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Nanopatterning2017: Nanoscale Pattern Formation at Surfaces
.
Nanopatterning2017 is the 9th International Workshop on Nanoscale Pattern formation
at Surfaces, which continues a series started several years ago (2000 Bonassola, Italy; 2002
Trofaiach, Austria; 2005 Bad Honnef, Germany; 2007 Sestri Levante, Italy; 2009 Rathen,
Germany; 2011 El Escorial, Spain; 2013 Copenhagen, Denmark; 2015 Krakow, Poland).
The aim of the workshop is to be the primary forum for scientific discussions on novel
methods and applications of self-organized nanopattern production at surfaces such as
miniaturization, flat surface growth, or periodic nanostructure production either by growth
or erosion techniques. During the last decade successful advances have been accomplished
in experiments and modeling of these far-from-equilibrium effects on various materials.
Beside the fundamental understanding of the mechanisms leading to the manifold surface
patterns formation, their applications in different areas and technologies are in the focus of
this meeting. The overall aim of the series is to bring together researchers from different
fields and benefit from their areas of expertise and techniques.
Topics addressed include:
• Experimental studies of surface nanopatterning by ion beam sputtering
• Pattern formation during surface growth or photon irradiation
• Theory and modeling of surface pattern formation during ion erosion and layer
deposition
• Surface patterns at the sub-micron scale by Focused Ion Beam
• Surface patterns by assembling of molecular and biological entities
• Surface nanostructuring with swift and highly charged ions
• Modification of surface properties by pattern formation
• Applications of surface nanopatterns
Scientific Committee
Mark Bradley
Francesco Buatier de Mongeot
Rodolfo Cuerno
Stefan Facsko
Raúl Gago
Jae-Sung Kim
Franciszek Krok
Thomas Michely
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June 26, Monday (Nanopatterning)
08:40 - 09:00

Opening words

09:00 - 09:40

Rodolfo Cuerno; Nanoscale pattern formation: an interplay between
hard and soft condensed matter physics

09:40 - 10:00

Stefan Facsko; Ion-induced patterning of Ge surfaces above the
recrystallization temperature

10:00 - 10:20

Andrew Ilinov; Mechanisms of surface nanostructuring in Ge

10:20 - 10:50

COFFEE BREAK

10:50 - 11:30

Oscar Rodríguez de la Fuente; Use of Low Energy Ion Bombardment
to generate epitaxial thin films and bilayers of sub-oxides

11:30 - 11:50

Elzbieta Trynkiewicz; Temperature-controlled ion beam induced
nanomodification of AIII-BV semiconductor surfaces

11:50 - 12:10

Kirill Prikhodko; Ion beam irradiation technique to produce nanopatterning
structures for different applications

12:10 - 12:30

Leon Begrambekov; High temperature protecting coating for plasma facing
components of fusion devices

12:30 - 13:30

LUNCH

13:30 - 14:10

Olivier Pierre-Louis; Modeling Solid-State Wetting and Dewetting

14:10 - 14:50

Carlo Mennucci; Self-Organized Nanopatterning of MoS2 2-D
Nanosheets: Tailoring Anisotropic opto-electronic properties

14:50 - 15:20

COFFEE BREAK

15:20 - 16:00

Jae-Sung Kim; Nanopatterning by ion-beam-sputtering in nonconventional formats

16:00 - 16:20

Roberto Lo Savio; Shape birefringence in Cr nanowires self-organized
through ion irradiation-induced dewetting

16:20 - 16:40

Anton Nazarov; Anisotropic angular distributions of atoms sputtered from
single crystals by gas cluster ion beam

16:40 - 17:00

Vladimir Chernysh; TBA

17:00 - 17:20

Basanta Kumar Parida; Transitional morphology in binary alloy
nanopatterning via ion beams
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Nanoscale pattern formation: an interplay between hard and soft
condensed matter physics
Rodolfo Cuerno1, 2
.

1

Departamento de Matemáticas, Universidad Carlos III de Madrid, Spain
2 Grupo Interdisciplinar de Sistemas Complejos (GISC)
email: cuerno@math.uc3m.es

The study of pattern formation - namely, the emergence of a regular structure from a homogeneous
medium which is perturbed by an external agent driving it out of equilibrium - has its roots in
(macroscopic) contexts traditionally regarded as instances of soft condensed matter, such as fluids,
chemical reactions, and even biological systems. However, the advent of high-resolution analytical
and observation techniques has allowed to elucidate the occurrence of quite similar phenomena also
in the context of traditional hard (solid state, microscopic) condensed matter systems. This fact has
basic implications in terms of the relative economy of principles that seems to govern the
self-organization of matter. Within Nanoscience and Nanotechnology, it also has some potential for
the production of materials with new or enhanced properties, or through more efficient techniques.
This talk will attempt a brief overview on the interplay between hard and soft condensed matter physics
with respect to the formation of nanoscale-sized patterns. Given their relevance at microscopic scales,
we will specifically address the nanopatterning of solid surfaces, through techniques like e.g. ionbeam sputtering or other. By considering specific examples from seemingly disparate systems like
colloidal mixtures, thin fluid films, or granular media, we will illustrate the experimental occurrence
within the realm of hard condensed matter, of behaviors which are usually expected in e.g. soft matter,
and vice versa. Consequently, a fruitful exchange of concepts and ideas between these two domains
of condensed matter physics can be pursued that helps advance our general understanding of pattern
formation at large, and potentially enlarge the variety and usefulness of surface nanopatterns that can
be achieved in practice. .
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Ion-induced patterning of Ge surfaces above the recrystallization
temperature
Stefan Facsko1 , Xin Ou1,2 , Martin Engler1 , Denise Erb1 , Tomas Skeren3 and R. Mark Bradley4
1

Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf.
Bautzner Landstraße 400, D-01328 Dresden, Germany
2 Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, 865
Changning Road, Shanghai 200050, China
3 IBM Research – Zürich, Säumerstrasse 4, 8803 Rüschlikon, Switzerland
4 Department of Physics, Colorado State University, Fort Collins, Colorado 80523, USA
email: s.facsko@hzdr.de

Low- and medium-energy ion beam irradiation can lead to various self-organized nanoscale surface
patterns depending on the irradiation conditions [1]. If the sample temperature is below the material
recrystallization temperature, the ion bombardment results in amorphization of the surface. On such
amorphous surfaces, the formation of nanoscale patterns is driven by the interplay of different ion
beam induced roughening and smoothing mechanisms: curvature dependent sputtering, ballistic mass
redistribution or altered surface stoichiometry (on binary materials) are roughening the surface, while
surface diffusion or surface viscous flow are smoothing it.
An additional surface instability arises above the recrystallization temperature of the material, when
the surface remains crystalline during ion irradiation. In this case, the diffusion of ion-induced
vacancies and ad-atoms on the crystalline surface is affected by the Ehrlich-Schwoebel (ES) barrier,
i.e. an additional diffusion barrier to cross terrace steps. Vacancies and ad-atoms are thereby trapped
on terraces and nucleate to form new extended pits or islands, respectively [2]. In molecular beam
epitaxy mounds with different facets are formed due to the ES barrier. In ion-induced reverse
epitaxy the additionally diffusing vacancies lead to different morphologies, like inverse pyramid and
checkerboard patterns.
However, on Ge (001) surfaces irradiated at incidence angles greater than 50◦ mound patterns are
formed and for angles greater than 75◦ the pattern turns into ripples. This transition from checkerboard
over mound to ripple patterns in the reverse epitaxy regime can be described by a continuum equation
which combines the ballistic effects of ion irradiation and the effective diffusion currents due to the
ES barrier on the crystalline surface.
[1] A. Keller and S. Facsko, Materials 3, 4811 (2010).
[2] X. Ou, A. Keller, M. Helm, J. Fassbender, and S. Facsko, Phys. Rev. Lett. 111, 016101 (2013).
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Atomic force microscope topographies of Ge (001) surfaces irradiated with 1 keV Ar ions at 350° C
substrate temperature at incidence angles of 0°, 40°, 60°, and 80°, respectively. Insets are showing
3D details of the patterns.
.
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Mechanisms of surface nanostructuring in Ge
A. Ilinov1 , A. Lopez-Cazalilla1 , L. Bukonte1 , F. Djurabekova1 , K. Nordlund1 , S. Norris2 and S.
Facsko3
1

Department of Physics, University of Helsinki, Finland
Department of Mathematics, Southern Methodist University, Dallas, Texas 75205, USA
3 Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf,
Dresden, Germany
2

email: andrey.ilinov@helsinki.fi

Modification of material properties by accelerated ion beams becomes more and more widespread
technique. Under high ion fluences, various periodic nano-sized structures such as ripples or clusters
may be formed on irradiated surfaces. It is important to understand mechanisms of pattern formation,
as it would give an opportunity to produce sub-10 nm surface features in a predictable and controllable
way.
The conventional theory of ripple formation [1] is based on the erosive (sputtering) effect. However,
in the recent work [2] it has been demonstrated that atomic redistribution following ion impacts may
become the governing mechanism under certain conditions. An analytical model for prediction of the
ripple wavelength has been recently developed in our group [2]. However, there are still unresolved
questions regarding this theory.
In this contribution we present our results on simulated irradiation of Ge (001)(2×1) surface with
1keV Ar ions by the means of Molecular Dynamics (MD). We analyse production of surface and bulk
defects, as well as sputtering properties as a function of the ion beam incidence angle θ. For such
conditions, large 110 channeling is observed, which leads to reduced sputtering around θ = 45° even
for a random azimuthal angle. Surface defects production and sputtering is significantly increased for
θ in the 50° - 70° range, due to a bigger part of energy being deposited within the surface region. To
better understand spatial distribution of produced defects, cluster analysis had been performed. The
increased number of spatially separated surface defects may be a precursor to adatoms aggregation and
nucleation, which could explain transition to the mounds-dominated surface patterning mechanism in
Ge for θ > 40°.
[1] R. M. Bradley, J. M. E. Harper, J. Vac. Sci. Technol. A 6:4, 2390-2395 (1988).
[2] S. Norris, J. Samela, L. Bukonte, M. Backman, F. Djurabekova, K. Nordlund, C. S. Madi, M. P.
Brenner and M. Aziz, Nat. Commun. 2, 276 (2011).
[3] L. Bukonte, F. Djurabekova, J. Samela, K. Nordlund, S. A. Norris, and M. J. Aziz, Nucl. Instr.
Meth. Phys. Res. B 297, 23 (2013).

10

MONDAY (NP)
.

Use of Low Energy Ion Bombardment to generate epitaxial thin films
and bilayers of sub-oxides
Oscar Rodríguez de la Fuente
Departamento de Física de Materiales, Universidad Complutense de Madrid, Madrid - SPAIN
email: oscar.rodriguez@fis.ucm.es

The production of oxide heterostructures is a preeminent topic in the development of new materials.
While oxides already display a huge range of functionalities, their combination in a same material may
give rise to novel phenomena not displayed by either of the constituent oxides alone. This can be due
to the emergence of new physical processes at the interfaces or to coupling and/or exchange effects
between both materials. Although there are several well-established techniques used to generate oxide
layers and interfaces (Molecular Beam Epitaxy (MBE), sputtering or Pulsed Laser Deposition (PLD)),
the continuous improvement of the existing techniques or the development of new synthesis methods
is mandatory.
An interesting subset of oxide interfaces is that formed by two simple oxides with the same cation
but in a different oxidation state. To obtain such system, we present a novel approach in this talk: the
use of Low Energy Ion Bombardment (LEIB). LEIB is a tool to controllably modify surfaces, quite
often by creating ordered nanostructures with a well-defined lateral periodicity. We show here that
LEIB can be also used to generate an epitaxial thin film of a sub-oxide on top of the corresponding
oxide. This new approach has been applied to a couple of cases: i) TiO(001)/TiO2 (110) and ii)
Fe3 O4 (111)/α-Fe2 O3 (0001). The first system is an epitaxial thin film of the Ti monoxide grown on a
single crystal of the dioxide [1]. The second system is an epitaxial magnetite/hematite bilayer grown
on a Au(111) single crystal [2]. Our work clarifies the role of ion bombardment on single-crystalline
oxides, establishing a new route to generate, for certain cases, epitaxial heterostructures and
interfaces or bilayers of oxides and their corresponding suboxides, in a relatively simple and
controlled way. LEIB shows in this case a new technologically relevant capability. .
[1] Formation of titanium monoxide (001) single-crystalline thin film induced by ion bombardment
of titanium dioxide (110), B.M. Pabón et al., Nature Communications 6, 6147 (2015).
[2] Formation of a magnetite/hematite epitaxial bilayer generated with low energy ion bombardment,
S. Ruiz-Gómez et al., Applied Physics Letters 110, 093103 (2017).
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Top: Scanning transmission electron microscopy (STEM) image of an Ar+ -irradiated TiO2 (110)
single crystal. A homogeneous transformed layer is seen, with a thickness of 10 nm. Bottom: Higher
magnification STEM image and fast Fourier transform (top right) of the whole image. The yellow
rectangle is a detail of the interface.
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Temperature-controlled ion beam induced nanomodification of AIIIBV semiconductor surfaces
Elzbieta Trynkiewicz, Benedykt R. Jany, Dominik Wrana and Franciszek Krok
Marian Smoluchowski Institute of Physics, Jagiellonian University, Lojasiewicza 11, 30-348 Krakow,
Poland
email: elzbieta.trynkiewicz@gmail.com

Ion beam sputtering methods have paved the way into a new era for the fabrication of high aspect
ratio nanostructures on surfaces of variety of materials. However, despite many years of research the
formation process of three-dimensional (3D) self-assembled patterns as a result of sputtering of
binary materials still constitute is still under debate. Despite the fact that thermally-induced surface
diffusion is unquestionably one of the most important attribute necessary in pillars growth
mechanism the influence of the substrate temperature during ion irradiation has still not been
thoroughly investigated. Our main goal was addressed to this issue.
Presented work is focused on the evolution of ion-beam induced topography of a set of AIII-BV
semiconductor crystal (001) surfaces (i.e. InP, InAs, GaSb) within extensive substrate temperature
range, spanning from -129°C to 150°C, during irradiation with 3 keV Ar+ ion beam at normal
incidence. In this regard, a detailed physical and chemical analysis of textured surfaces was
performed using scanning electron microscopy (SEM).
Surface morphologies after ion irradiation to ion fluence of ϕ = 2.15 × 1017 ion/cm2 exhibit various
morphological features such as smoothened surface, small islands or clusters and vertically oriented
cone-like structures, dependent on a substrate temperature. It has been found that carefully choosing
experimental conditions enable us to control the type and size of the surface features. The behavior
of self-assembled nanostructures provides strong evidence that the pattern formation is governed via
thermal surface diffusion.
The experimental results will be discussed with reference to
groundbreaking models of the 3D structures growth mechanism abutting on preferential sputtering,
self-sustained etch masking effect and redeposition processes, recently proposed to elucidate the
observed nanostructuring mechanism. It should be noted that our work presents for the first time an
analysis of the parameters of size of the nanostructures in relation to sample temperature offering
simultaneously a unique opportunity for supplementation of previous studies on the ion-beam
activated structures evolution that primarily is connected with material redistribution under
sputtering process. .
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Ion beam irradiation technique to produce nanopatterning structures
for different applications
B. Gurovich1 , K. Prikhodko1,2 and E. Kuleshova1,2
1
2

National Research Centre "Kurchatov Institute", Russia
National Research Nuclear University (MEPhI), Russia

email: prihodko_ke@nrcki.ru

The paper describes a technique developed by the authors to create nanopatterning composite microand nanostructures for various purposes from metals, semiconductors and insulators under ion beam
irradiation. The chemical composition of irradiated thin-film materials can be controlled by playing
with ion beams irradiation conditions. The technique is implemented in three ways: by selective
removal of atoms (SRA) [1] – to produce metals and semiconductors from insulators; the selective
displacement of atoms (SDA) – to change the atomic composition from one atom to another; and the
selective association of atoms (SAA) – to produce insulators from metals and semiconductors [2].
The idea was using wide ion beam with small angular divergence to perform irradiation of the
functional thin-film layer on a substrate through the mask placed on top of the functional layer. The
mask will protect the functional layer from the ion beam irradiation thus the layer properties remains
virgin at that areas. The open areas will transform the chemical composition and properties under
ion beam irradiation (SRA, SDA or SAA process). The main factor ensuring the SRA process under
ion irradiation, for example, in diatomic substance, is the selectivity of the atomic displacements of
one sort atoms, i.e. the relative excess of the speed of their displacement, as compared with the rates
of displacement of the atoms of another sort. Under certain conditions SRA process may lead to
complete removal of one element atoms from the irradiated volume up to the depth corresponding to
the length of projected range of the ion in this sample. In most cases, complete removal of atoms
after their displacement is realized by diffusion to the sinks (grain boundaries, free surfaces, etc.).
To change the atomic composition of the compounds with strong chemical affinity of their
constituent atoms SDA or SAA processes can be used. In these cases, the technique of forming a
composite structure includes the simultaneous irradiation on selected parts of the original substance
by a composite ion beam with two types of ion simultaneously. The first ion component of the beam
— light ions (e.g. hydrogen) with sufficient energy to remove one type of atoms from substrate
(SDA process) or produce radiation defects in the substrate (SAA process). The second ion
component of the composite beam is formed from ions with high affinity to the remaining substrate
atoms. This leads to the replacement of the selected type of atoms in the original substance into
atoms, which form the second beam of accelerated particles (SDA process), or to connecting second
beam ions to substrate atoms (SAA process). As a result the chemical composition of the substrate
can be changed by a control way.
The different composite structures can be designed by using the mask during irradiation. One could
produce mask by electron beam or optical lithography, nanoimprint or self-assembled particle
techniques. This technique have been successfully used in different fields of nanotechnology for
formation of: metal and semiconductor nanowires; high-density patterned magnetic media [1]; low
temperature superconductive thin film passive and active nano-elements [3]. For instance in [1] we
demonstrated the 153 Gb/sq.inch patterned magnetic media formed under proton beam irradiation of
non-magnetic cobalt oxide film through the protective mask to produce the array of single domain
cobalt (15x15x30 nm) magnetic particles (SRA process).

14
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[1] Gurovich B.A., Prikhodko K.E., Physics-Uspekhi 52(1) (2009) p.165-178
[2] Gurovich B.A., Prikhodko K.E.,Kuleshova E.A., Journal of Experimental and Theoretical
Physics 116(6) (2013) p.916-927
[3] Gurovich B.A., Prikhodko K.E., Kuleshova E.A., Nanotechnologies in Russia, 9(7-8) (2014)
p.386-390 .
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High temperature protecting coating for plasma facing components of
fusion devices
L. Begrambekov1 , A. Grunin1 , Ya. Sadovsky1 , V. Budaev2 , O. Buzhinsky2 , S. Grashin2 , G. Notkin2 ,
R. Giniatulin3 and I. Masul3
1

National Research Nuclear University (MEPhI), Moscow, Russia
NRC «Kurchatov Institute», Moscow, Russia
3 Efremov Institute, St. Petersburg, Russia
2

email: lbb@plasma.mephi.ru

Tungsten is selected as the plasma facing material of ITER divertor. The last year investigations
discovered number of plasma activated processes on the tungsten surface, which will lead to
intensive tungsten destruction under high power density plasma irradiation. The paper [4] showed
that application of in situ renewable B4 C coating could prevent tungsten tiles from plasma
irradiation.
The B4 C coating could be deposited in the regular device of fusion devices using the vapors of
carborane (B12 C10 H2 ) [5]. The coating has high melting temperature (2936 K). It is characterized by
low retention capacity of hydrogen isotopes, low sputtering coefficient at the temperatures below
1700 K, and does not show chemical sputtering under hydrogen plasma irradiation. The redeposited
layers formed due to B4 C erosion could be gasified and removed from the tokamak before their
transformation in dust. Thus, accumulation of essential amount of tritium in the device could be
prevented.
Nevertheless the detail investigation of behavior of boron carbon coating on tungsten under high power
load neither in laboratory stands nor in tokamaks were not performed. The report describes the boron
carbide film deposition on tungsten and its testing under high power density ion beam irradiation in
laboratory Stand for Coating Deposition and Material Nesting (CODMAT) (MEPhI, Moscow), and
plasma disruption in tokamak T-10 (NRC «Kurchatov Institute», Moscow).
The study was conducted with boron carbide layers of 5 µm thick formed on tungsten by carbon and
boron atoms sputtered in plasma from respective targets. The deposited layer had composition near
to stoichiometric one (B : C = 3.5 : 1). In the Stand CODMAT the boron carbide coated tungsten
samples were subjected to thermal cycling and to cycle ion irradiation. Ion energy was 10 and 15
KeV and ion current density changed from 0.3 to 5 MW/m2 . The coating temperature varied in the
range 900 - 1500 K. In the whole irradiation conditions the coating was not cracked and remained
uniformity.
The duration of plasma irradiation during disruption in tokamak T-10 was equal to ≈ 70 ms, and
power load reached ≈100 MW/m2 . The part of the coated tungsten sample was melted. The
temperature on the remained part of the sample was distributed from the near R.T. to 3600 K. After
plasma irradiation, the coating was examined by Scanning Electron Microscopy and Roentgen
Energy Dispersion Spectrometry.
The analysis showed that the coating remained completely on areas heated by plasma up to 2000 K,
and its composition, practically, did not change. In the range 2000 - 2500 К, some part of the coating
has been melted. Boron was partly lost; and composition of both fractions of coating varied between
B : C = 3.1 : 2.2. Thin intact coating layer (2µm) covered the area heated from 2500 to 3600 K.

16

[1] Buzi L., de Temmerman G., Unterberg B., Reinhart M., Litnovsky A., Philipps V., van Oost G.,
Möller S. J. Nucl. Mater., 2014, vol. 455, p. 316 - 319.
[2] Shu W.M., Nakamichi M., Alimov V.Kh., Luo G.-N., Isobe K., Yamanishi T. J. Nucl. Mater. P.
2009, vol. 390 - 391, p. 1017 - 1021.
[3] Maier H., Greuner H., Balden M., Böswirth B., Lindig S., Linsmeier C. J. Nucl. Mater. 2013, vol.
438, p. S921 - S924.
[4] L. B. Begrambekov and O. I. Buzhinskiy, Vopr. At.Nauki Tekh., Ser. Termoyad. Sintez, No. 4,
14 (2006). .
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The main fraction of coating in this temperature region has been melted and collected in droplets.
The boron concentration in coating on the hottest part of this area decreased down to B : C ≈ 1.1
: 1. However, the droplets and the remained coating maintained the structure of the boron carbide.
Throughout the entire temperature range, the coating remained adhesion to tungsten and prevented
tungsten from plasma irradiation. Any exfoliations and cracks despite temperature gradient were not
found. Conclusion is made that B4 C can be used as protecting coating for tungsten tiles of tokamaks
divertors.

.

Modeling Solid-State Wetting and Dewetting
Olivier Pierre-Louis
Institut Lumière Matière UMR5386 Université de Lyon 69622 Villeurbanne, France
email: olivier.pierre-louis@univ-lyon1.fr

We discuss the modelling of surface-diffusion mediated solid-state dewetting both on flat and on
patterned substrates. We focus on novel results on the consequences of anisotropy, and on the nonequilibrium kinetics at the triple line.
At the nanoscale, surface diffusion mediated mass transport leads to complex changes in the
morphology of solid films and islands under annealing. The analogy with liquid-state wetting is a
key to understand these phenomena. We explore two situations where wetting plays a crucial role.
In a first part, we discuss the dewetting dynamics of a thin solid film based on 2D Kinetic Monte Carlo
(KMC) simulations, and continuum models. We focus on the role of the faceting of the dewetting
rim, which changes the asymptotic behavior of the dewetting velocity. We analyze the instability of
the dewetting front, which leads to the formation of fingers. Furthermore, we show that the wetting
potential and the kinetics at the triple-line can have drastic consequences on the dynamics, leading to
novel dewetting regimes.
In a second part, we will present some results on the wetting statics and dynamics of islands (or
nanoparticles) on surface topographical structures with a large aspect ratio, such as pillars or trenches
using 3D KMC simulations including elastic effects. We also propose to control the wetting transitions
using electromigration.

KMC simulations of solid-state dewetting, and solid-state Lotus effect.

[1] A. Tripathi, O. Pierre-Louis, Contact line dynamics in solid-state wetting, preprint (2017).
18
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[2] M. Ignacio, O. Pierre-Louis, Controlling the wetting transitions of nanoparticles on nanopatterned
substrates using an electric current, Phys Rev E (2015).
[3] A. Chame, O. Pierre-Louis, Solid-State dewetting with a magic thickness: Electronic dewetting,
Phys Rev B 90 195408 (2014).
[4] M. Ignacio, Y. Saito, P. Smereka, O. Pierre-Louis, Wetting of elastic solids on nanopillars, Phys
Rev Lett 112, 146102 (2014).
[5] A. Chame, O. Pierre-Louis, Modeling dewetting of ultra-thin solid films, Comptes Rendus de
Physique, 14 6553 (2013).
[6] M. Ignacio, Y. Saito, O. Pierre-Louis, Solid-State Wetting on nano-patterned substrates, Comptes
Rendus de Physique, 14 619 (2013).
[7] A. Chame, O. Pierre-Louis, shape of anisotropic dewetting holes, preprint (2017) .
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Self-Organized Nanopatterning of MoS2 2-D Nanosheets: Tailoring
Anisotropic opto-electronic properties
C. Mennucci1 , C. Martella2 , E. Cinquanta2 , A. Lamperti2 , E. Cappelluti3 , A. Molle2 and F. Buatier
de Mongeot1
1

Dipartimento di Fisica, Università di Genova, via Dodecaneso 33, I-16146 Genova, Italy
Laboratorio MDM IMM-CNR via C. Olivetti 2, I-20864 Agrate Brianza (MB), Italy
3 Istituto dei Sistemi Complessi (ISC)-CNRU.O.S. Sapienza 00185, Roma, Italy
2

email: buatier@fisica.unige.it

Here we report on self-organized nanostructuring of 2D Transition Metal Dichalcogenides (TMD)
nanosheets based on Molybdenum Disulphide (MoS2 ). The conformal growth of 2D MoS2
nanosheets proceeds via chemical vapor deposition on high aspect ratio SiO2 templates
nanostructured by defocused Ion Beam Sputtering (IBS). We first demonstrate that the substrate
rippled morphology allows to guide the conformal growth of 4 monolayer thick MoS2 nanosheets
and, in turn, that the uni-axial morphological anisotropy is reflected in the electrical, optical and
vibrational properties of MoS2 nanosheets [1].
A topography-dependent modulation of the MoS2 workfunction is reported by Kelvin probe force
microscopy and a strong uniaxial-anisotropy in the intensity of the phonon modes is observed by
varying the polarization orientation with respect to the ripple axis. A strong dependence on impinging
light polarization is also found in the optical response of anisotropic MoS2 nanosheets, particularly
pronounced in correspondence to the C-exciton. A possible explanation of the observed behavior can
be found in the local tilt and bending of MoS2 nanosheets which favour the localization of strain and
charge doping affecting the bandgap of the material.
Moreover, in view of better tunability of MoS2 opto-electronic properties, morphological parameters
as local slope and curvatures of synthesized ripples, have been tailored by acting on the IBS
processing parameters. Our study opens the door to the growth of large area MoS2 nanosheets with
tailored physical properties by substrate pattern engineering. The possibility to opportunely tune the
optoelectronic properties is highly attractive in view of technological applications.
[1] C. Martella et al. Advanced Materials 2017, 29, 1605785
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Nanopatterning by ion-beam-sputtering in non-conventional formats
Jae-Sung Kim
Sook-Myung Women's University, Seoul, Korea

.

email: jskim1961@gmail.com

For the nanopatterning by ion-beam-sputtering(IBS), the conventional format is employing single ion
beam in a fixed ion-incident geometry with respect to a stationary substrate. That limits the variety
of the patterns, and thus the information to examine the models proposed to elucidate the mechanism
behind the pattern formation. There have been sporadic efforts to pattern the surface in the other
formats such as substrate rotation during IBS[1], and offered insights to deepen our understanding on
the mechanism of pattern formation by IBS.
In the present talk, I will review the our long term researches on the pattern formation by IBS under
non-conventional formats; dual ion beam sputtering[2], sequential ion beam sputtering[3-5], and
substrate swing[6] and rocking[7]. There are found patterns other than dots and ripples, which then
well served to elaborating the models proposed the pattern formation by IBS.
[1] “Roughness Evolution of Ion Sputtered Rotating InP Surfaces: Pattern Formation and Scaling
Laws”, F. Frost, A. Schindler, and F. Bigl, Phys. Rev. Lett. 85, 4116 (2000).
[2] “Nanopatterning by dual-ion-beam sputtering”, M. Joe, C. Choi, and B. Kahng, Appl. Phys. Lett.
91, 233115 (2007).
[3] “Pattern evolution on previously rippled Au(001) by crossing-ion-beam sputtering”, J.-H. Kim,
M. Joe, S.-P. Kim, N.-B. Ha, K.-R. Lee, B. Kahng, and J.-S. Kim Phys. Rev. B 79, 205403 (2009).
[4] “One-dimensional pattern of Au nanodots by ion-beam sputtering: formation and mechanism”,
J.-H. Kim, N.-B. Ha, J.-S. Kim, M. Joe, K.-R. Lee, and R. Cuerno, Nanotechnology 22, 285301
(2011).
[5] “Role of nonlinearities and initial prepatterned surfaces in nanobead formation by ion-beam
bombardment of Au(001): Experiments and theory”, J.-H. Kim, J.-S. Kim, J. Munoz-Garcia, and R.
Cuerno, Phys. Rev. B 87, 085438 (2013).
[6] “Nanopatterning of swinging substrates by ion-beam sputtering”, S. M. Yoon and J.-S. Kim
Citation: J. Appl. Phys. 119, 205301 (2016).
[7] S. Cho and J.-S. Kim (Unpublished) .
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Shape birefringence in Cr nanowires self-organized through ion
irradiation-induced dewetting
R. Lo Savio, L. Repetto, S. Sallemi, G. Firpo, E. Angeli, P. Guida, D. Pezzuoli, D. Repetto and U.
Valbusa
Department of Physics, Università di Genova, Italy
email: roberto.lo.savio@edu.unige.it

Ion irradiation is widely used to modify, engineer, and nanostructure bulk and thin film materials
[1]; in particular, focused ion beam (FIB) is an attractive ion beam-based tool, guaranteeing a precise
spatial control of the irradiated region; in fact localized etching, deposition, or surface modification
can be feasible [2,3]. Although FIB systems are usually used to nanostructure materials using a topdown approach through the removal of atoms, it is possible to exploit also the opposite bottom-up
approach [4]. In fact, local heating and melting occurring during ion irradiation can be used as the
driving force for material nanostructuring: liquid-like spinodal dewetting or synthesis of nanoparticles
was observed in metal thin films [5,6].
Here we show a peculiar effect related to ion irradiation-induced dewetting in chromium thin films
leading to the self-organization of sub-micrometric parallel Cr nanowires, similarly to what previously
observed in laser-irradiated films [7]. The resulting pattern is originated as a consequence of the
balance of three different mechanisms: sputtering, van der Waals forces, and surface tension. The
experimentally observed patterns can be reproduced through a numerical model [8], thus allowing
also to design them before the fabrication.
Finally, given the high anisotropy of the synthesized patterns, we observed shape birefringence
through the analysis of reflected polarized light at different wavelengths, demonstrating that the
effect is maximum under green light illumination.
Given the high degree of engineering through the modification of irradiation parameters, and the
possibility to simulate (and therefore predict) the synthesized patterns, the results shown here open
the route towards the fabrication of highly anisotropic self-assembled metal patterns.
[1] I.P. Jain, G. Agarwal, Surf. Sci. Rep. 66, 77 (2011)
[2] C.-S. Kim, S.-H. Ahn, D.-Y. Jang, Vacuum 86, 1014 (2012)
[3] W.J. MoberlyChan, D.P. Adams, M.J. Aziz, G. Hobler, T. Schenkel, MRS Bull. 32, 424 (2007)
[4] A.V. Krasheninnikov, K. Nordlund, J. Appl. Phys. 107, 071301 (2010)
[5] L. Repetto, R. Lo Savio, B. Šetina Batič, G. Firpo, E. Angeli, U. Valbusa, Nucl. Instr. Meth. Phys.
Res. B 354, 28 (2014)
[6] R. Lo Savio, L. Repetto, B. Šetina Batič, G. Firpo, U. Valbusa, Nucl. Instr. Meth. Phys. Res. B
354, 129 (2014)
[7] M. Gedvilas, G. Račiukaitis, K. Regelskis, Appl. Phys. A 93, 203 (2008)
[8] L. Repetto, B. Šetina Batič, G. Firpo, E. Piano, U. Valbusa, Appl. Phys. Lett. 100, 223113 (2012)
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Anisotropic angular distributions of atoms sputtered from single
crystals by gas cluster ion beam
A.V. Nazarov1 , V.S. Chernysh2 , K. Nordlund3 , F. Djurabekova3 and J. Zhao3
.

1

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Russian Federation
2 Faculty of Physics, Lomonosov Moscow State University, Russian Federation
3 Department of Physics, University of Helsinki, Finland
email: av.nazarov@physics.msu.ru

The spatial distributions of the particles sputtered from solid targets by gas cluster ion beams (GCIB)
are important for understanding the mechanisms of sputtering phenomenon as well as for a wide range
of technology applications such as surface polishing. The angular distributions of sputtered material
are a determinative factor for surface smoothing processes [1].
In a recent paper [2] the anisotropy over the azimuthal angle of the spatial distributions of Ag and
Mo atoms sputtered from single-crystal targets with 10 keV Ar clusters has been found. This is
surprising because the crystalline structure in the impact area is destroyed during the cluster impact
on the target surface. In order to understand the reasons that lead to such kind of anisotropy of the
angular distributions of sputtered material the MD simulations of sputtering of Cu and Mo single
crystals by Ar clusters of different sizes were performed.
The MD simulations of the 10 keV Ar cluster bombardment of Cu (100) and Mo (100) single crystals
were performed at room temperature. The size of the clusters varied from 50 to 1500 atoms per
cluster. The incident direction of the cluster ions was normal to the target surface. The simulations
were performed with the PARCAS code [3-5]. The Lennard-Jones potential was used for the ArAr interactions, the EAM potentials [6-7] for the Mo-Mo and Cu-Cu interactions and the densityfunctional theory based pair-specific repulsive potentials [8] for the Ar-Mo and Ar-Cu interactions.
A distinct "spot" anisotropy is observed in the azimuthal distributions of sputtered Cu and Mo atoms.
The centers of spots are located in the (110) plane for the Mo target with the bcc lattice and in the (100)
plane for the Cu target with the fcc lattice. These planes are perpendicular to the target surface. The
spots for Mo can be clearly observed for all cluster sizes that lead to any reasonable sputtering (up to
500 atoms per cluster), while for the Cu target it becomes imperceptible for sizes more than 300 atoms
per cluster. The spots positions depend on the impacting cluster size, therefore these spots cannot be
considered as Wehner spots. This conclusion is based on the fact that numerous experiments have
shown that the angular positions of Wehner spots are determined only by the crystal structure of the
irradiated surface. It was also found that the angular positions of Wehner spots do not depend on the
type and energy of the projectiles.
It is well known that in the case of sputtering by atomic ions, the anisotropy of the spatial distribution
of the sputtered material is determined by the crystal structure of the irradiated material in the region
of the cascade of atomic collisions. In case of cluster bombardment, the crystal structure outside the
impact region determines the spatial distribution of sputtered particles. The interaction of the atoms
constituting the cluster with the walls of the crater, that is formed during the impact, plays an important
role in the formation of the flux of the sputtered atoms. The density of target atoms that form the crater
walls in different azimuthal directions is different. This density has the maximum in the close-packed
directions and the minimum in between. This results in the anisotropy of the sputtered atoms flux. .

23

The polar and azimuthal distributions of sputtered material: a) Mo target, Ar44 clusters; b) Mo target,
Ar300 clusters; c) Mo target, Ar500 clusters; d) Cu target, Ar50 clusters; e) Cu target, Ar100 clusters; f)
Cu target, Ar900 clusters
[1] I. Yamada, Appl. Surf. Sci., 310 (2014), 77-88.
[2] D. Maciazek, M. Kanski, L. Gaza, B. J. Garrison, Z. Postawa, J. Vac. Sci. Technol., B 34(2016),
03H114
[3] K. Nordlund, M. Ghaly, R.S. Averback, M. Caturla, T. Diaz de la Rubia, J. Tarus, Phys. Rev. B.
57 (13) (1998), 7556 - 7570.
[4] M. Ghaly, K. Nordlund, R. S. Averback, Phil. Mag. A, 79(4) (1999), 795.
[5] K. Nordlund, Comput. Mater. Sci., 3 (1995), 448.
[6] Michael J. Sabochick, Nghi Q. Lam, Phys. Rev. B, 43(7) (1991), 5243.
[7] E. Salonen, T. Järvi, K. Nordlund, J. Keinonen, J. Phys. Cond. Matt., 15 (2003), 5845-5855.
[8] K. Nordlund, N. Runeberg, D. Sundholm, Nucl. Instr. Meth. Phys. Res. B, 132 (1997), 45-54.
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Transitional morphology in binary alloy nanopatterning via ion beams
Basanta Kumar Parida and Subhendu Sarkar
Dept. of Physics, Indian Institute of Technology Ropar, Nangal Road, Rupnagar, Punjab, 140001,
India
email: bkparida@iitrpr.ac.in

When amorphous or crystalline surfaces are bombarded by broad beam ion source a wide variety of
self-organised periodic nanoscale structures form over them. This is primarily caused due to the
competing process between curvature dependent sputtering which roughens the surface and thermal
surface diffusion effects which smoothen the surface. The type of patterns formed depends upon ion
beam parameters and the substrate materials. In case of binary compounds, different mass atoms of
the solid are not sputtered equally from the surface, which is termed as differential sputtering yield.
Shenoy et.al. [1] proposed a theory for sputtering of binary (50-50) alloy surfaces, where nanoscale
ripple patterns form due to the differential sputtering yields and surface diffusivities for each
component leading to compositional variations which is in or out of phase with the ripple
topography. They have coupled the dynamics of surface height with the fluctuation in compositions
for a binary alloys. The above phenomenon gives rise to different types of compositionally
modulated nanostructures on the surface of a binary compound. The evolution of surface
morphology needs to be coupled with the altered stoichiometry and topography. Our studies would
primarily deal with such systems.
We have worked on magnetic-semiconductor alloy systems. Cox Si1−x alloys (far from 50-50
composition) are deposited having various stoichiometries and subjected to ion bombardment under
various conditions of ion energy, incidence angle, fluence, bombarding species etc. The results
obtained throw light on the fate of such binary alloy surfaces which vary from very low to high
stoichiometric ratios. We report morphology transition from ripple patterns to micrometer-sized
semi-ellipsoidal structures upon increasing the ion energy from 500 eV to 1200 eV. The
transformation also goes through a smoothening regime at 700 eV. The wavelengths of the
nanostructures increase with fluence obeying a power law behaviour f 0.123 , where f is the fluence.
Roughness increments are observed with increasing Co concentration on the films. The features
obtained are different from the theoretical expectation. .

AFM images of Co27 Si73 surface bombarded with Ar ions at 67 deg angle of incidence at the energies
shown in the diagram.
[1] V. B. Shenoy,W. L. Chan, E. Chason, Phys. Rev. Lett. (2007) 98:256101.
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Growth of molecular thin films on flat and ion-irradiated TiO2 (110)
surfaces
Franciszek Krok
Marian Smoluchowski Institute of Physics, Jagiellonian University, Lojasiewicza 11 4, 30-348
Krakow, Poland
email: franciszek.krok@uj.edu.pl

Devices based on molecular structures of given functionality, combining the properties of organic
molecules with inorganic substrates, will be important in the development of future electronics. The
main problem outlined in this strategy is to find a way to organize molecules in order to set up required
patterns on the substrate surface. In this regards, oxide semiconductors (TiO2 ) offer a large variety of
possible templates, which can be obtained in a controlled manner by ion bombardment and annealing.
I will present results of our studies on the morphology and properties of ultra-thin organic films
consisting of rod-like para-hexaphenyl (6P) molecules grown on ion beam modified TiO2 (110)
surface. The ion bombarded TiO2 (110) surfaces serve as growth templates exhibiting nm-scale
anisotropic ripple patterns with controllable parameters, like ripple depth and length. Under certain
experimental conditions applied, a nanoscale pattern with a regularly stepped ripples can be
obtained. Within one step, the local crystallinity of pristine TiO2 (110) is conserved as will be
confirmed by atomically-resolved STM imaging. The substrate conditions have significant influence
on the film morphology and on the orientation of the single 6P molecules with respect to the
substrate. In the case of flat TiO2 (110) substrate surfaces, needle-like structures composed of lying
(molecular long axis parallel to the substrate surface) molecules are observed. In contrast, on the
ripple structures, anisotropic elongated islands are formed with the of 6P molecules arranging in the
upright standing position. It will be further demonstrate that changing the properties of ion-beam
modified substrates, the shape and stability of the molecular structures can be controlled.
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The action of dispersion forces on solid films under ion irradiation
L. Repetto, R. Lo Savio, G. Firpo, E. Angeli, P. Guida, D. Pezzuoli, D. Repetto and U. Valbusa
Department of Physics, Università di Genova, Italy

In the standard picture, the disjoining pressure is associated to dispersion forces. These forces can be
introduced with several degrees of sophistication [5], and finding expressions properly accounting
for their action is still a controversial point when setting up a model that aims to a quantitative
description of dewetting phenomenology. For example, there is apparently a poor agreement
between the lengths scales of the self-organized patterns and the magnitude of the forces, even when
the latter are derived by sophisticated methods like Lifshitz theory [6]. On the other hands, there
have been striking demonstrations that even by using simple pairwise additivity, it is possible to
explain, and consequently find the way to induce peculiar phenomena. An interesting example of
manipulation of the disjoining pressure in dewetting has been shown for liquids [7], demonstrating
that the interposition of a layer of a proper material between the film and the substrate can switch the
state of the film from stable to unstable and vice-versa.
Here we propose similar considerations for solid films under ion irradiation. We analyze both
experimentally and theoretically the case of the interposition of a gold layer between a chromium
film and a silicon substrate. In particular, we show how the onset of the dewetting instability
observed during ion irradiation can be moved to different fluences, and how, because of the
concurrent sputtering, the characteristic length of the patterns is consequently changed.
[1] L. Repetto, B. Šetina Batič, G. Firpo, E. Piano, U. Valbusa, Appl. Phys. Lett. 100, 223113 (2012).
[2] L. Repetto, R. Lo Savio, B. Šetina Batič, G. Firpo, E. Angeli, U. Valbusa, Nucl. Instr. Meth. B
354, 28 (2015).
[3] A. Vrij, Discuss Faraday Soc. 42, 23 (1966).
[4] R. Lo Savio, L. Repetto, P.Guida, E. Angeli, G. Firpo, A. Volpe, V. Ierardi, U. Valbusa, Solid
State Comm. 240, 41 (2016).
[5] N. Israelachvili, Intermolecular and Surface Forces, San Diego, USA: Academic Press, 1985.
[6] G. Reiter, A. Sharma, R. Khanna, A. Casoli, M. David, J. Colloid Interface Sci. 214, 126 (1999).
[7] R. Seemann, S. Herminghaus, K. Jakobs, Phys. Rev. Lett. 86, 5534 (2001).
.
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The morphological modifications that solid films undergo during ion irradiation can be successfully
described assimilating their evolution to the case of a dewetting liquid [1,2]. Key element in this
continuum description is the disjoining pressure that acting against surface tension can give rise to
the instabilities responsible for the formation of characteristic patterns where the film partially covers
the substrate [3]. These patterns show different degrees of order, their scales are in principle related
to the magnitude of the active forces, and accordingly to their order and their scale, they can modify
the surface properties and provide functional capabilities [4]. Because of this interconnection, finding
strategies for a manipulation of the disjoining pressure offers interesting applicative perspectives, but
demands for reliable models that can give insight into the underlying physics and can provide practical
tools for a fast exploration of the parameter space.
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Higher order contributions to ion induced pattern formation
Hans Hofsäss and Omar bobes
II, Instutute of Physics, University of Goettingen, Friedrich-Hund-Platz 1, 37077 Goettingen,
Germany
email: hans.hofsaess@phys.uni-goettingen.de

In this contribution we discuss the role of higher order crater function moments for the formation of
ion induced pattern formation. The linear theories typically consider the curvature dependent effects
determined by the first order moments of the erosion and redistribution crater functions, including the
explicit curvature dependence of the sputter yield given by the leading order erosion crater function.
Smoothing of a surface is described by either thermal surface diffusion or ion-induced viscous flow.
Further Tylor expansion of the crater functions leads to a wavelength dependent contribution to the
ripple propagation velocity, given by the second Moment of the erosion crater function. The third order
moment of the crater function gives rise to coefficients of the fourth derivatives d4 h/dx4 , d4 h/dy 4 ,
d4 h/dx2 dy 2 of the surface height profile h(x, y, t), which behave similar to a diffusion term.
We calculate these higher order moments of the crater functions using the SDTrimSP Monte Carlo
software for several model cases and determine quantitatively the magnitude and sign of the
corresponding non-linear coefficients. We find that the second order crater function moment leads to
a negligible small wavelength dispersion of the ripple propagation velocity for most cases.
The third order crater function moment gives rise to a small destabilizing term for most incidence
angles. Only for larger angles above about 70°, the sign of the coefficient changes and then contributes
to a stabilization of the surface, similar to thermal diffusion or ion induced viscous flow. T effect of
ion induced viscous flow decreases strongly at larger angles, due to its the strong dependence on the
layer thickness and also the shrinking of the collision cascade due to increasingly more reflected ions.
Now the contribution of the third order moments may become a dominant term stabilizing the surface.
Compared to ripple wavelength and amplitudes observed experimentally, it seems that thermal surface
diffusion should have a significant effect at higher ion energies, although the substrate is nominally
kept at room temperature. This may be related to a local short term thermal activation of surface atoms
due to an extended thermal spike.
We present simulations and experimental data for several model cases for C ion irradiation of
amorphous carbon as well as Ar and Xe irradiation of Si. In particular, the model case 30 keV C on
a-C appears to be well suited to study the effects of third order crater function moments and thermal
diffusion.
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Distinguishing physical mechanisms using GISAXS experiments and
linear theory: the importance of high wavenumbers
Scott A. Norris1 , Joy C. Perkinson2 , Jennifer Swenson1 , Mahsa Mokhtarzadeh3 , Eitan Anzenberg3 ,
Michael J. Aziz2 and Karl F. Ludwig, Jr.3
1
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In this talk, we discuss the use of GISAXS measurements of the structure factor of Si surfaces
evolving during 1 keV Ar+ ion bombardment to assess the relative strength of different
pattern-formation mechanisms. Using newly-developed methods sensitive to the full range of
experimentally-available wavenumbers q, we extract the linear amplification rate R (q) governing
surface stability over a range of wavenumbers 4-5 times larger than has previously been obtained.
Comparing this data to a composite theoretical model including viscous flow, stress, and atomic
displacements, with each mechanism also retaining full wavenumber-dependence, we find an
excellent fit of the experimental data over the full range of irradiation angles and wavenumbers.
The fitted parameter values obtained in this way represent experimental evaluation of the magnitudes
of most physical mechanisms currently believed to be important to the pattern-formation process.
In all cases, the extracted values agree well with direct observations or atomistic simulations of the
same quantities, suggesting that GISAXS analysis may allow more powerful comparison between
experiment and theory than had previously been thought. As an example, we are able to directly
compare the relative strength of atomic redistribution effects to the effect of ion-induced stress, and
find that the latter is considerably larger for angles below about 45 degrees.
Given the implied importance of stress as an instability mechanism, we conclude the talk with some
recent results on the effect of ion-induced swelling, which becomes important at higher ion energies.
In particular, we show that under the right circumstances, this effect can stabilize irradiated surfaces
that would otherwise be unstable, and could therefore play a role in the reported disappearance of
ripples in the keV energy range. .
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Experimental measurements of stress accumulation during low-energy
Ar+ bombardment of Si
Joy C. Perkinson and Michael J. Aziz
Harvard University School of Engineering and Applied Sciences
email: joyperkinson@gmail.com

Low-energy ion bombardment damages the surface layer of targets and causes morphology changes
such as smoothening and self-organized pattern formation. In semiconductor targets, the surface
layer is amorphized and builds up stress. It has been shown that stress could play an important role
in ion-induced pattern formation [1,2]. This stress can be measured using a multi-beam optical stress
sensor (MOSS). We have built a custom ion bombardment chamber to measure real-time, in situ
thin-film stress via MOSS at all ion incidence angles, from normal to grazing. Here we present
MOSS measurements of stress from experiments in this chamber. We use a high-flux ion source at
Ar+ energies below 1.2 keV. We examine stress evolution during bombardment-induced
amorphization, during continued bombardment, and after cessation of bombardment. We identify
two stress responses: an initial compressive peak, and a second peak at longer time scales that
switches from compressive to tensile with increasing incidence angle. We discuss the implications
of these results for our understanding of the mechanisms of stress generation and relaxation in Si.
[1] M. Castro, R. Gago, L. Vázquez, J. Muñoz-García, and R. Cuerno, "Stress-induced solid flow
drives surface nanopatterning of silicon by ion-beam irradiation", Phys. Rev. B 86, 214107 (2012).
[2] S.A. Norris, "Stress-Induced Patterns in Ion-Irradiated Silicon: Model Based on Anisotropic
Plastic Flow", Phys. Rev. B 86, 235405 (2012).
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Crater function moments: The influence of implanted noble gas atoms
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In this work we report the results of MD simulations of sequential 2 keV Kr impacts on an initially
crystalline Si target with a surface area of 150 Å× 100 Å. The sample thickness is adjusted to
accommodate most of the collision cascades, and impacts are simulated until sputtering equilibrium
is reached. For the zeroth moment, in sputtering equilibrium the contributions of implanted and
sputtered Kr compensate for each other by definition, and the contribution of sputtered Si is found to
be largely independent of the implanted atoms. Therefore, the zeroth moment can reliably be
calculated with a pristine target. The same holds true for the contributions to the first moment of
sputtered and redistributed Si atoms. On the other hand, while the atomic density of the implanted
Kr does not exceed 10% of the Si density, its effect on the first moment cannot be neglected because
of its large atomic volume ΩKr . From our simulations we find ΩKr ≈ 5 ΩSi . Among the
contributions of Kr to the first moment, that due to implantation dominates, while the redistributive
moment is close to negligible. The erosive Kr contribution is moderate, and is the only one requiring
the Kr distribution in the target.
In the second part of the talk we investigate the validity of BC simulations for crater function
calculations by comparing them with the MD simulations. As a trivial requirement, a low
displacement energy of Si has to be chosen to obtain comparable values of the redistributive
moments. This is well motivated by target amorphization. Detailed analysis of the depth resolved
contributions to the first moment reveals nonlinear effects which may be caused by collective
motion of atoms. A major problem of BC simulations taking Kr accumulation into account is that
they predict much too high equilibrium Kr concentrations. Thus they predict excessively high
redistributive Kr moments. A model of ion-induced noble gas transport would be required to
properly treat Kr retention. On the other hand, reasonably accurate moments may be obtained by
considering just pure Si targets for a range of incidence angles.
[1] M.P. Harrison, R.M. Bradley, Phys. Rev. B 89 (2014) 245401.
[2] S.A. Norris et al, Nature Commun. 2 (2011) 276.
[3] H. Hofsaess, O. Bobes, K. Zhang, J. Appl. Phys. 119 (2016) 035302.
[4] K. Wittmaack, A. Giordani, R. Umbel, J.L. Hunter Jr, J. Vac. Sci. Technol. A 34 (2016) 051404.
.
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Use of the crater function formalism for ion-induced nanoscale pattern formation requires the
calculation of the moments of the crater function [1]. Molecular dynamics (MD) [2] and binary
collision (BC) Monte Carlo simulations [3] have been used for this purpose. In these simulations,
however, for each ion impact a pristine target has been used. Thus the effect of the implanted atoms
on the crater function is neglected. This seems justified for noble gas ions, since noble gas atoms
have a tendency to leave the target upon ion bombardment. On the other hand, it is known that some
fraction of the gas atoms is retained in the target even at low implant energies [4].
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Nanoripples production on silicon and germanium surfaces under
argon irradiation
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Ion beams are frequently used in industry for composition control of different materials as well as
thin film deposition. It was noticed that low- and medium- energy ions at high fluences may produce
nanoripples and quantum dots on the irradiated surfaces. In the present work we focus our attention
on the study of simulated irradiation of amorphous silicon (a-Si) and amorphous germanium (a-Ge)
samples with 1 keV Ar ions under different angles, taking into special consideration angles close to
the grazing incidence. Moreover, sequential 1 keV Ar irradiation is done in order to see the evolution
of the surface.
This study has been carried out with Molecular Dynamics (MD), which provides tools to measure the
stress generated in the simulation cell as well as the total displacement of the particles which compound
the cell. MD results are compared with the results obtained using the Binary Collisions Approximation
(BCA), following the previous work on this matter [1]. The results are subsequently analyzed with the
numerical module Pycraters [2], which allows the prediction of the ripple wavelength. The calculated
wavelength can be directly compared with the experimental observations.
[1] Scott Norris, Juha Samela, Laura Bukonte, Marie Backman, Flyura Djurabekova, Kai Nordlund,
Charbel S. Madi, Michael P. Brenner & Michael Aziz, Nature Communications 2, 276 (2011)
[2] Scott Norris, arXiv:1410.8489 [physics.comp-ph]
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When the surface of a nominally flat binary material is bombarded with a broad, normally incident
ion beam, disordered hexagonal arrays of nanodots can form. Defects, such as dislocations in ripple
patterns or penta-hepta pairs in hexagonal arrays, limit the utility of patterns produced by ion
bombardment. We show that a neutrally stable soft mode can contribute to the persistence over time
of defects that form in the early stages of pattern formation. Topological measures of order provide a
method for determining if a defect is removed as the pattern evolves. .
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Ordering of crystalline organic nanostructures on two-dimensional
materials
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Crystalline films of small semiconducting organic molecules offer attractive potential for fabricating
organic solar cells, organic light emitting diodes, and organic field effect transistors on flexible
substrates. Here, the novel two-dimensional (2D) van der Waals materials like graphene (Gr) or
ultrathin hexagonal boron nitride (hBN) come into play. Here, we report on the self-assembly of
crystalline needles composed of organic rod-like molecules. These needles are several 10 nm wide
and a few nm high, but they can extend to several 10 µm. On both substrates, discrete needle
directions are observed which are close to the armchair or zigzag directions of the 2D substrates.
The needle networks obtained offer the potential to be used as templates for nanoscale patterning of
2D materials.
As a non-polar model molecule, the oligophenylene para-hexaphenyl (6P) was grown by hot-wall
epitaxy (HWE) on different Gr substrates. On exfoliated, wrinkle-free graphene, we observed by
atomic-force microscopy (AFM) the formation of 6P nano-needles (composed of lying molecules)
following 6 discrete orientations defined by the Gr lattice [1]. For few-layer exfoliated Gr, the
needle length decreased significantly with increasing layer number [2]. This needle growth can be
utilized to sense the cleanliness of chemical vapor deposited (CVD) Gr which is transferred by
polymethylmethacrylate (PMMA) onto SiO2 [3]. There, the needles nucleate preferentially at
wrinkles which are immanent for CVD Gr. By quantitative AFM image analysis it has been found
that the needles grow the longer the smaller the amount of PMMA residues is [3,4].
For 6P growth on ultrathin, exfoliated hBN – which is a 2D insulator – again needle-like structures with
preferential growth directions +/- 5° off the zigzag direction of the substrate are observed [5]. This
finding could be explained in conjunction with density functional theory (DFT) calculations revealing
the 6P adsorption site by the formation of a (-629) contact plane of bulk 6P. It also allowed identifying
the orientation of the observed straight edges of the hBN flakes as is demonstrated in figure 1.
For the growth of the polar, acene-like molecule dihydrotetraazaheptacene (DHTA7) on Gr and hBN
also crystalline needles are found. In this case, they are oriented close to the armchair direction of
the substrates with a 9° deviation which originates from the dipolar interaction of the molecules as
demonstrated by DFT calculations.
[1] M. Kratzer, S. Klima, C. Teichert, B. Vasić, A. Matković, U. Ravelić, R. Gajić, J. Vac. Sci.
Technol. B 31, 04D114 (2013).
[2] M. Kratzer, S. Klima, C. Teichert, B. Vasić, A. Matković, M. Milicević, R. Gajić, e-J. Surf. Sci.
Nanotechn. 12, 015303 (2014).
[3] M. Kratzer, B.C. Bayer, P. R. Kidambi, A. Matković, R. Gajić, A. Cabrero-Vilatela, R. S.
Weatherup, S. Hofmann, C. Teichert, Appl. Phys. Lett. 106, 103101 (2015).
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5 µm
AFM image of 18 nm thick hBN flake covered with 6P needles grown at 363 K. (b) Total needle length
in a particular orientation with respect to the axis of the image. Solid red lines and dashed green lines
in (a) and (b) indicate zigzag and armchair edges of the hBN flake, respectively [5].
[4] M. Kratzer, C. Teichert, Nanotechnology 27, 292001 (2016).
[5] A. Matković, J. Genser, D. Lüftner, M. Kratzer, R. Gajić, P. Puschnig, C. Teichert, Sci. Rep. 6,
38519 (2016).
.
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Regular Nanoscale Protein Patterns via Directed Adsorption through
Self-Assembled DNA Origami Masks
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The DNA origami technique [1] enables the synthesis of molecular nanostructures with programmable
shape by folding of a long, single-stranded DNA scaffold upon hybridization with a large number of
short synthetic oligonucleotides. Due to the experimental simplicity of the synthesis and the high
degree of structural control provided by the technique, DNA origami nanostructures are nowadays
widely used in various fields of applied and fundamental research, ranging from molecular biology to
drug delivery to nanoelectronics.
Recently, the possibility to transfer the shape of single DNA origami nanostructures into various
organic [2] and inorganic materials [3] via molecular lithography approaches has received growing
interest. Here, we use ordered monolayers of DNA origami nanostructures with internal cavities on
mica surfaces as molecular lithography masks for the fabrication of regular protein patterns over
large surface areas [4]. The DNA origami masks are fabricated from triangular DNA origami tiles
by surface-assisted, cation-mediated self-assembly [5] and display hexagonal symmetry. Exposure
of the masked sample surface to negatively charged proteins results in the directed adsorption of the
proteins onto the exposed surface areas in the holes of the mask (see Fig. 1). By controlling the
buffer and adsorption conditions, the protein coverage of the exposed areas can be varied from single
proteins to densely packed monolayers.
To demonstrate the versatility of this approach, regular nanopatterns of four different proteins are
fabricated: the single-strand annealing proteins Redbeta and Sak, the iron-storage protein ferritin, and
the blood protein bovine serum albumin (BSA). We furthermore demonstrate the desorption of the
DNA origami mask after directed protein adsorption, which may enable the fabrication of hierarchical
patterns composed of different protein species. Because selectivity in adsorption is achieved solely
by electrostatic interactions between the proteins and the exposed surface areas, this approach may
enable also the large-scale patterning of other charged molecular species or even nanoparticles.
[1] Rothemund, P. W. K. Nature 2006, 440, 297-302.
[2] Surwade, S. P.; Zhou, F.; Li, Z.; Powell, A.; O'Donnell, C.; Liu, H. Chem. Commun. 2016, 52,
1677-1680.
[3] Shen, B.; Linko, V.; Tapio, K.; Kostiainen, M. A.; Toppari, J. J. Nanoscale 2015, 7, 11267-11272.
[4] Ramakrishnan, S.; Subramaniam, S.; Stewart, A. F.; Grundmeier, G.; Keller, A. ACS Appl. Mater.
Interfaces 2016, 8, 31239-31247.
[5] Aghebat Rafat, A.; Pirzer, T.; Scheible, M. B.; Kostina, A.; Simmel, F. C. Angew. Chem., Int.
Ed. 2014, 53, 7665-7668.
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Atomic force microscopy image of a DNA origami mask (blue) featuring three Redbeta proteins
(white) per hole.
.
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Highly Regular Arrays of Faceted Nanostructure Formation on
Semiconductor Surfaces by Reverse Epitaxy during Ion Beam
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Production of extremely regular arrays of nanostructures on semiconductor surfaces through
self-organization processes has become a topic of extensive research in recent years for
understanding the formation mechanisms as well as for wide technological applications [1, 2].
Crystalline structures are of particular relevance due to its unique optical and electrical properties,
and, for semiconductor device fabrication. The mostly pursued way to create large areas of a rich
variety of crystalline surface patterns is molecular beam epitaxy (MBE). In this growth process, the
diffusion of deposited atoms at mono-atomic steps is bounced back at terrace steps instead of
reaching at lower terraces due to the existence of an extra energy barrier, the so-called
Ehrlich-Schwoebel (ES) barrier [3, 4]. This causes uphill current of adatoms which generates 3D
mound or pyramid-like structures on the surface. However, the MBE technique is complicated and
cost-intensive as it requires ultra-high vacuum condition. Ion beam sputtering (IBS) on solid is
rather a simple, cost effective and one step process to produce surface structures in nanometric scales
over the large area (∼mm2 ) and in short times (∼min). But, this technique leads surface
amorphization as a result of ion and target atom collision during ion impingement on solid. This
reduces the quality of patterns in the technological point of view. This drawback can be minimized
by employing low energy ions and the crystallinity, however, can be retrieved by elevating the
substrate above of its re-crystallization temperature during IBS.
In this talk, I will present our recent experimental results on the evolution of crystalline faceted
nanostructures on group IV (Ge) [5] and III-V (GaAs) [6, 7, 8, 9] semiconductor surfaces by
low-energy Ar+ IBS at elevated temperature. On Ge(100) surface, four-fold symmetric arrays of
alternating mounds and pits are developed for 30 eV normal incidence ion irradiations at elevated
temperatures [5]. While, for the same irradiation condition, anisotropic nanoripples are evolved on
GaAs surfaces [6]. These ripples show coarsening with ion energy [7] and become extremely regular
for 1 keV ion irradiation. On the other hand, the ripples remain invariant with ion current density [7]
and with ion incidence angle; they get wider, irregular and show an orthogonal rotation above 65°
[8]. The evolution of such novel faceted nanostructures at normal incidence IBS can be attributed to
biased diffusion of vacancies or adatoms arising due to presence of ES barrier while crossing terrace
steps, kinks of crystalline surface [3, 4], whereas at grazing incidence angles, the pattern formation
mechanism is found to dominated by incident ion beam direction rather than the symmetry of the
crystal face.
[1] A. G. Baca and C. I. H. Ashby, Fabrication of GaAs devices (The Institution of Engineering and
Technology, London, UK, 2009).
[2] M. Bosi, G. Attolini, Prog. Cryst. Growth Charact. Mater. 56 (2010) 146.
[3] G. Ehrlich, F. G. Hudda, J. Chem. Phys. (1969) 44: 1039-1049.
[4] R. L. Schwoebel, E. J. Shipsey, J. Appl. Phys. 37 (1966): 3682-3686.
[5] D. Chowdhury, D. Ghose, S. A. Mollick, Vac. (2016) 107: 23-27.
[6] D. Chowdhury, D. Ghose, S. A. Mollick, B. Satpati, S. R. Bhattacharyya, Phys. Stat. Sol. B
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(2015) 252: 811–815.
[7] D. Chowdhury and D. Ghose, Vac. 129 (2016) 122-125.
[8] D. Chowdhury and D. Ghose, Appl. Surf. Sci. 385 (2016) 410-416.
[9] D. Chowdhury and D. Ghose, IOP Conf. Series: Mater. Sci. and Eng. 149 (2016) 012189. .
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AFM images of (a) Ge (001) and (b) GaAs (100) surface irradiated at normal incidence with 30 eV
Ar+ ions with fluence of 1×1019 ions/cm2 at temperatures of 300° C and 450° C respectively. (c) and
(d) represent the AFM topography of GaAs (100) surface irradiated by 1 keV Ar+ ions at temperatures
450° C; (c) at normal incidence with fluence 1 × 1020 ions/cm2 ; (d) at 65° angle of incidence with
fluence 1 × 1019 ions/cm2 respectively.
.

Self-organized plasmonic Metasurfaces enable Plasmon Hybridization
Engineering
Francesco Buatier de Mongeot1 , Maria Caterina Giordano1 , Matteo Barelli1 , Carlo Mennucci1 ,
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The engineering of self-organized plasmonic metasurfaces is demonstrated employing a large-area
maskless technique based on defocused ion-beam sputtering of a faceted dielectric template
followed by shadow deposition of noble-metal nanostripe arrays. A multi-level variant of the
method enables to manufacture vertically stacked nanostrip dimer arrays, without resorting to
photo-lithographical means. This opens up the possibility to exploit plasmon hybridization methods
for the design of self-organized metasurfaces. In particular, preliminary results on the so-called
gap-plasmon configuration of the nanostrip dimers, implementing magnetic dipolar resonance in the
near infrared, are reported. This resonance offers superior sensitivity and field-enhancement as
compared to the more conventional electric dipolar one, and the translational invariance of the
nanostrip configuration results into a high filling factor for the hot spots. Such advanced features
make a large-area nanostrip metasurface based on gap-plasmon nanostrip dimers very attractive for
surface-enhanced linear and nonlinear spectroscopies (like e.g. surface-enhanced Raman scattering)
and plasmon-enhanced photon harvesting in solar and photovoltaic cells.

Plasmonic Nanosandwiches
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Alternatively PDMS templates are formed by soft lithography using nanostructured glass substrates
(masters) made by defocused Ion Beam Sputtering (IBS). The glass masters exhibit a regular and
tunable undulated pattern with periodicity well below 300 nm, and a higher aspect ratio compared to
pre-stretched PDMS samples, which is successfully transferred to the polymer slave.
The uniaxial PDMS modulations represent a natural platform for the confinement of plasmonic
nanostructures when thermal deposition of Au is performed at grazing incidence. In this way Au
nanowire arrays (NWs) endowed with monodisperse width distribution and length exceeding several
tenths of micrometers are formed. The NWs exhibit a strongly dichroic optical response due to the
excitation of Localized Surface Plasmon Resonance (LSPR) when light is polarized orthogonal to
their axis. The resonant wavelength can be tuned across the VIS-NIR spectral region by acting on
the NWs width (140-250 nm) and on the periodicity and aspect ratio of the flexible PDMS template.
For light polarization parallel to the NWs axis, the optical spectrum is instead analogous to that of a
continuous film, thus conferring to the NW array the performance of an IR wire grid polarizer.
The tunability of the LSPR response can be exploited in order to match the pump laser in
plasmon-enhanced spectroscopies. Test measurements demonstrate e.g. that Raman-SERS
enhancement factors above 104 are easily achieved. Also relevant is performance of the NWs as
flexible conductive electrodes with sheet resistances in the range of 10-20 Ohm sq. The use of
Au/PDMS nanowire arrays as flexible transparent electrodes. .
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Rippled polydimethylsiloxane (PDMS) nanopatterned templates are formed by uniaxial wrinkling
following air/Ar ion plasma treatment on pre-stretched samples. PDMS undulations with height to
width aspect ratios in the range of 1, remarkable long range order and periodicity from 300 nm to
above one micrometer are so achieved.
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Long-range periodic supra-structuring and oriented self-assembly of
block copolymers upon epitaxial graphene on silicon carbide
Gemma Rius, Laura Evangelio, Philippe Godignon and Francesc Perez-Murano
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The application of directed self-assembly (DSA) of block copolymers (BCP) for highly controlled
patterning at the single and double digit nanometer scale is a current trend of the semiconductor
industry for the manufacturing of the next generation of nanoelectronic devices. The interesting
features of self-assembly of BCP (SA-BCP) mediated patterning relies on its chemistry-determined
intrinsic resolution and periodicity (nominal feature size and pitch), as well as feature shapes
(lamellar, cylindrical…); with specifically DSA-BCP capability, i.e. the possibility of locally
controlling polymer domains position and orientation, and full compatibility with standard planar
processing [1]. We present long range creation of oriented stripes consisting in alternated
horizontal-vertical morphologies of PS-b-PMMA cylinders, in which, additionally, well ordered,
oriented formation of SA structures occurs induced by the substrate topography.
Epitaxial graphene on SiC (EG-SiC) has been deposited by high temperature treatment on the Si face
of off-axis cut 4H-SiC wafers, resulting on a characteristic very long, regularly-stepped SiC substrate
completely covered by single and few layer graphene. SA of BCP materials was obtained simply by
spin coating a commercial BCP solution on the EG-SiC substrate plus mild thermal annealing in air
(230◦ C). The type of PS-b-PMMA used produces cylinders of PMMA on a matrix of PS, which quasiordered structure pitch is nominally 35 nm (see Fig). As a result, uniform, complete phase separation
of the two blocks of the cylindrical PS-b-PMMA can be obtained, even at chip level without the
application of any brush polymer layer.
Actually, extended SA happens in spite of the unfavorable surface free energy of graphene which
typically requires the use of a neutralization layer to assist proper copolymer wetting of the substrate
[2]. Formation of submicron supra-structures follows the step-bunched SiC substrate; the distinctive
stripes of SA-BCPs are formed following the SiC terraces and their variable domain-orientation within
one terrace correspond to local variations of the polymer thickness. The creation of alternating dots
and lamellar stripes of cylindrical PS-b-PMMA is induced by the presence and characteristics of the
SiC steps. Specifically, typical step height range is 5-100 nm and terrace widths of 100 nm - 1.5
µm. This segregation behavior is driven by polymer flow upon heating of the BCP above the Tg.
Driven by certain substrate morphologies, spontaneous lamellar alignment is found either across a
terrace (e.g. at the center of the SiC terrace) or along the terrace (such as the edge of the SiC terrace).
Additionally, besides alignment, capillary action [3] and its effect on local BCP thickness would also
explain disorder of the arrays and deviations from nominal SA-BCP pitch, particularly revealed when
pattern transfer is attempted.
We will discuss on potential and advanced applications of this kind of periodic structures, such as
for basic studies, as well as for fabricating functional structures and novel device concepts.
Nanostructured graphene at the atomic level was anticipated to be of relevance in several areas, such
as spintronics and nanophotonic applications. For instance, we refer to single/double digit
nanometer-width ribbons which can be applied for the engineering of its band gap opening [4]. We
propose that the possibilities of both functionalizing and transferring the different types of
spontaneously-formed patterns on BCPs would extend their reported application on graphene, such
44
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as in sensing or wagon-wheel phenomena on arrays of ordered vs disordered quantum dots.
Additionally, lessons from observed DSA phenomena can be applied to similar step-bunched
materials and topography substrates.

.

Top view SEM image of thermally annealed Nanostrength EO® C35 PS-bPMMA on Si-face EGSiC after pattern transfer. Characteristic closely-packed (ordered) array of dots (center stripe) can be
observed, next to stripes showing fingerprint patterns as well as local DSA areas. Top inset is a cross
section of the same sample, to show the typical step bunching of EG-SiC and formation of terrace
periodically supra-structured BCP stripes.
1] Directed self-assembly of block copolymers for nano-manufacturing, Ed. R. Gronheid and P.
Nealey (2015) Elsevier
[2] G. Liu, Y. Wu,Y.-M. Lin, D. B. Farmer, J. A. Ott, J. Bruley, A. Grill, P. Avouris, D. Pfeiffer, A.
A. Balandin, and C. Dimitrakopoulos, ACS Nano (2012) 6, 6786-6792
[3] D. Sundrani and S.J. Sibener, Macromolecules (2002) 35, 8531-8539
[4] F. Schwierz, Nature Nanotechnology (2010) 5, 487–496 .
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We report on a method for production of high relief and high aspect ratio micro- and nano- structures
for advanced metrology, hot embossing and injection molding. The structures are produced on carbon
based coatings by a simple two-step process which allows for batch fabrication of high relief structures
from nano to micro and even millimeter scale with high accuracy. The fabrication process begins with
the focused ion beam surface implantation of Ga ions in the desired pattern into a diamond silicon or
diamond like carbon (DLC) coated stainless steel substrate. Ga penetrates into the first few nanometers
of the carbon surface and creates a hard-mask resistant to plasma etching. The implantation is followed
by inductively coupled plasma (ICP) etching which removes the unmasked area but leaves the masked
areas intact. We demonstrate grating and pillar structures produced by this technique on the area of
1.3 mm2 of a non-planar surface with the throughput of 0.2 mm2 /hour, that can be readily improved
by at least a factor of 4.
We demonstrate fabricated elements of a microfluidic device including channels and pillars and
replicated them in the polycarbonate material using industrial grade hot embossing and injection
molding achieving a relief of up to 7 µm and the aspect ratio 5:1. We also demonstrate wafer-scale
fabrication of diamond atomic force microscopy AFM probes.
The process has many advantages over conventional techniques, including the flexible, direct-write
nano-pattern generation directly onto moulds and dies, and the subsequent replication of these features,
without the need for special shims, as part of the normal replication process, such as hot embossing or
injection moulding. It also allows writing mask patterns on any non-planar surface such as spheres,
cones and other surfaces of irregular shape.
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The ability to image specimens using transmission electron microscopy (TEM) whilst they are
undergoing ion irradiation can yield significant insights into the dynamics of the defect-driven
processes that give rise to microstructural changes. The talk will present a number of studies in
which such an approach has been used to study radiation damage processes in nanostructures using
the MIAMI Facility at the University of Huddersfield, UK. These will include some or all of the
following: single-ion impact effects on Au nanorods; the bending of semiconductor nanowires (Si
and Ge under) ion irradiation; low-fluence heavy-ion effects in thin single-crystal graphite films;
ion-beam induced re-solution effects on Xe bubbles in silica; and some preliminary work aimed at
exploring ion-irradiation effects in nanoporous versions of nuclear materials.
As well as demonstrating the advantages of the in-situ approach, the talk will focus on the importance
of collaboration between researchers involved in the experimental work and materials modellers in
order to understand fully the underlying atomistic processes that give rise to the observed changes. It
will be shown that this approach in the Au nanorod work has given rise to a very detailed understanding
of the enhanced sputtering processes that were observed in some experiments (and which led to further
work to explore channelling phenomena in this system). In some of the other examples, however, there
are still some open questions regarding the morphological changes observed in the in-situ experiments.
One purpose of the talk will thus be to highlight these questions to colleagues involved in materials
modelling with a view to possible collaboration in order to develop a deeper understanding of the
processes observed. Conversely, the capabilities of the new MIAMI-2 system at Huddersfield will be
presented with a view to seeking to identify areas where experiments could be carried out to provide
validation, calibration or confirmation of modelling work.
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Irradiation of solids by heavy polyatomic ions of gold or bismuth can cause localized melting at the
ion impact point due to the enhanced energy density in the collision cascade of a polyatomic ion
impact [1]. Former studies demonstrated the formation of high aspect ratio, hexagonal dot patterns
on Ge, Si and GaAs after high fluence, normal incidence irradiation choosing a suited combination of
energy density deposition (i.e. poly- or monatomic ions) and substrate temperature, which facilitated
transient melting of the ion collision cascade volume [2-5].

Calculations of the needed melting energies per atom (Emelt) for different materials show, that
among others GaSb is a preferring candidate for a successful surface patterning by mon- and
polyatomic heavy ions whereas for instance the surface of SiC remains stable under the comparable
conditions. Furthermore the surface modification behavior under polyatomic Gold and Bismuth
heavy ion impact should be compared. HR-SEM, AFM and EDX analysis of irradiated surfaces
reveal that for compound semiconductors, additional superstructures are evolving on top of the
regular semiconductor dot patterns, indicating superposition of a second dominant driving force for
pattern self-organization.
[1] C. Anders, K.-H. Heinig and H. M. Urbassek, Polyatomic bismuth impacts into germanium:
Molecular dynamics study, Phys. Rev. B 87 (2013) 245434.
[2] L. Bischoff, K.-H. Heinig, B. Schmidt, S. Facsko, and W. Pilz, Self-organization of Ge
nanopattern under erosion with heavy Bi monomer and cluster ions, Nucl. Instr. and Meth. B 272
(2012) 198.
[3] R. Böttger, L. Bischoff, K.-H. Heinig, W. Pilz and B. Schmidt, From sponge to dot arrays on
(100)Ge by increasing the energy of ion impacts, Journal of Vacuum Science and Technology B 30
(2012) 06FF12.
[4] R. Böttger, K-.H Heinig, L. Bischoff, B. Liedke, R. Hübner, and W. Pilz, Silicon nanodot
formation and self-ordering under bombardment with heavy Bi3 ions, physica status solidi – Rapid
Research Letters 7 (2013) 501.
[5] L. Bischoff, R. Böttger, K.-H. Heinig, S. Facsko, and W. Pilz, Surface patterning of GaAs under
irradiation with very heavy polyatomic Au ions, Applied Surface Science 310 (2014) 154.
[6] X. Ou, K.-H. Heinig, R. Hübner, J. Grenzer, X. Wang, M. Helm, J. Fassbender and S. Facsko,
Faceted nanostructure arrays with extreme regularity by self-assembly of vacancies, Nanoscale 7
(2015) 18928. .
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This study underscores the universality of this ion impact-melting-induced, self-organized pattern
formation mechanism probing the compound semiconductor GaSb under polyatomic Au ion
irradiation with various irradiation conditions. Surprisingly, GaSb irradiated with 30 keV dimer gold
ions at 200°C and normal incidence shows faceted crystalline nanostructures, see Fig. 1 [6].
.

Fig. 1. GaSb irradiated with 30 keV Au2+ ions at 200°C, normal incidence
and a fluence of 1017 cm-2 shows faceted crystalline nanostructures .
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Investigation and Extension of the Three Dimensional Dynamic Binary
Collision Approximation Program TRI3DYN
Jonathan England1 , Roger Webb1 and Wolfhard Moeller2
1
2

Surrey Ion Beam Centre, Advanced Technology Institute, University of Surrey, England
Helmholtz-Zentrum Dresden- Rossendorf, Dresden, Germany

email: j.england@surrey.ac.uk .

This talk will present TRIDYN simulations of SIMS and dynamic XPS and TRI3DYN simulations
of As plasma doping of finFETS to demonstrate the usefulness of 1D and 3D dynamic modelling. In
particular, TRI3DYN modelling has demonstrated scattering mechanisms associated with 3D
structures that are not particularly intuitive.
Such results are promising but also indicate where this modelling approach could be improved. In
regimes where the binary collision approximation is appropriate there may also be other mechanisms
at play. Simple heuristic models of ion induced precipitation, ion assisted deposition and etching are
already included in TRI3DYN and others such as radiation enhanced and chemical potential driven
diffusion could also be thought of. The methods by which the substrate voxels are periodically
dynamically relaxed might be improved and may also change with material system. Thermal spikes
and local heating are not accounted for by TRI3DYN, but may be dominant mechanisms in
processes involving cluster bombardment or in very small nano-structures.

53

.

In the semiconductor industry, implantation has historically largely been used to dope devices with
implants of relatively high energy and low fluence and the use of static codes to model such implants
was appropriate. Recently, implant processes of higher fluence and lower energy have become
common and the greater changes to the substrate demand that dynamic codes be used for modelling.
TRIDYN has also allowed sputter based metrologies such as SIMS and dynamic SPS to be modelled
which is important as the dopant profiles of very shallow implants can be heavily distorted by
collisional cascade effects. Another industrial trend has been the move from planar to three
dimensional semiconductor devices. TRIDYN has been extended to create TRI3DYN [3], a program
that allows dynamic modelling of three dimensional structures. The core collisional cascade physics
of TRIM and TRIDYN is retained but now the substrate is divided into volume elements (voxels).
The task of dynamically adjusting the substrate is now much more complex as relaxation between
the voxels (both in the bulk and at the surface) has to be accounted for.

WED (NP & F3N)

SRIM (Stopping Range in Materials) and its component TRIM (TRansport of Ions in Matter) can be
considered a reference model for simulating the range of energetic particles injected into amorphous
materials [1]. TRIM uses the binary collision approximation to model the collision cascades of injected
particles in three dimensions, but only applies the results to one dimensional substrates. In TRIM, the
substrate is described by layers of defined composition and thickness (which are homogeneous and
infinite in the orthogonal directions) and the layers are not changed (i.e. are held “static”) as the
model calculation progresses. Simulation programs have also been introduced which take account
of changes to the substrate due to the injected particles, sputtered atoms and ion beam mixing. An
important example is TRIDYN [2], which uses the same binary collision approximation of TRIM
to calculate 3D collisional cascades and applies the results to one dimensional substrates. TRIDYN
also describes a substrate using homogeneous layers of initial composition and thickness but, unlike
TRIM, dynamically changes the layers as a result of the collision cascade calculations.
.

This talk will describe how some of these mechanisms could be investigated and calibrated through
experiment (such as doping of 3D structures, pattern formation) or complementary modelling (such as
molecular dynamics) and will invite suggestions and collaboration from experimental and modelling
communities.
[1] J.F. Ziegler, M.D. Ziegler, J.P. Biersack, SRIM - The stopping and range of ions in matter
(2010), Nucl Instrum Meth B, 268 (2010) 1818-1823.
[2] W. Moeller, W. Eckstein, Tridyn - a Trim Simulation Code Including Dynamic Composition
Changes, Nucl Instrum Meth B, 2 (1984) 814-818.
[3] W. Moeller, TRI3DYN-Collisional computer simulation of the dynamic evolution of
3-dimensional nanostructures under ion irradiation, Nucl Instrum Meth B, 322 (2014) 23-33.
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Ion implantation of GaN nanowires
Katharina Lorenz1 , D.N. Faye1 , M. Peres1 , E. Alves1 , X. Biquard2 , E. Nogales3 , B. Méndez3 , B.
Daudin4,5 , L.H.G. Tizei6 , M. Kociak6 and P. Ruterana7
1
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IPFN, Instituto Superior Técnico, Universidade de Lisboa, Campus Tecnológico e Nuclear,
Estrada Nacional 10, 2695-066 Bobadela LRS, Portugal
2 Univ. Grenoble Alpes, CEA, INAC, MEM, F-38000 Grenoble, France
3 Departamento de Física de Materiales, Universidad Complutense, 28040 Madrid, Spain
4 Univ. Grenoble Alpes, 38000 Grenoble, France
5 CEA, INAC-PHELIQS "Nanophysics and semiconductors" group, CEA-Grenoble,17 rue des
martyrs,Grenoble cedex9, 38054 France
6 Laboratoire de Physique des Solides, Université Paris-Sud, CNRS-UMR 8502, Orsay 91405,
France
7 Centre de recherche sur les Ions les Matériaux et la Photonique (CIMAP) ENSICAEN, Boulevard
Maréchal Juin 14050 Caen France
email: lorenz@ctn.tecnico.ulisboa.pt

In this study, GaN nanowires, grown by Molecular Beam Epitaxy, were implanted with Eu to different
fluences from 1 × 1013 at/cm2 to 3 × 1015 at/cm2 . Strain introduced by implantation defects in
nanowires remains considerably lower than in thin films. Surface degradation is observed for high
fluences, consistent with increased sputtering in nanowires. Nevertheless, the nanowire core remains
of high crystalline quality. Moreover, no formation of extended defects (e.g. stacking faults) is seen,
in contrast to GaN thin films. Post-implant rapid thermal annealing at 1000◦ C was performed to
remove the damage induced by the implantation and activate Eu3+ ions. After annealing, the typical
Eu3+ intra-ionic 5 D0 →7 Dj transitions were observed in all samples. X-ray absorption shows the
coexistence of two different charge states (Eu2+ and Eu3+ ) and gives information on the coordination
of Eu in GaN nanowires and thin films. .

55

.

Rare earth doped III-nitride semiconductors are promising materials for light emitters and sensors.
In particular, doping with Eu3+ offers temperature stable red emission while the efficiency of
conventional III-nitride LEDs drops significantly in the green and red spectral region. On the other
hand, due to the sensitivity of Eu emission lines and charge state to the lattice environment, Eu
incorporated into semiconductors can be used as a nanoscopic probe to monitor the incorporation
site and defects around the ion.

.

Nanostructuration phenomena in ion and electron irradiated materials
Paulo F. P. Fichtner
Departamento de Metalurgia, Universidade Federeal do Rio Grande do Sul
email: paulo.fichtner@ufrgs.br

Materials science with ion and electron beams comprise the modification of surface and near surface
regions of a solid by means of irradiation induced atomic displacements and/or by implanting
impurities. For relatively low irradiation energies, the overall microstructure evolution observed in
metallic, semiconducting or ceramic systems can be strongly influenced by thermodynamic driving
forces. The microstructure evolution may occur either during the irradiation process (i. e. in-situ), or
during post irradiation thermal annealings when the irradiation modified matrix tends to evolve into
a lower free energy configuration (ex-situ process).
In this talk both (in- and ex-situ) processes are discussed. In a first scenario, irradiation induced
local stress in Silicon is explored to organize the orientation of plate-like structures within nanosize
domains. In a second scenario, strain fields are explored in conjunction with ex-situ thermal annealings
to promote the formation of a relatively ordered planar arrangement of Sn or Pb nanoparticles located
at silica-silicon interfaces. In addition, implantation induced nano sized He bubbles (diameters about
1.5 nm) are used to promote a local variation of the chemical potential and, in combination with exsitu treatments, control the formation, size distribution and the depth location of Al-Cu precipitates in
an Al ion implanted matrix.
Finally, in a third scenario, in-situ electron irradiation experiments demonstrate that thermodynamic
driving forces related to the minimization of the free interface energy play an important role on the
room temperature irradiation induced dewetting process of CdSe thin films, forming a planar
arrangement of percolated nanostructures. The analysis of the experimental data also emphasize the
contribution of interface curvatures and of inelastic energy absorption processes to the material
modification. The overall conclusion from the above scenarios and from distinct literature examples
is that materials science with ion and electron beams provide myriads of possibilities to manipulate
nanosized objects and their structural arrangements.
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Modifications of single-crystal ZnO properties induced by FIB
fabrication
A. Notargiacomo1 , M. Pea1 , G. Barucca2 , M. Rommel3 , F. Stumpf3 , L. Di Gaspare4 and V. Mussi5
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In this work we report on the morphological, structural and electrical characterization of the shallow
defected layer produced by FIB fabrication on single crystal ZnO studying two case structures: i)
pillars with circular section and ii) flat surfaces subjected to flood Ga+ ion exposure. FIB processing
was made on c-axis (0001) oriented (O face polished top surface) ZnO single crystal substrates with
nominal resistivity in the 500 - 1000 Ω·cm range. The samples were processed with a focused Ga+
ion beam using a dual-beam FIB operated at 30 kV acceleration voltage, at a beam current in the 34
- 920 pA range. A pattern generator allowed to set the size and shape of the exposed areas using a
multi-pass strategy at a fixed dwell time of 1 µs.
Morphological and structural properties were studied by combining AFM (both in morphological
and electrical modes), Raman spectroscopy, EDX spectroscopy and TEM techniques. We found that
for low ion doses a shallow defective layer is induced showing an increasing defect density as the
dose is increased; at higher dose a thinner defective layer is produced having on top an amorphous
surface layer. The ion beam induced damaged layer on high resistivity substrates shows an enhanced
conductivity which can be exploited for fabricating surface electrical devices on ZnO. The effects of
a progressive KOH based wet etching to remove selectively the damaged ZnO exposed to Ga ions
were also studied. The amorphous Ga-rich surface layer was found to be rapidly dissolved, while
the defective layer had an etch rate dependent on the ion dose used. A residual defective layer with
likely a very low defect density was still present after etching. However, as studied on ion beam
fabricated pillars (panel a), we found that the residual defects do not give a detectable significant
electrical response.
Moreover, we show that FIB irradiation of ZnO crystals induces Zn clustering with consequent
formation of metallic Zn nanoparticles (NPs). TEM (panel b), SEM and AFM (panel c) investigation
showed the presence of Zn particles embedded in an amorphous ZnO matrix with size of 5 - 30nm,
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Zinc oxide has been widely investigated due to its exceptional electrical, optical and physical
properties [1] allowing its use in many different fields, from optoelectronics and energy harvesting
to sensing and actuating systems [2, 3]. Most of the applications require to fabricate suitable ZnO
micro/nanostructures as key elements of devices and systems. Among the different approaches
developed for fine tailoring of size and geometry of the fabricated features, focused ion beam (FIB)
is emerging as an effective tool for the top-down fabrication on ZnO, exploiting its maskless
structuring capability to obtain patterning resolution down to the nanoscale [4]. FIB fabrication can
be used directly on ZnO as active material for achieving complex 3D patterns, but its use produces
intrinsically defects that can alter the properties of the pristine material. However, this "side-effect"
modification can serve to bring new capabilities and features, such as in the case of the local
modification of electrical properties [5].

WED (NP & F3N)

email: andrea.notargiacomo@ifn.cnr.it .
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while Raman spectroscopy was found to be particularly effective in detecting the presence of the
NPs even at low ion dose in a non destructive way.

(a) FIB fabricated pillars on single crystal ZnO with stacked metal layers on top. The scalebar indicates
2 µm. (b) TEM image showing Zn nanoparticles at the crystalline/amorphous ZnO interface. The
scalebar indicates 80 nm. (c) AFM topographic maps of single crystal ZnO substrate after exposure
to Ga+ FIB. TEM picture of shallow metallic Zn particles on ZnO surface. The scalebar indicates 80
nm.
[1] A. Janotti et al., Rep. Prog. Phys. 72, 126501-30 (2009)
[2] U. Özgür et al., J. Appl. Phys. 98, 041301-103 (2005)
[3] C. Klingshirn. Phys. Status Solidi B. 247, 1424–1447 (2010)
[4] A.A. Tseng, Small, 1, 924–939 (2005)
[5] M. Pea et al., Microelectron. Eng. 141, 27–31 (2015)

58

FOR3NANO: Formation of 3D Nanostructures by Ion Beams
.
The main aim of this workshop is to discuss scientific advances on how ion beams can be
used to synthesize and modify individual nanostructures and their arrays. The scope of the
workshop also includes characterization of these processes.
Using energetic ion beams for direct modification of nanostructures that can also be
individually observed or characterized, has become practically feasible recently thanks to
advances in combining ion beams with in situ characterization methods. Such combinations
enable exciting new ways of exploring radiation-matter interactions as well as develop new
kinds of semiconductor heterostructures.
The materials covered in the workshop include, but are not limited to, semiconductor
heterostructures, nanoclusters on surfaces and carbon-based nanostructures.
Topics addressed include:
• Ion beam structuring and phase segregation in 3D nanostructures
• Modification of individual nanostructures by ion beams
• Advanced characterization techniques

The FOR3NANO workshop was in part inspired and funded by the EU HORIZON2020
project IONS4SET led by the Forschungszentrum Dresden-Rossendorf.

.
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• Theory and computer simulations of modification of individual nanostructures

.
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June 29, Thursday (FOR3NANO)
09:00 - 09:40

Karl-Heinz Heinig;
Ion-Beam-Induced
Nanostructures at Interfaces

09:40 - 10:20

Ivo Rangelow; Pattern-generation and pattern-transfer for devices at
the nanoscale

10:20 - 10:50

COFFEE BREAK

10:50 - 11:10

Xiamo Xu; Site-controlled Si Nanodot Formation for a RT-SET via Ion
Beam Mixing and Phase Separation

11:10 - 11:30

Christoffer Fridlund; Simulation of Ion Beam Mixing in Si/SiO2 /Si Pillars
with Accelerated Molecular Dynamics

11:30 - 11:50

Gregor Hlawacek; Electronic Transport in Helium-Ion-Beam Etched
Encapsulated Graphene Nanoribbons

11:50 - 12:30

Ilkka Tittonen; Development of focused ion beam direct writing
methods for nano lithography

12:30 - 13:30

LUNCH

13:30 - 13:50

Marko Vehkamäki; Focused Ion Beam Modification of Thin Films Grown
With Atomic Layer Deposition

13:50 - 14:10

Mathias Rommel; Resistless Ga+ beam lithography for flexible prototyping
of nanostructures in different materials by reactive ion etching

14:10 - 14:30

Jordi Llobet; Functional suspended silicon nanostructures defined by local
ion beam implantation

14:30 - 14:50

David C. Cox; FIB fabrication of devices and optics for metrology

14:50 - 15:10

Andrea Notargiacomo; Focused ion beam lithography issues: strategies
for high throughput pillar arrays, high aspect ratio structures, structural
material modifications

15:10 - 15:30

COFFEE BREAK

15:50 - 17:50

IONS4SET internal meeting

18:00 - 20:00

Reception of the rector of the University of Helsinki
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Ion-Beam-Induced Self-Organisation of Nanostructures at Interfaces
K.-H. Heinig, T. Prüfer, W. Möller, G. Hlawacek, X. Xu, L. Boschoff, R. Hübner, D. Wolf, S. Facsko
and J.v. Borany
Helmholtz Zentrum Dresden-Rossendorf (HZDR), Dresden, Germany
email: k.h.heinig@hzdr.de

Ion irradiation through an interface between the phases A and B causes atomic displacements which
results at low temperatures in a diffusion-like concentration profile. Even if phases A and B are
immiscible, a metastable layer of an A/B mixture forms at high ion fluence. A subsequent thermal
treatment will activate phase separation in this A/B mixture via nucleation and coarsening. This
phase separation process has the potential of self-organisation of nanostructures, where the resulting
nanostructure can be tailored by understanding and controlling the reaction pathway.
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These general mechanisms are effective in ion beam mixing of a thin SiO2 layer buried in Si with
the following observations:
(i) Zones denuded of Si form during annealing at the upper and lower interface.
(ii) Additionally, three, two or one layer of Si nanoclusters form and align with the interface.
(iii) If only a tiny volume ∼ 10 nm3 of metastable SiOx (such as in an ion beam mixed nanopillar of
a Si/SiO2 /Si stack) becomes phase separated, the reaction pathway leads always to the existence of a
single Si dot for a rather long time period. This single Si nanodot fabrication becomes even more
stable if all boundaries of the tiny SiOx volume are sinks for Si diffusing in SiO2 , which can be
realized by sideways in-diffusion of oxygen into the nanopillar.
Finally it will be shown, how such a single Si nanodot fabrication process can be used for
manufactoring of single electron transisrors working at room temperature. .

THURSDAY (F3N)

(i) At first, in this presentation it will be shown how the ion beam mixing of a flat infinite interface
can be simulated with the SRIM and TRIDYN programs.
(ii) Then, by means of 3D kinetic lattice Monte-Carlo simulations it will be demonstrated how a
thermally activated phase separation of the A/B mixture starts either by formation of nuclei of the
minority phase or by spinodal decomposition.
(iii) Simulations for long times show that the subsequent nanostructure evolution is driven by interface
minimization, i.e. Ostwald ripening of nanocluster ensembles or coarsening of spinodal structures. At
this stage, a self-organisation process governed by Brailsford's diffusional screening length can evolve,
which can be eventually controlled. The A/B interface which re-forms during phase separation plays
a central role for self-organisation and self-alignment of nanostructures.

.

Pattern-generation and pattern-transfer for devices at the nanoscale
Ivo W. Rangelow1 , Gabriele Lenk1 , Marcus Kästner1 , Steve Lenk1 , Tzvetan Ivanov1 , Ahmad
Ahmad1 , Burkhard Volland1 , Elshad Gulyiev1 , Alexander Reum2 and Mathias Holz2
1
2

TU Ilmenau
NanoAnalytik GmbH

email: ivo.rangelow@tu-ilmenau.de

We are presenting a novel 150 mm Field-Emission Scanning Probe Lithography (FE-SPL) tool
based on self-sensing and thermo-mechanically actuated cantilevers (Figure 1). The tool covers the
demands of shrinking feature sizes meeting the upcoming demands of line edge roughness control,
overlay alignment, stitching, high fidelity AFM-based process control and fast imaging.

The heart of the FE-SPL/AFM-tool: 100 kHz self-sensing-self-actuated cantilever and the SPL tool.
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Site-controlled Si Nanodot Formation for a RT-SET via Ion Beam
Mixing and Phase Separation
Xiaomo Xu1 , Daniel Wolf1 , Thomas Prüfer1 , Gregor Hlawacek1 , René Hübner1 , Lothar Bischoff1 ,
Michele Perego2 , Ahmed Gharbi3 , Karl-Heinz Heinig1 and Johannes von Borany1
1

Institute of Ion beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf,
01328 Dresden, Germany
2 Laboratorio MDM, CNR-IMM, 20864 Agrate Brianza (MB), Italy
3 CEA-Leti, Laboratoire d'électronique des technologies de l'information, 38054 Grenoble, France
email: xiaomo.xu@hzdr.de

In the future – by combining conventional lithography, direct self-assembly (DSA) and ion beam
mixing – nanopillars with a single embedded ND will be integrated in a CMOS-compatible way.
EFTEM and electrical characterization techniques will be used for realizing this novel pathway
towards a room-temperature SET device.
This work has been funded by the European Union’s Horizon2020 research program ‘IONS4SET’
under Grant Agreement No. 688072. .
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In this work, Si NDs – suitable as RT Coulomb islands – are formed via ion beam mixing followed by
thermally stimulated phase separation. Broad-beam Si+ and Ne+ beams followed by a rapid thermal
annealing (RTA) treatment were utilized to create a layer of NDs, which are subsequently visualized
by Energy-Filtered Transmission Electron Microscopy (EFTEM). The conditions for ND formation,
namely the dependence on ion type, primary energy, irradiation fluence, layer thickness and thermal
budget during RTA, are optimized based on an extensive survey of this multidimensional parameter
space. The presented work is guided by TRIDYN simulations of the Si excess in a SiO2 layer due to
ion beam mixing and 3D Kinetic Monte-Carlo (3DkMC) simulation for the phase separation during
the thermal treatment. To tailor towards a single Si ND, the focused Ne+ beam from the Helium Ion
Microscope (HIM) is utilized to create user defined patterns of NDs in planar layer stacks. This allows
achieving a mixing volume small enough for restricted Ostwald ripening and successful single ND
formation. The existence of the formation of spatially controlled single NDs with a diameter of only
2.2 nm is confirmed by comparing the EFTEM Si plasmon-loss intensity with simulated plasmon loss
images.

THURSDAY (F3N)

The increased use of personal computing devices and the Internet of Things (IoT) is accompanied by
a demand for a computation unit with extra low energy dissipation. The Single Electron Transistor
(SET), which uses a Coulomb island to manipulate the movement of single electrons, is a candidate
device for future low-power electronics. However, so far its development is hindered by
low-temperature requirements and the absence of CMOS compatibility. By combining advanced
top-down lithography with bottom-up self-assembly of Si nano dots (NDs) we will overcome this
barrier.

.

Simulation of Ion Beam Mixing in Si/SiO2 /Si Pillars with Accelerated
Molecular Dynamics
C. Fridlund1 , F. Djurabekova1,2 and K. Nordlund1
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2
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The increasing amount of hand-held devices connected through the Internet-of-Things, has caused a
demand of smaller embedded circuits, and better power storage capacities.
The current
semi-conductor industry has reached a limitation on the size scale, and the Single Electron Transistor
(SET) has proven a sufficient replacement for the current semi-conductor transistor, allowing for
even smaller transistor sizes. Alterantive manufacturing processes are needed to allow for mass
production of SETs stable at room temperature. A reliable way of manufacturing the needed
quantum dots, is through controlled self-assembly during phase-separation of meta-stable SiOx
inside the gate oxide.
Here, we present a molecular dynamics computer simulation model on the formation of meta-stable
SiOx restricted volumes by ion beam mixing of Si into a 7 nm thick SiO2 layer, embedded in a Si
pillar. Thousands of energetic Si+ ions are irradiated randomly over the top surface of the pillar,
allowing the recoil cascades to be manufactured in a broad beam fashion. The inclincation angle of
the irradiation is 0 degrees to the normal, reducing any momentum build up in the lateral directions.
A fluence of ∼ 1.0 × 1016 cm−2 is desired to generate enough meta-stable SiOx within the SiO2 layer.
The ion cascades were simulated using an accelerated molecular dynamics (MD) method. The Si - Si,
Si - O, and O - O interatomic interactions were simulated using the Stillinger-Weber-like Watanabe
potential, splined with a universial ZBL potential at higher energies. The system was cooled with
an aggressive Berendsen thermostatted quench after each cascade, and kept at 300 K with a linear
Berendsen thermostat over all atoms during the relaxation runs. The intermixing of Si into SiO2 layer
from both interfaces due to forward- and back-scattering during development of atomic cascades was
analyzed in detail. The atomic density profiles of the SiOx were used as input to the phase-separation
simulations with Kinetic Monte Carlo.
This work has been funded by the European Union's Horizon 2020 research and innovation program
under grant agreement No 688072.
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Electronic Transport in Helium-Ion-Beam Etched Encapsulated
Graphene Nanoribbons
Gaurav Nanda1 , Gregor Hlawacek2 , Srijit Gaswami2 , Kenji Watanabe3 , Takashi Taniguchi3 and Paul
van Alkemade2
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2

email: g.hlawacek@hzdr.de

We report the etching of and electronic transport in nanoribbons of graphene sandwiched between
atomically flat hexagonal boron nitride (h-BN). The encapsulation protects the sensitive graphene
sheet from negative effects of the fabrication process - in particular the resists from the unavoidable
e-beam or optical lithography. It also separates the graphene from the negative influence of charge
puddles and trapped charges present in the supporting SiO2 .

.
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We employed Helium Ion Microscopy (HIM) and in-situ electrical probing to efficiently reach this
goal. The etching of ribbons with varying width was achieved using the 0.5 nm He+ beam available
in the HIM at a primary energy of 30 keV. Using in-situ electrical measurements by employing four
micromanipulators to contact the to be formed device, we established a critical dose of 7000 ions/nm2
for creating a 10 nm wide insulating barrier between a nanoribbon and the rest of the encapsulated
graphene. The isolation as well as the conductance of the formed ribbon has been controlled using
the electrical probes. Subsequently, we measured the transport properties of the ion-beam etched
graphene nanoribbons. Conductance measurements at 4 K show an energy gap, that increases with
decreasing ribbon width. It turns out that despite the encapsulation a strongly damage rim with a
width of approximatly 8 nm is formed from both stray primary ions and recoiling substrate atoms.
The smallest conductive ribbon created had a design width of 25 nm. .

.
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Development of focused ion beam direct writing methods for
nanolithography
Ilkka Tittonen
Aalto University, Dep. of Electronics and Nanoengineering, Micro and Quantum Systems, P. O. Box
13500, FI-00076 AALTO, FINLAND
email: ilkka.tittonen@aalto.fi

In a series of experiments we have developed nanofabrication methods that utilize focused ion beam
(FIB) in direct writing lithography. The procedure is very attractive for rapid prototyping due to
creating a direct pattern onto the substrate without any photomask with the possibility of accurate
interlayer alignment.
The fact that heavy ions injected to the solid state lattice (for example silicon) act as an etch mask
both in wet and dry etch has been known since the beginning of 80's. The interest towards this
technique has grown enormously during the last decade. In 2009 we developed the process for RF
MEMS-type structures and characterized the appropriate Ga doping levels needed to enable
cryogenic DRIE masking of the Ga-ion treated areas. [1-2] In parallel, wet etching with TMAH also
lead to the possibility to achieve a very good selectivity of 2000:1 between implanted and
non-treated areas and since the width of the focus point of the ion beam could be less that 50 nm,
also optical gratings could be fabricated.[3] Since the Ga concentration on the surfaces is the key
parameter determining the etch stopping power, one could also vary the ion density around this
threshold value and develop ways towards fabricating 3D topographic components. Corrugated
structures for optical gratings could be realized even when the actual structure is suspended and has
flat surfaces and inclined walls. [4] Finally, the parameter space was mapped for greyscale
lithography, since FIB can be used to practically inject any amount of Ga ions and to reach curvy or
any smooth surfaces for many purposes. [5] The basic method can also be combined with ALD, for
example by creating a thin aluminium oxide layer, which is then patterned with FIB and etched with
a wet etch so that the mask is then ready for revealing the underlying silicon substrate for dry etching
with the benefit of not directly touching and possibly partly damaging the silicon surface with Ga
ions. [6] Recently, silicon dioxide mask grown by plasma enhanced ALD was also demonstrated in
FIB lithography. [7]
[1] N. Chekurov, K. Grigoras, A. Peltonen, S. Franssila and I. Tittonen, Nanotechnology 20, 065307
(2009).
[2] N. Chekurov, K. Grigoras,L.Sainiemi, A. Peltonen, I. Tittonen and S. Franssila, J. of
Micromechanics and Microengineering 20, 085009 (2010).
[3] P. Sievilä, N. Chekurov and I. TIttonen, Nanotechnology 21, 145301 (2010).
[4] M. Erdmanis, P. Sievilä, A. Shah, N. Chekurov, V. Ovchinnikov and I. Tittonen,
Nanotechnology 25, 335302 (2014).
[5] M. Erdmanis and I. Tittonen, Applied Physics Letters 104, 073118 (2014).
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Marko Vehkamäki, Zhongmei Han, Mikko Ritala and Markku Leskelä
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Thin films grown with Atomic Layer Deposition (ALD) have in the last few years successfully been
used as masking layers for gallium FIB patterning. The method has been applied to a limited number
of materials, mainly oxides, and the ALD films have thus far had only an assisting role in lithography.
Studying FIB induced changes of a wider selection of materials, including semiconductors such as
ZnS and CdS, for example, are of interest for prototyping and device characterization.
For insulators, commonly used as masking layers, capacitor structures of FIB implanted dielectrics
are of interest for studying the stability of the FIB-exposed masking layers, and for investigating
preparation of FIB trimmed capacitors or through-insulator vias. Capacitors made with FIB modified
dielectrics can be made by exposing the dielectric to 8- 30 keV gallium ions prior to top electrode
preparation, or by exposing already characterized thin film metal-insulator-metal capacitors.

.
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Work on FIB milling and low-dose implantation of II-VI semiconductor films is discussed. Results
on resistivity changes observed with CdS and ZnS structures will be presented. The aim of the work
on II-VI materials is to find new possibilities for ALD films as the active layer in devices. .

.
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Resistless Ga+ beam lithography for flexible prototyping of
nanostructures in different materials by reactive ion etching
Mathias Rommel1 , Maximilian Rumler1,2 , Anke Haas1 and Susanne Beuer1
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Surfaces with nanostructures are required for a large variety of applications in photonics, sensor
technology, photovoltaics or biology. As sometimes, for example in biological applications, the
dimensions of the nanostructures are not known a priori, structures with different geometries have to
be prepared in order to find optimum dimensions. Therefore, one attractive technology for this
purpose is focused ion beam (FIB) processing as a direct write technology due to its flexibly
controllable, highly focused energetic ion beam. However, patterning of large areas using FIB is not
feasible using direct FIB milling due to the low overall material removal rate. One way to combine
the flexibility of FIB patterning and the high throughput of RIE for relatively large area patterning is
the use of so-called Ga+ beam resistless lithography (GaRL). This technique is based on local Ga
implantation by FIB with very low doses (compared to FIB milling) which leads to an etch mask for
a subsequent wet or reactive ion etch (RIE) of silicon [1-6]. As has been shown recently, Ga+ beam
resistless lithography can also be used for the patterning of other materials using adapted chemistry
for the RIE process (e.g. for Cr [7], diamond [8] or SiO2 [9,10] patterning). Thus, this approach is
interesting for a large variety of materials and applications. In this work, we present the use of GaRL
for the nanopatterning of three different materials, namely Si, SiO2 , and SiC.
Experiments were performed with p-doped silicon samples, quartz pieces, or n-doped 4H-SiC samples,
respectively. All FIB experiments were performed with a FEI Helios Nanolab 600 FIB using a beam
energy of 30 keV and a beam current of 28 pA. Implantations with doses between 1×1015 and 1×1019
cm−2 were conducted to investigate the dose dependent masking behavior of the implanted region.
Different structures were investigated including pillars, lines, squares and spiral type of structures.
For RIE, either a STS Multiplex ICP system with SF6 and C4 F8 (for Si samples) or C4 F8 and O2 (for
SiO2 samples) as process gases was used or an Oxford Instruments PlasmaPro®System 100 with SF6
and O2 (for SiC samples). After RIE, several Si samples underwent an additional purely physical Ar
sputter process to remove the Ga implanted layer. The resulting structures were characterized using
AFM, SEM and FIB cross sections.
Silicon was chosen because standard FIB patterning of Si is very well established and understood
but also the use of GaRL for Si patterning is relatively well investigated. Next to fundamental
experiments for the definition of optimum process windows for GaRL+RIE, special focus was on
achieving smallest features. A certain dose range was found to result in an optimum masking effect
whilst obtaining very smooth surfaces after RIE. Depending on the RIE process parameters, for a
given FIB mask pattern the lateral dimension of the final nanostructures can be varied in a wide
range enabling very small pillar diameters or line widths due to underetching. Such structures exhibit
aspect ratios well above 10 and lateral dimensions of slightly below 20 nm as demonstrated within
this work. Very first results for the removal of the Ga implanted masking layer are presented, too.
Quartz was chosen to eventually demonstrate the feasibility of GaRL for "real world" applications.
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Here, the prototyping of a stamp for UV step and repeat nanoimprint lithography was targeted. After
optimized GaRL+RIE resulting quartz structures exhibited very smooth surfaces and steep sidewalls
for implantation doses high enough to form a stable etch mask. In addition, imprints into an UVcuring resist were performed successfully with the manufactured stamps, proving that the presence
of Ga rich areas on the stamp is not detrimental to the curing of the resist or the functionality of the
antisticking layer.
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Finally, 4H-SiC was chosen as an emerging material for power semiconductor and MEMS devices and
because GaRL+RIE was not applied so far for SiC. The experiments demonstrate that GaRL+RIE can
be successfully used for SiC patterning. Depending on the RIE parameters, the patterned structures can
be anisotropically etched (i.e., with nearly vertical sidewalls) or can have a custom-shaped geometry,
similar to results as obtained for Si or SiO2 .

[1] B. Schmidt et al., J. Electrochem. Soc. 152 (2005) G875
[2] N. Chekurov et al., Nanotechnology 20 (2009) 065307
[3] G. Rius et al., J. Vac. Sci. Technol. 27 (2009) 2691
[4] M.D. Henry et al., Nanotechnology 21 (2010) 245303
[5] M.D. Henry et al., J. Vac. Sci. Technol. B 28 (2010) C6F26
[6] M. Rommel et al., Microelectron. Eng. 110 (2013), 177
[7] T. Yamazaki et al., J. Vac. Sci. Technol. 17 (1980) 1348
[8] S.K. Tripathi et al., J. Micromech. Microeng. 22 (2012) 055005
[9] K.D. Choquette, L.R. Harriot, Appl. Phys. Lett. 62 (1993), 3294
[10] M. Rumler et al., Nanotechnology 24 (2013) 365302 .
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.

Colored SEM image of feature imprinted with a stamp fabricated by GaRL+RIE (horizontal field of
view: 4 µm)
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Functional suspended silicon nanostructures defined by local ion beam
implantation
Jordi Llobet1* , Xavier Borrisé2 , Gemma Rius1 and Francesc Pérez-Murano1
1 Institute of Microelectronics of Barcelona (IMB-CNM CSIC), Campus UAB, Bellaterra (Barcelona),

Spain.
2 Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and The Barcelona Institute of
Science and Technology, Campus UAB, Bellaterra (Barcelona), Spain
* Currently at International Iberian Nanotechnology Laboratory (INL), Braga, Portugal
email: jordi.llobet@inl.int

We present the fabrication of suspended silicon nanostructures which are functional from both the
electrical and mechanical point of views. The nanopatterning consists of the combination of focused
ion beam implantation and silicon wet etching [1,2]. As a nanofabrication method [3] it is fast and
simple, reducing the number of steps used in conventional approaches; provides high spatial
resolution (fig 1); and pattern flexibility, in terms of definition of structures of different shape; and
has been proven to be highly reproducible as well as compatible with planar methods, such as
CMOS technology.
The fabrication process and conditions are as follows. The starting substrate is a silicon on insulator
chip or wafer. Both functional structures and pads/lines for their electrical connections are defined by
FIB implantation. The second step consists on conventional wet etching of Si in TMAH[4,5]. Silicon
which has not been irradiated with the fine Ga+ beam is etched, allowing the release of the devices,
according to the silicon crystalline planes. The defined structures consists of amorphous silicon with
a certain gallium concentration. At this point, the suspended Si nanostructures are not appropriate
for electrical functionality (ρ ∼ 1 Ohm·m). Therefore, third step consists on diffusive boron doping
where by which the recrystallization of silicon forming nanocrystals is promoted. The process is done
at high temperature, up to 1000ºC, in a boron environment, and also causes the removal of gallium
impurities. This high temperature treatment does not result on oxidized Si nanostructures [3], in
consequence, electrically functional devices (ρ ∼ 10−4 Ohm·m) are obtained. We will present our
principal results in three main areas:
Development and optimization of the fabrication process, especially controlling the dimensions and
the combination with other fabrication processes. It is possible to establish design strategies to
control and minimize the under-etching effects onto silicon, as well as to avoid the collapse of long
structures, that are the result of the superficial sticking produced during the wet etching processes,
by the fabrication of sustaining three dimensional posts (Figure 1)[6,7]. That method permits to
obtain customized devices. It is a versatile prototyping method that allows the fabrication of small
batches of devices of nanometric dimensions that can be employed for the scientific and academic
experimentation.[6]
Enhancement of the electrical and mechanical properties. In this work the material structure in the
different fabrication steps has been characterized, as well as the electrical and electromechanical
properties of the final devices obtained by the described method. The purpose here is to increase the
electrical conductivity to get operational devices.[3,6]
Investigation of the electronical, mechanical and electromechanical properties of the devices,
specifically suspended silicon nanowires that can be employed as high frequency mechanical
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resonators, field effect transistors or single electron/hole transistors. We fabricated resonators of
different geometries for the study and demonstration of the relation between the geometrical
symmetry/asymmetry of the devices and the piezoresistive signal measured during the
electromechanical transduction.[8] We investigated and fabricated ultra-thin field effect transistors
(10 15 nm) and suspended transistors that exhibits Coulomb blockade electrical characteristics at
low temperature thanks to the nanocrystals that are grown during the high temperature fabrication
step.[9]
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SEM image of a suspended silicon nanowire that operates as a single electron/hole transistor at low
temperature
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FIB fabrication of devices and optics for metrology
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For over ten years we have been using Ga focused ion beam (FIB) as a tool in the fabrication of
bespoke devices for metrological applications in many diverse fields such as quantum technologies,
optics, acoustic microscopy and scanning probe microscopy.
Some of the most frequent devices we fabricate using 2D vector based FIB nanopatterning are
nanoSQUIDs (superconducting quantum interference devices) for several national metrology
laboratories including the UK’s National Physical Laboratory and Germany’s PTB. Exploiting both
the high precision of the focused ion beam and the interactions of the ions in the superconducting
junctions of the devices we have fabricated SQUID loops as small as 225 nm diameter with
Dyam-bridge junctions of 40 nm that have been demonstrated as some of the most sensitive
measurement devices ever fabricated. The arrival of our new Xe Plasma FIB has also finally enabled
us to answer a key question. By fabricating similar devices with Xe ions in place of Ga, we have
finally been able to determine the effects of the implanted Ga present in the junction regions and
have found the device performance is dominated by the geometry of the junction only, with the Ga
playing no chemical or electronic role. The ion implanted and damaged region that surrounds the
actual junctions whether created by Ga or Xe implantation provides a non-superconducting region
that operates as a parallel shunt that protects the junctions when superconductivity is lost, effectively
creating a coaxial junction with a superconducting core and non-superconducting outer shell.
More recently we have extended our vector based patterning from 2D to 3D to produce highly
accurate fresnel lenses exhibiting excellent optical performance for ion trapping applications.
Further we have fabricated few-micron and larger axicon lenses in a range of optical substrates
showing light concentration and guiding by the formation of Besel beams. We have also produced
similar structures on the ends of optical fibres for improved fibre to waveguide coupling. Extending
and building on these 3D methods we will also show results from our sub 10 micron lens moulds that
combined with simple replication techniques have produced 3D microlenses on ultra-thin support
films that exhibit diffraction limit beating resolution with simple white-light optical microscopy.
In this presentation I will show examples of our 2D and 3D nanopatterning work to produce a range of
devices and optical components we have fabricated, highlighting our pattern strategies and the results
we obtain from these components. Finally I will briefly discuss our new instrument, currently under
test. A dedicated multispecies focused ion beam for direct writing of single ions.
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Examples of nanoSQUID (left), Large Fresnel lens in Bk7 Glass (centre), polymer replicas of micro
lens mould (right) and Fresnel lens profiles (bottom).
.
.
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Focused ion beam lithography issues: strategies for high throughput
pillar arrays, high aspect ratio structures, structural material
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The capability to structure semiconducting materials with features down to the micro and nanoscale
is fundamental for industrial applications as well as for basic and applied research in a large number
of fields including optoelectronics, sensing and biotechnology. On one hand, conventional
fabrication approaches such as photo-lithography allow for high-throughput large area processing,
however they are not straightforwardly indicated for patterning nanoscale features. On the other
hand, "direct writing processes" such as electron beam lithography (EBL) provide state-of-the-art
nanopatterning capabilities but display a low throughput due to the serial nature of their patterning
principle and usually require multiple processing steps following exposure (e.g. resist development,
etching, deposition, ...). EBL is also hardly usable in case of non flat surfaces. Conversely, the
focused ion beam (FIB) based lithography combines a single step processing with a nanometer scale
resolution, and is capable of fabricating micro and nano structures directly without any further
processing also on complex 3D shaped substrates. However, FIB technique has an intrinsically low
patterning speed; moreover it can introduce additional drawbacks related to the morphological
(roughening and edge rounding) and structural (material modification through introduction of
defects) properties of the fabricated features.
In this work we address the above mentioned issues related to FIB lithography with a conventional Ga+
liquid metal ion source operated at 30kV acceleration voltage on different materials. We will show
diverse case studies, namely the fabrication of high aspect ratio pillars, arrays of close structures with
nanotips, and shallow surface implantation on non-silicon semiconductors which are of interest for
device fabrication. More specifically, we tested possible solutions to increase the control over both
structure edge rounding and significant surface roughening. The latter is characteristic of specific
materials such as germanium on which FIB fabrication can benefit from using suitable sacrificial
protective layers to obtain smoother surfaces (Panel a) and high aspect ratio pillars (Panel b).
We also report on a strategy to speed up the FIB milling capabilities for a class of patterns, namely
closely spaced elongated structures, as in the case of zinc oxide arrays of pillars or cones which are
of interest for sensors and energy harvesting. In order to increase the throughput we exploited the
high positioning accuracy of the beam and used high currents in combination with suitable milling
patterns. The use of a line-grid pattern combined with the beam shape at high ion currents allowed a
faster prototyping of arrays of microscale cones and pyramids with nanoscale tips on ZnO (Panel c).
Thin metallic films can also be patterned using the same strategy to obtain flat nanoscale structures
with high speed (see Panel d). Finally we will give hints about morphological, structural and electrical
modifications produced by FIB on shallow implanted areas, addressing both specific recovery/removal
of FIB induced defects and possible exploitation of modified material properties, such as in the case
of single crystal ZnO and CVD diamond.
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(a) FIB milled pillar on Ge (100) (left side) without and (right side)with a top Ti layer. (b) High aspect
ratio (>10) Ge needle. (c) Tip arrays fabricated using FIB on ZnO employing high ion beam current.
(d) Metal dots array on silicon.
.
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Pd nanocluster deposition on self-assembled

.

77

Ion Beam Modification of Thin Films and Surfaces: Quantum Dot
Formation and Characterization by GISAXS
Maja Buljan1 , Iva Bogdanovic-Radovic1 , Marko Karlusic1 and Sigrid Bernstorff2
1
2

Ruđer Bošković Institute, Bijenička cesta 54, 10000 Zagreb, Croatia
Elettra Sincrotrone Trieste, 34149 Basovizza, Italy

email: mbuljan@irb.hr

Ion beam modification of materials is a powerful tool for the design of a material structure. More
precisely, it can be used for the production of nano-objects on the material surface or below it. Using
such nanostructures, strongly anisotropic materials and regularly corrugated material surfaces may be
produced, which find many relevant applications in nanotechnology. In the lecture we demonstrate
fabrication of regularly ordered nanostructures using ion beams on the films surfaces and below the
surface. The type and regularity in ordering is shown to be tunable by the material type and by the
properties of ion beams used for the irradiation.
Parallel to the investigation of production methods for regularly ordered nanostructures by ion beams,
we also develop methods by their non-destructive structural characterization. We demonstrate the
application of the Grazing incidence small angle X-ray scattering (GISAXS) on the structural analysis
of ion-beam modified materials. Different models for efficient GISAXS characterization of nanoobjects formed on the material surface and 3D ordered nanostructures are developed, as well as the
software platform for data analysis [1]. An example is demonstrated in Figure 1 showing atomic force
microscopy image of the nano-objects on the film surface formed by ions (Figure 1(a)) and GISAXS
maps for different probing beam orientations with respect to the direction of ion tracks (Figures 1(b),
1(c)). We show that GISAXS can be efficiently used to determine the structural properties of the
nano-objects formed along the ion tracks, as well as their ordering properties.

(a) AFM image of a TiO2 surface irradiated by 23 MeV I6+ ions. (b), (c) Measured GISAXS maps
and the corresponding simulations (in the insets), for angle between probing x-ray beam and ion tracks
0° and 5° respectively [1].
[1] M. Buljan, M. Karlušić, N. Nekić, M. Jerčinović, I. Bogdanović-Radović, S. Bernstorff, N. Radić,
I. Mekterović, GISAXS analysis of ion beam modified films and surfaces, Comp. Phys. Comm. 212,
69-81, (2017)
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CdZnTe (CZT) crystals is very interesting material due to its applications in a variety of detector-type
devices. This is due to its large absorption coefficient, high resistivity, high average atomic number
and large band gap [1]. It has been reported for a long time that the performance of CZT is affected
by point defects inside the material, as well as structural and compositional heterogeneities within the
crystals, such as grain boundaries and Te inclusions. The later defects are created during the growth
process and the cooling down phases [2] as a result of the retrograde solid solubility of Te and a poor
stoichiometric control [3]. The concentration and distribution of Te inclusions within a device are one
of the major contributions to the degradation of CZT detectors.
The leakage current in CZT devices is also increased by Te precipitates on the surface [4,5] and
reducing the device performance. Te inclusions and precipitates also act as traps for the charge
carriers, affecting to the charge collection efficiency as well as the energy resolution of the detector.
Previous studies in our group clearly revealed a pronounced effect when CZT surfaces were
irradiated with Ar+ ions at room temperature. Even for small fluences, a removal of polishing
scratches on the sample surfaces was observed. Associated to this effect, an important enhancement
in the luminescence intensity of the irradiated samples was observed. Te inclusions also tend to
aggregate after the irradiation process and are also eliminated from the surfaces for the highest ion
fluences [6].
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In this work the effect of the sample temperature (in the range 300-600 K) during Ion Beam Sputtering
of CZT crystals surfaces at different fluences is analised by means of Scanning Electron Microscopy,
Atomic Force Microscopy, µ−Raman and µ−Photoluminescence. It is expected that increasing the
temperature of CZT samples during the irradiation process will enhance the beneficial effects this
technique has shown when trying to reduce surface Te inclussions and to increase the luminescence
properties of CZT crystal surfaces.
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Plasma doping (PLAD) is an important industrial implantation method, for example in semiconductor
device production. PLAD is simple in concept: a negatively biased substrate immersed in a plasma
is doped by ions and neutrals from that plasma. For arsenic doping, the plasma is typically formed
from arsine gas diluted in hydrogen (and other gases, such as Xe, may also be involved). Therefore
many types of arsenic containing species (typically molecules of arsenic and a number of hydrogen
atoms – AsHx) can be formed in the plasma and deposited on the substrate. Energetic ions can inter
mix the substrate and deposited layers, remove volatile components and thereby form complicated
layers whose composition, porosity and density are unknown and cannot be assumed to be those of
compounds formed under non-plasma conditions.
These uncertainties complicate the metrology of planar substrates implanted by PLAD. SIMS
analysis of a planar substrate requires sputter rates and secondary ionisation yields to be known,
which often are not. The sputter rate may not be constant as layers of differing density are removed
and ion beam mixing by the primary, sputtering beam also perturbs the true elemental profiles. Ion
Beam Analyses, particularly Rutherford Back Scattering (RBS) and its lower energy variant Medium
Energy Ion Scattering (MEIS), can report absolute aerial densities of atoms. Depth information can
be calculated by considering the electronic energy losses of ingoing and scattered particles and in
conjunction with layer thicknesses determined by imaging techniques such as TEM can provide
valuable information on layer densities and atomic profiles. This talk will show the results of MEIS
measurements made at Huddersfield University on planar wafers plasma doped with As.
Implantation of three dimensional structures, such as the doping of finFET transistors, is also topical.
Dopant profiles can in principle be measured by TEM/EDS or EELS, but the method is destructive (as
a lamella has to be produced from the sample), can only determine atomic fractions and cannot detect
low mass elements such as H due to the low energy of its emitted x-rays. SIMS techniques can be
applied (“1.5D SIMS”, also known as “SIMS through fins”) but involve first forming a planar surface
by filling a 3D structure with poly silicon. This subjects the sample to a thermal process which can
cause diffusion and thereby perturb the profiles. Furthermore it is wasteful on samples because the
poly Si deposition requires full wafers to be processed and so only one process condition per wafer
can be measured. 1.5D SIMS only reports the total concentration of dopant atoms in a sidewall, not
the lateral profile.
IBA techniques traditionally used on planar samples can also be used for 3D tomography. This talk
will report measurements collected using a KMAC Time of Flight (TOF) MEIS system of fin top
and sidewall As profiles in PLAD doped finFETS. There is often not a unique solution for extracting
substrate information from MEIS spectra. TRIDYN and TRI3DYN models of the planar and finFET
samples have been used as initial trial substrates to guide the MEIS spectral analyses. We will present
recent results that suggest that this approach has promise and merits further investigation to determine
how much information can reliably be extracted.
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The use of MEIS has been appropriate for As dopant in Si substrates because the contributions to the
total MEIS spectra from ions scattered off As dopant and Si substrate atoms are easily separated. This
would not be true for other species commonly used to dope Si. P is isobaric with Si and B (being light)
also has a low Rutherford backscattering cross section, so ions scattered from P and B atoms cannot
be distinguished from a larger signal of ions scattered from the Si substrate. This talk will discuss how
IBA techniques might be used to measure these dopants. .

.
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Nanostructured materials are today subject to intense research, as their mesoscopic properties will
enable a variety of new applications in future. They can be grown with specific properties under
equilibrium conditions by a variety of different top-down and bottom-up synthesis techniques.
Subsequent modification or doping or alloying using the highly non-equilibrium process of ion
irradiation significantly expands the potpourri of functionality of this today important material class.
Important and newly discovered effects must be considered compared to ion irradiation of bulk or
thin film counterparts [1], as the ion range becomes comparable to the size of the nanostructure.
Here, I will review recent irradiation studies of nanomaterials reporting on non-linear incorporation
of implanted species [2,3], enhanced sputtering yields and redeposition [4,5], morphological changes
induced by the high thermal impact [3,6], as well as strongly enhanced dynamic annealing for such
confined nanostructures [7]. This presentation will also include the concurrent and recent progress in
developing new simulation tools [3,8] in order to describe and quantify those newly observed effects.
[1] A. Johannes, et al., Semiconductor Science and Technology 30, 033001 (2015)
[2] A. Johannes, et al., Journal of Physics D: Applied Physics 47, 394003 (2014)
[3] W. Möller, et al., Nanotechnology 27, 175301 (2016)
[4] H. Holland-Moritz, et al., Nanotechnology 26, 325301 (2015)
[5] H. Holland-Moritz, et al., New Journal of Physics 19, 013023 (2017)
[6] A. Johannes, et al., Nano Letters 15, 3800 (2015)
[7] C. Borschel, et al., Nano Letters 11, 3935 (2011)
[8] C. Borschel, C. Ronning, Nuclear Instruments & Methods B 269, 2133 (2011)
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Previous studies [1] have shown that despite the high thermal conductivity of graphene swift heavy
ion (SHI) irradiation is able to produce permanent defects in free-standing layers.
In our work we model the initial ion-induced electron cascade in the material with a Monte Carlo
code [2] and simulate the subsequent defect formation using the two temperature model together with
Molecular Dynamics (MD). In our model we consider the possible emission of electrons during the
cascade.
Previous atomistic simulations of SHI irradiation in 2D materials have applied a 3D formalism to
determine the energy deposited in the layer. Our results show that the electron emission during the
initial electron cascade play a major role in the defect formation, reducing the energy deposited and
the size of the defects created. Our simulations show remarkable discrepancies between the
traditional three-dimensional and the new two-dimensional approach. The two-dimensional model
shows consistently considerably smaller size of defects compared to the traditional model,
questioning the validity of the latter in 2D materials.
Future research will address the possible role of the transient charge states during the electron cascade
in the damage formation process in two dimensional materials.

.
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Multicomponent and equiatomic multicomponent (EAMC) alloys, sub categories of High Entropy
Alloys (HEA), have shown many good qualities, for instance, good mechanical, electrical and
magnetic properties. These good properties are also seen to be present at a wide temperature
interval, making them possible candidates for future power plants. These alloys have also been seen
to have improved resistance to accumulation of defects during prolonged irradiation, which is a
crucial aspect in case of materials for nuclear power plant concepts. The previous irradiation
simulations on these alloys have been on single crystalline samples, which can be very hard to
produce in large quantities and large sizes. In this study we focus on nanocrystalline (equiatomic)
multicomponent alloys, to investigate the radiation effect on polycrystalline samples.
The investigation is done by computational means, with Molecular Dynamics (MD) simulations.
The effect of irradiation on the nanocrystallinity is studied in different alloys. The simulation cells
are subject to massively overlapping cascades, to simulate the result of prolonged irradiation. The
alloys are of different compositions, from single elemental nanocrystalline material to
nanocrystalline alloys with four different elements, to see the difference between alloys. The effect
of the elemental fraction, from equal fractions to more dilute alloys, is investigated, to obtain
possible differences due to variation of elemental fraction. Also the effect of ageing before the
irradiation is studied, where possible segregation to grain boundaries is included.
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We have deposited palladium clusters on four different types of self-assembled monolayers (SAMs),
in order to investigate their ability to stabilise the clusters on the surface and minimising penetration
of the clusters through the layer.

.

FRIDAY (F3N)

The monolayers investigated were dodecanethiol (DDT), 4-mercaptopyridine (4-MPy),
dithiocarbamate (DTC) and diethyldithiocarbamate (DTC2). The samples were characterised by
x-ray photoelectron spectroscopy (XPS) and scanning tunnelling microscopy (STM) both before and
after deposition of palladium clusters for 15, 30, 45 and 60 s. The results are compared with
palladium clusters deposited on pure gold. .

.
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ODS (Oxide Dispersed Strengthened) steels reinforced with metal dispersions of nano-oxides are
promising structural materials for future large-scale energy facilities. The detailed understanding of
the mechanisms involved in the precipitation of these nano-oxides would improve manufacturing
and mechanical properties of ODS steels, with a strong economic impact for their industrialization.
A perfect tool to experimentally study these mechanisms is ion implantation, where the various
parameters of precipitate synthesis are under control. This presentation demonstrates the feasibility
and advantages of the ion beam synthesis approach as applied to aluminium oxide particle synthesis
in Fe-Cr model alloys [1-3].
High purity Fe-10Cr alloys were implanted with Al and O ions at room temperature and
subsequently annealed at 500 °C. Quite a number of interesting and unexpected results were
obtained, providing valuable contribution to the understanding of the mechanisms involved in the
metal-oxide particle precipitation both under implantation and during the annealing. For example,
transmission electron microscopy observations demonstrated that the nano-oxides had appeared
already upon ion implantation at room temperature. The nucleation of these nanoparticles, of a few
nm in diameter, indicates the mobility of implanted elements already at room temperature, which is
evidently promoted by point defects created during ion implantation. A review of the most
interesting observations strongly contributing to the understanding of the underlying mechanisms of
nano-particle nucleation and growth will be given.
The large body of available observations has allowed us to formulate a general concept of metal
oxide precipitation in ion beam synthesis conditions that provides reasonable and non-contradictory
explanation of nearly all our observations. In this report we are going to discuss in detail both this
concept and its potential for predicting metal-oxide precipitation efficiency with alternative metal ion
beams (e.g. Y, Ti, or Zr instead of Al).
[1] C. Zheng, A. Gentils, J. Ribis et al, Phil. Mag. 94, 2937 (2014).
[2] C. Zheng, A. Gentils, J. Ribis et al, Nucl. Instr. Meth. B 365,:319 (2015).
[3] C. Zheng, A. Gentils, J. Ribis et al, J Appl. Phys. 121, 174305 (2017);
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Silicon-based nanostructures and composites are the main objects of modern electronic and photonic
devices. This requires further development of fundamental concepts of the radiation-induced
structural and compositional transformation mechanisms. The control over such transformations can
be adopted for adjustment of material properties or reduction of radiation degradation.
The analysis of the capability of radiation-induced structure and composition transformations is held
on the base of data collected in the world literature and by the authors. In combination, it enables to
reveal the most perspective directions of the radiation technology and to propose the models and their
practical implementation in the formation of radiation-resistant nano-objects.
In the report ion synthesis of silicon-based nanostructures is considered. In particular, light-emitting
structures such as rod-like 311 defects [1] and SiGe quantum dots (QDs) [2,3] are investigated. The
optimal parameters of self-assembly conditions and structure size control are developed in order to
form the devices with maximized quantum efficiency (also at room temperature). The conditions for
the self-assembly which lead either to optimize the performance (in terms of tunneling exchange of
charge carriers between individual nanoclusters – "quantum fountain" [4]), or to the absence of size
quantization are determined. For the light-emitting structures based on rod-like 311 defects the
intensive luminescence peak is observed at 1.30 µm and 1.39 µm wavelengths and for the SiGe
nanostructures at the 1.54 µm. It is important that formation of morphologically different systems,
such as separate QDs in the size range 1-100 nm, and closely located QD ensembles with a narrow
and controlled dimensional distribution, is readily achieved by varying the parameters of ion
implantation. In addition, the conditions for embedding such devices into hybrid VLSI technology
for the electro-optical devices were tested experimentally.

The approach considering mechanical properties of nano-objects in approximation of the liquid-like
pseudoelasticity model deserves attention [6]. Taking these features into account, the model of
87
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In this case, the mechanisms of the threshold energy of Frenkel pair formation, the equilibrium
concentration of the dot defects at given temperature, and mechanism of radiation defects
accumulation are examined. The last objective should be examined in conjunction with the role of
Frenkel pairs, which is opposite to the point of view adopted in the literature.
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Radiation processes which are connected to the change of the shape, composition, mechanical
properties, and melting temperature are considered in the aggregate and based on experimental
results and model approximations. That enabled to reveal the intersections of physical effects and
technological capabilities. The features of the nanosize-induced threshold effects, the surface
effects, which influence on the defect creation processes, and the accumulation of structural defects,
radiation and size-induced [5] structural phase transformations (single crystal – amorphous state) are
investigated. The developed model approaches are based on the atomic bonding energy change in
the crystal lattice, which occurs when the size of the object passes the threshold value.
.

radiation hardness of nanosized elements and structures is proposed. It was examined on the objects
that are mentioned above (including SiGe quantum dots, silicon nanoparticles, nano-porous
structures). The features of radiation-induced transformations in nanostructures are examined on the
example of a focused ion-beam etching process widely used in the microelectronic technology [7].
This work is supported by the Russian Science Foundation, project number 15-19-10054.
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Silicon nanostructures are promising for photonic applications [1,2]. We describe here a series of
experimental studies on properties and laser annealing of SiOx (x < 2) films containing silicon
nanocrystals (Si-nc).
The effect of spectral filtering of photoluminescence in annealed SiOx films provides their optical
properties [3-6]. The measured refractive index and absorption coefficient are described using the
effective medium approximation and the chemical compositions measured by X-ray photoelectron
spectroscopy. The Si-SiO2 phase separation and the degree of silicon crystallization increase with
the annealing temperature; however, even after annealing at 1200 °C, the samples contain a large
proportion of silicon suboxides and partially disordered silicon. The Raman signal of Si-nc and the
absorption coefficient are nearly proportional to the amount of elemental ("metallic") silicon.
The 1.5 eV photoluminescence quantum yield gradually increases as the silicon excess decreases. This
observation suggests that Si-nc observed in the Raman spectra are not a direct light-emission phase in
these materials supporting the defect-based mechanism of the light emission [6-8].
We have demonstrated surface-enhanced Raman scattering of Si-nc in silica [9]. The best results are
obtained for Ag overlayers of a weight thickness of 12 nm, whose surface plasmons are in a resonance
with the laser wavelength (488 nm). The enhancement measured for the Raman signal from 3-4 nm
Si-nc in a 40 nm SiOx film exceeds 100.
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For free-standing SiOx films, continuous-wave laser light can produce high temperatures in these
films (argon-ion laser at 488 nm, ∼ 104 W cm−2 ) [10, 11]. Laser heat leads to efficient Si-SiO2 phase
separation, which changes the optical and light-emission properties of the film and produces large
compressive stress of Si-nc (up to 3 GPa). The laser-induced changes in these films can be made in
very small areas (down to ∼ 1µm) [12].

.

Extent of laser-induced Si-SiO2 phase separation can be very large [13]. The silicon excess is moved
from the center of the laser-annealed area forming a ring area with large Si-nc (∼100 nm) that are
usually under compressive stress. Thermodiffusion is suggested as the mechanism of the observed
macroscopic phase separation. The Si-nc located near the film surface have an unusual pear-like
shape with the thinner part sticking out of the laser-illuminated surface [14]. The non-spherical shape
of these Si-nc is explained by eruption of silicon pressurized at the stage of crystallization from the
melt phase.
.
The result of laser annealing is qualitatively similar for different annealing atmospheres (air, oxygen,
nitrogen, and argon), i.e. the central area is essentially constituted by silica [15]. This result suggests
that silicon oxidation does not play a dominant role in the change of the film composition. The size
of Si-nc in the ring area increases with the laser-annealing period, and long annealing (∼ 100 s)
relaxes the compressive stress of large Si-nc. Removal of some of the large Si-nc explains the
formation of holes in the ring area of the annealed film, and this removal process is most efficient in
inert atmospheres and practically absent in oxygen.
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Strong electrical fields are known to cause electrical discharges in the form of vacuum arcs. This is
a significant problem in many applications with high fields and especially in linear colliders like e.g.
the future Compact Linear Collider (CLIC), where the arcs significantly decrease the performance of
the accelerator. The accelerating structures in CLIC uses an ultra high vacuum and surface fields up
to 300 MV/m. A good physical understanding of the vacuum arc phenomenon is thus important in
order to mitigate the occurrence of arcs and achieve an optimal accelerator design.
The common hypothesis for the cause of vacuum arcs is that nanotips spontaneously grow on the
metallic surface due to the strong electric field. These tips will locally enhance the field enough to
cause field emission. The field emission will build up a plasma which eventually will burn as an
arc. In this work we are studying how nanotips might start to grow due to biased adatom diffusion
due to the surface field gradients. For this purpose, we have developed a Kinetic Monte Carlo (KMC)
model for the surface diffusion in electric fields. This model was developed by implementing our field
solver into our KMC code Kimocs, which was especially designed for simulating surface diffusion
processes. The model uses tabulated migration energy barriers and the electric field is obtained by
solving the Laplace equation at every KMC step.

.

FRIDAY (F3N)

We have validated the model by simulating the drift velocity of a tungsten (W) adatom on a W{110}
surface in different fields and temperatures. Our results are in good agreement with experimental
results from the literature. We have also used the model to study how nanotips may grow from surface
asperities at different applied fields and temperatures. .

.
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Light interaction with nanoparticles (NPs), especially those fabricated of coinage metals, gives rise
to a number of fascinating optical phenomena. One of the directions of research is the search for
configurations that enable efficiently interconvert propagating and localized plasmon resonances and
thereby promote strongly enhanced local fields. From this point of view, the formation of ordered
arrays of nanoparticles has great promises for practical applications in plasmonics, surface enhanced
Raman spectroscopy and optical sensing.
For the formation of arrays, patterns are prepared by spin-coating of polymers on silicon or quartz
substrates followed by electron-beam lithography (EBL). In particular, 100 nm thick layer of a
photoresist (polymethylglutarimide - PMGI) is deposited and followed by formation of 100 nm thick
e-beam resist (poly(methyl methacrylate) - PMMA) on top of it. Thereafter, stripes of 200 nm in
width and periodicity of 1000 nm are patterned on the substrate using an EBL machine. After
exposure, the patterned portion of the resist is developed in a solution of methyl isobutyl ketone and
isopropanol (1:3 mixture ratio) for 60 s, thus, making a periodic structure of linear trenches down to
PMGI layer. Size-selected silver and copper NPs are produced by magnetron sputtering cluster
apparatus and deposited on the patterned substrates in low-energy (soft-landing) regime resulting a
coverage of 1-2 monolayers of NPs across the entire surface. After the deposition, the samples are
annealed at 180°C for 5 minutes to facilitate partial immersion of the deposited NPs into the polymer
films. This treatment helps to stabilize NPs on the surface and significantly improve adhesion [1].
Thus, the obtained films with metal NPs become resistant against wet chemical procedures that is
essential in bio-sensing applications [2]. The top PMMA layer of the annealed substrate is removed
using acetone. Finally after optimization of all procedures, sharp linear stripes of metal nanoparticles
are obtained on the surface of PMGI (see AFM image in Fig. 1). The substrate with silver and
copper clusters show strong localized surface plasmon resonances at ca. 400 and 600 nm,
respectively. Properties of propagating plasmon resonances of the stripes formed by individual NPs
are currently under the study.
In summary, linear arrays (nanoscale stripes) of size-selected metal NPs are successfully obtained
by combining the electron beam lithography and cluster beam deposition techniques. This approach
allows formation of a variety of different geometrical arrays with the limitations in dimensions dictated
only by the lithography, thus, providing an excellent method for production of plasmonic nanosystems
of required configurations.
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AFM image of linear stripes of copper NPs formed on polymer surface.
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Light trapping is the essence of photovoltaic devices as it allows a significant reduction in the thickness
of active solar cell material. Surface roughening is a way to reduce reflection losses by multiple
scattering events between adjacent textured objects. Thus, reflection loss can be drastically reduced
by employing various textured surfaces, which can be further reduced by an antireflection coating
grown on top of the textured surfaces.

.
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Here we show the efficacy of Sn-doped ZnO (ZTO) thin films as an antireflection coating deposited
on ion-beam fabricated nanoscale rippled- and faceted-Si substrates. While x-ray diffraction studies
show amorphous nature of the films, scanning electron microscopy and atomic force microscopic
studies reveal conformal growth of ZTO thin films (granular in nature) on both ripped and faceted
substrates. The specular reflectance measurements show a large reduction in the average broadband
(300-800 nm) surface reflectance from 43.9% for pristine-Si (P-Si) to 35.9% and 30% for
as-prepared nanorippled- (R-Si) and nanofaceted-Si (F-Si), respectively. In addition, we observe
further reduction in the reflection to 20.4%, 21.5%, and 13.91% for ZTO/P-Si, ZTO/R-Si, and
ZTO/F-Si heterostructures, respectively. The large reduction for ZTO coated P-, R-, and F-Si
attributed to the graded refractive index of the heterostructures and the different average surface
heights of the film nanostructures which is driven by the surface morphology of the substrates.
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Sputtering by low energy ions, where nuclear energy loss dominates, is well understood and can
describe nano-pattern formation at the surface by sputtering of Ge porous structure [1]. Ge transform
from hole patterns to sponge-like layers when irradiated by energetic ions. In case of defects produced
by binary collision process, a model is developed to explain Ge morphology evolution at different ion
energies. Vacancies are stabilized in the a-Ge network by dangling bond bridging processes and thus
have a longer lifetime than interstitials [2]. Since interstitials diffuse out, vacancies can accumulate
to form voids [3]. Formation of stable Ge vacancies and their self-organization leads to formation of
sponge-like Ge surface layers. The voids which are created in the sub-surface region are intersected
by the surface due to continuous erosion, and a hole pattern becomes visible at the surface. Using this
model, a 3D kinetic MC simulations reproduce the ion energy dependent transition from hole patterns
to sponge-like layers with increasing ion energy and the surface pattern formation due to erosion by
sputtering [4].
Germanium exhibits remarkable effect when subjected to high energy heavy ions irradiation. A
synergic effect of high electronic energy loss (Se=16.4 keV nm−1 ) and nuclear energy loss (Sn=0.1
keV nm−1 ) of 100 MeV Ag ions irradiation in Ge is presented [5]. When single crystal Ge (100) is
irradiated with 100 MeV Ag the results show crystalline Ge is insensitive to ionizing part of energy
loss. In case of damaged Ge, irradiation induced thermal spike leads to formation of porous
structure. The formation of voids is explained on the basis of inelastic thermal spike model where
voids nucleate along molten ion tracks during resolidification of Ge due the higher density of Ge in
liquid state than solid phase.
In case of swift heavy ions irradiation, two to three order of higher sputtering yield as compared to
ballistic sputtering is termed as electronic sputtering. The mechanism of which is not clear yet with
different proposed models like Coulomb explosion [6], thermal spike [7], a combination of both [8]
and pressure pulse [9]. This unusual high sputtering of the porous structure opens up the sub-surface
voids to show surface pattern [10].
We have developed a two step ion beam processing to prepare porous Ge layer with well defined layer
thickness and well controlled number, size and shape of the pores. Formation and growth of voids
within the porous structure with increasing ion fluence within molten ion tracks is reported [11-13].
In this report we present the evolution of surface pattern by changing the angle of irradiation of 100
MeV Ag ions keeping the ion fluence constant as shown in Fig. 1.
According to thermal spike model, for electronic sputtering to happen the material should attain
temperature of vaporization. In Fig. 2 TEM micrographs show filament-like structures at the surface
of the porous Ge. A concept of reduced thermal conductivity due to phonon confinement [14] at
these filament like structures is used to explain observed high sputtering rate.
[1] B. R. Yates, B. L. Darby, R. G. Elliman and K. S. Jones, Appl. Phys. Lett. 101 (13), 131907
(2012).
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Fig 1. Plan-view SEM images of Ge samples irradiated with Ag ions to fluence of 6 × 1013 ions cm−2
at an incidence angle of [a] 7° [b] 30° and [c] 60° with respect to surface normal. Fig 2. XTEM image
of Ge sample irradiated at 45°; inset is an expanded image of it showing the formation of nanowires
at the surface and voids in the d-Ge layer.
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In the present submission, we have presented the formation of self-organized In-rich nano-dots on the
surface of InP (100) using 500 keV Ar4+ ions. The irradiation was carried out at an angle of 25° (with
respect the normal at the surface) at various ion fluences ranging from 1×1015 to 1×1017 ions/cm2 in
the materials Science Beam line of LEIB facility at IUAC, New Delhi. The morphology of the pristine
and ion irradiated samples were investigated by Atomic Force Microscopy (AFM) performed in the
tapping mode. The formation of nano-dots on the irradiated surfaces was confirmed and the average
size of nano-dots varying from 44 ± 14 nm to 94 ± 26 nm with increasing ion fluence. The roughness
(a) and the growth (b) exponent values were calculated using the scaling laws. The kinetic sputtering
and the large step surface diffusion of the atoms are the primary reasons for the formation of selforganized In-rich nanodots as correlated with the values of a and b. The compositional changes in the
surface stoichiometry of InP with the ion fluence was studied using X-ray Photo-electron Spectroscopy
(XPS).
It was found that with irradiation, the surface becomes more indium (In) rich due to the preferential
sputtering of the phosphorus atoms (P). It is further confirmed using Synchrotron light source at
Elettra, Italy, that the nanodots pattern are made up of pure In for the samples irradiated with highest
ion fluence. The cross-sectional Scanning Electron Microscopy (SEM) analysis of the sample
irradiated with ion beams showed the absence of nano-structuring beyond the range of ion beams as
per expectations.
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AFM images of the Pristine and Irradiated samples of InP(100)
.
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Spin Coated Nanostructed CdS Thin Film on Nanoporous Anodic
Alumina membrane for Energy Applications
Mohamed Shaban, Mona Mustafa and Fayez Shahin
Nanophotonics and Applications (NPA) Lab, Department of Physics, Faculty of Science, Beni-Suef
University, Beni-Suef 62514, Egypt
email: fayezshahin13@gmail.com

In this study, nanostructured CdS thin film was deposited onto porous anodic alumina (PAA)
membrane substrate using sol-gel spin coating method. The PAA membrane was prepared by a
two-step anodization process. The structure, chemical composition, and morphology of the spincoated CdS thin film have been studied. The morphology of the fabricated PAA membrane and the
deposited nanostructured CdS film was investigated using field emission- scanning electron
microscopy (FE-SEM). The SEM of PAA shows a typical hexagonal and smooth nanoporous
alumina membrane with interpore distance of about 125 nm and pore diameter of about 55 nm. SEM
of CdS shows nanostructured porous film of CdS nanoparticles.
This film well adherents and covers the PAA substrate. The energy dispersive X-ray (EDX) pattern
shows the signals of Al, O from PAA membrane and Cd and S from the deposited CdS, CdS thin films
are used as n-type this indicates the high purity of the fabricated membrane and the deposited CdS
film. The X-ray diffraction (XRD) pattern shows CdS film of cubic structure and average crystallite
size of about 86.2 nm grown in the direction (220). The proposed method has some merits like low
cost of processing, facile technology, relatively simply equipment requirement, and high throughput.
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A report is presented about progress in the understanding of the properties of bi-metallic
nanoparticles, their interaction with surfaces subsequent to low energy slowing down and the
properties of nanostructured materials formed with these particles.
A nanoparticle contains from a few atoms for the smallest ones to several thousand for the largest
ones considered here. The properties of an atom result from quantization and the same is true for the
molecules they form. The same is thus true for the smallest nanoparticles. At the other edge, many of
the properties of macroscopic materials are well described by a classical approach and nanoparticles
appear as objects at the fringing field between quantum and classical behaviors. In the study of their
properties, using either a quantum or a classical approach, atomic scale methods appear as naturally
well-suited. Atoms are considered as individual objects interacting via their outer shell electrons
only. However even with such an approximation, solving the Schrödinger equation becomes quickly
prohibitively heavy as the number of atoms involved increases. For the heaviest elements, relativistic
effects make the problem even heavier.
In this case, the classical approach is the only one presently practical. Ab initio calculation is
frequently used to predict small particles configurations as well as their electronic and magnetic
properties. In principle, the method is exact. Uncertainties about the origin of correlation exchange
however, and also the complexity of setting up efficient numerical algorithms suggest the need of
experimental confirmation in many cases. The classical approach to atomic interactions makes use
of semi-empirical models fitted on atomic collision properties at high energy (of the order of core
electron binding energies or higher) and on solid state properties at low energies (of the order of
cohesive energies or lower). Interaction between atoms in a nanoparticle and the interaction of
nanoparticles with surfaces presented in this report belong to the latter category. For these,
interaction potentials are set up as functionals of the local electron density or of hopping integrals
and parameterized on the basis of a range of microscopic and macroscopic properties of bulk
materials. Obviously, the correct prediction of other properties is not warranted and comparison with
experiment is necessary.

.
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This report focuses on bi-metallic particles and nanostructured materials. Their technological interest
lays in both their magnetic and optical properties. When reduced to the nanometer size, magnetic
particles display one single domain and are often superparamagnetic. Some bi-metallic ones, like CoAg or Co-Pt, depending on their stoechiometry, may display a high coercive fields, which is interesting
for storage devices. .
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Electronic properties of nanofilms CoSiO received on surface CoSi2 by
the method implantation of ions O2+
Umirzakov Baltohodja Ermatovich and Donaev Sardor Burxanovich
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Nanosize structures and films with various band gap on the basis of Si can be applied at creation various
MIS and SIS - structures, transistors and diodes of ultrahigh frequency, devices of solar power, etc.
In particular, for increase in efficiency of solar elements it is necessary to create structures which
intensively absorb light radiation in area of energy from 0.3 - 0.4 eV to 3.5 - 4 eV. The band gap
of CoSi2 makes 0.5 - 0.7 eV, silicon - 1.1 eV, silicon oxide ≈ 8.5 eV, and silicon nitride - 4.5 eV.
Changing a chemical compound of silicides of metals it is possible to reduce band gap to 0.2 - 0.3 eV.
Structures on the basis of Si give the big efficiency in area of energy from 1.1 to 2 eV. Therefore there
are problems of creation nanostructures with band gap ∼ 2 - 2.5 eV.
In works it is shown, that carrying out solid phase epitaxy of Co on oxidised surface Si(100)2x1
promotes formation more perfect epitaxial films of CoSi2 . The mechanism of proceeding processes
is opened in works in which it is revealed, that at drawing of atoms of cobalt on surface Si(100)2x1,
oxidised insitu, atoms of metal penetrate oxide layer already at a room temperature. Result of this
effect is formation on section border between oxide layer and silicon of three-componental interface
phase Co - Si - O and the subsequent formation under it of a layer of solid solution Co - Si. However,
till now the researches directed on obtaining of films of type Co - Si - O were not carried out their
stoichiometric composition, crystal and electronic structure, hence, are not studied.
In this paper, an attempt was made to obtain three-component compounds in the surface layers of
CoSi2 by implanting O2+ ions. The MBE films CoSi2 /Si (111) and CoSi2 /Si(100) with thickness ∼
2000 Å were mainly used. The energy of the O2+ ions varied within the range E0 = 1-5 keV. To
obtain continuous films, implantation was carried out at a dose D > Dsaturation ≈ 4 × 1016 cm−2 .
Analysis of the spectra of AES and SIMS showed that after ion implantation in the near-surface region
there are compounds of the Co-Si, Co-O, Si-O, Co-Si-O type, as well as unbound Co, Si and O atoms.
Only after heating at T ≈ 900 K a three-component polycrystalline film of the CoSiO type is formed,
consisting of separate blocks with dimensions of 20 - 50 nm.
Between the blocks there are nanopores with diameters of 10 - 20 nm and a depth of 40 - 50 Å. Studied
the concentration profiles of the distribution of O, Si, and Co atoms obtained after heating the CoSi2 /Si
(111) film at T ≈ 900 K, implanted with O2+ ions with E0 = 1 keV at D = 6 × 1016 cm−2 . It can be
seen that in the surface layer the concentrations of the atoms of these elements differ little from each
other and lie within the range of ∼ 30-30 at.%. That is, it can be assumed that a thin film (d ≈ 35 Å)
with an approximate composition of CoSiO is formed in this case. In the range d ≈ 40 - 80Å, Co and
Si concentrations increase, and O - decreases.
At d ≈ 80 Å CSi ≈ 64 - 66 at.%, CCo ≈ 30-35 at.%, CО ≈ 1 - 2 at.%. Therefore, it can be assumed
that for d > 75 - 80 Å the stoichiometric composition of the CoSi2 film remains practically unchanged.
In Fig. 1 shows the initial part of the dependence R(Ep) and δ(Ep) for the CoSiO/CoSi2 (111) film.
It can be seen that a number of distinct features are found in these dependencies. It is known that these
features arise due to the excitation of interband electron transitions and plasma oscillations of valence
electrons of different frequencies.
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There is a relationship between the structure, the course of the R(Ep) and δ(Ep) dependences with
the band structure of semiconductors and insulators. The initial deceleration of the sharp increase in R
is due to the transition of electrons from the top of the valence band EV to the bottom of the conduction
band EC. The value of δ corresponds to the transition of electrons from EV to EC (ie to vacuum). At
δ = 5.9 eV, a sharp initial growth of δ is observed. The feature observed at Ep = En can be due
to the emission of electrons from impurity levels. At energies Ep = 8.5 and 13.6 eV, gently sloping
sections are found, which is explained by resonant elastic scattering of slow electrons by plasmons.
Indeed, with allowance for χ, these energies correspond to the excitation of plasma oscillations in the
CoSiO film: hws = 12 eV and hwv = 17 eV. It can be seen that the value of Eg for CoSiO is ∼ 2.4
eV. Therefore, it can have prospects in the development of solar energy devices.
Thus, for the first time the implantation of O2+ ions into the CoSi2 /Si film yielded and studied the
composition, structure, and properties of the CoSiO/CoSi2 nanoscale structures. In particular, it was
established that the width band gap of CoSiO is Eg = 2.4 eV, and the energy of plasma oscillations
is hws = 12 eV, hwv = 17 eV. A band-energy diagram of the three-layer CoSiO/CoSi2 /Si (111)
system is constructed.
.
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Fig. 1. Dependences of R(Ep) and δ(Ep) for the CoSiO/CoSi2 (111) film with a thickness of 35 - 40
Å.
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The specific peculiarities of ion scattering, sputtering and implantation processes at grazing ion
bombardment and their application for modification and nanoscale pattern formation on the single
crystal surface have been presented. Ion scattering spectroscopy at grazing angles is very useful for
diagnostics of disturbances of elemental composition and structure of surface layers on atomic scale,
preceding initial stages of adsorption and corrosion of metals used in different fields of thin-film
technology including nanotechnology.
In the present work the peculiarities of the low-energy ion scattering, sputtering and implantation
processes under conditions of grazing ion bomardment of Cu(100), Si(001), SiC(001), Cu3 Au(001)
and GaAs(001) surfaces have been investigated by computer simulation. The calculation program
is based on the binary collision approximation. For the description of the particle interactions the
repulsive Ziegler-Biersack-Littmark potential was used. The inelastic energy losses were regarded
as local depending on the impact parameter and included into the scattering kinematics. Trajectories
of 0.5 - 10 keV N+ , Ne+ , Ar+ , Kr+ , Be+ and Se+ ions experienced correlated sliding scattering on
discrete atomic chains, in semichannels and channels on the single crystals surfaces, as well as primary
knocked recoil (PKR) were traced in several nearest to surface atomic layers.
It has been shown that the elastic energy losses of the scattered ions are considerable smaller than
the inelastic ones in a region of grazing scattering. It is established that from the comparison of the
scattered particle trajectories with experimental energy distributions of scattered particles, one can
draw a conclusion about presence and sizes of monatomic steps as well as about distances between
them on the single crystal surface damaged by ion bombardment. Dissociative and non-dissociative
desorption of adsorbed molecules were simulated. It was shown that at grazing ion bombardment
the intensive non-dissociative desorption of adsorbed molecules is possible. Sputtering yields in the
primary knock-on recoil atoms regime versus the initial energy of incident ions and angle of incidence
(θ = 3-30°) counted from a target surface have been calculated. A preferential emission of Cu atoms
in the case of Cu3 Au (001) surface sputtering is observed.
It was shown that in the case of grazing ion bombardment the layer-by-layer sputtering is possible
and its optimum are observed within the small angle range of the glancing angles near the threshold
sputtering angle. On the basis of revealed optimal conditions for layer-by-layer sputtering of the
single crystal surface at grazing low energy ion bombardment the method of layer-by-layer analysis
of crystalline solids was proposed. It was shown that at 1 keV Be+ and Se+ ions implantation into
the GaAs(001) surfaces the main peak of the implanted depth distributions is considerably shallow,
the range for Se is shallower and the half-width of the profile for Se is narrow than that for Be. The
obtained results allow select the optimum conditions for obtaining implanted depth distributions with
demanded shape in narrow near-surface region (5-10 atomic layers) of crystals. The obtained results
may be useful for surface analysis and thin-film technology in semiconductors processing and ion
polishing of metal single crystals surfaces.
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Formation of nanosize silicides films on the Si (111) and Si (100) surfaces
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Manufacturing of nanomaterials with unique physical, electrochemical, electric, optical, catalytic, and
other properties is one of priority trends in the development of science and technology, which opens
wide prospects for designing new effective functional devices and sensor systems [1-3].
This study aims at analysis of the formation of thin nanosize single-crystal films of silicides of Ba+ ,
P+ , B+ and some alkali metals upon implantation of ions into Si (111) and Si (100). It was found
from analysis of changes in the surface structure of Si (111) and Si (100) samples during implantation
of ions with E0 = 0.5 − 5.0 keV that irrespective of the type of ions being implanted, the surface is
amorphized beginning from a certain dose. It was also observed that the dose for which the surface
becomes amorphous for a given species of ions decreases upon an increase in the energy of doping
ions. Table 1 contains the values of the amorphization dose for the Si (111) surface upon implantation
of Li+ , Na+ , K+ , Rb+ , Cs+ , Ba+ , P+ , and B+ ions with various energies. The table shows that other
implantation conditions being the same, the minimal amorphization dose for light ions is larger than
for heavy ions.
It was found that annealing of Si (100) samples implanted with Ba+ ions with a large dose leads to
the formation of superstructure Si(100)-2x2Ba, which is observed for energy EP = 42 eV of primary
electrons for EP = 39 eV, SED pattern shows a surface structure Si (100)-1x1. An increase in
the annealing temperature from 900 to 1200 K improves the contrast of reflections, which obviously
indicates a higher degree of perfection of the single-crystal structure of barium silicides. Analysis of
the change in the surface structure of Si samples implanted with ions of alkali elements (Li, Na, K,
Rb, and Cs) as a result of thermal heating revealed that depending on the species of the ion, various
surface structures are formed. On SED patterns from the Si (111) surface implanted with the following
ions Li and Rb formation: Si(111)-4x4Li and Si-2x2Rb; these patterns were obtained after short-term
annealing at T = 900 and 800 K, respectively. The diffraction pattern for Si(111)-4x4Li shows, apart
from the main reflections, twin reflections (doublets). The presence of doublets indicates the domain
nature of the lithium film formed on silicon. Twin or fractal reflections are also observed in the SED
pattern of Si (111) -2x2Cs. Here, we see three systems of supplementary reflections corresponding to
three faceting planes. Since additional reflections emerging from the 2D reflection (00) were shifted
in the 10 direction, we assume that planes of the (110) type are the faces of the facet.

POSTERS

Upon heating of Si(100) samples implanted with Na+ , Rb+ , K+ , and Cs+ ions with E0 = 1 keV, we
detected the following surface superstructures Si(100) -4x4Na , Si(100)-2x4Rb, Si(100)-2x1K and
Si(100)-2x8Cs. Analysis of the change in the electron state of the Si surface region revealed that
implantation of Ba+ , P+ , B+ and alkali element ions beginning with amorphization doses leads to
partial formation of chemical compounds of Si atoms with atoms of the implanted impurity at the
expense of energy of the ions beam; i.e., the ion stimulated synthesis of chemical compounds takes
place.

.

Short-term thermal heating of ion-implanted samples at corresponding temperatures leads to the
formation of thin (with a thickness up to 10 nm) silicides films SiP, SiB3 , LiSi, BaSi, NaSi, KSi,
RbSi, CsSi, SiP, and SiB3 . Table 2 contains the regimes of formation and types of surface
superstructures of silicides of B, P, Ba, and alkali elements formed upon heating of ion-implanted
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silicon samples. Thus, it has been established that implantation of low-energy ions leads to
amorphization of the surface regions of Si(111) and Si(100). We have determined the critical doses
for Si amorphization. Beginning with the doses exceeding the amorphization dose, partial formation
of new chemical compounds is observed. Short-term thermal annealing of ion-implanted Si samples
leads to the formation of thin nanosize silicides films with new surface structures: Si(111)-4x4Li,
Si(111)-2x2Rb, Si(111)-1x1Na, Si(111)-2x2Cs, Si(111)-1x1Ba, Si(111)-2x2Ba, Si(100)-4x4Na,
Si(100)-2x4Rb, Si(100)-2x1K, Si(100)-2x8Cs. The formation of new surface superstructures is an
additional confirmation of the emergence of thin silicides films with single-crystal structure.

Tables 1 and 2
[1] L.I. Ivanenko, V.L. Shaposhnikov, A.B. Filonov, et al. // Thin Solid Films 461, 141 (2004).
[2] N.V. Sotskaya, O.V. Dolgikh, V.M. Kashkarov, et al. // Sorbtsionnye Khromatogr. Protsessy 9,
643 (2009).
[3] A.S. Rysbaev, A.K. Tashatov, Sh.Kh. Dzhuraev, and Zh.B. Khuzhaniyazov. // Poverkhost, No.
12, 98 (2011).
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Currently the issue of energy resource economy is draws much attention. Thereby materials
possessing thermoelectric properties attract increased interest. The MnSi 1.75 HMS is the most
promising material due to good thermoelectric characteristics in the 20-800°C temperature range,
low price and easiness of manufacturing. The HMS films play an important role in thermobattery
and other thermoelements fabrication [1]. Such films already find application in micro- and
nanoelectronics, optoelectronics, microsensorics and also are very promising for spintronics [2].
Deep understanding of HMS films formation mechanism is essential for device fabrication and for
Mn-Si system solid-phase reactions at elevated temperatures.
In this work we have studied the structure of microcrystalline HMS films formed in the process of
the interaction of silicon single crystal substrate with manganese vapors by scanning and
transmission electron microscopy techniques. High-resolution transmission electron microscopy
allowed to obtain the local information of the film chemical and phase composition and HMS
film/substrate interfaces structure. Thin HMS films were grown by deposition of twice-sublimated
Mn (the grain sizes were no larger than 50 µm) in gas phase onto p-type Si(111) single crystal
substrate (resistivity ρ = 10 Ohm cm) at 1040°C temperature in a sealed quartz ampoule evacuated to
10−4 Torr pressure. The morphology, microstructure, and chemical composition of the samples
were studied by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) on a Quanta 200 3D microscope (FEI, The Netherlands) at 5 - 30 kV acceleration voltage in
the secondary and backscattered electron modes.
The electron diffraction patterns and calculated HRTEM images were simulated for the known
structural data of manganese silicide using JEMS-Java Electron Microscopy Software [3] in
according to the optical parameters of the transmission electron microscope.
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Morphology of the Films SEM images of the sample surface at different stages of HMS film
nucleation and growth are shown in Figure 1. Small islands of manganese silicide with the 20 - 50
nm size (shown by the arrows in Figs. 1a and 1b) are formed at the 1040°C temperature as a result of
manganese and silicon interaction. Such islands merge into larger ones (up to 1 µm in size), rounded
shape with a crystalline facets associated with a single crystal structure. Stepped "craters" in the
substrate between large islands are observed. Small non-faceted islands located mainly at the base of
the large ones are also observed on the substrate. When the time of manganese deposition increases,
the complete fusion of the islands and the formation of a continuous HMS film takes place (Fig. 1c).
The electron microscopy images of the HMS film surface obtained at different growth stages
indicate that the formation of the islands occurs according to the Volmer-Weber growth mode [4]. A
three-dimensional atomic model of the interface structure was built in correspondence of the defined
orientation relationships and HRSTEM images. The HRSTEM image simulation was calculated for
proposed model of the interface. A good agreement between the calculated and experimental images
proves the correctness of the proposed model of the interface.
In this paper the morphology and structure of HMS films on silicon is analyzed. As a result of
manganese deposition onto silicon substrate at 1040°C the HMS films with Mn4 Si7 tetragonal
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structure (P c2 space group, a = 0.552 nm, and c = 1.751 nm) are formed. An analysis of different
stages of film formation allowed us to propose a scheme of HMS film formation on silicon. By
electron diffraction, HRTEM, and HRSTEM the structure of the film/substrate interface is studied.
It was shown that the interface is semicoherent with a network of misfit dislocations. The absence of
intermediate layer at HMS film/Si substrate interface is shown by HRSTEM technique. On the basis
of the experimental data a three-dimensional atomic model of the interface structure is proposed.
Simulated high resolution transmission electron microscopy images are in good agreement with the
experimental data, that prove the correctness of the proposed interface model.

Electron microscopy images of the surface at different stages of HMS-film formation: formation of
nuclei and small islands of manganese silicide (shown by arrows) and their coalescence (a), fusion
and aggregation of the islands (b), and solid film (c).
[1] T. S. Kamilov, V. V. Klechkovskaya, B. Z. Sharipov, I. V. Ernst, and V. K. Zaitsev, Electrical
and Photoelectrical Properties of Heterophase Structures Based on Silicon and Manganese Silicide
(MERIYUS, Tashkent, 2014) [in Russian]
[2] C. A. Nolph, E. Vescovo, and P. Reinke, Appl. Surf. Sci. 255, 7642 (2009).
[3] P. Stadelmann, The Java Electron Microscopy Software JEMS (2012). http://cimewww.epfl.ch.
[4] M. Volmer and A. Weber, Z. Phys. Chem. 119, 277 (1926).
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Composition, structure and electronic properties of nano-film systems
SiO2 /Si/CoSi2 /Si(111)
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In recent years, there has been a sharp increase in interest in obtaining and studying the properties
of nanosized semiconductor superlattices. Multilayer thin-film nanostructures containing layers of
NiSi2 and CoSi2 have prospects in the design of MIS-, SIS-structures, ohmic contacts, barrier layers,
electronic and magneto-memory devices. Similar structures are usually created by the MBE method.
The creation of MeSi2 layers focuses on minimizing the surface concentration of oxygen, which leads
to a substantial increase of contact and a decrease in the diffusion of Me atoms in Si. In order to get
rid of oxygen, in many cases a diffusion barrier is created between the silicon and the cobalt film, by
applying ultrathin Ti, Ta, and W films. One of the promising methods for creating nanosize structures
on the surface and in the near-surface region of semiconductor and dielectric films is low-energy ion
implantation.
In this paper, we tried to obtain a two-layer heterostructure of the SiO2 /Si/CoSi2 /Si type. For this
Si(111) is first implanted Co+ ions with a high energy (E0 = 20 − 30 keV), then O2+ ions with low
energy (E0 = 1 − 5 keV). The study was carried out with the study of the methods of AES, UVES
and measurement of the intensity of transmitted and reflected light.
Fig. 1 shows the dependence of the intensity of the Auger peaks Co (765 eV) of depth for the Si, Co+
ions implanted with E0 = 25 keV before and after heating at T = 900 K. From Fig. 1 shown that
in both cases the curves ICo(h) pass through a maximum, which is located at a depth of 20 - 25 nm.
After warming up, the intensity of the ICo peak in the region of the maximum increases (in 1.5 - 2
times), and the half-width of the ICo(h) curve decreases and amounts to 10-12 nm. Analysis of the
results together with AES showed that after annealing in the near-surface layer at a depth of 18 - 28
nm, a CoSi2 layer with a thickness of ∼ 10-12 nm is formed.
Analysis of the results of AES showed that after annealing in the near-surface layer at a depth of 24 25 nm formed a CoSi2 layer with a thickness of ∼ 12-15 nm. For this system taken the dependences
of the intensity I of the transmitted light on the energy (wavelength) of the photons (Fig. 2). From
Fig.2 shown that in the case of pure silicon the light intensity ICoSi2 /ISi decreases sharply, beginning
with hv = 1.0 eV, and in the case of Si with an internal CoSi2 nanolayer - with h = 0.5 eV, where ISi
is the light intensity passing through a pure single crystal of Si, and ICoSi2 – through Si with a CoSi2
nanolayer.
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Extrapolation of these curves to the hv axis showed that for the Si and CoSi2 films, the values of Eg are
respectively ∼1.1 and 0.6 eV. Then the same sample was bombarded with O2+ ions with low energy
E0 = 4 keV at D = 8 × 1016 cm−2 . After heating at T = 800 K, systems of the SiO2 /Si/CoSi2 /Si(111)
type with transition layers were formed.

.

The thickness of the surface SiO2 film was 4 - 4.5 nm. Between the layers of SiO2 and CoSi2 there
is a layer of Si with thickness ∼ 8 nm. Such structures are very important for the creation of devices
based on the effective absorption of light rays in a wide range of energy.
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To use such structures in the creation of solar cells, instead of the SiO2 film, it is necessary to form
films with a band gap width of ∼ 2 to 2.5 eV. Thus the low energy ion implantation method is an
effective means of obtaining nanostructures on the surface and in the surface layer of the
semiconductor.

Fig.1. Changing of intensity of the Auger peak Co in depth for Si implanted by Co ions with E0 = 25
keV at D = 1017 cm−2 , 1 - before annealing, 2 - after heating at T = 900 K for 30 min. Fig. 2.
Dependences of the intensity of transmitted light on the photon energy for: 1 - Si (111), 2 - Si with a
CoSi2 nanolayer at a depth of 18-28 nm.
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Spatially controlled ripple formation in the HIM using low voltages and
high temperatures
Gregor Hlawacek, Leandro Sottili, Martin Engler and Stefan Facsko
Institute of Ion Beam Physics and Materials Analysis, Helmholtz Zentrum Dresden Rossendorf, 01328
Dresden, Germany
email: g.hlawacek@hzdr.de

Ripple formation is a well known phenomenon that is observed for many materials under low energy
ion bombardment. Often broad beam ion irradiation using energies of only a few keV is employed
to create these self-organized patterns on various metal, semiconductor and insulator surfaces. In
addition to the fundamental interest in the formation and evolution of these structures they can be
utilized in a number of new applications. Creating nano scale periodic roughness is of interest for
various microfluidic applications or to control friction in new MEMS and NEMS devices. However,
these applications are not realized at their full potential today as the required sub micron patterning
can not easily be realized using broad beams.
Here, we present for the first time ripple patterns that have been created in GaAs(001) using 5 keV
Ne ions and elevated temperatures of up to 590 K in a Helium Ion Microscope (HIM). HIM is well
known for its outstanding imaging and micro and nano fabrication capabilities. However, most results
so far have been achieved at room temperature and by using energies between 25 keV and 35 keV. For
this work we lowered the acceleration voltage to below 5 keV while maintaining an acceptable lateral
resolution in the nm range. Ripple formation has been facilitate by using a new home built sample
heater that can be loaded through the load lock of the Orion NanoFab. The design will be presented
and the we will describe the influence of the heating device on the microscopy performance.

.
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Ripples have been formed using fluencies starting from 1 × 1017 Ne/cm2 . The ripple wavelength
increases from 30 nm at low 1 × 1017 Ne/cm2 to 80 nm at 1 × 1018 Ne/cm2 . The area in which ripples
have been created was varied between a 100 nm and a few µm. The ripple orientation with respect to
the trench can be change freely, and the influence of the pattern width on the ripple pattern is analyzed.
.
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Nanopatterning by ion-beam sputtering with rocking Si substrates
Su Jin Jo and J.-S. Kim
Department of Physics, Sookmyung Women's University, Seoul 140-742, South Korea
email: toomnss2@naver.com

Recently, Bradley and Harrison [1] have proposed that ion bombardment with concurrently and
periodically rocking of the sample can produce virtually defect free patterns. Their analysis is based
on anisotropic Kuramoto-Sivashinski equation, in which the coefficients in the equation periodically
vary in time. We examine their predictions by rocking Si substrate that is bombarded by a broad Kr+
beam. Si samples are rocked during ion-beam sputtering(IBS) in an ultra-high-vacuum. We
designed the rocking angle to pass the polar angle showing most linear behavior as suggested by the
theory, and vary the rocking frequency to find the optimum one.
Figure 1 summarizes the AFM images of the patterned Si surfaces that include both rocked and
stationary ones. In order to compare their order, their height-height correlation maps are also shown.
For w = 0.552°/min, 1.103°/min, and 1.579°/min most pronounced peaks are observed, and show
the distinctively well-defined ripple wavelength. Harrison and Bradley predict a range of the rocking
frequency f giving the improved order in the pattern that is shaded in red along the w axis in Fig. 1.
One rocking frequency belongs to the range, and other two w stay near to it. (See the position the
corresponding arrows point on the w axis in Fig. 1) In our experiment, Si substrates were rocked
during ion-beam sputtering under 2keV Kr+ . Ripple patterns are found to have much improved
order when samples were rocked, and rocking frequency predicted by the theory quite coincident
with the experimental observation, which thus strongly supports the theoretical prediction.

[1] Matt P. Harrison and R. Mark Bradley, Phys. Rev. E 93, 040802(R) (2016)
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AFM images with Height-height correlation images (3µm×3µm) of Si(100) substrate after sputtering
it without rocking (w = 0°/sec) for a fixed (a) θ = 65°, (b) θ = 73°, and with rocking (c) for different
angular velocities(w) and ∆θ = 8° (α = 65°, β = 73°). For all the cases, the fluence Ψ is 2182 ion
nm−2 . Beam voltage, ϵ, is commonly 2 KeV, and fluence (normal to the surface) is 0.8751/s·nm2 .
Below the images in (c) is the red line on the w axis that indicates the range of w theoretically predicted
to give the best ordered patterns. The size of the inset in each image is 1µm ×1µm.
.
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Radiation synergetic processes on perovskite nanofractal interfaces
S.E.Maksimov1 , B.L.Oksengendler1 , N.R.Ashurov1 , M.I.Akhmedov1 and A.V.Gartwik2
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The methods of the radiation technology (RT) are very varied, and the field of its macroscopic and
nanoscale objects has the tendency of continuous expansion. The samples of kinds of new RT
materials are the organic-inorganic perovskites ABX3, where B is divalent metals (for example,
Pb2+ ), X are halides (for example, I− , Cl− , Br− ), and the symbol A means the dipole molecule
CH3-NH3+. Such an organic-inorganic combination provides the great number of new properties of
this type of semiconductor systems, leading to the large number of researches in the world [1] in
view the possibility of the perovskites to be the main base for the creation of the new generation of
solar cells (SE).
We investigate theoretically the radiation synergetic effects in perovskites in the nanoscale sizes.
Radiation synergetics, studied earlier in the number of our articles (see e.g.[2]), allowing to organize
the new periodic structure in some modes is an interesting and promising approach in the creation of
regular rough relief both on nanoscale structures and in the solid. In the case of large fluxes of
radiation (e.g. ions), the near-surface layer of the interface will be excited more or less uniformly,
and the unusual properties of the excited surface layer can be manifested here, in which the
appearance of self-assembled structures is possible in certain modes. Note, however, that such rough
(fractal) structures, have extraordinary properties [3] in the case of nanoscale sizes. One of them is
the radiation degradation, which is especially important in solar cells of the third generation.
Since the presence of fractal interface leads to its excessive area, the exposure by ionizing light (as
such as by any type of ionizing radiation in general), taking into account the semiconductor nature
of the perovskite, can lead to the surface radiation-stimulated atomic diffusion. This diffusion takes
place by recharge of local electron levels and should lead to the smoothing of the roughness of the
interface; this, in turn, should eliminate the extra value of 13% of the photocurrent [4].
However, to realize surface smoothing by surface diffusion of atoms it is necessary to release them
from their regular surface layer of perovskite, i.e. the action of some mechanism for the formation of
defects on the surface under exposition of light, UV-radiation (as well as the X- and gamma-rays in
the case of work of device in space) must take place. The most important mechanism of the radiation
defect may be the so-called mechanism of Dexter-Varley, including his variations in form of KnotekFeibelman [5]. Its essence is the ionization of deep shell of surface negative ion by X-rays, resulting
that the deep-level hole rises to higher levels by Auger transition with "breeding"; the negative ion
is converted into the positive one losing electrons (in our case it is Is+). Such a transformation does
the ion Is+ Coulomb unstable and he leaves his site. This process is probabilistic in nature and is
governed by the ratio of the reverse Debye frequency 1/ωD and of the time e of life of hole on the
Is+ ion, so that the cross section of the destruction is proportional to η ∼ exp[−1/(ωDτ e)] (see [3]).
Since the surface ions Is- form area of Tamm states [3], the delocalization of the holes takes place
on Tamm zone, so τ e ≈ h/∆EV , where ∆V is the width of the Tamm zone. Turning to the fractal
surface of the interface where the convexes alternate with the cavities (see. Figure 1), we see that
electron wave functions overlap on neighboring ions Is- in the areas of convexity worse than on a
116

flat surface, whereas in the area of the cavities the situation is inverse. The result is the variation of
∆V on the convexes and the cavities, but the time τe is higher on the convexes than on the cavities.
This, in turn, leads to the conclusion that the probability of destruction of convex domains is greater.
Consequently, under the X-rays (and under the corresponding UV-radiation) the smoothing of the
relief takes place that reduces the fractal dimension of the interface and leads to the degradation of
the device as lost an additional 13% found in [4]. Commonly, the discovered synergism of nanoand fractal properties provides the positive or negative feedback under irradiation and leads to the
phenomena of self-organization.

Variations of Tamm valence zone and their influence on the probability of defect production via
Dexter-Varley mechanism for fractal interfaces, where LTO is the length of Tamm orbital, is curvature
of interface

.
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Ion-beam nanopatterning of silicon surfaces under codeposition of nonsilicide-forming impurities
B. Moon1 , S. Yoo1 , J.-S. Kim1 , S. J. Kang2 , J. Munoz-Garcia3 and R. Cuerno3
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We report experiments on surface nanopatterning of Si targets which are irradiated with 2-keV Ar+
ions impinging at near-glancing incidence, under concurrent codeposition of Au impurities
simultaneously extracted from a gold target by the same ion beam.
Previous recent experiments by a number of groups suggest that silicide formation is a prerequisite
for pattern formation in the presence of metallic impurities. In spite of the fact that Au is known not
to form stable compounds with the Si atoms, ripples nonetheless emerge in our experiments with
nanometric wavelengths and small amplitudes, and with an orientation that changes with distance to
the Au source. We provide results of sample analysis through Auger electron and energy-dispersive
x-ray spectroscopies for their space-resolved chemical composition, and through atomic force,
scanning transmission electron, and high-resolution transmission microscopies for their
morphological properties.
We discuss these findings in the light of current continuum models for this class of systems. The
composition of and the dynamics within the near-surface amorphized layer that ensues is expected to
play a relevant role to account for the unexpected formation of these surface structures.
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Influence of introduced atoms on the coefficients of splitting Si and
SiO2 /Si
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We have previously obtained epitaxial films of metal silicides by implantation of Ba+, Na+, Co+ ions
in Si followed by thermal heating [1, 2]. The process of ion implantation is always accompanied by
ion scattering, sputtering and changes in the composition of surface layers. These changes depend on
the type of ion and substrate material, on the energy and dose of ions, and on the angle of incidence of
ions. These processes in the region of low ion energies (E0 < 5 keV) are currently little studied both
experimentally and theoretically. The purpose of this work was to study the effect of embedded Ba
atoms on the sputtering coefficient of the silicon surface and to study the effect of ion bombardment
on the destruction of a thin oxide film formed on the Si surface. The bombardment of pure Si and
Si with an oxide film was carried out by Ba+, Si+ and Ar+ ions with an energy E0 = 0.5 − 5 keV
perpendicular to the surface under vacuum no worse than 10−5 Pa. The composition of the surface and
near-surface layers was studied by Auger electron spectroscopy (AES). The profiles of the distribution
of atoms over the depth were determined by the method of AES in combination with the etching of
the surface by Ar+ ions with E0 = 3 keV [3].
Calculations were performed using static models and algorithms developed by T.S. Pugacheva,
where a dynamic Monte Carl model CASNEW-D was used [4, 5]. In this model, the change in the
concentrations of all components (including the implanted impurity) in each layer of thickness on
the order of the interatomic distance is considered. In Fig. 1 shows the experimental and calculated
profiles of the distribution of Ba atoms in Si for Si implanted by Ba+ ions with E0 = 1 keV at doses
of D = 5 × 1015 , 1016 and 8 × 1016 cm−2 [6]. It can be seen that as the dose increases, the
distribution tends to stepwise. The experimental results showed that starting from D = 2 × 1016
cm−2 with increasing ion dose, the Ba concentration increases slightly only at and near the surface.
At high irradiation doses, saturation occurs. In calculations, saturation begins with D = 4 × 1016
cm−2 , and in the experiment with D = 8 × 1016 cm−2 . Rough calculations showed that at E0 = 1
keV and r = 0.6, the value of Climit = 0.58 (58 at.%), which closely corresponds to the exact
calculation (CBa = 52 at.%) And experimental data (CBa = 49 at.%) . Where r is a dimensionless
coefficient whose value lies in the range 0.5-1 and kp is the reflection coefficient.

.
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In the case of the SiO2 /Si system, the cascades of atomic collisions lead to the destruction of the
oxide film due to the rupture of Si-O bonds, sputtering, and the transition of some oxygen atoms to
the substrate. In the presence of an oxide film on the silicon surface, the energy lost by a fast ion
in the surface layer is less than in the absence of a film because of a less efficient energy exchange
between atoms of different masses. Based on computer calculations, it is possible to estimate the
effect of the destruction of the oxide film due to the formation of cascades of atomic collisions. Since
the energy of these atoms more than an order of magnitude higher than the energy of thermal motion,
they easily migrate to the surface and can be desorbed. The calculations showed that the dependence
of the number of destroyed molecules R on the ion energy for thin oxide films turns out to be weak
in the region E > 1 keV. The formation of a thermal peak in the cascade zone can lead to thermal
decomposition of SiO2 and desorption of oxygen. The profiles of the distribution of Ba atoms over
the Si depth for Si implanted by Ba ions with E0 = 1 keV at different doses were studied. It is shown
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that theoretical calculations performed using static models and algorithms are in good agreement with
the experimental data. It is shown that, in the presence of an oxide film on the Si surface, cascades
of atomic collisions lead to the destruction of the oxide film due to the rupture of the Si-O bonds,
sputtering, and the transition of some of the oxygen atoms to the substrate.
[1] Umirzakov B.E., Tashmukhamedova D.A., Boltaev E.U., Dzhurakhalov A.A. Obtaining of
epitaxial films of metal silicides by ion implantation and molecular beam epitaxy // Materials
Science and Engineering B. - Holland, 2003. - V. 101. - P. 124-127.
[2] Tashmukhamedova D.A. Study of composition and electronic structure of CoSi2 /Si interface //
Bulletin of the Russian Academy of Sciences. Physics. - Moscow, 2006. - V. 70. - No 8. - Р.
1409-1411.
[3] Umirzakov B.E., Tashmukhamedova D.A. Electronic spectroscopy of nanofilms and
nanostructures created by ion implantation. Tashkent: TashGTU, 2004. 147 p.
[4] Pugacheva T.S. Transition layer formation in the course of deposition by an ion-molecular beam
// Rad. Effects. 1987. v. 102. p. 143-155.
[5] Pugacheva T.S., Jurabekova F.G., Lem S.A., Miyagawa Y., ValievS.Kh. // Nucl. Instrum.
Methods. Phys. RES. B. 1997. V. 127 - 129. P. 260.
[6] Ruzibaeva M.K., Umirzakov B.E. Investigation of the distribution profile of the implanted
impurity at high doses of irradiation // XXII International Conference of Ion-Surface Interaction
"ISI-2015". Moscow, Russia. August 20 - 24, 2015 p. 183 - 185.
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The unique physical properties of diamond make this material suitable for fabrication of devices in a
variety of fields including optoelectronics, high energy physics and sensing. Some of these devices
requires the integration on diamond of patterns having tailored electrical and optical properties. As
an example, a practical method to obtain electronic devices on diamond is to produce a 2D
conductive layer via hydrogenation process [1] followed by lithography and space localized
de-hydrogenation in order to define the effective conductive areas. Alternative approaches make use
of direct writing techniques, such as laser annealing [2] and focused ion beam (FIB) [3], which
demonstrated the production of conductive layers on diamond. We investigated the electrical
properties of conductive paths obtained on diamond using Ga+ FIB based treatments, demonstrating
the ability to control the resistivity over two orders of magnitude, depending on the ion doses used
[3]. Here we provide further insight into the structural and electrical properties of square pads (Panel
a) treated by FIB at ion doses in the range 3.0 × 1014 − 4.0 × 1017 ions/cm2 . We performed in-SEM
nano-indentation tests and scanning spreading resistance microscopy (SSRM) investigations. We
also used atomic force microscopy (AFM) to characterize the sample morphology upon repeated
annealing in oxygen atmosphere at T=400°C.
The load vs. displacement curves in nano-indentation tests (Panel b) exhibit apparent deviations
compared to native diamond, showing a "softening" behavior (i.e. lowering of the slope) with
increasing ion dose in the first few tens of nanometers range of the indentation curve. Hence,
indentation measurements point to the presence of a tunable softer material as end effect of FIB
treatment.
The same irradiated regions were subjected to annealing steps in oxygen at 400°C showing unique
behaviors of AFM data (Panel c) depending on the ion dose. At low doses, a tiny swelling is measured
which does not change significantly after annealing, i.e. only a very small amount of material is etched
in oxygen (red symbols). At intermediate doses, annealing produces a considerable material removal
and pits are formed in place of protruding areas (blue symbols). Finally, at high ion doses a significant
swelling is observed (black symbols).
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Electrical devices were fabricated by FIB irradiation on parallel lines connected to a bonding pad on
one side to allow for SSRM measurements. Panel d (left image) shows the AFM morphology map of
a limited portion of one line obtained at a dose of 1.94 × 1015 ions/cm2 . The corresponding SSRM
data (center image) shows a uniform current flowing through the conductive tip to the FIB treated
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line. In addition, (see also the SSRM data profiles in the right image) a noticeable current signal is
appreciable far outside the intentionally treated area due to the FIB beam tails. As shown, the found
behaviors in SSRM measurements have an apparent dependence on the ion dose used.

(a) SEM tilted image of 10x10 µm2 square regions treated by FIB at different ion doses. Dose
increases from left to right and from top to bottom. (b) Load vs. Displacement behavior in nanoindentation tests on native diamond and on FIB treated areas at different ion dose. (c) AFM height
data of FIB treated areas at different doses as measured respect to the untreated diamond substrate
level, before and after subsequent annealing steps in oxygen environment. (d) FIB treated device for
SSRM electrical measurements: (left) AFM map and (center) corresponding SSRM map of a FIB
treated pattern obtained at a dose of 1.94 × 1015 ions/cm2 ; (right) SSRM section profiles taken in
devices treated with different ion dose.
[1] H. Kawarada, Surface Science Reports, Vol. 26, p. 205-259 (1996)
[2] Di Gioacchino et al., ACS Appl. Mater. Interfaces, 7 (20), 10896–10904 (2015)
[3] A. M. Zaitsev, Phys. Status Solidi A., 202, R116–R118 (2005)
[4] M. Pea et al. Microelectronic Engineering 141, 27-31 (2015)

122
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Our interest in surface roughening of molybdenum silicide (Mox Si1−x ) thin films is two-fold. First,
metal silicides are prone to the formation of (highly-ordered) phase-separated 3D patterns [1], which
can directly reflect in characteristic surface morphologies. Among metal silicides, MoSi2 has the
highest eutectic temperature (∼ 1400°C) and, therefore, it is expected to have the lowest intrinsic
length in the phase segregation process [1]. Second, the surface morphology of Mox Si1−x thin films
after ion-beam etching can help understanding the mechanisms behind metal-assisted ion-induced
(nanodot) patterning of silicon targets [2].
In this work, Mox Si1−x thin films with various compositions (0 ≤ x ≤ 0.5) have been produced by
magnetron (co-)sputtering under different growth conditions. The stoichiometry has been extracted
from Rutherford backscattering spectrometry (RBS) whereas the chemical and atomic structure was
addressed with local- and medium-order information by means of X-ray absorption near-edge
structure (XANES) and X-ray diffraction (XRD), respectively. The surface morphology has been
imaged by atomic force (AFM) and scanning electron (SEM) microscopies before and after 1 keV
Ar+ ion irradiation with a broad beam. In the case of as-deposited films, films grown at room
temperature are rather smooth and surface roughening occurs upon substrate heating (≥ 300°C) due
to grain growth.
Moreover, roughening is promoted under conditions where the Mo concentration is raised by using
a higher Mo/Si flux ratio during growth and/or substrate biasing. Remarkably, XRD shows that ionassistance improves the crystal quality of the hexagonal MoSi2 phase with respect to films grown on
grounded substrates, causing a strong impact on surface morphology. In the case of ion-etched films,
there is no detectable evidence of pattern formation and the surface remains smooth under conditions
where clear (nanodot or ripple) patterns emerge in pure silicon targets. Such result suggests that
(initial) Si-Si bonds in the target may play a crucial role on the pattern development with and without
metal assistance. As a final contribution, irradiated films have been used to actually measure the
sputtering yield of Si and Mox Si1−x materials. Remarkably, a very good agreement with previous
calculations [3] is found, further questioning the relative lower sputtering rate of silicides with respect
to silicon as a relevant roughening parameter, at least, under the present working conditions.
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Periodic nanostructure arrays are sought-after for advanced photovoltaics, high-sensitivity
biomolecule detection, and future information technology. One cost-effective bottom-up approach to
fabricate such nanostructure arrays is templated growth on spontaneously nanopatterned surfaces,
which can be achieved on semiconductors by low energy ion irradiation [1]. We studied the
influence of process parameters such as ion energy and fluence, substrate temperature, and ion
incidence angles on the resulting nanoscale morphologies of GaAs and InAs surfaces.
If the semiconductor surface is irradiated with low-energy ions above the recrystallization
temperature of the material, the surface remains crystalline. In the so-called reverse epitaxy regime,
the diffusion of the ion-induced vacancies and ad-atoms on the crystalline surface is subject to the
Ehrlich-Schwoebel barrier, an energy barrier for crossing terrace steps. In analogy to epitaxial
growth, for ion irradiations performed in a specific energy and temperature range this can lead to the
formation of well-defined faceted surface structures [2]. The resulting surface morphology is
strongly dependent on the crystalline structure of the semiconductor substrate. For instance,
GaAs(001) and InAs(001) surfaces exhibit regular ripple structures with a saw tooth profile oriented
along the [1-10] direction. For this pattern formation to take place, InAs must be kept in a
temperature range between 160 °C and 430 °C, while GaAs requires sample temperatures of at least
430 °C. Increasing the ion energy increases the ripple periodicity, and so does increasing the sample
temperature at lower ion energies. The order of the pattern increases with increasing ion fluence and,
for InAs, with increasing ion energy.
Such nanorippled surfaces can for example be employed as substrates for physical vapor deposition
under various incidence angles, producing periodic arrays of nanowires, periodically corrugated thin
films, or combinations thereof. Furthermore, epitaxial growth is expected on these crystalline surfaces
for materials with low lattice mismatch.
[1] A. Keller and S. Facsko, Materials 3, 4811 (2010).
[2] X. Ou et al., Nanoscale 7 (2015).
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Morphologies of GaAs(001) and InAs(001) surfaces after normal incidence irradiation with Ar+ ions
at a fluence of 1x1019 cm−2 . The scan area of the atomic force micrographs is 2 µm x 2 µm.
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Depth profiling of organic structures is an important current application of Secondary Ion Mass
Spectrometry (SIMS) experiments. Detailed processes taking place during this analysis still lack a
proper description due to the complexity of events that can occur. Attempts to apply atomistic
molecular dynamic simulations have proven to be difficult due to the high computational cost and
large timescales required for repetitive bombardment simulations [1]. Recently, several hybrid
approaches in which data from MD simulations are fed into analytical models have been proposed
[2-4]. An alternative approach is a continuum transport and reaction model proposed by Tuccitto et
al. [4]. The physics associated with sputtering, specifically the sputtering yield and the ion-beam
damage or displacements, are associated with the macroscopic processes of advection and diffusion,
respectively. A reaction term has also been incorporated to include bombardment-induced
chemistry. The connections of the microscopic events and the macroscopic quantities, however, are
not obvious nor straightforward.
We have mapped the macroscopic quantities in the continuum transport model [4] to quantities from
our analytical models [3] to clearly elucidate the relationship between the macroscopic quantities
and the fundamental microscopic events [5]. In order to make the model accessible to experimental
data for which there are no simulations, a simple model is developed for the input to the continuum
model that only needs the surface roughness and the sputtering yield. The model was tested against
inorganic NiCr multilayer system with high and low RMS values, with results in good agreement with
experimental data for all RMS values. The model will be also tested with an organic system including
a chemical reaction channel.
[1] Russo, M. F., Jr.; Postawa, Z.; Garrison, B. J. A Computational Investigation of C60 Depth
Profiling of Ag: Molecular Dynamics of Multiple Impact Events. J. Phys. Chem. C 2009, 113,
3270.
[2] Krantzman, K. D.; Wucher, A. Fluence Effects in C60 Cluster Bombardment of Silicon. J. Phys.
Chem. C 2010, 114, 5480.
[3] Paruch, R. J.; Postawa, Z.; Wucher, A.; Garrison, B. J., Steady-State Statistical Sputtering Model
for Extracting Depth Profiles from Molecular Dynamics Simulations of Dynamic SIMS. J. Phys.
Chem. C 2012, 116, 1042.
[4] Tuccitto, N.; Zappala, G.; Vitale, S.; Torrisi, A. A Transport and Reaction Model for Simulating
Cluster Secondary Ion Mass Spectrometry Depth Profiles of Organic Solids, Licciardello, A., J.
Phys. Chem. C 2016, 120, 9263.
[5] D. Maciazek, D;,Paruch, R; Postawa, Z; Garrison, B.J Micro- and Macroscopic Modeling of
Sputter Depth Profiling. J. Phys. Chem. C 2016, 120, 25473.
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Size-selected nanocluster of size up to 10 nm has immense importance in their applications in various
fields [1]. One of such applications may be to get monodispersed films from size-selected clusters on
some substrates by low energy cluster deposition with proper choice of substrate and dose (cluster ions
per unit area) [2, 3]. However, in order to get organized arrays of crystalline nanostructures of pure
material is a challenge. Not only the individual clusters but also big islands formed by soft-landing
of size selected clusters can diffuse over substrate [4]. The issue can be addressed if nanoclusters are
deposited on some pre-patterned substrates.
Here we report fabrication of highly ordered crystalline nanostructures by deposition of very low
energetic ionized size selected (3 nm, 1100 atoms/cluster) metal (Cu) clusters on rippled substrates
of Si and followed by controlled annealing. Silicon ripple substrates have been fabricated by 500
eV Ar ion irradiation at 65° angle of incidence with an ion dose of 1 × 1019 cm−2 . At an annealing
temperature of 400° C, nano-islands are found to be organized in regular arrays which exactly follow
the ripple pattern of the substrate. Islands are trapped at the sites where surface curvature is the highest.
Sizes of the produced nanostructures are significantly dependent on the ripple wavelengths along the
ripple wave vector. All the formed islands are not loosely bound to the surface but significantly buried
into the substrate. Due to annealing endotaxial type of growth into the substrate has been observed.
Morphological characterizations of the samples were carried out by atomic force microscopy (AFM),
scanning electron microscopy (SEM) and cross sectional transmission electron microscopy (XTEM).
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[1] Shyamal Mondal and S.R. Bhattacharyya, Rev. Sci. Instrum., 85, 065109 (2014).
[2] Shyamal Mondal, B. Satpati, and S.R. Bhattacharyya, J. Nanosci. Nanotechnol., 15, 611(2015)
[3] Shyamal Mondal, S. Jana and S. R. Bhattacharyya, AIP Conf. Proc., 1536, 203 (2013).
[4] Shyamal Mondal and S.R. Bhattacharyya, Appl. Phys. A, 116, 1621 (2014). .
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Representative SEM images of morphology after deposition of Cu-clusters on plain and patterned Si
substrates
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Graphene is a unique object of investigation among other materials. One of the important questions
is the effect of vacancies and defects on the properties of graphene. Apart from that, it is interesting
to know how and as a result of what process a certain defect can be formed. This question was
considered on the basis of experiment of ion collision with graphene (Ar+ and graphene); the effect
of bombardment of graphene by carbon atoms with normal incidence was studied by computer
simulation.
This study is aimed at analysis of the type of defects emerging in graphene as a result o scattering
by it of low energy carbon atoms taking into account the angle of incidence. Graphene has a 2D
hexagonal carbon crystal lattice. A rectangular model of graphene consisting of 112 carbon atoms
was constructed with imposition of periodic conditions on the boundary atoms along the plane of this
structure. Then, the graphene model was subjected to damping (introduction of interaction forces at
T = 0 K) and thermalization of the damped structure; as a result, the graphene model "was heated"
to 300 K. The interatomic interaction was described using the Brenner second generation reactive
empirical bond order (REBO) potential, which provides a correct description of carbon structures.
The results of the interaction of an impinging carbon atom with graphene are compiled:
• deposition and formation of an adatom that the grapheme atoms interacting with the adatom are
expelled to the graphene side opposite to the adatom;
• only scattering of the impinging atom from the graphene;
• substitution of the impinging atom for a graphene atom;
• passage of the impinging atom through graphene without its;
• passage of the impinging atom through graphene with its sputtering;
• complex changes in the graphene structure.
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Carbon atoms trapped by graphene during their interaction have various cohesion energies whose
values. As a result of damage of the graphene structure, some graphene atoms change their bonds
with other atoms; in this case, atoms with the lowest cohesion energy as compared to other graphene
atoms appear, and a group of atoms with cohesion energies differing from the initial value appears. .
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Noble gas ion-induced pattern formation on oxide thin films
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The formation of self-organized surface patterns due to noble gas ion irradiation has been studied
extensively in the past. Ripple pattern formation by noble gas ion irradiation of oxides was mainly
investigated for fused silica [1], sapphire [2] and also Indium-Tin-oxide (ITO) [3]. Whereas silica and
sapphire exhibits the expected behavior regarding ripple formation, ripple formation was investigated
only for grazing incidence, where parallel ripple were observed. It was conclude that crystallinity
plays a crucial role for pattern formation on ITO [3].
We have studied systematically the pattern formation on ITO for 1 keV Ar and Xe ion irradiation
and a broad range on ion incidence angles. Indeed, we find flat surfaces except for grazing ion
incidence where perpendicular ripples similar to [2] are observed. Results for ion irradiation at lower
ion energy will be presented. We compare the existing data for silica, sapphire and ITO with
predictions from linear theories, where we use curvature coefficients determined from Monte Carlo
simulations. The simulations were done in dynamic mode, taking into account stoichiometry
changes due ion irradiation. The simulation results are in good quantitative agreement with the
experiments done with silica and sapphire and also explain the suppression of pattern formation for
ITO and also for Ta2 O5 for keV noble gas ions.
[1] A. Keller et al., J. Phys.: Condens Matter 21 (2009) 495305
[2] H. Zhou et al., Phys. Rev. B 78 (2008) 165404
[3] T. Skeren et al., Thin Solid Films 589 (2015) 315
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Using a mass selected carbon ion beam provided by our ion beam deposition system, we are able
to perform irradiations of substrates with carbon ions at defined energies between about 100 eV and
60 keV and for variable ion incidence angle. We investigate the formation of ripple patterns on a-C
films. The hydrogen-free a-C films with thickness of 270 nm were grown on Si wafers by vacuum arc
deposition and had a sp3 bond fraction of about 60%. The special interest in carbon ion irradiation of
a-C has several reasons:
(i) Unlike noble gas ion irradiation, carbon ions are incorporated into the a-C film as self-atoms.
Therefore we can study the effect of ion implantation on pattern formation without the complication
of compound formation.
(ii) The sputter yield of carbon is rather low, in particular for the case of carbon ion irradiation. We
therefore have a system where mass redistribution should play a significant role for pattern formation.
(iii) Carbon is even lighter than Ne and the comparison between C and Ne ion irradiation should
provide further insight into the pattern formation mechanisms for very light ion irradiation.
(iv) The crater functions for implantation and erosion may become rather asymmetric for higher ion
energies. We therefore expect to see possible effects due to non-linear contributions of 2nd and 3rd
order crater function moments.
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In this contribution we compare recent experimental results with Monte Carlo simulations using the
SDTrimSP program. .
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Solar cell production has surpassed the microelectronics industry as principal polycristaline silicon
consumer in the global market in the recent years. Although the exponential growth in the production
availability has caused the silicon prices to dramatically drop, a significant growth is expected in the
silicon consumption in the long term [1]. Silicon raw material production is the responsible of 25%
- 33% of the total cost of the energy in module-based silicon solar cells. Therefore it is evident the
importance for polycristaline silicon producers to reduce the production costs. Under such situation, it
is desirable to develop new techniques aming to enhance silicon-based cell properties whose efficiency
is in general considered lower than that of monocristalline silicon solar cells. New techniques which
are low cost and easy to implement and which enable the enhancement of light absorption properties
in polycristaline silicon will be of great importance in the fabrication of cheap and efficient solar cells.
Amongst all the techniques meeting all these requirements, ion beam sputtering (IBS) is of
considerable interest. Recent studies have demonstrated that IBS is very convenient for fabricating
nanostructures on several semiconductor surfaces such as GaSb [2] or Silicon [3] with very
promising applications in the field of solar cells and in optoelectronics in general.
In this work the surface patterning induced by Ar+ IBS on policristalline silicon substrates is
analysed under different substrate temperatures. Several techniques such as Scanning Electron
Microscopy (SEM) and Atomic and Electric Force Microscopies (AFM-EFM) will be used for
studying the geometry of the created structures.
This work has been supported by Proyecto del Ministerio de Economía y Competitividad ENE201456069-C4-3-R.
[1] M.Meyers, 10th Solar Silicon Conference (2012).
[2] S. Facsko, T. Dekorsy, Koerdt, C. Trappe, A. Vogt,2 H. L. Hartnagel, Science 285 (1999) pp
1551-1553.
[3] Scott A. Norris, Juha Samela, Laura Bukonte, Marie Backman, Flyura Djurabekova, Kai Nordlund,
Charbel S. Madi, Michael P. Brenner & Michael J. Aziz, Nature Communications (2011)
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Ion-beam irradiation is being used as a potential technique to modify the various surfaces in the form
of texture in nanoscale. Surfaces of substrates like Si, Ge, SiO2 have been modified into ripples,
dots, holes, and checkerboard patterns using this technique. Single step, relatively large area
processing, cost-effective, time efficient, and fine tuning of patterns with the help of external
experimental parameters of the beams make ion-beam patterning more favorable compared to the
conventional lithographic techniques for creation of desired templates.
Different ions (Ar+ , Xe+ , and Au− ) of 60 keV energy are considered to irradiate sapphire (Al2 O3 )
at an incident ion angle (θ = 60°) to investigate the role of incident ion mass on the evolution of
ion induced ripple patterns at a fixed fluence of 2 × 1017 ions cm−2 . AFM studies of these three
systems reveal the formation of ripple pattern for all three systems. A well-developed ripple pattern
of wavelength of 220 nm and 200 nm appears on sapphire surfaces by using Xe+ and Au− ions,
respectively, whereas an early/initial stage of ripple pattern of wavelength of 350 nm are observed for
Ar+ . Moreover, higher mass projectile ions are found to lead to the formation of high amplitude ripple
pattern evolution. For instance, ripples having average height of 2 nm, 15 nm, and 30 nm are formed
due to Ar+ , Xe+ , and Au− ions respectively. We have tried to understand this experimental findings
on sapphire surface through the energy deposition in the system by the incident of different masses
ions as like the case of ion beam treated elemental materials surface [1]. Thus, we find it appropriate
to extend the existing model(s) on pattern formation on the surface of elemental materials towards
explaining the observed results for sapphire.
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[1] S.K. Garg, D.P. Datta, J. Ghatak, S.R. Tripathy, D. Kanjilal, T. Som, Medium energy Ar+ ion
induced ripple formation: Role of ion energy in pattern formation, Appl. Surf. Sci., 317 (2014) 476. .
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Inorganic nanoparticles today are the subject of intense study because of a number of possible
applications, including biomedical ones. Due to their small size they can penetrate into the living
tissues, cells or even organelles. Contrasting organs, blood vessels, cell groups is generally carried
out by injecting an agent into the body, which by its properties significantly different from body
tissues. This method allows you to visualize the places of preferential accumulation of contrast
agents (CA), which are determined by the properties of CA and by reaction to them.
Porous silicon is a unique material, which consists of nanosized particles. It was proven that aqueous
suspensions of silicon paramagnetic particles can be used as CA for magnetic resonance imaging
[1]. The contrast in MRI techniques are generally based on shortening of the relaxation times of the
hydrogen atoms due to magnetic interaction with the SiNPs, therefore they must have a non-zero
magnetic moment (per one silicon atom), which is comparable with the moment of the gadolinium
atom already used in clinical practice.
The most investigated types of CAs are based on rare earth elements (e.g., Gd ions) and
superparamagnetic nanoparticles (e.g., Fe2 O3 ). The former can provide excellent contrast, but they
are rather toxic. Significant advantages of the porous silicon nanoparticles are their high
biocompatibility and biodegradability. Since the relaxivity of the samples and the efficiency of MRI
contrast depends on the concentration of paramagnetic defects, an important role should be given to
methods of generating defects in the SiNPs. A method that seems most promising is the
bombardment of deposited SiNPs layers by various ions (He, Ar, Si). This method allows us to
create not only the defects on the surface of the SiNPs, but also over the entire depth, so the defect
concentration is not particularly limited, except of the concentration of silicon atoms in the crystal.
In our experiment porous structures were formed on Si (100) plates by means of electrochemical
etching in a solution of HF (49%): C2 H5 OH 1: 1 at a current density of 60 mA / cm2 .
To study the interaction of ion beams with porous silicon, a series of ion implantations was conducted
at the accelerator complex HVEE-500 at Moscow State University (Fig. 2). Irradiation with He+ and
Ar+ ions was carried out in the energy range from 30 to 430 keV and fluences from 5 × 1015 to 1017
ion / cm2 . The vacuum conditions in a chamber during the whole experiment were better than 1.5 ×
10−6 mbar. Samples after ion implantation were examined by scanning electron microscopy (SEM).
The images obtained demonstrated the depths of etching and ion penetration into porous structures.
Observed ion ranges in porous samples exceed those for crystalline silicon samples. That is, the
embedded ions penetrate deeper and form defects at greater depths.
The samples were studied by Raman spectroscopy, spectra were obtained for pure silicon, porous
silicon and irradiated porous samples. A sharp decrease in the intensity of the peak at 520 cm−1 ,
corresponding to the crystalline silicon, with an increase of amorphous silicon peak (at 480 cm−1 )
intensity indicates of the initial crystal structure amorphization under the influence of ion beams.
The analysis of the magnetic properties of the samples under investigation was carried out using
electron paramagnetic resonance (EPR), a spectroscopic method for studying materials with
unpaired electrons. A comparison of the EPR spectra for porous structures before and after ion
134

irradiation shows an increase in the number of paramagnetic centres by more than 104 times after ion
implantation for the porous structure. This makes it possible to use the developed methods for
porous silicon particles modification to enchance its paramagnetic properties as CA for magnetic
resonance imaging. .
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Recent experiments showed that femtosecond laser irradiation of a sharp 250 nm tungsten tip
exposed to strong DC electric field leads to gradual and reproducible surface modifications [1].
Asymmetric surface faceting mainly on the laser-exposed side along with the formation of a few
nanometers high nano-protrusion in the corner between the facets were observed. A metallic
nano-protrusion with sharpness of a few nanometers, can be highly beneficial for many applications
such as electron diffraction, microscopy, and holography. Therefore, investigation of the influence
of electric field on surface evolution of metals may be an important input for finding technological
solutions of nano-tip fabrication process.
The growth of nano-tips under intense fields is also of potential importance to the particle
accelerator community. Strong rf-field, such as planned to use in the Compact Linear Collider
(CLIC) at CERN, Switzerland [2], may induce the formation of nano-protrusions on the surface of
copper accelerating structures. Shortlived nano-protrusions are believed to cause vacuum arcs,
which significantly decrease the efficiency of the accelerator.
We first investigated the effect of laser heating on modifications of a W tip surface with the finite
element analysis and Molecular Dynamics simulations. The formation of well pronounced asymmetric
faceting was linked to the surface stress introduced by the ultrafast laser pulses exposed on one side of
a W tip. In order to research the mechanism of nano-protrusion growth , the electric field effect on the
surface diffusion should be investigated. We used DFT nudged elastic band (NEB) simulations to find
the minimum energy paths of the diffusion processes on W and Cu surfaces. DFT calculations were
also used to find dipole moments and polarisabilities of W and Cu adatoms. The obtained results of
the DFT calculations were then used to implement the effect of the electric field on the atomic energy
barriers into the recently developed Kinetic Monte Carlo (KMC) model of surface diffusion for fcc
and bcc metals [3]. We have parametrised the KMC model for W diffusion on W and investigated the
mechanism of the nano-protrusion growth on faceted W surface under electric field.
[1] H. Yanagisawa, V. Zadin et al., APL Photonics 1 (2016) 091305.
[2] The CLIC, et al. CERN Yellow Reports (2016).
[3] V. Jansson, E. Baibuz, F. Djurabekova Nanotechnology 27 (2016) 265708.
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Raman spectroscopy provides information on impurities, defects and orientation of the carbon
nanotubes, and also helps to distinguish the presence of MWCNT in comparison with other
allotropic forms of carbon. This method has proven to be very successful in the analysis of
single-walled carbon nanotubes, however the interpretation of the spectra of the mwnts is still a
controversial issue. Despite the difficulties, Raman spectroscopy can provide qualitative and
quantitative characteristics.
In this work, multi-walled carbon nanotubes produced by the method of pyrolytic vapour deposition
were irradiated by helium ions with an energy of 80 keV at fluences of 2.5 × 1015 , 5 × 1015 and
1016 ion/cm2 . The structure was investigated by Raman scattering afterwards. The obtained spectra
were decomposed into components using the Origin 9.1. The peaks were approximated by Voigt
functions. The interpretation of the experimental spectra of MWCNT is usually based on
well-known results obtained for the SWNT: related to carbon nanotubes D-peak (1350 cm−1 ) and G
peak (1550-1600 cm−1 ) are considered. In the MWCNT spectra additional D*peak (about 1100
cm−1 ) and D'peak (about 1500 cm−1 ) are present, the origins of which are today uncertain. There
are some controversial assumptions: D''-peak can be associated with the crystallites of graphite[1] or
interstitial defects associated with amorphous carbon in a state of sp2-hybridization. D*peak can be
associated with sp2-sp3 bonds at the edges and bends of carbon nanotubes [2]. We have analyzed
each of the peaks dynamics with an increasing radiation fluence.
One of the most frequently used methods of defects evaluation in carbon structures is considering the
ratio of D - and G-peaks. The dependence of D - and G-peaks integral intensities ratio from the fluence
is presented. The decrease in the amorphous part leads to a reduction of D-peak, and point defects
(as was shown by Osswald [3]) do not affect its intensity. With an increase of fluence (above 1016
ion/cm2 ) defect formation leads to the destruction of the MWCNT crystalline structure. There is also
an intense sputtering of the MWCNTs amorphous part, as confirmed by electron microscopy. This
paper presents the graphs of the MWCNT average diameter dependence from the fluence. At fluences
less than critical the thinning of the MWCNT occurs due to he sputtering by ions of the defective outer
layers of carbon nanotubes, and large fluences results in the swelling of the tubes due to amorphization
as shown in [4].
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With increasing fluences the "twisting" of carbon nanotubes was also observed, which is clearly seen
on SEM images of the larger scale - the number of stretched MWCNT decreased significantly. The D''
peak (about 1500 cm−1 ) intensity increases if bent carbon nanotubes are present, which, as pointed
out by [5] is mostly sensitive to bends. The critical point was shown - a fluence of 1016 ion/cm2 .
At fluences below the critical intensity of the D'' peak increases because of a large number of bends
in MWCNTs. At fluences above the critical the fracture of the tubes occurs, cross-linking between
the tubes appear: on the SEM images it is almost impossible to see the tube longer than 1 µm and
the intensity of the D" peak decrease dramatically. Thus, in this paper shows the shifting of Raman
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scattering peaks after the helium ion irradiation of multi-walled carbon nanotubes. The obtained data
compared with published works.
[1] Nemanich, R. J.; Solin, S. A. First- and Second-order Raman Scattering from Finite-size Crystals
of Graphite. Phys. Rev. B 1979, 20, 392-401
[2] Sadezky, A.; Muckenhuber, H.; Grothe, H.; Niessner, R.; Pöschl, U. Raman Microspectroscopy
of Soot and Related Carbonaceous Materials: Spectral Analysis and Structural Information. Carbon
2005, 43, 1731-1742
[3] Monitoring oxidation of multiwalled carbon nanotubes by Raman spectroscopy Sebastian
Osswald, Mickael Havel and Yury Gogotsi J. Raman Spectrosc. 2007; 38: 728-736
[4] Electrical transport properties and field effect transistors of carbon nanotubes Honglie Dai, Ali
Javey, Eric Pop, David Mann, Woong Kim and Yuerui Lu Nano: Brief Reports and Reviews Vol. 1,
No. 1 (2006) 1-13
[5] Tip-enhanced nano-Raman analytical imaging of locally induced strain distribution in carbon
nanotubes, Taka-aki Yano, Nature communications | 4:2592 2013
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Ion-beam sputtering (IBS) is a cost-effective technique able to produce ordered nanopatterns on the
surfaces of different materials. To date, most theoretical studies of this process have focused on
systems which become amorphous under irradiation, e.g., semiconductors at room temperature.
Thus, in spite of the large amount of experimental work on metals, or more recently on
semiconductors at high temperatures, such experimental contexts have received relatively little
theoretical attention. These systems are characterized by transport mechanisms, e.g., surface
diffusion, which are anisotropic as a reflection of the crystalline structure not being overruled by the
irradiation.
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Here, we generalize a previous continuum theory of IBS at normal incidence, in order to account for
anisotropic surface diffusion. We explore systematically our generalized model in order to understand
the role of anisotropy in the space-ordering properties of the resulting patterns. In particular, we
derive a height equation which predicts morphological transitions among hexagonal and rectangular
patterns as a function of system parameters and employ an angular correlation function to assess these
pattern symmetries. By suitably choosing experimental conditions, it is found that one might be able
to experimentally control the type of order displayed by the patterns produced. .
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