diameter for 
transformation.  The saturation of dminor is well correlated with the metal melting temperature, the energy required to 
vaporize the metal and the ion irradiation energy.  Metal nanoparticle elongation is clearly confined by the molten ion 
track formed in the silica matrix such that the saturation value of dminor never exceeds the ion track diameter.  At a 
given irradiation fluence, the extent of nanoparticle transformation and dissolution both increase with the ion 
irradiation energy or equivalently the electronic stopping power.  Comparable elongation is achieved for a given 
electronic stopping power deposition density (the product of electronic stopping power and fluence).  In summary, we 
show that the metal material properties and ion irradiation parameters both influence the shape transformation of 
nanoparticles and indicate melting of the metal and matrix is required for the transformation to proceed. 
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The macroscopic plastic flow, occurring in all amorphous materials when irradiated with heavy ions, is known and 
studied since the 1980s [1]. This process is also called ion-hammering or irradiation-induced anisotropic deformation 
effect. For planar thin films, it is characterized by an exponential growth of the sample perpendicularly to the ion 
beam. The same behavior has been observed for amorphous particles in the micrometer range. However, when the 
size of the particles is reduced into the sub-micrometer region, the deformation becomes size-dependent. This is due 
to the increasing importance of the macroscopic stresses related to the reduction of the particle radius [2,3]. The 
motivation of the present work is to investigate the role of capillarity stresses on the ion hammering phenomenon. To 
this purpose, nearly monodisperse (100nm) chemically synthesized silica (SiO2) colloids and gold-core/silica-shell 
(Au@SiO2) nanoparticles have been irradiated with MeV Au ions. We show, for the first time, that the irradiation-
induced deformation saturates for larger fluences. Experimental data have been successfully interpreted having 
recourse to a phenomenological model. We also estimate the value of the principal stresses inside the particles as a 
function of the fluence. Finally, we show that the approximation often made that the deformation strain rate remains 
constant upon irradiation is no longer valid when macroscopic stresses become important and we give an expression 
that accounts for the experimental results [4]. 
  
[1] S. Klaumünzer et al  PRL 51 (1983) 1987 
[2] S. Klaumünzer  NIM B 215 (2004) 345 
[3] T. Van Dillen et al  PRB 74 (2006) 132103 
[4] G. Rizza et al PRB (2009) 
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When metal nanoparticles (NPs) embedded in silica glass (SiO2) are irradiated by swift heavy ions (SHI), 
elongation of the NPs is induced along the ion beam direction. Contrary non-metal NPs of Ge show deformation 
perpendicular to the ion beam direction. Although the mechanism is still under hot debate, a practically-assumed 
criterion for the elongation is whether the metal NPs melt by thermal spike effect or not. If the criterion is true, large 
elongation is expected for NPs with low melting point, e.g., Zn. The demonstration will be given in this paper. 

While Zn NPs show two absorption peaks at 1.2 and 4.8 eV, it has not been judged which is the surface plasmon 
resonance of Zn NPs. The SHI irradiation effects may help the judgment. Although there are many reports on the 
deformation of metal NPs, those of non-metal NPs are still limited. In this paper, the SHI irradiation effects on metal 
Zn and non-metal ZnO NPs are given. 

Zn NPs were formed by implantation of Zn ions of 60 keV to SiO2. ZnO NPs were prepared by thermal oxidation 
of the Zn NPs embedded in SiO2. The samples were irradiated by the SHI of 200 MeV Xe

14+
 from the tandem 

accelerator at JAEA-Tokai, with an incident angle of 45 degrees from the sample surface. The SHI fluence was varied 

from 1  10
11

 to 5  10
13

 ions/cm
2
. 

Optical transmission spectroscopy with linearly-polarized light was conducted with an incident angle of sample 
normal. With increasing the SHI fluence, the optical anisotropy of Zn NPs became more prominent, indicating larger 
deviation from the spherical shape. Contrary the optical absorption of ZnO NPs was independent of the plane of 
polarization even after the SHI irradiation. With increasing the SHI fluence, an exciton absorption edge at 3.3 eV 
became broader, and a new peak appeared at 6 eV. Different effects of the SHI irradiation were induced between Zn 
NPs and ZnO NPs.  
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Fast highly charged ions have been proved to be useful tools, not only to study the fundamental collision mechanisms 
in gas molecules but also to investigate the atomic collision processes in condensed medium such as clusters including 
fullerenes and solids. In such collisions the collision processes are influenced by the collective response of the dense 
electrons. Strong wake fields are shown to cause the shifts in binding energies, Stark-splitting and mixing of the 
populated ionic substates inside the solid. Fullerenes are known to exhibit collective excitation known as Giant Dipole 
Plasmon Resonance (GDPR). The  influence of the GDPR on ionization of fullerenes and  on x-ray emission are studied 
by our group recently. In one kind of experiments we use recoil-ion mass spectroscopy to detect the fragmented and 
multiply ionized C60 molecules. The observed linear dependence on projectile (C, O, F, Si) charge state could only be 
explained in terms of plasmon excitation model. However,  a direct observation of this process in electron spectrum is 
awaited. We have measured the low energy (1-300 eV) e

-
 - DDCS from C60 in collisions with 4 MeV/u bare F ions at 

various angles. We observe a broad hump like structure near the expected GDPR peak position and its angular 
distribution shows maxima in forward and backward direction.  This distribution is in sharp contrast to the expected 
behaviour for atomic targets and indicate the dipole oscillations along the projectile beam direction in this energy 
range. 
  
References: 
[1] U. Kadhane et al. Phys. Rev. A  75, 041201 (R) (2007) 
[2] A. H. Kelkar et al. J. Phys. B 40, 2481 (2007) 
[3] A. H. Kelkar et al. Nucl. Instrm. Meth. Phys. Res. B 256, 114 (1007) 
[4] U. Kadhane et al. Phys. Rev. Lett.  90, 093401 (2003) 
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Focused ion beam (FIB) fabricated nano- and micro- structures have many applications in nano and micro 
electromechanical systems (NEMS MEMS), sensors, actuators and other miniature devices. FIB is also recognized as a 
novel tool for carrying out true rapid prototyping of 3-D structures. In many cases, nanostructure based devices are 
fabricated on insulating substrates, such as SiO2, glass, quartz, SrTiO3 etc. for exploitation of their electrical 
characterization. Since the micro- and nano-size structures are subjected to a very high electric field even at low 
voltage, the substrate properties are likely to influence their behavior. So, an attempt has been made here to 
investigate the effect of insulating substrates on the electrical properties of structures having nano-gaps between two 
electrodes. For this, nano strips of platinum, tungsten and copper with a gap of 100 and 200nm have been fabricated 
by FIB on quartz substrates in two different configurations: (i) in direct contact with the substrate and (ii) overhanging 
structure at height of about 7μm from the substrate. Appropriate electrical contacts were made to connect the nano-
regime to the macro-area using judicious combination of thermal evaporation of metal through masks and via FIB. The 
electrical characteristics have been measured in-situ in the FIB chamber itself at a residual pressure of ~10

-6
 mbar and 

also under clean ambient conditions. The results reveal significant changes in the electrical parameters of devices 
which are in direct contact with the substrate as compared to the overhanging structures. A comparative study of 
these two configurations will be presented and discussed in light of surface conductivity of the substrate and the 
changes occurring due to gallium ion irradiation. 
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Titanium dioxide (TiO2) is an interesting and versatile material with a wide range of applications within electronics, 
optics, magnetics, bio-materials and photocatalysis. Its physical and chemical properties are influenced by the surface 
morphology and crystallinity as well as the presence of dopants. Ion implantation is a widely used method to dope and 
change the surface properties of a material. The use of a Focused Ion Beam (FIB) allows inducing localized material 
modifications and fabricating regular nano- and micro-structures. 
Here we present a study of fluence-dependent morphological and structural changes of polycrystalline anatase TiO2 
thin films after implantation with 30 keV Ga

+
 ions in a dual beam FIB instrument. The thin films were grown on silicon 

wafers by reactive DC magnetron sputtering in an argon/oxygen atmosphere using a titanium target. The resulting 
polycrystalline films have a dense columnar structure. Ion fluences in the range of 10

12
 to 10

17
 ions/cm

2
 were applied 

and different ion current densities and exposure times were studied. 
Combining a Scanning Electron Microscope (SEM) and a FIB in a dual beam instrument we demonstrate surface 
changes with increasing ion fluence during irradiation: from a pristine polycrystalline surface, to one with modified 
crystallites’ size, to surface smoothening. In addition to SEM the samples were also investigated by (i) Atomic Force 
Microscopy (AFM) to study the topographical variations of the irradiated parts of the samples, (ii) XPS to study their 
chemical composition, and (iii) X-ray diffraction to study changes in surface crystallinity. The observed morphological 
changes are believed to be a combination of sputtering and ion hammering effects. Finally, we will present a 
comparison with samples irradiated by other ions having energies in the keV and MeV range using conventional and 
masked ion irradiation. 
 
 
 
 
 
  



REI 2009 Oral 
 

 38 

O36 
High definition surface micromachining of LiNbO3 by ion implantation 
Marco Chiarini, Carlo Gavazzi Space SpA, IT 
Gian Giuseppe Bentini, Italian National Research Council - Institute for Microelectronics and Microsystems, IT 
Marco Bianconi, Italian National Research Council - Institute for Microelectronics and Microsystems, IT 
Pietro De Nicola, Italian National Research Council - Institute for Microelectronics and Microsystems, IT 
 
keywords: High Energy Ion Implantation; LiNbO3; Surface Micromachining; MOEMS 
 
High Energy Ion Implantation of both medium and light mass ions has been successfully applied for the surface 
micromachining of single crystal LiNbO3 (LN) substrates. 
It has been demonstrated that the ion implantation process generates high differential etch rates in the LN implanted 
areas, when suitable implantation parameters, such as ion species, fluence and energy, are chosen: in particular, when 
traditional LN etchants solutions are applied to suitably ion implanted regions, etch rates values up to three orders of 
magnitude higher than the typical etching rates of the virgin material, are registered. Further, the enhancement in the 
etching rate has been observed on both x and z-cut single crystalline material, and, due to the physical nature of the 
implantation process, it is expected that it can be equivalently applied also to substrates with different 
crystallographic orientations. 
This technique, associated to standard photolithographic technologies, allows to generate in a fast and accurate way 
very high aspect ratio relief micrometric structures on LN single crystal surface. 
In this work a description of the developed technology is reported together with some examples of produced micro 
relief structures: in particular high quality integrated optical ridge waveguides as well as very precisely defined self 
sustaining suspended structures, such as beams and membranes, generated on LN substrates, are presented. 
The developed technology opens the way to actual 3D micromachining of LN single crystals substrates and, due to the 
peculiar properties characterising this material, (pyroelectric, electro-optic, acousto-optic, etc.), it allows the design 
and the production of complex micro relief structures, suitable for the generation of advanced Micro Electro Opto 
Mechanical Systems (MEOMS). 
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We have recently successfully demonstrated the possibility to produce stable, truly topographic and well-defined 
nano-hillocks by impact of slow highly charged ions (HCI) on CaF2 and other single crystal surfaces [1, 2]. In all cases 
where hillocks have been observed, nanostructure formation is linked to a certain minimum potential energy carried 
into the surface (potential energy threshold) [2]. Results have been analyzed on the basis of the "inelastic thermal 
spike model" [3]. Numerical simulations performed along this line indicate that the formation of hillocks is due to a 
local melting of the surface [1, 4]. 
We have now used highly charged Arq+ (9 < q < 16) and Xeq+ ions (13 ≤ q ≤ 30) extracted from the ARIBE facility in 
Caen to irradiate HOPG (highly oriented pyrolytic graphite) at kinetic energies of about 5 - 15 kV/q. Scanning tunneling 
microscopy analysis of the irradiated HOPG surfaces showed hillock-like nanostructures, where their size corresponds 
very well with previous results by other groups [3]. Surprisingly the nano-defects were also visible in atomic force 
microscopy, however, we found clear evidence that the structures on HOPG are not of topographical nature.  
 
This work has been supported by the Austrian Science Foundation FWF. The experiments were performed at the 
distributed LEIF-Infrastructure ARIBE at Caen, France, supported by Transnational Access granted by the European 
Project ITS - LEIF (RII3#026015). 
 
[1]  A. S. El-Said, et al., Phys. Rev. Lett. 100 (2008) 237601 
[2]  F. Aumayr, et al. Nucl. Instrum. Meth. B 266 (2008) 2729 
[3]  M. Toulemonde, et al. Phys. Rev. B 46 (1992) 14362  
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We present a hierarchical model of the dynamics of clusters or molecules in contact with an environment.We consider 
the deposit of metal clusters on inert surfaces, the response of embedded clusters to an intense laser pulse and the 
irradiation by ions of organic molecules. We treat the cluster/molecule by means of explicit TDDFT for the electrons, 
classical molecular dynamics for the cluster's ions and we use a classical treatment of matrix/environment (including 
an account of dynamical polarizabilities of the constituents of the environment). We treat gentle situations (soft 
deposition, photoelectron spectroscopy, photoelectron angular distributions of deposited clusters) and more violent 
scenarios (hindered Coulomb explosion of embedded clusters) following both electronic, ionic (cluster) and atomic 
degrees of freedom explicitely. The deposition cases show the influence of net charges in attachment to the surface. 
Neutral Na sticks or is reflected on the Ar surface, while Na+ always penetrates the Ar substrate. The impact of surface 
on photoelectron spectra is also discussed n the case of Na on MgO. We also analyse short and intense laser 
excitations of embedded clusters. We discuss microscopic mechanisms of laser induced dynamics, taking as test case 
Na8Ar434. We analyze both electronic, ionic (cluster ions) and atomic (matrix atoms, matrix polarizability) dynamics 
and show how the matrix accommodates theexcitation of the embedded cluster which acts as a chromophore. Both 
situations (gentle deposition, violent irradiation) show the key importance of the inclusion of electronic degrees of 
freedom of the surface/matrix. To the best of our knowledge, such a modelling including a non adiabatic treatment of 
cluster electrons, coupled to electronic excitations of the surface/matrix, is the first theoretical attempt to account for 
such intricate irradiation scenarios in the non linear domain.  
 
P. M. Dinh et al, arXiv:0903.1004v1, submitted to Phys. Rep., march 2009 
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     Irradiation of thin polymer films (PET, 10-15 micrometers) with swift heavy ions (Ar,Xe, 1-2 Me/nucl.; JINR,Dubna) 
and standard alkali etching were used for formation of  polymer template  matrixes with 0.05- 0.5 mcm cylindrical 
pores. Special methods of irradiation and further etching were used for obtaining of the pores of conical shape. 
     Processes of electrodeposition of metal (Cu, Ni, Ag) into the pores, including the case of dead-end conical pores, 
were investigated. The features of galvanostatic deposition and  deposition with controlled potential for these metals 
were  compared.  
    The obtained “composite material”-metallic micro- or nanowires inside the host polymer matrix (polymer with 
embedded metal, so called “hybrid membrane”) was investigated by AFM-technique, using different AFM- modes- 
semicontact, phase and spread-resistance. The conductivity of single wires was measured and compared with the 
conductivity of the bulk material. 
     After removing of polymer host matrix the ensembles of free self-standing micro (nano)-wires of cylindrical and 
conical shape were obtained and used as the emitters. Electron and ion emission from these samples were 
investigated. Ion emission of biological molecules from such  surfaces (used as a substrate in Mass-spectrometer) 
shown to be more efficient than from the flat surface or other types of substrates. Conical wires with rather low 
surface density (10 

6
 w./cm

2
)  and aspect ratio 2-5  demonstrated the highest emission efficiency. 

      The first experiments demonstrated high efficiency of these ensembles in non-linear optic application: the great 
increase of signal of Raman scattering was found. The Ag ensembles were found to be most effective. 
      The influence of irradiation parameters (ion type, energy and direction) on the structure and emission properties 
of obtained ensembles of metallic wires was investigated and discussed. 
  
       This work was supported by Russian Grants  RFBR 08-08-01005 and  OFN 4.23. 
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Metal ion implantation in inert polymers produces the formation of subsurface ultra-thin conducting films that are 
promising structures for strain gauge applications. These structures may be suitable to be incorporated in more 
complex electronic devices and employed for in-service monitoring of the structural stability and the mechanical 
strain of engineered components. To this purpose, amorphous polycarbonate substrates were irradiated at room 
temperature with low-energy metal ions (Cu

+
, Ni

+
) and with doses in the range between 1x10

16
 ions/cm

2
 and 1x10

17
 

ions/cm
2
, in order to promote the precipitation of dispersed metal nanoparticles or the formation of a continuous thin 

film. TRIDYN code was used for calculations of the depth profile of the implanted region in order to optimize the ion-
implantation parameters (ion dose and energy). The metal nanoparticle formation and the microstructural properties 
of the polymer nanocomposites were investigated by glancing-incidence X-ray diffraction and transmission electron 
microscopy (TEM) measurements. We found that at low doses (< 5x10

16
 ions/cm

2
) a spontaneous precipitation of 

spherical-shaped metal nanoparticles (Ø10nm) occurs below the polymer top-surface (~50 nm), while at higher 
doses the aggregation of metal nanoparticles is promoted, leading to the formation of a continuous polycrystalline 
nanofilm. Furthermore, a characteristic surface plasmon resonance peak due to the metal nanoparticles is observed 
for nanocomposites produced at low ion doses. A reduced electrical resistance of the near-surface metal-polymer 
nanocomposite was measured at doses below 5x10

16
 ions/cm

2
. The variation of electrical conductivity as a function of 

the applied surface load was measured: we found a linear relationship, a very small hysteresis, and, in addition, we 
observed that the electrical conductivity responses to load-unload cycles are highly reproducible. We show that these 
functional properties and characteristics make the metal-polymer nanocomposites produced by low energy ion 
implantation very suitable for the development and fabrication of advanced strain gauges. 
  



Oral  REI-2009 
 

  43 

O41 
Influence of Ion Irradiation on The Transport Properties of Organic Field-Effect Transistors 
Beatrice Fraboni, University of Bologna, IT 
Anna Cavallini, University of Bologna, IT 
Yong Wang, Los Alamos National Laboratory, US 
Michael Nastasi, Los Alamos National Laboratory, US 
Piero Cosseddu, University of Cagliari, IT 
Annalisa Bonfiglio, University of Cagliari, IT 
 
keywords: organic materials; ion irradiation; transport properties 
 
The advances recently made in the development of organic semiconductor field effect devices (OFET) anticipate 
challenging applications in the field of low-cost flexible, lightweight, and conformal electronics. One of the interesting 
features of organic active layers is their capability to respond to the environment chemical composition, but this 
unfortunately opens up the issue of long-term stability of devices based on organic materials, as oxidation is believed 
to be a major reason for early device failure. The focus of our research is to investigate the potentiality of low energy 
ion irradiation in the reduction and control of the degradation of the organic material due to the exposure to 
atmosphere (i.e. oxygen and water). We have studied the effects of N and Ne irradiation on pentacene-based OFETs. 
The damage induced by the ions can induce a rearrangement of the molecular alignment by breaking covalent bonds, 
crosslinking the neighboring polymer chains and forming a hydrogen-depleted three dimensional carbon network The 
strong molecular structure modification affects the transport properties of the material, but since the electrical 
transport in OFETs occurs in a few active molecular layers at the organic/dielectric interface, we have observed that a 
controlled damage depth distribution preserves the functionality of the organic active layer. We have studied the 
variation of the carrier mobility and of the threshold voltage of the device as a function of the irradiation energy and 
dose by characterizing the optical and electrical properties of the material by means of electrical transport analyses 
and photocurrent spectroscopy. We have monitored the effectiveness of the low energy irradiation process in 
providing an hermetic protection to the organic active layer from the ambient conditions. 
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Ion track etched nanopore has been utilized in various fields, including DNA sequencing, ion selection, molecules 
separations and energy conversion. Among these applications, ion current rectification has gained more and more 
attentions. Some theoretical works had shown this phenomenon is because of the ion enrichment/depletion inside 
the nanopore caused by the presence of surface charge; however, experimental data on this topic has so far been 
lacked. Recently, Z. Siwy reported a new phenomenon that the ion current oscillations effects in such conical surface 
charged nanopore with addition of divalent cations in solution. With this new method, we discovered that the ion 
current oscillations also could happen with saturated monovalent cations (KCl). This is a direct evidence to illustrate 
the KCl enrichment and depletion inside the track-etched nanopores. Besides, we also discovered that the ion 
oscillation phenomenon could be greatly affected by tip radius. With 10nm radii of tip, the oscillation frequency and 
period were varied. There results are very helpful to understand the ionic behaviors inside track-etched nanopores. 
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Electrostatic charging is normally considered a phenomenon to be avoided in studies of radiation effects on insulators. 
While the case of electron impact has received considerable attention, in part due to applications to electrets, 
charging by ion impact has been barely studied.  We have started a research program to investigate how electrostatic 
charging of thin films depends on the ion energy, film thickness, temperature. Our first targets are condensed gas 
solids, which are easy to produce in situ under ultrahigh vacuum. We have observed charging and discharging 
dynamics and the onset of dielectric breakdown.  We will discuss the motion of charges during and after the 
formation of ionization tracks, the development of local and extended electric fields, charge separation, charge 
transport and trapping, damage, particle emission, and dielectric breakdown.  The results will be connected to 
charging effects in natural and technological environments. 
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The increasing demand of device miniaturization, emerging from all nanoscience branches, boosts the request to 
improve lithographic technique performances. 
The use of electromagnetic or electronic radiations on photosensitive hybrid materials offers the possibility to directly 
write films, allowing to overcome the complexity and limits of a long photolithographic process, including an etching 
step (Reactive Ion Etching, RIE). 
In this contribution, micro- and nano-patterning achievements of hybrid organic-inorganic films by mask assisted UV 
or X-rays irradiation [1], UV Nanoimprinting and by electron beam (EB) [2] are reported.  For channel waveguides 
realization a good light confinement and low optical losses are achieved, while direct nanopatterning on fluorescent 
films by EB or synchrotron Xrays reaches resolutions of the order of hundred of nm. The interaction of these 
radiations with the hybrid materials is also investigated. 
Therefore, the potentialities of using radiation sensitive hybrid sol-gel materials to produce micro- and nano-
structures are demonstrated. The technological interest relies on the possibility of engineering, during the early liquid 
phase of the synthesis, the final form of the hybrid film solid structure using a radiation assisted fast process. These 
features make these materials different from the common resists, used as sacrificial layers of the fabrication process. 
They act as resist material and constitute the final material of the devices. 
  
1. G. Brusatin et al.  Materials Science and Engineering: C, 27(5-8) (2007) 1022-1025 
2. G. Brusatin et al. Nanotechnology 19-17 (2008), 5306. 
 


