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HIGH VOLTAGE ENGINEERING EUROPA B.V.
The largest and most diverse manufacturer of particle accelerators

Products
HVE designs, manufacturers, sells and markets ion beam technology based equipment for the
scientific, educational and industrial research communities. The major product lines are:

Ion Accelerator Systems
Air insulated accelerators up to 500 kV
Singletron single ended accelerators up to 6.0 MV/TV
Tandetron tandem accelerators up to 6.0 MV/TV
Research Ion Implanters
Beam energies 10 - 60 MeV and higher
Beam powers up to 25 kW
Systems for Ion Beam Analysis
Rutherford Backscattering Spectroscopy
Particle Induced X-ray Emission
Nuclear Reaction Analysis
Elastic Recoil Detection
Medium Energy Ionscattering Spectroscopy

(RBS)
(PIXE)
(NRA)
(ERD)
(MEIS)

Accelerator Mass Spectrometers
3H, 7Be, 10Be, 14C, 26Al, 32Si, 36Cl, 41Ca, 53Mn, 79Se, 129I, 236U etc.
analysis for use in
Archeology
Oceanography
Geosciences
Material sciences
Biomedicine
Etc.
Systems for Micro-beam applications
Tandetron and Singletron based systems
Neutron Generator Systems
DC and Pulsed Beam Systems
Electron Accelerator Systems
Singletron electron accelerators up to 6.0 MV/TV
Components
Ion and electron accelerator tubes, ion and electron sources,
beam handling & monitoring equipment, etc.

MORE
ENERGY
FOR
RESEARCH

High Voltage Engineering Europa B.V.
P.O. Box 99, 3800 AB Amersfoort, The Netherlands
Phone: +31-33-4619741. Fax +31-33-4615291
info@highvolteng.com • www.highvolteng.com

How to find the Ångström Laboratory
The Ångström-lab is located roughly a 25 minutes walk from the center of Uppsala. Alternatively, there
run several bus lines; depending on your primary location. You can check the timetables as well as
exact bus stop positions online via www.ul.se. The closest bus stop is called ‘Polacksbacken’ (stops
directly in front of the Ångström laboratory – indicated in map below). However, another option is the
bus stop ‘Grindstugan’.

The presentations itself will be given in Häggsalen on the ground floor of the Ångström laboratory and
the poster presentation will be held in front of Siegbahnsalen. Both locations are on the ground floor
and indicated in the map below.
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Complete systems and custom made solutions:
The COLTRIMS reaction microscope for quantum

MCP-Detector Systems
mechanical systems is well known and successfully
Coincidence modules
adopted in atomic physics and already applied in
solid state physics and surface science.
Fast Data Acquisition
Gas Targets
Custom-Made Systems
Multi-Hit Particle Detection
www.RoentDek.com
Hardware & Software Solutions
info@RoentDek.com

Welcome to the 9th International Workshop
on High-Resolution Depth Profiling
On behalf of the local organizing committee, it is a pleasure to welcome you to the 9th workshop in this
series, this time taking place in Uppsala, Sweden. The scientific program will span a wide range of topics
associated with basic physics and method development using different probes with the common goal
of achieving depth profiling of materials with highest resolution. We have invited speakers presenting
us the state of the art of new emerging methods such as Helium-Ion & Atom Microscopy, Atom Probe
Tomography, high-end electron-based analytical techniques and more. In parallel, the ongoing
development of ion beam based methods like Medium- and Low-Energy Ion Scattering as well as ERD
and MeV-SIMS will be highlighted. Also recent insights in the fundamental physical understanding
necessary to improve depth profiling of materials will be within our scope. Finally, contributions on
advances in algorithms and codes for analysis will complete the program.
The HRDP9 workshop will be held at the Ångström-Laboratory at Uppsala University. Uppsala
University, as the oldest Nordic University founded 1477, has been the working place for many famous
scientist amongst them Carl Linnaeus, Anders Celsius and finally Anders Ångström, whose name is
commonly used in physics and engineering for a length scale of ultimate relevance in high-resolution
depth profiling. In more recent years, the nowadays commonly used ESCA or XPS methodology was
developed in Uppsala by Kai Siegbahn. The conference venue, the modern Ångström Laboratory
holding several national Swedish research infrastructures is located a short walk south of the city
center of Uppsala.
Uppsala has been the ecclesiastical center of Sweden and features Scandinavia’s largest cathedral. In
medieval times it has been the pagan center of northern Europe mentioned in the famous epic poem
of Beowulf and features large grave mounds being preserved west and north of the city in which
allegedly the gods Odin, Thor and Frey have been laid to rest.
The conference excursion will lead us to the Swedish Capital of Stockholm located only 80km south of
Uppsala. Close to the Stockholm waterfront, we can visit the Vasa-museum and will have time for a
stroll through Stockholm’s old town or visiting the nearby Skansen open-air museum. On return from
Stockholm the banquet will take place at one of Uppsalas (in)famous student nations, Norrlands nation
in a historically attractive environment.
The workshop has received support from the Department of Physics and Astronomy as well as the
Tandem laboratory national research infrastructure. We would also like to highlight the strong support
from our industrial sponsors to whom we would hereby like to thank.
We hope that you will enjoy the workshop, have fruitful scientific discussions and you will also find
time for exploring all the other highlights of Uppsala’s cultural life as well as nature experiences.

Daniel Primetzhofer (chair of the local organizing committee)
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"Advanced Ion Beam Technology
for Surface Analysis"

www.iontof.com

Committees and history
International Scientific Committee

Local Organizing Committee

Matt Copel, USA
Lyudmila Goncharova, Canada
Pedro Grande, Brazil
Torgny Gustafsson, USA
Kenji Kimura, Japan
Dae Won Moon, Korea
John O'Connor, Australia
Thomas Osipowicz, Singapore
Ian Vickridge, France

Daniel Primetzhofer, chair
Barbara Bruckner
Karim Kantre
Svenja Lohmann
Marcos Moro
Mauricio Sortica

History of the International Workshop on
High-Resolution Depth Profiling
8th International Workshop on High-Resolution Depth Profiling
August 7 – 11, 2016: London, Canada
7th International Workshop on High-Resolution Depth Profiling
July 8 – 11, 2013: Singapore
6th International Workshop on High-Resolution Depth Profiling
June 27 – 30, 2011: Paris, France
5th International Workshop on High-Resolution Depth Profiling
November 15 – 19, 2009: Kyoto, Japan
4th International Workshop on High-Resolution Depth Profiling
June 17 – 21, 2007: Radebeul, Germany
3rd International Workshop on High-Resolution Depth Profiling
May 23 – 26, 2005: Maine, United States
2nd International Workshop on Ion Beam Techniques for the Analysis of Composition and Structure
with Atomic Layer Resolution
September 24 – 27, 2002: Kyongiu, Korea
Ion Beam Techniques for the Analysis of Composition and Structure with Atomic Layer Resolution
June 26 – 30, 2000: Oxfordshire, United Kingdom
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Important information
Badges:
Please wear your badges visible at all HRDP-9 related activities.

Banquet:
The Banquet will take place at one of Uppsala’s student nation, Norrlands nation in central Uppsala.
The bus returning from the excursion will bring you directly to the location of the banquet.

Coffee breaks:
Morning and afternoon breaks with refreshments (included in the conference fee) will be held in
front of the conference lecture hall “Häggsalen” at the Ångström Laboratory.

Excursion:
The workshop outing will take place on Thursday afternoon and bring us to central Stockholm. You
will have a chance to visit the Vasa-museum featuring the best-preserved 17th century warship in the
world. You may also take a walk and explore central Stockholm and some of its tourist attractions.

International Committee meeting
The International committee meeting will take place on Tuesday following the afternoon sessions.
Place and exact times will be announced.

Internet access
Internet access via “eduroam” is available at the conference location. Alternative solutions will be
provided (to be updated).

Lecture Hall
Lectures will be given in Häggsalen at the Ångström laboratory. Signs will guide you to the correct
place in the building. You can also find a map in this book of abstract.

Lunches
Lunches (included in the conference fee) will be served at restaurant “Rullan” which can be reached
by a 5 minute walk within the same campus area (also indicated in the map).
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Poster presentation
The poster presentation will be held in front of Siegbahnsalen at the Ångström laboratory. Poster
walls will be available from after lunch on Wednesday the 27th of June.

Registration/Conference desk:
The registration desk will be open from 16:00 – 19:00 on Monday (at the site of the welcome
reception) and from 8:00 on Tuesday at the entrance of the lecture hall.
Transportation:
The conference fee includes free travel with the local public transport. Upon registration you will
receive tickets and instructions how to handle these.

Welcome Reception:
A welcome reception with a buffet and drinks (included in the conference fee) will be held at the 4th
floor of the Ångström laboratory. Signs will show you how to reach the place from the entrance.

Information for presenters
To be updated

Information for chairs
To be updated
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Scientific Program
Monday, 25th of June
16:00 – 18:30

Registration

18:30 – 21:00

Welcome Reception

Tuesday, 26th of June
08:00 – 08:45

Registration

08:45 – 09:00

Opening

09:00 – 10:35

Session 1, Chair: John O’Connor

09:00 – 09:35 I-1

L.V. Goncharova
Transmission and reflection channeling in Si membranes: HIM and MEIS study

09:35 – 10:10 I-2

G. Andersson
High Resolution Concentration Depth Profiles for Analysing Soft Matter Surfaces
with NICISS

10:10 – 10:35 O-1

A.K. Rossall
Examining the effect of the depth profile on the electrical properties of transition
metal oxide thin films

10:35 – 10:55

Coffee Break outside lecture hall

10:55 – 12:20
10:55 – 11:30 I-3

Session 2, Chair: Pedro L. Grande
K. Nakajima
Imaging of organic materials by transmission SIMS using MeV primary ions

11:30 – 11:55 O-2

I. Alencar
Depth profiling thin solid layers by the break-up of medium energy 𝐻2+ dimers

11:55 – 12:20 O-3

J. Morais
PtPd nanoparticles compositional profiling using STEM-EDX and ME

12:20 – 13:45

Lunch at Restaurant Rullan

13:45 – 15:20
13:45 – 14:20 I-4

Session 3, Chair: Peter Bauer
A.A. Correa
From low-energy electronic stopping power to molecular dynamics with
electron-phonon coupling

14:20 – 14:55 I-5

P.L. Grande
New developments on the energy loss of slow and high energy ions in an electron
gas system

14:55 – 15:20 O-4

P. Sigmund
Is electronic stopping velocity-proportional in the velocity-proportional regime?
15

15:20 – 15:40

Coffee Break outside lecture hall

15:40 – 17:05

Session 4, Chair: René Heller

15:40 – 16:15 I-6

S. Fearn
Applications of high resolution LEIS and ToF-SIMS for challenges in materials
science

16:15 – 16:40 O-5

T. Grehl
Ultra-thin film analysis using LEIS – the thinner, the better

16:40 – 17:05 O-6

M. Chen
Surface Composition of Supported Bimetal Nanoparticles: HS-LEIS & XPS Studies
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Wednesday, 27th of June
09:00 – 10:35

Session 5, Chair: DaeWon Moon

09:00 – 09:35 I-7

P.E. Batson
Phonon Spectroscopy and Mapping in Nanostructures

09:35 – 10:10 I-8

M. Vos
Surface composition and electronic structure measured by high-energy electron
scattering

10:10 – 10:35 O-7

A.G. Shard
Depth profiling of organic overlayers using XPS

10:35 – 10:55

Coffee Break outside lecture hall

10:55 – 12:20

Session 6, Chair: Thomas Osipowicz

10:55 – 11:30 I-9

M. Hans
Local chemical composition of hard coatings at the nanometer scale revealed by
atom probe tomography

11:30 – 11:55 O-8

J. Meersschaut
High-sensitivity Rutherford backscattering spectrometry using multi-detector
digital pulse processing

11:55 – 12:20 O-9

K. Morita
High Resolution In-situ Li Depth Profiling of Thin Films Stacked Li Ion Batteries
under Charging Conditions by Means of TERD and RBS Techniques with 5 MeV
He+2 Ion Beam

12:20 – 13:45

Lunch at Restaurant Rullan

13:45 – 15:45

Session 7, Chair: Lyudmila V. Goncharova

13:45 – 14:20 I-10 T. Osipowicz
Development of High Resolution ERDA at CIBA, NUS

14:20 – 14:45 O-10 K. Kimura
High-resolution RBS quantification using a magnetic sector and a silicon strip
detector
14:45 – 15:10 O-11 T. Wang
Deposition and diffusion behaviors of energetic hydrogen ion in tungsten studied
by time-of-flight secondary ion mass spectrometry (ToF-SIMS)
15:10 – 15:45 I-11 D. Sekiba
High sensitivity HERDA and ambient NRA for hydrogen observation
15:45 – 16:00

Coffee Break outside lecture hall
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16:00 – 18:00

Poster Session 4
P-1

Brocklebank, M.
Depth profiling of TiO2 grown by anodization: ex-situ and in-situ

P-2

Bruckner, B.
Electronic stopping of light ions in transition metal nitrides

P-3

Bulgadaryan, D.
LEIS analysis of Au layers deposition

P-4

Holeňák, R.
Depth Profiling of Carbon and Oxygen in Thin Films for PEM Fuel Cells
Investigated by Ion Beam Analysis Techniques

P-5

Kantre, K.
In-situ and ex-situ characterization of oxygen containing YH films by using a new
IBA chamber

P-6

Khalal-Kouache, K.
Scattering of H+ ions from a copper surface: Calculation of energy spectra in the
transport theory and with Monte Carlo simulation for different incident energies

P-7

Khalal-Kouache, K.
Study of the lateral spread of ions through matter

P-8

Komander, K.
Proximity effects on H site occupancy in ultrathin V layers studied with resonant
nuclear reaction analysis

P-9

Laricchiuta, G.
High-resolution RBS quantification using a magnetic sector and a silicon strip
detector

P-10 Linnarsson, M.K.
Influence of a thin amorphous surface layer on de-channeling during aluminum
implantation into 4H-SiC
P-11 Lohmann, S.
Ion-induced desorption in ToF-MEIS: potential for surface analysis

P-12 Moldarev, D.
Analysis of the composition of photochromic yttrium oxy-hydride (YOxHy) films
by self-consistent ion beam analysis techniques
P-13 Moro, M.V.
Experimental study of electronic stopping of light ions in different transition
metals at velocities around the stopping maximum
P-14 Motapothula, M.R.
Channeling studies of organic perovskite single crystals using ToF-MEIS
P-15 Prusa, S.
Surface and In-Depth Analysis of Graphene using LEIS
18

P-16 Sakata, H.
Quantification of OH group on the silica glass surface using high-resolution
elastic recoil detection analysis
P-17 Selau, F.F.
Characterization of oxygen self-diffusion in TiO2 resistive memories by NRP
P-18 Selau, F.F.
ERBS and MEIS characterization of platinum thin films
P-19 Shornikov, A.
Status and development of depth profiling tools by HVE
P-20 Sortica, M.
Upgraded Time-of-flight medium energy ion scattering setup using multiple
detectors for high depth resolution and crystallography
P-21 Strapko, T.
Influence of scattering potential on the shape of backscattering and transmission
spectra in Medium Energy Ion Scattering
P-22 Sugisawa, Y.
Development of high-resolution ERDA with silicon strip detector
P-23 Tran, T.
Establishing accurate depth scales for in-situ characterization of metal and
silicide thin films by medium-energy-ion-scattering (MEIS)
P-24 Trombini, H.
A comparison of the analysis of non-centrosymmetric materials based on ion and
electron Beams
P-25 Zolnai, Z.
Large-angle dual scattering yield in the MEIS spectra of gold nanostructures
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Thursday, 28th of June
09:00 – 10:35

Session 8, Chair: Torgny Gustaffson

09:00 – 09:35 I-12 P. Dastoor
Scanning Helium Atom Microscopy: Imaging with a Deft Touc
09:35 – 10:10 I-13 N. Klinger
High Resolution in 3 dimensions - TOF SIMS in the Helium Ion Microscope
10:10 – 10:35 O-12 C. Radtke
Nuclear reaction profiling as a probe of atomic transport in dielectric layers on
germanium
10:35 – 10:55

Coffee Break outside lecture hall

10:55 – 12:20

Session 9, Chair: Sarah Fearn

10:55 – 11:30 I-14 R. Heller
Automated Target Model Determination from MEIS Spectra Utilizing an
Evolutionary Algorithm
11:30 – 11:55 O-13 G.G. Marmitt
Monte Carlo simulation of ion and electron-RBS using cloud computing
11:55 – 12:20 O-14 P. Bauer
Quantitative analysis of the surface composition of Ta during oxidation: a round
robin LEIS study
Lunch package to go
12:30 – 18:30

Excursion to Stockholm

18:30 – 23:30

Banquet at Norrlands Nation
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Friday, 29th of June
09:00 – 10:25 Session 10, Chair: Daniel Primetzhofer
09:00 – 09:25 O-15 G. Laricchiuta
Compositional analysis of InGaAs fins using Rutherford backscattering
spectrometry
09:25 – 09:50 O-16 H. Trombini
The use of MEIS technique to characterize arsenic PIII implants in FinFETs devices
09:50 – 10:25 I-15 T. Gustafsson
Nano-Scale Ion Beam Imaging, Modification and Analysis
10:25 – 10:45

Coffee Break outside lecture hall

10:45 – 12:10

Session 11, Chair: Kenji Kimura

10:45 – 11:20 I16

D.W. Moon
Surface and Interface Analysis of Liquids and Wet Cells with Ion Beam Techniques

11:20 – 11:45 O17 S. Kayser
3D Chemical Analysis of Complex Inorganic and Organic Nanostructures using
ToF-SIMS and In-situ SPM
11:45 – 12:10 O18 P. Bábor
3D Localization of Spinel and Sodium Contamination in Alumina by TOF-SIMS
12:10 – 12:20

Closing

12:20 – 13:45

Lunch at Restaurant Rullan
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Transmission and reflection channeling in Si membranes: HIM and MEIS study
Lyudmila V. Goncharova1, Mitchell Brocklebank1 and Karen L. Kavanagh2
1

Department of Physics and Astronomy, Western University, London, ON, N6A 5B, Canada,
2
Department of Physics, Simon Fraser U., Burnaby, BC, V5A 1S6, Canada
lgonchar@uwo.ca

1. Introduction
Helium ion microscope (HIM) was introduced to the
science and engineering community as a powerful
fabrication and imaging instrument.1 While many
applications of HIM use generated secondary electrons
(SE) to get information about surface morphology,
composition and crystallinity, transmission geometry was
explored in our study. In HIM, channeling of transmitted
He ions through crystalline Si(001) membranes (25-100
nm thick) was observed with Si-based diode camera. The
crystallinity of the samples has a profound effect on the
yields of backscattered ions and secondary electrons,
leading to the field of ion channeling analysis with submicron lateral resolutions.2 Critical half angles were
measured in transmission HIM. In order to achieve better
quantitative information on the thickness, crystalline
order and stress effects of the top and bottom
SiO2/Si(001)/SiO2 membranes, same membranes were
analyzed by Rutherford backscattering (RBS) and
medium energy ion scattering spectroscopy (MEIS) with
sub-mm beams.

2. Experimental details
2.1 Transmission HIM
HIM uses He + ions with incident energy in 25-35 keV
range and are focused to a spot size smaller than 1nm.
Electrostatic deflectors can scan or direct the incident
beam at a particular location. Sample can be translated
horizontally (XY plane) and also rotated around the Xaxis (-5 to +50o). Tilt angles between -7o to +3o were tried
in these experiments. Additional modification were done
to the original microscope design to achieve measurement
in transmission including a camera below the sample
stage, consisting of a square array of Si p-i-n diodes and
custom-made slit to allow beam transmission3. Standard
secondary electron (SE) detector images were collected in
HIM.
2.2 RBS and MEIS
Free standing Si membranes with thickness 25-100nm
were measured using RBS (1.0 MeV He+) and MEIS (H+,
70-95 keV) with lateral beam size close to 0.1-0.5 mm2 at
Western Tandetron accelerator facility. In both cases
incident beams were aligned with the Si[001] channeling
direction and detectors were at 170o (RBS) and 135o
(MEIS).

2.3 Free standing Si membranes
Single sheet self-supporting Si membranes from Norcada
Inc. Edmonton (50-100 nm) and Shelley Scott (25 nm),
U. Wisconsin-Madison4 were used. Si membranes
(Norcada) consists of 55 array, 150150m each
supported by thicker silicon nitride dielectric, mounted on
a larger Si windows. We did not remove native oxide for
these experiments.

3. Results and Discussion
Figure 1 shows focused scanning ion-beam-induced SE
intensities of two Si(001) membranes (a) 50 nm and (b)
25 nm thick. Contrast bands near the corners in (a) and
near the contaminations introduced during their
fabrication in (b) indicate a significant stress in these
membranes. HIM He beam was focused on the Si
membrane near its center and detector camera collected
counts during a constant exposure time (~ 1s). Similar
data was recorded as a function of the tilt angle and
incident beam energy for beam currents of ~0.3 pA. The
center of the camera was not positioned directly the beam
to avoid damage. The intensities of 2D distributions from
the transmission camera were evaluated to calculate
center position, integrated intensity, full width at half
maximum (FWHM). Integrated intensity (5.2105
counts/s) can be compared to the value calculated from
beam current (0.35 pA, or ~2.2106 counts/s), resulting in
collecting efficiency of ~24%.

Figure 1: Scanning focused He+ ion beam induced
secondary images of 150150 m Si (001) membranes,
(a) 50 nm and (b) 25 nm thick.
Integrated intensities of transmitted intensities were
plotted against the sample tilt (Figure 2). A tilt angle of
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zero was assigned to a largest dip in the plot due to planar
channeling along [110] planes in the Si membrane. The
depth of each dip increases with energy, and the FWHM
of the [110] minimum is smaller than that at ~ 5.5o. The
absolute intensity for each minima is increased, since the
overall transmission probability increases with energy.
When incident on the amorphous Si membrane, there was
no significant variation of intensity with the tilt angle.

distribution intensities provide evidence on the stress in
the Si membrane and difference surface composition,
compared to the Si (001) wafers.

4. Conclusions
Helium ion channeling in transmission helium ion
microscope using a focused keV He beam was compared
with helium and proton ion channeling in medium energy
ion scattering system for a free-standing Si membranes.
Focused ions beams with the beam spot ~ 1-2 nm enables
us to map the crystallinity and purity of the crystalline
samples on a nanoscale.
Authors would like to acknowledge NSERC, CFI and 4D
labs for funding, Norcada Inc. Edmonton and Dr. S. Scott
for donation of Si membranes. L.G and M.B. would like
to thank J. Hendriks for running Tandetron accelerator.
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Figure 2: Deflected ion fraction in transmission for 25
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(red) with amorphous Si membrane fractions shown in
purple in comparison.
FWHM of the minima allows us to measure the critical
angle, c, for planar channeling, with c = 1.0  0.2o at
35 keV and larger values for smaller energies. Our results
are comparable to previously reported results from planar
channeling of MeV He ions.5
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High Resolution Concentration Depth Profiles forAnalysing Soft Matter Surfaces with
NICISS
Gunther Andersson1
1

Flinders Centre for NanoScale Science and Technology (CNST), Flinders University, Adelaide 5042, Australia
gunther.andersson@flinders.edu.au

1. INTRODUCTION
Soft matter surfaces are ubiquitous: surfactant solutions,
organic components in photovoltaic devices or polymer
light emitting diodes, biological membranes, foam films,
functionalization of surfaces with organic compounds to
name only a few examples. Usually soft matter samples
consist of two or more components. Each of the
components differ in their propensity to adsorb or desorb
from the surface. It is often required to know which of the
components adsorbs to the surface thus it is of interest to
know how the various components are distributed along
the depth scale. In the case of soft matter surfaces, the
depth resolution required is in the order of the size of the
molecules forming the sample, i.e. a depth resolution of
less than 1 nm is preferential. The depth range required
for the analysis is in the order of a few 10 nm. Neutral
impact collision ion scattering spectroscopy (NICISS) is
able to meet these requrements.

2. Experimental
In a NICISS experiment rare gas ions with a kinetic
energy of a few keV are used. NICISS has similarities to
Rutherford backscattering. NICISS determines the
elemental composition from the energy loss of the
projectile in the head on collision. The depth of the target
atom is determined from the energy loss of the projectile
in the bulk (stopping power). The energy loss during
backscattering as well as the inelastic energy losses need
to be known as well as the stopping power of the
projectiles, energy loss straggling, and the contribution of
multiple scattering. If possible, the respective quantities
have been measured experimentally for NICISS. [1]

3. Results

Figure 1: Concentration depth profiles of the solvent (a)
and the solute (b) of a 0.2 molal solution of
tetrabutylphosphonium bromide (Bu4PBr) in formamide.
[2]
In Figure 1 concentration depth profiles of solute and
solvent of a surfactant solution are shown. The shaded
area shows for both components the experimentally
determined surface excess which allows determining
properties of the solution like the activity coefficient of
the surfactant.

Figure 2: Concentration depth profiles of the polymer
mixture poly (3-hexylthiophene) (P3HT) and [6,6]phenyl-C61-butyric acid methyl ester (PCBM). [3]
In Figure 2 the layered structure of the polymer mixture
formed by the polymers P3HT and PCBM is shown. The
examples in both figures illustrate the information that can
be gained through applying NICISS on soft matter
surfaces.
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Examining the effect of the depth profile on the electrical properties of transition metal oxide
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1. Abstract
Transition metal oxides can behave as insulators,
semiconductors or metals and can undergo
semiconductor-metal transitions. Recently, there has been
a significant expansion of research into the production of
transition metal oxide thin films for use as inorganic
functional materials in electrical and optical applications.
Well controlled fabrication of these thin films can be
challenging due to the requirement for efficient
stoichiometric transfer, high deposition rates and welldefined interfaces between layers. In this study, PlasmaEnhanced Pulsed Laser Deposition (PEPLD), which is a
novel variant of pulsed laser deposition that combines
laser ablation of metal targets with an electricallyproduced oxygen plasma background, has been used for
the fabrication of ZnO, CuO and Cu2O thin films with the
aim of generating desirable properties for a range of
electrical and optical applications [1,2].
Samples produced at the York Plasma Institute using the
above process have been analysed using the medium
energy ion scattering (MEIS) facility at the University of
Huddersfield. Using a 100 keV He+ ion beam, high depth
resolution depth profiling of the films was performed and
the crystallinity, stoichiometry and interface abruptness of
these novel materials investigated.
The dependence of the electrical properties of the thin
film on the depth profile and deposition conditions will be
discussed along with an examination of the effect of dual
scattering on the simulation of the nucleation region
between film and substrate.

2. High Resolution Depth Profiling
2.1 Medium energy ion scattering at Huddersfield
The MEIS Facility at the University of Huddersfield uses
H+ and He+ ions with energies between 50 - 200 keV to
provide high resolution depth profiling of crystalline and
non-crystalline nanometre thin layers [3]. Medium
energy ion scattering is a lower energy variant of
Rutherford Back Scattering (RBS) with enhanced depth
resolution due to the use of a high resolution toroidal
electrostatic analyser. He+ ions impinge onto the thin film
samples, losing energy inelastically within the sample via
interactions with the electron clouds of the constituent
elements. The interaction with the electrons do not impart

sufficient momentum to the ion to deflect the projectile
and the ion continues on a straight path until a large angle
deflection occurs off an atomic core, followed by further
inelastic energy loss as the ion exits the sample. By
analysing the energy of the ions scattered off the sample
at a specific angle, an energy spectrum is produced. A best
fit analysis of simulated spectra generated using an
assumed layer structure, to the experimental data provides
a depth profile with near nanometre resolution, enabling
the analysis of layer structure, stoichiometry and interface
abruptness.
The parameters for this experiment were 100 keV He+
ions impinging on the samples at an incident angle of 36°
w.r.t. the target surface with scattering angles of 90° and
125°. Beam currents ranged between 25 and 40 nA and
the dose received on target per E- tile was controlled
using a current integrator measuring a fraction of the ion
current at the entrance port of the scattering chamber.
2.2 Spectrum simulation
Experimental MEIS spectra have been analysed and
compared with simulations using two different packages.
The first simulation model used operates as a macro
within the IGOR graphing and data analysis package. The
experimental energy spectrum is fitted with a multipoint
curve to remove the dechanneling background and an
initial depth profile is assumed using knowledge of the
deposition technique and the position of the surface peaks
in the MEIS spectrum. The software divides the initially
assumed concentration depth profile into thin layers
(typically 0.1 nm in width) and, using the scattering
conditions provided, calculates the scattering
contributions from each of these layers. The scattering
contributions are represented as Gaussian profiles with
heights proportional to the scattering cross-section.
Inelastic energy loss is calculated using stopping powers
from SRIM [4] with Bragg’s rule being used to modify
the stopping powers near an interface to account for
changing composition (e.g. by interdiffusion or interface
roughness). Degradation of the system resolution with
depth is accounted for by introducing an amount of
straggling for each layer which results in a reduction in
slope of the Gaussians with increasing depth. All layer
contributions are added together and the resultant
simulated spectrum is compared with the experimental
spectrum. The layer structure is then varied iteratively to
improve the match between simulation and experiment
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where the best layer structure is decided by minimising χ2
for the overall fit.
The second simulation model is the widely used SIMNRA
package [5] available for download and well documented
online. SIMNRA has been developed for the simulation
of backscattering spectra for ions with incident energies
ranging from 100 keV into the MeV. SIMNRA is used to
investigate the effect of the inclusion of dual scattering on
the simulation of the interface layer between the thin film
and the substrate.

This presentation will examine the dependence of the
electrical properties of the thin film on the depth profile
and examine the effect of dual scattering on the simulation
of the nucleation region between film and substrate.
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3. Dual Scattering Effects
The effect of dual scattering (DS) events in the MEIS
spectra has been estimated by using both simulations via
the SIMNRA code and calculations based on a simplified
geometrical model for DS events and parameterized
functions for He+ stopping and neutralisation processes.
Figure 1 illustrates one example of these simulations
compared with experimental data for a deposited thin
layer of ZnO on a SiO2 substrate, measured at a 125°
scattering angle.

Figure 1: MEIS experimental spectrum (black circles) for
a thin film of ZnO on a SiO2 substrate measured at 125°
scattering. A comparison is made to SIMNRA
simulations both with (black dash) and without (solid red)
DS events and with the analytical model described in text
(blue dot)
It has been found that through the inclusion of DS events,
the intermixing between the layers predicted by
simulation decreases, predicting a thinner nucleation
region when compared to simulations not including DS.

4. Electrical properties
An Ossila (T2001A2) non-destructive four-point probe
system has been used to examine some of the electrical
properties of the thin film samples. Measurements of
sheet resistance, resistivity and conductivity have been
carried out on PEPLD deposited thin films of ZnO, CuO
and Cu2O on Si and SiO2 substrates.
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1. Introduction
Secondary ion mass spectrometry (SIMS) is one of the
most powerful analytical tool for detecting elemental
constituents and imaging of their spatial distribution in a
solid. Use of a focused ion beam such as Ga+, Cs+, In+ and
Bi3++ allows a sub-m lateral spatial resolution down to
100 nm in SIMS imaging of a sample surface. However,
the sensitivity to high-mass molecules in an organic
sample is not always satisfactory in SIMS using such
primary ions. Since a large fraction of high-mass organic
molecules are fragmented in the desorption/ionization
process, most of detected secondary ions are low-mass
fragment ions which are hardly useful for identification of
the molecules. The sensitivity to high-mass molecules can
be significantly improved by use of large cluster primary
ions (C60 ions, Ar gas cluster ions, etc.), which extend the
upper limit of detectable mass range and enhance the yield
of high-mass molecular ions. However, the possible
lateral resolution in imaging with SIMS using large
cluster ions is still as low as a few m because it is
difficult to generate a sub-m fine beam of such ions.
Recently, we have developed an imaging mass
spectrometry (IMS) apparatus for use in time-of-flight
SIMS (TOF-SIMS) using MeV C60 primary ions. The
apparatus adopts a novel approach for high-resolution
imaging of organic materials. Our approach is based on
so-called “microscope mode”, which does not require a
fine beam unlike “microprobe mode”. A major novelty of
our approach is that the functions of mass analysis and
imaging are completely separated by utilizing secondary
electrons from the backside surface of a thin membrane
sample to obtain the lateral spatial information.
The advantages and the results of imaging performance
tests of the developed IMS equipment will be discussed in
this presentation.

emitted in the forward direction from the exit surface of
the sample are analyzed with the TOF mass spectrometer.
At the same time, secondary electrons are emitted in the
backward direction from the entrance surface of the
sample. They are lead into the secondary electron
microscope and a magnified image of their emission
position, i.e. of the position irradiated by the primary ion
is projected on the fluorescent screen. This image is shot
with the CMOS camera for each primary ion and the
micrograph is stored in a PC with a time stamp, which
allows off-line data coupling with the corresponding TOF
data originating from the same primary ion.

3. Results of imaging performance tests
The performance tests were carried out using 6 MeV Cu4+
ions as primary ions. The beam size was about 0.26×0.26
mm2, which cover the field-of-view (FOV) area (200 m
dia.) of the secondary electron microscope. The beam was
a continual beam but the count rate was limited to about
200 cps. Two test samples with 2D patterns were made on
self-supporting amorphous SiN membranes (50 nm
thickness), the both surfaces of which is covered with gold
deposition layers to avoid charging during the SIMS
measurements. One was a sample with a pattern of
gold/phenylalanine and the other with a pattern of
polystyrene/poly(methyl methacrylate). Figure 1 shows
the optical macrograph of the former sample and the
obtained image constructed by secondary ions originating
from phenylalanine molecules. The 2D pattern is clearly
reproduced and the lateral resolution estimated from the
width of edges of the pattern is about 1 m.

(a)

(b)

2. Overview of the IMS apparatus
The apparatus mainly consists of an ultra-high vacuum
chamber, a silicon surface barrier detector (SSBD), a TOF
mass spectrometer and a secondary electron microscope
fitted with a CMOS camera for acquisition of the
secondary electron micrograph. A membrane sample in a
holder fixed on the objective lens of the secondary
electron microscope is irradiated with MeV primary ions.
A primary ion passing through the sample is detected with
the SSBD and its output signal is used both as a start
signal for TOF measurement and as a trigger signal to
release the shutter of the CMOS camera. Secondary ions

Figure 1: (a) The optical micrograph of the test sample
with a 2D pattern of gold/phenylalanine and (b) the
obtained image of phenylalanine.
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Introduction

2

Interaction of molecular beams with matter

Besides the physical ingredients already considered for
single ions, the interaction of molecular beams with matter also includes the influences from the coherent motion
and from the quasi-Coulomb repulsion of the molecule
constituents.
2.1 Vicinage effect
Due to the interference in the interactions of the molecule
constituents with the target electrons caused by the fluctuations of the electronic density, energy losses of ionic
clusters are different from the sum of their constituents.
Figure 1(a) shows the stopping power ratio of H+
2 dimers
to 2 H+ ions in various materials as a function of energy
per atomic mass unit [2]. These materials posses similar
Wigner-Seitz radii and display a comparable behaviour.
Particularly, the ratio saturates at high energies, supplying
an easy and direct way to implement the Vicinage effect
in simulation codes adding only one extra parameter.

(a)
Stopping power ratio

Characterization of solid layers at nanometre scale is a
basic requisite in modern materials science. There are
several experimental techniques available, whose applicabilities depend on the properties of the object under
study. Among these possibilities, Rutherford Backscattering Spectrometry (RBS) arises as a convenient method
due to its simplicity and reliability. However, for most
methodologies based on ion scattering, quantitative information is given as the number of scattering centres per
unit area. In order to estimate the layer thickness, a value
for the density of this layer is assumed. The break-up of
molecular ions in matter provides the means to unfold the
thickness-density product [1].
In this work, we present an overview on the usage of
medium energy H+
2 dimers for depth profiling thin solid
layers, including its principles, limitations and optimized
experimental conditions. Two case studies encompassing
doping and film characterization are illustrated.
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Figure 1: (a) Stopping power ratio of H+
2 dimers to 2 H
ions as a function of specific energy for different materials
[2]. Dashed line is a guide to the eye for the SiO2 data.
(b) Broadening induced by the break-up of 200 keV u−1
H+
2 dimers in SiO2 . Circles represent calculations based
on fluctuations of the electron density [3]. Dashed line is
a fitting, while solid lines show the analytical results for
Coulomb and Yukawa (23.7 eV plasmon) potentials.

2.2

Coulomb explosion

As a molecule impinges in a solid, its electrons are lost
and the positively-charged constituents promptly repel
each other, leading to the molecule dissociation. When
this repulsion comes to play, the internuclear distance
increases as well as the relative velocity between the
molecular fragments. In the laboratory frame, these fragments will have different energies, influencing the energy-

Scattering yield (arb. units)
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Figure 2: Energy-angle grayscale heatmaps for the scattering of 200 keV u−1 H+ (a) and H+
2 (b) in a wet-cleaned
(SPM and SC-1), plasma doped (10 % AsH3 in H2 gas,
nominal 1016 As cm−2 dose at 7 kV bias voltage) sample.
An important difference is the broader As peak in (b).

loss straggling in a distinct way. Figure 1(b) demonstrates this additional broadening as a function of depth
for 200 keV u−1 H+
2 dimers in SiO2 considering wake calculations [3], Coulomb and Yukawa potentials. An initial,
effective internuclear distance is considered from its observed distribution. For simulations, a convolution of this
broadening with straggling is performed. In order to consider the depth dependence, the wake calculations are fitted with a saturation function [dashed line in Figure 1(b)],
introducing two additional parameters.

3

Case studies

Energy and angle discrimination of backscattered ions is
performed with a typical Toroidal Electrostatic Analyser
(TEA) using a pair of Multi-Channel Plates (MCP), a Position Sensitive Detector (PSD) and controlling hardware.
3.1 Plasma doping
Plasma doping is drawing attention for the manufacture
of advanced semiconductor devices. It is based on the immersion of a biased substrate in a plasma. This substrate
is subsequently passivated, chemically cleaned and thermally treated. Nevertheless, these complex processes are
not yet fully understood [4], and systematic characterizations are highly desired. Analyses of samples prepared
with different plasma concentrations and voltage bias indicate minimal variation in the As deposition profiles. Additionally, the angular shape and the broadening observed
in the As peak (Figure 2) reveal a decrease in the density of the frontal SiO2 layer relative to bulk silica. The
corrected thicknesses are in agreement with results from
electron-based techniques.
3.2 Polymer films
The increasing application of nano-structured systems
along with the unique modifications caused by highenergy individual ions form the basis for investigating
confinement effects of radiation in polymer films [5].

Figure 3: Scattering yield as a function of energy for
150 keV u−1 H+ (reference and sample) and H+
2 (sample). The reference material is an Au layer (150 nm) on
SiO2 glass, while the sample a PMMA thin film (2.5 ×
1016 atoms cm−2 ) above Au and Ti layers (50 and 5 nm)
on Si(111) wafer with a native oxide coating.

Nonetheless, a practical tool for the determination of
thickness and density in thin layers is necessary, and the
break-up of H+
2 dimers fulfils this requirement. Figure 3
exemplifies such a methodology, where measurements in
a reference material and polymer films allow the determination of densities without any additional information or
extra measurement.
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1. Introduction
Despite of all efforts devoted to the synthesis of bimetallic
nanoparticles with controlled shape and structure, the
underlying relationship between their atomic arrangement
and reactivity are still under debate. Particularly for the
NO abatement reaction, a major environmental issue,
those discussions are relatively scarce. Nevertheless,
there is still a constraint of proper tools to successfully
probe nanoparticles’ composition and atomic
arrangement.
In this work, bimetallic PtPd nanoparticles with
approximately 5 nm mean diameter and same
composition were synthesized to achieve distinct atomic
distributions: nanoalloys or core@shell. The samples
were probed by Medium Energy Ion Scattering (MEIS)
and space-resolved elemental analysis via energy
dispersive X-ray (EDX) spectroscopy in STEM
(Scanning Transmission Electron Microscope) mode. The
complementary association of STEM-EDX profiling with
MEIS, which simultaneously surveys millions of
nanoparticles, becomes a powerful tool for a statistically
representative structural analysis.

2. Results
2.1 Structural Characterization
The MEIS experiments were performed at the Ion
Implantation Laboratory (UFRGS, Brazil) using 200 keV
He+ and 20 nA ion beam. The spectra simulations
provided by the PowerMEIS software package [1]
considered several possible structures and atomic
arrangements, for instance PtPd-alloy, Pd@Pt, Pt@Pd,
Pd@PtPd, Pt@PtPd and others. The χ2 method allowed
determining the best fitting of the structural models. The
criteria to select the best structural model was based on
the minimum of the χ2 function as well as in a good
description of the Pt and Pd peak shapes in the 1-D MEIS
spectra, at three different scattering angles.
STEM-EDX
(Scanning
Transmission
Electron
Microscopy) measurements of the samples were
performed at INMETRO (Rio de Janeiro, Brazil). The
results were compared to Monte Carlo estimated EDX
profiles to confirm the correct atomic distributions within
the nanoparticles.
The experiments provided key details such as core size,
shell thickness and composition, and even distinguished
core@shell from core@alloy structures.
As result, the MEIS and STEM-EDX association proved
that PtPd nanoalloys and Pd-core nanoparticles were
successfully obtained, while the attempt to produce Pt-

core structures actually resulted in a mixture of nanoalloy
and core@alloy (core = Pt or Pd).

Figure 1: 2-D MEIS experimental maps obtained for
different nominal atomic arrangements of PtPd
nanoparticles.
2.2 Catalytic Reactivity
NO decomposition is a reaction with a crucial role in
environmental catalysis, since NO accounts for more than
95% of the nitrogen oxides (NOx) emissions from
automobiles and power plants [2]. The motivations for
research in NOx abatement are their noxious effects on
human health and on the environment. Our previous
experiments [3,4] demonstrated that Pd nanoparticles can
be used as catalysts for NO reduction.
In order to correlate structure and reactivity catalysts were
prepared using these bimetallic PtPd nanoparticles, and
their performance was evaluated toward the direct
decomposition of NO reduction using EXAFS
measurements under operando conditions. The Pd K and
Pt L3 edges EXAFS signals were collected and
simultaneously, the effluent gases from the reactor were
analyzed by a mass spectrometer. The EXAFS results
shed some light on the structural evolution that took place
during the NO abatement, at the atomic level, and proved
that the structural properties strongly influence the
nanoparticles reactivity.
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During NO Abatement. Phys. Chem. Chem. Phys.
2017, 19, 9974−9982.

Figure 2: 1-D MEIS plots (points) at 128° backscattering
angle for samples (a) PtPd alloy, (b) Pd@Pt, and (c)
Pt@Pd compared to MEIS simulations using distinct
atomic arrangements (lines).
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Obtaining electronic stopping power at low energies is
challenging, not only for experiments but also from a
theoretical point of view. Common approximations such
as simple electron gas and linear response breakdown in
this limit. However, these effects remain fundamental in
understanding the non-adiabatic ion-electron interaction.
We employed real-time time-dependent density
functional equation to obtain electronic stopping at low
velocity for protons, alpha and heavier ions in metals and
insulator, to describe phenomena that involve non-linear
response and band-structure effects as well as variable
ionized states. By studying the limit of low energy from
first principles we propose a model that connects the
stopping power and the electron-phonon regime under a
single framework.
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Introduction

The stopping power of keV to MeV ions is of ultimate importante for ion beam analysis because of its connection
with the depth profiling of elements in materials. It has
been studied for more than 100 years and was a subject
of interest for many prominent scientists, such as Bohr,
Bethe, Fermi and Lindhard, who first established the underlying physics.
A very useful and established model to treat the energy
loss of ions to the valence electrons of solids is the free
electron gas model (FEG). According to this model the
stopping power or force (dE/dz) is connected to the momentum transfer or transport cross-section by the following:


|~ve − ~v |
dE
,
= n0 me
~v .(~v − ~ve )σtr (|~ve − ~v |)
dz
v
~
ve
(1)
where me is the electron mass, h...i stands for the average
over the electron velocities ~ve , ~v is the ion velocity, and
n0 is the undisturbed electron density. Atomic units (a.u)
and non-relativistic expressions will be used throughout,
unless stated otherwise. σtr is the well-known transport
cross-section, which appears in the different areas of the
physics and is calculated from following expression
∞
4π X
σtr (k) = 2
(` + 1) sin2 (δ` − δ`+1 ) ,
k

(2)

`=0

where δ` are the phase shifts of the spherical electron
wavefunction in the electron-ion potential at the speed or
momentum k. The electron-ion potential is usually obtained from DFT calculations (see for example ref. [4]).
The approach for the determination of the stopping power
from a central electron-ion potential is called TransportCross Section (TCS) method.
Although this procedure works quite well (see for instance
[5] for important exceptions) at low projectile energies,
the weakest point of the TCS approach is its asymptotic
high-velocity limit : it has a very slow convergence to the
well-established Bethe Formula.
Recently it has been demonstrated in Ref. [1] that there is
another way the derive the stopping force in a FEG sys-

tem from a partial-wave analysis and therefore a different
transport cross-section formula was derived, namely
ef f
σtr
(k) =

∞
2πZ X
sin (2(δ` − δ`+1 )) .
k3

(3)

`=0

It is based directly on the retarding force acting on the
ion due to the induced charge density in contrast to the
standard one (Eq.(2)) based on the momentum transfer
per unit time from the electrons to the ion. The resulting
stopping force gives the correct Bethe limit. Moreover, it
is consistent with the full non-perturbative Bloch formula
(see Ref. [1] for further details).

2

Induced Density Approximation (IDA) results

Here we describe the interaction of ions with a FEG system in terms of Eq.(3), which is based on the spherical
averaged electron-ion scattering potential to calculate the
(non-central) induced force on the projectile. This method
is called Induced Density Approach (IDA) [1, 4].
The self-consistent electron-ion potential V (r) is calculated for H+ ions and antiprotons in an electron gas system as a function of the projectile energy to model the
electronic stopping power for conduction-band electrons.
The results show different self-consistent potentials at low
projectile-energies, related to different degrees of excitation of the electron cloud surrounding the intruder ion.
This behavior can explain the abrupt change of velocity
dependent screening-length of the potential found by the
use of the extended Friedel sum rule (FSR) and the possible breakdown of the standard free electron gas model
for the electronic stopping at low projectile energies. A
dynamical interpolation of V (r) is proposed and used to
calculate the stopping power for H+ interacting with the
valence electrons of metals. The results are in good agreement with TDDFT benchmark calculations (see Fig.1).
Nevertheless, IDA results for antiprotons are in strong disagreement with TDDFT calculations. The origin of the
discrepancies will be discussed at the workshop and is attributed to the central-field approximation of the electronion potential.
We have also generalized the IDA approach to cluster
ions, called IDAMol. For high projectile energies it gives
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The real problem

Lindhard & Scharff expexted approximate velocityproportionality up to around the Thomas-Fermi velocity
2/3
vT F = Z1 v0 . At the time this was a useful estimate
contradicting a postulated sharp threshold energy for electronic energy loss [12], but not a rigorous prediction. Conversely, velocity-proportional stopping is well-supported
theoretically at beam velocities lower than orbital velocities of outer-shell target and projectile electrons [2, 3, 6],
i.e., for v < v0 , where this dependence emerges as the
first term of a Taylor expansion in v [13].
Figure 1 shows stopping cross sections of N ions in Ar as
a characteristic example. Data from [11, 16, 17] define a
velocity-proportional regime for E & 0.01MeV/u almost
up to the stopping maximum, whereas data from Ormrod
[8] and Fukuda [4] show a dependence close to ∝ v 2 and,
moreover, a difference in magnitude of about a factor of

2

eVcm ]

N - Ar

-15

Charged-particle stopping can conveniently be classified
into four categories according to the beam energy into
electronic stopping above, around and below the Bragg
peak and the nuclear-stopping regime at the lowest energies. Electronic stopping below the Bragg peak is
often called the velocity-proportional regime, based on
a frequently-used formula by Lindhard & Scharff [7].
Firsov’s theory of inelastic ion-atom collisions [3] likewise predicts velocity-proportional electronic stopping,
albeit with a slightly different dependence on atomic parameters [16].
Experimental tests reveal significant deviations from both
theories. Ormrod & Duckworth [9] found Z1 oscillations, i.e., an oscillatory structure in the electronic stopping cross section Se as a function of the atomic number
Z1 of the projectile ion. These results were confirmed and
expanded by Fastrup et al. [1] who, moreover, found that
Se ∝ E 2P with P oscillating between 0.33 and 0.73 instead of a constant P = 0.5.
These initial studies stimulated a rich follow-up literature
reviewed in ref. [14]. On the theoretical side, interest has
been focused on the phase and amplitude of Z1 oscillations, while we are unaware of attempts to identify and
explain possible systematics in deviations from velocityproportional stopping. One obstacle toward finding such
systematics has been large scatter between experimental
data from different sources [10].
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Figure 1: Stopping cros sections of Ar for N ions [10].

two between the two measurements.
This kind of behavior is by no means exceptional: Ref. [8]
reports stopping cross sections for eight ions on Ar, seven
of which show a more or less abrupt change in slope below some energy between 0.01 and 0.1 MeV/u. Significant differences between data from different sources can
be found for most ions and targets where more than one
data set is available in this energy range.

3

Reduced nuclear and electronic stopping

Most experimental data, in particular [1, 8, 9], have been
measured in transmission. In order to separate nuclear
from electronic stopping, only a narrow beam cone is allowed to enter the detecting device, so that only multiplyscattered projectiles define the energy loss, while ions
scattered over wide angles are eliminated. However, electronic energy loss has its maximum at small impact parameters, i.e., for large scattering angles. Therefore, reducing nuclear stopping also leads to reduced electronic
stopping. This effect was originally looked for in highvelocity stopping [5] but was found to be substantial in
the stopping of slow ions [15].
We have applied the formalism developed in ref. [15] to
a number of ion-target combinations. Figure 2 shows
the data from Figure 1 now compared with reduced electronic stopping cross sections. These curves are based
on impact-parameter-dependent energy loss according to
Firsov [3] with input parameters ξ = N xa20 = 1, where
N is the number of atoms per volume, x the pathlength in
the gas and a0 the Bohr radius. Neither x nor the detector
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Figure 2: Comparison between the data from Figure 1 and
full and reduced electronic and nuclear stopping cross sections.
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[7] J. Lindhard and M. Scharff. Energy dissipation by
ions in the kev region. Phys. Rev., 124:128–130,
1961.
[8] J. H. Ormrod. Low-energy electronic stopping cross
sections in nitrogen and argon. Can. J. Phys.,
46:497–502, 1968.
[9] J. H. Ormrod and H. E. Duckworth. Stopping cross
sections in carbon for low-energy atoms with z ≤
12. Can. J. Phys., 41:1424–1442, 1963.
[10] H. Paul.
Stopping power graphs.
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opening angle φ are given in ref. [8] or [4]. The adopted
value of ξ = 1 is compatible with the target pressure given
in [8]. The two trial values for φ are compatible with the
magnitude of the nuclear-stopping correction listed in [8].

[11] J. L. Price, D. G. Simons, S. H. Stern, D. J. Land,
N. A. Guardala, J. G. Brennan, and M. F. Stumborg.
Stopping powers of the noble gases for (0.3-10)-mev
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Conclusions

Figure 2 shows surprisingly close agreement between the
electronic stopping cross section predicted by PASS and
the Firsov formula. The graph suggests that the two different apparent stopping cross sections may well be compatible with one and the same total Se (E) curve, which
lies higher by more than a factor of two in the low-energy
end and which appears to be proportional to the velocity
down to well below the Bohr speed. Finally, in the present
example, where Sn and Se are comparable, a reduction of
Sn by two orders of magnitude is accompanied by a reduction of Se by a factor fo two.
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In the field of material science the development,
optimisation and application of new materials and devices
requires characterisation techniques that can resolve
chemistry and physics over a wide range of length scales.
These length scales can vary from measurements needed
at the outer most atomic layer of a sample to identify
important transport phenomena, or being able to identify
and map hydrogen at the tip of a crack forming in the bulk
of a metallic alloy. In some cases, high resolution
measurements are required over a whole range of length
scales in a single analyses. To this end the application of
ion beam based characterisation techniques, such as low
energy ion scattering (LEIS), secondary ion mass
spectrometry (SIMS) and focused ion beam SIMS can has
successfully fulfilled these needs.
At the Department of Materials Imperial College, these
three techniques: LEIS, SIMS and FIB-SIMS have been
applied in a number of research areas, to obtain high
resolution depth profiles, ion maps and surface
compositions. In this talk a selection of results will be
presented, highlighting the successful application of these
techniques along with aspects of novel sample
preparation, and the requirements of future
instrumentation in this arena.
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1. Introduction
Ultra-thin film analysis is crucial for a range of
applications, but specifically for the semiconductor and
display industry. In no other field of technology the films
are as thin, with a huge demand for reproducibility,
robust processes, and integration of a wide range of
materials.
As a result, there is a strong demand for continuous
development of characterization tools for these
applications. In recent years, Low Energy Ion Scattering
has started to be recognized not only in academic
research [1], but also in industry [2], due to its unique
properties:
 Quantitative analysis of the outer atomic layer
elemental composition
 In-depth information for the first few nm, with single
atomic layer depth resolution close to the surface
 Fast and reliable analysis and quantification
 Optional integration into deposition systems
These properties make LEIS ideal for the analysis of
extremely thin films – while other techniques suffer from
the small amounts of material available and the depth
resolution required, LEIS is in its element when (less
than) one or only a few atomic layers are to be analysed.
2. Applications
In this presentation, a range of applications will be used
to illustrate the properties of LEIS and the practical
applicability for ultra-thin film analysis.
The first example is work on a GaSb ALD film for
optoelectronic applications. The aim of the study is to
determine the nucleation behaviour of this mixed
material film, which turns out to be rather dynamic – the
compositions of the film changes significantly during the
early stages of film growth and only reaches an
equilibrium once the film is closed.

Fig. 1: Surface fraction of the substrate (Si) and the
elements forming the film (Ga, Sb) during nucleation.
A second example is based on extremely thin MoS2
films, also grown by an ALD process. MoS2 is one of the
two-dimensional materials considered to be used in
microelectronics and photovoltaics, so optimizing the
growth process is of great importance.
As transport through air will cause atmospheric
contamination, sample preparation in the LEIS
instrument is important. We compare two treatment
methods and study their influence on the film, both with
respect to the chemical composition and the continuity.
In addition, the presence of a Mg contamination is
detected, and sputter profiling helps to elucidate the
origin of this.
Time permitting,
further aspects of
This presentation
technique has on
control.

an additional example will show
ultra-thin film analysis using LEIS.
will illustrate the contribution this
modern thin film R&D and quality
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1. Instructions
Bimetallic alloy systems are important in numerous
applications, especially in heterogeneous catalysis [1].
The addition of a second metal component can greatly
enhance the catalytic performance, particularly with
respect to activity and selectivity [1,2]. Detail
measurements of the surface compositions, structure,
dispersion, and chemical states of the bimetallic catalysts
can aid in understanding the nature of the active sites and
in the optimization of catalytic performance. Low energy
ion scattering spectroscopy (LEIS) is a key technique to
provide the composition of the outmost one atomic layer
of a surface. However, the regular LEIS can only
measure the bulk-like systems [3]. For a high-surfacearea powder supported catalyst, only the recent
developed high-sensitive low energy ion scattering
spectroscopy (ION-TOF: HS-LEIS) can obtain reliable
information of the surface compositions [4]. In this
presentation, AuPd, PtCu and PtSn nanoparticles with
various bulk compositions were synthesized and
dispersed on several oxide supports. The surface
composition and chemical state under realistic reaction
conditions were investigated by HS-LEIS and XPS.[5,6]

2. Materials and Methods
Supported AuPd, PtCu and PtSn catalysts were prepared
by synthesizing the bimetallic nanoparticles and then
depositing onto the oxide supports. The surface
compositions, dispersion and chemical state of the
supported bimetallic catalysts under various reaction
conditions were determined by HS-LEIS and XPS. And
the phase diagrams of the surface composition versus the
bulk composition were plotted.

3. Results and Discussion
The homogeneous and with narrow particle size
distribution PtCu, AuPd, PtSn alloy nanoparticles have
been successfully synthesized and dispersed on oxide
supports. Using in situ HS-LEIS and XPS, the surface
compositions, dispersion and the chemical state were
found significantly different for different bimetallic
systems, under different reaction conditions, an even on
different supports. The detail phase diagrams of the
surface composition versus the bulk composition were
obtained for various bimetallic systems under different
reaction conditions and on different supports. The

activities for CO oxidation were measured on various
systems, and were found to strongly dependent on the
composition.

Figure 1: Depth profile of the 5 wt% Pd6.8 Au/TiO2 after
the oxidation at 500 C. The inset shows the original HSLEIS (Ne+) spectra.
The HS-LEIS combined with XPS revealed that the
surface compositions, dispersion and chemical state of
bimetallic nanoparticles are significantly affected by the
reaction conditions, bulk compositions, supports, as well
as their intrinsic properties.
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During the past 30 years, spatially resolved EELS has
emerged as an important tool for the characterization of
nanoscale structures designed to efficiently couple external photon fields into the bulk, using surface plasmon polariton excitations [1–3]. With recent instrumental improvements, phonon vibrational modes have become accessible down to a few tens of meV [4], opening up exploration of surface polariton and bulk phonon modes in
nanoscale structures. We describe here recent experiments
in MgO nanocubes, using a 1Åsized electron beam of
60keV electrons and an EELS energy resolution of about
9 meV. It turns out that this probe readily creates phonon
modes within the bulk. In addition, it also couples to surface phonon polariton modes, inside the bulk and bound
to surfaces, corners and edges of the nanocube.
In Fig. 1, we show a 150nm MgO nanocube mounted
on a thin carbon substrate [5]. Arrows indicate paths of
preliminary scattering experiments, one of which is also
shown in the Figure. We also indicate in a general way,
dashed lines marking a mapping area enclosing both the
bulk and external surfaces of this cube. The measured
data show longitudinal and transverse acoustic (LA,TA,
and TO) modes below about 50 meV, and a longitudinal optical (LO) mode above 90 meV. In the 60-80 meV
range, peaks existing in the vacuum and near surface regions of the bulk identify surface phonon polaritons, in
this case at 68 meV for the corner mode, and at 78 meV
for the face mode. We point out that below room temperature, 25 meV, intensities are strongly enhanced by occupation statistics for the initial state of the phonons. The
90 meV LO mode is suppressed near the surface, where
the surface phonon polariton is seen. This mode is known
to drive the polariton behavior and therefore its intensity
is depressed near the surface through a Begrenzung, or
"limiting," mechanism when surface modes are active.
Finally, simple dipole optical response modeling fails
for electron scattering involving several symmetries of
phonon modes in typical materials. For instance, the LO,
and acoustic modes do not appear in the IR absorption
spectroscopies, but are prominent in the EELS results. It
is becoming clearer that details driven by spatial resolution, particularly the need to include short-ranged multipole scattering, are important for a full understanding of
the experimental results [6, 7].

Figure 1: Experimental Geometry and raw data for a
150nm MgO cube along the line OB to a cube corner.
Spectra include bulk and surface polariton scattering using the same electron probe. Dashed rectangle indicates
approximate mapped region for a 100nm cube shown in
Fig. 2. Adapted from [5].

In Fig. 2, we show experimental maps for a 100nm cube,
and in Fig. 3, a molecular dynamics calculation for a 3nm
cube [8]. The experimental map has been averaged to emphasize symmetry, and we show four scattering energies
to highlight in both Figures: 1) bulk acoustic modes at 59
meV, bounded by the cube, 2) surface phonon polariton
corner modes at 68 meV, and 3) surface phonon polariton
face modes at 76 meV, and 4) longitudinal optical bulk
modes which are suppressed near the surfaces in the presence of the polariton behavior.
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Figure 2: Experimental mapped intensity for bulk acoustic, corner polariton, face polariton, and longitudinal optical bulk phonon scattering, obtained from a 100nm MgO
cube in an area similar to that indicated in Fig. 1.

Figure 3: Theoretical mapped intensity for bulk acoustic,
corner polariton, face polariton, and longitudinal optical
bulk phonon scattering, obtained from a 3nm MgO model
in an area similar to that indicated in Fig. 1.

We have found it necessary to use some phenomenological techniques to begin understanding results. For instance, optical modeling, which is very successful in the
plasmonics field, fails for most bulk phonon scattering using spatially resolved EELS. Molecular dynamics simulation likely gives realistic behavior because it includes
short ranged interactions which are very strong for electron scattering. In addition, the strong enhancement of the
acoustic modes in Fig. 1 is not completely explained using
initial state occupation statistics, so we have begun some
new theoretical effort for a better understanding.

Abajo, M. Tence, L. Henrard, D. Taverna, I. PastorizaSantos, L. M. Liz-Marzan, and C. Colliex, Nat. Phys.,
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Figure 1: The measured simulated for 40 keV e− electrons scattered from SiO2 (left) and Si (right). For SiO2
the elastic peak is split in a Si and an O component due
to the recoil effect. Electrons scattered elastically from a
nucleus and created electronic excitations cause the maximum near 25 eV loss. For Si the elastic peak itself is offscale but the energy loss part shows that the simulated result are very sensitive to the details of the dielectric function, and differ greatly when the contribution of the 2p and
2s electrons to the dielectric function is omitted.
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The elemental composition and electronic structure of the
nm-thick near-surface region is of interest in many applications. Electron scattering is a convenient way to get a
fingerprint of both aspects. Large-angle deflections from
a nucleus of electrons with energies between 20 and 40
keV imply significant momentum transfer, and the accompanying recoil losses (of the order of a few eV) make it
possible to resolve the mass of the scattering nucleus [1].
Electronic excitations of the target is a different source
of energy loss, and its energy distribution (usually covering several tens of eV) is a finger print of the electronic
structure, in particular its dielectric function [2, 3]. Until now the low-loss region is usually used to determine
the elemental composition in the near-surface layer and
the high-energy loss region as a signature of the electronic structure. A full description of the whole measured energy loss spectrum requires knowledge of composition and electronic structure and a single way of describing such a spectrum ensures internal consistency and
solves problems when the energy loss features due to recoil losses and electronic excitations overlap. The only
attempt to accomplish this so far is a study by Li et al [4].
The physics of fast ions and fast electrons interacting with
matter are very similar. In both cases the shape of the
trajectories is determined by deflections from nuclei, and
the energy loss due to interaction with the target electrons.
The latter can be expressed in terms of the dielectric function. The POWERMEIS program was extended so it can
simulate both electron and ion spectra with energy loss
determined from the dielectric function [5]. Examples of
description of spectra obtained by electron scattering from
SiO2 and Si, using POWERMEIS are given in fig. 1. In
contrast to most ion scattering experiments the energy resolution of the electron measurement is much better than
the energy loss of a single electronic excitation. Hence in
electron scattering work the interaction with target electrons is described in terms of the elastic peak (no inelastic
excitations occurred), the inelastic mean free path, and the
energy distribution of the inelastic excitations, whereas
ion scattering experiment can be described in terms of
‘stopping and straggling’ i.e. the energy lost per unit distance travelled and corresponding fluctuations.
To study the potential of the electron scattering technique for depth-profiling we made a sample of a thick
sputter-deposited carbon layer with a thin Al layer at the
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Figure 2: The elastic peak of the Al-C sample measured
at E0 = 40, 20 and 10 keV (solid lines) compared to simulation (dashed lines) without (A) and with (B) an Al2 O3
layer present at each side of the Al film. With increasing
E0 the recoil energy increases and the elastic peak splits
up in components due to Al, C (and O).

surface. These samples were measured (after being exposed to air) by both electron scattering and Medium En-
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Figure 3: MEIS measurements of the same Al-C sample,
using 200 keV H+ , compared to simulations including an
Al2 O3 layer at both sides of the Al film. The simulation
using ELF stopping is based on the dielectric function.

ergy Ion Scattering (MEIS). The low energy-loss region
was measured using 10, 20 and 40 keV electrons and a
scattering angle of 135◦ . Simulations assuming only the
presence of Al and C failed to describe the shape of the
elastic peak well (fig. 2(A)).
The cause of this problem is readily identified in the
MEIS experiment, see fig. 3(A). Oxygen is present at both
surfaces of the Al film which was assumed to be to consist
of Al2 O3 . The thickness of these layers were determined
from the POWERMEIS analysis (25 Å thick Al2 O3 layers and 140 Å thick Al layer) and the electron spectrum
was calculated based on the same sample structure. Now
a much better description of the elastic peak structure is
obtained (fig. 2(B)). Also the loss part of the spectrum is
described quite well (see fig. 4). The electronic excitations in Al are well defined (plasmons with 15 eV energy
loss) whereas the distribution of energy losses for carbon
and Al2 O3 are more broad. At 40 keV the Al plasmon
peak is even split in two components, corresponding to
electrons backscattered from either C or Al [6]. At lower
energies the electrons interact more strongly (smaller inelastic mean free path) and multiple plasmon excitation
(additional peaks at 15 eV intervals) become more evident. All these features are reproduced by the simulation.
The same dielectric function can be used to calculate the
MEIS spectrum in POWERMEIS, and it gives a comparable quality description as the more widely used SRIM
stopping powers, see fig. 3.
In conclusion we show that it is possible to describe
electron- and ion-scattering experiments in a uniform way
and both approaches can be used to perform depth profiling. Electron scattering provides more direct information
on the dielectric function, from which the ion stopping and

20

40

Energy Loss (eV)

60

80

Figure 4: The energy loss part of the electron scattering
measurement (lines) compared to simulations (dashed) assuming the same sample composition as in the MEIS analysis.
inelastic mean free path can be derived, whereas ion scattering provide more detail about the sample composition
further away from the surface. For example, the presence
of O at the Al/C interface would be hard to establish by
electron scattering only.
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Au 3d

Intensity

X-ray photoelectron spectroscopy (XPS) provides precise
measurements of both the thickness and chemistry of thin
overlayers. For overlayers of uniform thickness, it is one
of the most accurate methods, but requires two important
physical parameters: the effective attenuation length of
electrons and the relative intensities of photoelectron
peaks from pure materials. For thin oxides on silicon, it is
the most accurate method for thickness measurement [1],
with a precision that is comparable to, or better than, other
methods. This precision is a consequence of the short
range of electrons in matter, which means that, typically,
the information in the peak intensity comes from less than
10 nm into the surface. To obtain a greater depth of
information, the normal approach is to perform sputter
depth profiling, ball milling or cross sectioning. However,
there are two other, non-destructive, routes to obtaining a
greater information depth using XPS.
The inelastic mean free path of electrons increases with
the electron kinetic energy. Therefore, by using higher Xray energies, a greater information depth can be obtained.
This approach, known as HAXPES (Hard X-ray
Photoelectron Spectroscopy) has the drawback that
photoionization cross sections at higher energies decline
more rapidly than the increase in information depth.
Therefore an intense X-ray source is usually required,
which means that these experiments are usually
performed at synchrotron sources [2].
It has long been known that the inelastic background in
XPS contains information from a larger depth than the
peaks in the spectrum [3]. In typical XPS instruments,
with electron kinetic energies ~1000 eV, it is apparent that
the information depth of the inelastic background is at
least twice that of the photoelectron peaks. The
combination of HAXPES with inelastic background
analysis should therefore be a powerful tool for analyzing
devices on the 50 to 100 nm length scale [4].
This talk describes a simple route to the analysis of the
inelastic background in XPS for organic overlayers and
traditional photon energies [5]. We demonstrate that a
precision much better than 1 nm can be achieved and an
information depth of over 50 nm is possible. A similar
system is analyzed using a lab-based HAXPES
spectrometer equipped with a high-brightness Ga Kα
source (9250 eV).
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Figure 1: Ga Kα HAXPES spectra from gold coated with
150 nm (black) and 50 nm (grey) organic Irganox 1010,
clean gold is also shown (black).
As shown in figure 1, an information depth of greater than
150 nm is demonstrated, even though the path length of
electrons is less than 20 nm. Although the gold peaks are
barely visible through the 50 nm coatings, it is clear that
there is virtually no diminution in background electron
intensity except at energies less than ~2000 eV. There
remain data analysis challenges, which bear some
similarity to those in ion scattering spectroscopies. These
will be highlighted and discussed.
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1. Atom probe tomography (APT)
Three dimensional atom probe tomography (APT) is a
powerful analytical tool to investigate the chemical
composition spatially-resolved at the nanometer scale.
Therefore, it is e.g. commonly employed to characterize
the chemical composition of precipitates, grain
boundaries and multilayer architectures. Single atoms or
atom clusters are field-evaporated from a needle-like
specimen with a tip radius < 50 nm by applying voltage
or laser pulses. The evaporated species are monitored by
a position-sensitive microchannel plate detector and the
chemical nature of an atom or cluster is revealed by a
time-of-flight setup. Depth profiling with 1 nm
resolution can be realized and the strength of APT lies in
unravelling the chemical distribution, while absolute
concentration values can be strongly affected by
systematic uncertainties which originate from the
material to be evaporated. The advantages and
drawbacks of atom probe tomography will be discussed
in the framework of materials design of hard protective
coatings, synthesized by vapor phase condensation
techniques.

the film-forming species which are periodically changing
in a substrate rotation geometry [2]. It can be expected
that these chemical modulations on the non-metal
sublattice drastically affect the properties of grown films
such as the thermal stability.

2. APT applications for hard coatings
2.1 Chemical composition modulation in Ti-Al-O-N
Recently we have demonstrated that the incorporation of
oxygen into hard protective cubic transition metal
aluminium nitride coatings induces the formation of
metal vacancies, thereby enabling charge balancing of
the ionic structure. These metal vacancies affect the
elasticity of the coatings and, hence, the elastic
properties can be tuned by the oxygen content [1]. The
consequences of employing substrate rotation and a
reactive N2/O2 gas mixture within an industrial film
growth setup were investigated by APT for Ti-Al-O-N
and the formation of oxygen and nitrogen rich sublayers
with a wavelength in the order of 10 nm was identified
(Figure 1). Based on these findings, further experiments
revealed that the incorporation of oxygen and nitrogen
depends significantly on the plasma density and fluxes of

Figure 1: APT reconstruction of Ti-Al-O-N. Oxygen and
nitrogen rich regions are highlighted in green and red,
respectively. The chemical composition profile of Ti, Al,
O and N is evaluated from the region marked by the box.
2.2 Point defect engineering in TiAlN x
Metastable cubic TiAlN is one of the most studied
protective coatings for cutting tools and exhibits
excellent mechanical properties, chemical stability as
well as wear resistance. The thermodynamically stable
phase of AlN has a hexagonal crystal structure and the
nucleation and growth of this phase in metastable cubic
TiAlN at temperatures in the order of 1000°C limits the
application temperature of this protective coating. Due to
the synthesis of TiAlNx with different metal to non-metal
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stoichiometries by high power pulsed magnetron
sputtering, we have identified an unprecedented thermal
stability of close-to-stoichiometric TiAlNx (x ≈ 1) up to
1200°C [3]. APT showed a homogeneous distribution of
Ti and Al for x ≈ 1, while for x < 1 and x > 1
segregations of Ti and Al were clearly visible. Hence,
APT data served as indicator for thermal stability at the
nanometer scale.
2.3 Al supersaturation in V1-xAlxN
While the maximum Al solubility in metastable cubic
V1-xAlxN is limited to x = 0.52 for conventional dc
magnetron sputtering techniques, supersaturated single
phase thin films with x = 0.75 can be obtained by
separating the metallic film-forming species in time and
energy domains [4-5]. In order to realize this separation
a hybrid deposition setup was employed: the V target
was operated with dc magnetron sputtering and high
power pulses were utilized for Al. Hence, the Al flux is
ionized and due to the synchronization of the substrate
bias pulse with the metal-ion-rich flux from the Al
target, subplanted into the cubic VN host lattice. The
consequences of subplantation for the chemical
composition distribution at the nanometer scale were
studied by APT and compared to a conventional dc
magnetron sputtering setup [6]. For both samples, the
measured compositional distribution was compared to a
completely random (binomial) distribution and the
Pearson correlation coefficient μ serves as a measure of
randomness. In case of the hybrid setup (subplantation)
the values of μAl = 0.14 and μVN = 0.06 were obtained and
are close to 0, indicating a random distribution. In
contrast, μAl = 0.35 and μVN = 0.61 provide evidence for a
tendency towards clustering in case of conventional dc
magnetron sputtering. Hence, subplantation enables
random incorporation of the film-forming species and
the nucleation and growth of the hexagonal phase is
retarded.
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1. Summary
Rutherford backscattering spectrometry is a primary
reference method for the quantity of materials, but has a
limit-of-detection (LOD) presently at 1015 at/cm2 for
analyses with traceable accuracy near 1%. A
multidetector assembly is demonstrated which increases
the count rate without decreasing the signal/noise due to
pulse pile-up.
A LOD of 6 1012 at/cm2 is achieved with the
multidetector assembly and applied to quantify the onset
of an atomic layer deposition (ALD) process for an indepth study of the growth selectivity of ALD Ru on a-C:H
and on SiCN. Besides, the spectrometer enables < 10 min
measurements on a Ru layer of 2.7 nm, permitting wafer
mapping. Finally, we will demonstrate an example of the
quantification of the As concentration in an As-doped Si
layer, used as a reference standard for SIMS
characterizations.

3. Digital pulse processing
A 14-bit multi-input digitizer (CAEN v1725)
implementing a trapezoid filter is adopted for data
acquisition. The resolution is optimized using a short flat
top time (300 ns), in agreement with previous studies. The
effective instrumental resolution of detector plus
electronics was evaluated from the backscattering
spectrum of a 1.5MeV 4He+ ion beam on a sample of
2.5nm WS2 on a Si substrate. The W signal showed a
FWHM of 14.5 keV.

2. Multidetector assembly
The detection system of the multidetector spectrometer
consists of ten commercially available PIPS detectors.
Each detector has an active area of 25 mm2, a nominal
resolution of 12 keV and is located concentrically at a
distance of 37(1) mm from the impinging ion beam. The
detectors record the backscattering events from the
sample at a distance of 255(2) mm; the backscattering
angle is 172(1)°. The aggregate solid angle of the
detection system is 4 msr.
To minimize the electronics noise, the detectors are
connected to the preamplifiers through coaxial cables
wrapped on ferrite chokes and through singly isolated
subminiature version A (SMA) feedthroughs hosted on a
customized vacuum flange.
We have developed a multi-channel preamplifier to
handle the signal multiplicity from the detection system
and minimize the noise pickup. The preamplifier is
embedded in an rf-shielding box. The preamplifier
showed 8% less noise pick-up when it was equipped with
singly isolated SMA connectors as compared to a sub-D
connector. The preamplifier circuitry essentially consists
of an AC-coupling capacitor to filter out the DC
component and a commercially available charge sensitive
amplification unit (model CR-110).32

Figure 1: RBS spectrum from an experiment with 1.5
MeV 4He+ beam on 40 cycles ALD Ru on 40 nm a-C:H
on Si substrate. The detection system consists of a single
detector (black) and 10 detectors (blue). The count rate of
each detector is lower than 500 cps.

4. Application to area-selective ALD
In Figure 1, we compare the RBS spectra from the
10 detector configuration (crosses) and from a single
detector (circles) obtained on a sample of 40 ALD Ru
cycles on the a-C:H surface. The measurement time was
3600 s. The signal at energies below 900 keV corresponds
to He ions backscattered from Si in the substrate. At 1.3
MeV, one expects the signal from helium ions
backscattered on Ru atoms.
The low intensity signal outside of the regions
corresponding to Si or Ru is understood as pile-up. To
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quantify the pile-up background, we use the model of
Molodtsov and Gurbich (M&G).
The net number of Ru counts in the Figure for the
10 detector spectrum is 67, corresponding to a counting
statistics uncertainty of 12%. Given the net number of He
ions backscattered, the ruthenium areal density is
calculated. The ion fluence is extracted from the substrate
signal between 0.5 MeV and 0.7 MeV. The result for the
present sample is a ruthenium areal density of 6·10 12
at/cm2. The total absolute uncertainty is 7·10 11 at/cm2,
with main contribution from the statistical uncertainty
(12%). The relative statistical uncertainty is smaller for a
sample with larger ruthenium areal density.
Apart from enabling the characterization of low
areal coverages, the multi detector configuration also
reduces the needed measurement time if the signal is more
intense. This enables the systematic study of the thickness
as a function of ALD cycles and for varying deposition
conditions. As a final example, we will present the
characterization of an As-doped Si layer.

5. Conclusions
We present the development of a multi detector
system for Rutherford backscattering spectrometry
consisting of ten detectors. Compared to a single detector
system, the new hardware increases the detection solid
angle tenfold, thus it augments the statistical accuracy and
it improves the limit of detection (< 10 13 at/cm2) or
reduces the measuring time. The advantages are
illustrated through the study of atomic layer deposition of
Ru on different substrates. The ability to quantify very
small amounts of material demonstrates that Rutherford
backscattering spectrometry may be systematically used
to study the early phases of ALD growth (and inhibition)
or to quantify the lateral uniformity of the deposition
within the sample.
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Thin-films stacked Li ion micro-batteries have been
developing to facilitate the integration of high capacity
energy storage devices into micro-electronics as well as
to improve safety. Li is so reactive with metals and its
composition is enriched, or depleted at interfaces
between constituent films to compensate negative or
positive space charge induced by difference among
their Fermi energies. To understand transport of Li ions
in the battery system, we have been studying change in
total Li depth profiles in Au/Si/LiPON/LCO/Au battery
(LiPON=Li3.3PO3.8N0.2, LCO=LiCoO2) and Au/LiPON/
Au capacitor due to biasing, which are prepared on selfsupporting Al film, by means of transmission elastic
recoil analysis technique (TERD) and Rutherford
backscattering spectroscopy (RBS) with 9 MeV O +4 ion
beam [1]. Since the energy resolution was limited by
energy straggling of incident O ions passing through the
specimen and of Li recoils penetrating through Al
absorber of 2μm thick, change in Li depth profile in
constituent films by biasing was successfully separated
using both the ratio of broad and non-structural TERD
spectrum at biasing to that at no bias and their thickness
determined by RBS technique with 9 MeV O+4 and 4
MeV He+2 ions. On over-charging due to further biasing
after Li was fully charged in Si of anode, it was found
that Li returned back from the Si film to LCO of
cathode and reacted with the Al film through bottom
Au electrode [2].
In this talk, we report the experimental results on
high resolution Li depth profile in Au/Si/LiPON/LCO
/Au battery on Al substrate and Ni/Si/LiPON/LCO/Pt
/Ti battery on SiN substrate which have been measured
by means of TERD and RBS techniques with 5 MeV
He+2 ion beam . In the former battery, the Fermi energy
of top Au electrode is lower than that of bottom Au/Al
electrode, whereas in the latter the Fermi energy of Ni
is higher than that of Pt/Ti. Here, we are looking at the
effects of difference in the Fermi energies of top and
bottom electrodes on Li transport at the over-charging.

was deposited at a dry O2 atmosphere by a laser ablation
method and LiPON, Si and metals were deposited by a
magnetron sputter method. Charging procedure was
performed by applying negative voltage to the top metal
electrode against the bottom electrode at earth potential.
In the experiments, 5 MeV He+2 ion beam, generated
from a 2 MeV tandem accelerator, was irradiated on the
surface of Al, or SiN substrates, as shown in Fig.1 and
recoils and He ions scattered at a forward angle of 40 O
and He ions scattered at a backward angle of 165O were
simultaneously measured by two solid state detectors 10
min after termination of applying a bias voltage of 0, 1.3,
2.0, 2.8 V etc. to the specimen for 10 min. On each
measurement, the specimen was shifted vertically to
incident
beam in order to Li
minimize
itson
irradiation
effects.
Au/Si/LiPON/LCO/Au
Ion Battery
Al Substrate
recoiled
particles

Al

backscattered
He ions

Fig.1 A schematic of TERD and RBS measurements

3. Experimental Results and Discussion
3.1 Au/Si/LiPON/LCO/Au/Al Battery
RBS and TERD spectra of 5.4 MeV He+2 ions at incident
angle of 70O from the Au/Si/LiPON/LCO/Au/Al battery
biased at 0, 1.0 and 1.3 V are shown in Figs.2 and 3,
respectively. In RBS spectra of Fig.2, energies of He
ions scattered from Al surface, top and bottom Au films,
Co in LCO film and Si film are marked by arrows.
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It is clearly seen from Fig.2 that the left Au peak from
the top layer is shifted toward the lower energy by rise
up of bias voltage from 1.0 V to 1.3 V, which means that
the separation between two Au peaks increases, namely
the stopping power of Si/LiPON/LCO battery increases.
This point will be discussed later with the TERD results.
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3.2 Ni/Si/LiPON/LCO/Pt/Ti Battery
Experiments were performed for two specimens, in Si
film of which the amounts of Li up-taken during their
preparation, were different. For No.1 specimen, where Li
was not fully up-taken, the ordinary charging from LCO
film to Si film was observed. Here, the results on the
other No2, where Li was fully up-taken, are described.
TERD spectra measured at normal incidence and at
recoil angle of 35O for the specimen biased at 0, 2.0 and
3.8 V are shown in Fig.5, where energies of Li and
impurities of H and He from the Si/ LiPON/LCO battery
are indicated by arrows. The TERD spectra are seen to
be very similar to those in Fig.3, except the difference
due to their thickness.
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In TERD of Fig.3, energies of Li recoiled and He
scattered from the Si/LiPON/LCO battery are marked by
arrows and estimated thickness of each film is inserted.
It is seen from Fig.3 that Li yields from Si film decrease
and those from LCO and Al films increase as the bias
voltage increases. In order to closely inspect change in
the Li yields, TERD spectra of Li normalized by 0V are
shown in Fig.4, where the surfaces of top Au film and Al
It is
substrate are shown by solid lines and the interfaces
among constituent films are shown by dashed lines. It is
clearly seen from Fig.4 that in spite of applying negative
voltage to top Au electrode against bottom Au electrode
at earth potential, Li is transported from Si film to LCO
film and further more into Al film through intermediate
Au film. Such a counter flow of Li may be ascribed to
the fact that Li was fully up-taken in the Si film of the
as-prepared battery, as seen from the TERD spectrum at
0 V in Fig.3 and corresponds to over-charging due to
further applying of bias voltages of 1.0 and 1.3 V.
The leakage of Li from the Si/LiPON/LCO battery
into Al substrate should bring about decrease in its
stopping power through decrease in the Li composition.It I
However, RBS spectra in Fig.2 indicate indeed increase
in the stopping power. This discrepancy may be
explained in terms of diffusion of high-Z element into
the battery, which compensates decrease in the Li
composition, namely mutual diffusion of Li and Al due
to interfacial reaction through the intermediate Au film.
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Fig.3 TERD spectra of 5.4 MeV He+2 ions from Au/Si/LiPON/LCO/
Au/Al battery biased at 0, 1.0 and 1.3 V.
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Fig.5 TERD spectra of 4.5 MeV He+2 ions from Ni/Si/LiPON/LCO/Pt/
Ti/SiN battery biased at 0, 2.0 and 2.8 V.

It is also seen from Fig.5 that TERD spectra of Li are
almost the same except the extension marked by Ni even
when the bias voltage rises up to 3.8 V, where the yields
at 2.0 V and 3.8 V are higher than those at 0 V. It means
that the Li composition in Si film was already saturated
before the biasing and the amounts of Li in Ni film is
enriched by the biasing, which is attributed to transport
from LCO and Pt/Ti/SiN films, since similar transport of
Li was observed on charging of No.1 specimen. the RBS
spectra at 3.8V measured simultaneously, on the other
hand, showed the shift of Ni peak to the lower energy,
similarly to Au/Si/LiPON/ LCO/Au/Al in Fig.2, which
means the increase in the stopping power of the battery
due to rise-up of the bias.
It is noted that increase of Li in the Ni film is quite
different from the results on Au/Si/LiPON/LCO/Au/Al
battery, where the counter transport of Li from Si to Al
takes place. This point will be discussed with increase in
the stopping power due to biasing in relation to Fermi
energies of metal electrodes at the workshop.
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Development of High Resolution ERDA at CIBA, NUS
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phyto@nus.edu.sg

The high-resolution RBS facility at the Centre for Ion
Beam Applications at (CIBA) has been extensively used
for the characterization of ultra-thin films with
thicknesses in the 0.5-50 nm range, typically in
combination with channeling, for a variety of
applications [1,2]. A set of electrostatic filter plates were
designed and installed to facilitate high resolution ERDA
measurements as well, in an approach described earlier
[3]. The main idea is to selectively remove the (higher
mass) forward scattered particles while allowing the
(lower mass) recoil ions to reach the multichannel
detector. Therefore, a range foil is not needed, and the
near surface depth resolution is significantly improved,
because the straggling in the range foil that hampers
conventional ERDA, is avoided.
Simulations of the ion optics of this ERDA geometry
were carried out using the SIMION 8 code package, for
the case of H detection, using He+, N+ and O+ as primary
ion, which are discussed in some detail. Furthermore,
experimental ERDA data from this new set-up will also
be discussed and compared with conventional ERDA
measurements using a range foil for the detection of nearsurface H in thin film systems.
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Surface structures of ionic liquids observed by high-resolution RBS
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1. Instruction
Room-temperature ionic liquids are thermally stable,
nonvolatile and nonflammable solvents. Since the
synthesis of 1-ethyl-3-methylimidazolium tetrafluoroborate by Wilkes et al in 1992, ionic liquids have attracted
increasing attention due to their unique and excellent
properties and their structural diversity. There are many
promising applications, for example, green chemical
synthesis, gas separation, nanoparticle synthesis, catalysis,
electrodeposition, lithium ion batteries, fuel cells,
lubricants etc. In many of these applications, the control
and understanding of the surface structures of ionic
liquids are of pivotal importance.
The chemical
composition of the surface region and the molecular
arrangement at the surface may be very different from that
in the bulk due to the symmetry breaking. Aside from
applications, the structure of liquid surface is of
fundamental interest. In this presentation, the results of
high resolution Rutherfird backscattering spectroscopy
(HRBS) measurements on the surface structures of ionic
liquids, including mixtures of ionic liquids, are presented.
The derived surface structures are compared with the
results of the state-of-the-art molecular dynamics
simulations.

Figure 1: Molecular structures of [C4C1Im] cation and
[Tf2N] anion.
using HRBS. The measured composition agrees with the
bulk composition at a depth deeper than ~ 1 nm while
there is a large deviation in the first molecular layer,
suggesting surface enrichment of either cation or anion.
By integrating the depth profiles in the region of the first
molecular layer, the composition of the first molecular
layer was obtained to be S2.0F6.0O3.9N2.8C10.1H15.3, which
is very close to the stoichiometric composition of
[C4C1Im][Tf2N] (S2F6O4N3C10H15). This indicates that
neither the cation nor the anion is enriched in the surface.
The origin of the observed large deviation from the
uniform stoichiometric composition is attributed to
preferential molecular orientation in the first molecular
layer.
The fluorine concentration is significantly
enhanced in the upper part of the first molecular layer (d
< 0.4 nm) and reduced in the lower part of the first

2. Experimental
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The details of the HRBS measurement were described
elsewhere [1]. We used 400 keV He+ as a primary ion.
The surface of ionic liquid was prepared by rotating wheel
system installed in an ultrahigh vacuum (UHV) chamber.
This system continuously provides a fresh surface which
allows damage free measurements [2]. The primary He+
ions were incident on this flesh surface. The He+ ions
scattered from the ionic liquid surfaces at about 50° were
energy analyzed by a magnetic spectrometer and detected
by a position sensitive detector.
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3. Results and discussion
3.1 Surface structures of neat ionic liquids
Figure 1 shows molecular structures of a typical ionic
liquid,1-butyl-3-methylimidazolium bis[(trifluoromethyl)
sulfonyl]imide ([C4C1Im][Tf2N]), Figure 2 shows
composition depth profiles of [C4C1Im][Tf2N] observed
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Figure2:
Composition depth profiles of [C4C1Im][Tf2N]
observed using HRBS (histograms). The solid and dashed
lines show the results of MD simulations (see text).
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3.1 Surface structures of mixtures of ionic liquids
Figure 3 shows observed composition depth profiles of
equimolar mixture of 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C2C1Im][Tf2N]) and 1ethy-3-methylimidazolium tetrafluoroborate ([C2C1Im]
[BF4]). The composition of the first molecular layer was
estimated to be S1.4F5.0O2.7N2.6C7.1B0.2H10.1 by integrating
the profiles in the first molecular layer (from 0 to 0.596
atoms/cm2).
The obtained surface composition
significantly deviates from the stoichiometric
composition S1F5O2N2.5C7B0.5H11. Sulfur and oxygen
concentrations are enhanced by 35 – 40%. Because these
elements are representatives of [Tf2N], this indicates
surface enrichment of [Tf2N] over [BF4]. Figure 3 also
presents the result of MD simulation (solid curves). The
MD simulation shows that sulfur and oxygen are
enhanced in the first molecular layer, indicating surface
enrichment of [Tf2N] as was observed by HRBS. The
enrichment is, however, much smaller than the observed
one. It should be noted that the MD simulation reproduce

DEPTH (nm)
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2

3

30

[C2C1Im][Tf2N]0.5[BF4]0.5

CONCENTRATION (at.%)

molecular layer. The carbon profile is slightly enhanced
in the upper part of the first molecular layer. On the other
hand, the oxygen, nitrogen and sulfur concentrations are
reduced in the upper part of the first molecular layer and
have a broad peak in the lower part of the first molecular
layer. These results indicate that [Tf2N] anions are
oriented with their CF3 groups pointing toward the
vacuum and [C4C1Im] cations are also oriented with their
butyl chain toward the vacuum. Figure 2 also shows the
result of MD simulation (dashed curves). The agreement
with the HRBS result is roughly good but simulation
profiles show more pronounced structures, suggesting
that the surface is not atomically flat. If the surface
roughness caused by the so-called capillary waves is
included, the simulation results are slightly changed as is
shown by solid curves. The agreement with the HRBS
results is now extremely good, indicating that the state-ofthe-art MD simulation is a reliable method to investigate
surface structures of ionic liquids.

C
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Figure 3: Composition depth profiles for equimolar
mixture of [C2C1Im][Tf2N] and [C2C1Im][BF4] observed
using HRBS (histograms). The solid lines show the result
of MD simulations.
the observed composition depth profiles of neat ionic
liquids, both [C2C1Im][Tf2N] and [C2C1Im] [BF4], very
well. To reduce the discrepancy between the MD
simulation and HRBS measurements of the mixture, a
refinment of the force field describing the interactions
between [C2C1Im], [Tf2N] and [BF4], most likely a
refinment of the partial charges to better mimic the anions
to cation charge transfer and many-body effects, may be
required. In the workshop, the results of other ionic liquid
mixtures will be presented.
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Abstract:

Tungsten

(W)

is

a

promising

range. Above results indicate a great dependence

plasma-facing material (PFM) in fusion reactors

of H behavior on the implantation conditions,

and could suffer from high flux hydrogen ions

including the fluences and damage level. After

(H ) irradiation. The retention and diffusion of H

annealed to 600 C, the H depth profile in all

in tungsten are therefore extensively studied.

samples descended to near background level.

Time-of-flight secondary ion mass spectrometry

However, some H atoms are still retained in the

(ToF-SIMS) has great potential in relevant

near surface around the implanted range. The

research because of its high depth resolution and

mechanisms can be described by the different

high sensitivity. In this study, H depth profiles in

trapping sites created during the H+ ions

H+ implanted-tungsten were investigated using a

implantation. On the other hand, blisters are

ToF-SIMS 5 (IONTOF, Germany). Scanning

observed on the H+ implanted samples by SEM.

Electron Microscopy (SEM) and Transmission

With higher fluence, more blisters with larger

Electron Microscopy (TEM) were also used for

size could be found. TEM results indicate the H

surface and cross sectional observation. A H

distributions are related to the damaged areas.

distribution of ~200 nm is obtained in a 6 keV

However, it is difficult to get more information

+

H

+

implanted W sample with a fluence of
19

+

2

1.6×10 H /cm . While the fluence is increased
to 1×10

20

+

2

such as the properties of the trapping sites. The
high resolution H depth profiles obtained by

H /cm , the H depth-profile extended

ToF-SIMS provided essential information for

to ~1 μm. In addition, 6 keV H+ ions were

this study. ToF-SIMS is a powerful tool for study

implanted to 1.6×1019 H+/cm2 in another sample,

of depth profiling of elements in materials.

+

which is pre-damaged by 8 MeV Au ions (~0.7
dpa), the depth profile shows a H distribution till
to ~1.5 μm, which corresponds well to the Au+

Keywords: ToF-SIMS, Hydrogen, Tungsten,
Depth profiling.
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High sensitivity HERDA and ambient NRA for hydrogen observation
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The recent progress of hydrogen analysis in solid
in our group is introduced. Two topics are picked up
here: (1) the effort and achievement of high sensitivity
HERDA (high-resolution elastic recoil detection
analysis) and (2) the development of NRA (nuclear
reaction analysis) with 1H(15N, )12C in the ambient
condition.
At first we installed HERDA system at the beam
line of 1 MV Tandetron in UTTAC (Univ. of Tsukuba,
Tandem Accelerator Complex) under the instruction by
K. Kimura [1,2]. In this most conventional HERDA
system, a MCP (micro channel plate) is used as the PSD
(position sensitive detector). In this case, the dark current
in the MCP is crucial to make the detection limit of
hydrogen worse. In the second type of HERDA system,
we introduced the double MCP and coincidence
detection to remove the dark current as noises. While
this system was originally developed to observe the
dilute B (boron) by the group of Kimura [3], we
successfully improved the detection limit also of
hydrogen. As the third version of HERDA, we tried to
use PIPS (passivated implanted planer silicon-detector)
by Canberra and also 16 channels strip PIPS as PSD. A
16 channels preamplifier set [4] and dToT (dynamic time
over threshold) system suitable to the strip PIPS are also
tested [5]. The most remarkable point in usage of the
PIPS as PSD is that it can distinguish the stray particles
(or particles non-interesting) from the signals as well as
the dark current noise (see fig. 1). The current status of
the detection limit of hydrogen in our system is
7.98×1019 at./cm3 with the data acquisition time of 149 s.
NRA by means of ~6.4 MeV 15N is commonly
used for the hydrogen observation. We applied the good
characteristics of NRA, high energy and simple setup, to
the in-situ observation of hydrogen uptake into the multilayer hydrogen storage target [6]. The focused 15N beam
was extracted to the target cell via the SiN membrane [7],
which was filled by H2 gas with various pressures: 10,
50, 100 and 500 Pa. The hydrogen depth profiles were
taken by sweeping the 15N beam energy at four different
gas pressures. The results directly supported the previous
report [6], which indirectly implied that the Mg layer
near the substrate is hydrogenated at first and then the
Mg layer near the surface absorbs the hydrogen. Our
results successfully determined the absolute hydrogen
quantity in each layer.

a-C:H
vacuum
stray particles
dark current

Figure 1: HERDA spectra taken on a-C:H (hydrogenated
amorphous carbon) film with and without beam.

Figure 2: Hydrogen uptake curve monitored by
transparency as the function of H2 pressure (cited from
Ref [6]).
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Scanning Helium Atom Microscopy: Imaging with a Deft Touch
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Delicate structures (such as biological samples, organic
films for polymer electronics and adsorbate layers) suffer
degradation under the energetic probes of traditional
microscopies. Furthermore, the charged nature of these
probes presents difficulties when imaging with electric or
magnetic fields, or for insulating materials where the
addition of a conductive coating is not desirable. Scanning
helium microscopy is able to image such structures
completely non-destructively by taking advantage of a
neutral helium beam as a chemically, electrically, and
magnetically inert probe of the sample surface. Here, we
present scanning helium micrographs demonstrating
image contrast arising from a range of mechanisms
including, for the first time, chemical contrast observed
from a series of metal-semiconductor interfaces [1]. The
ability of neutral helium microscopy to distinguish
between materials without the risk of damage makes it
ideal for investigating a wide range of systems.
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High Resolution in 3 dimensions - TOF SIMS in the Helium Ion Microscope
Nico Klingner, René Heller, Gregor Hlawacek, Johannes von Borany and Stefan Facsko
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Ongoing miniaturization in semiconductor industry,
nanotechnology and life science requirement further improvements for high-resolution imaging, fabrication and
analysis of the produced nanostructures. Continuously
shrinking object dimensions lead to an enhanced demand
on spatial resolution and surface sensitivity of modern
analysis techniques. Secondary ion mass spectrometry
(SIMS), as one of the most powerful techniques for
surface analysis, performed on the nanometer scale may
comply with this demands. The direct determination of
the sputtered ions mass provides elemental and molecular
information and even allows to measure isotope concentrations.

Figure 1: Ion optical computer simulation of the secondary ion extraction nozzle using IBSimu [3].

maps of the specimen surface (see figure 2). New results,
During the last decades, primary ion species used in SIMS
have been optimized in terms of best ionization probabilities and less molecular fragmentation. Thereby, highest
mass-resolution has been one of the biggest design goals
in the development of new SIMS spectrometers. In contrast to former developments, our approach aims for ultimate lateral resolution.
In recent years helium ion microscopy has been developed
as a valuable tool for nanofabrication and high-resolution
imaging. Helium ion microscopy (HIM) utilizes a gas
field ion source to form a helium or neon ion beam with
a diameter of less than 0.5 nm and 1.8 nm, respectively.
This is not only possible for conducting but also for
insulating samples without the need for a conductive
coating. However, the existing tools suffer from the lack
of a well integrated analytic method that can enrich the
highly detailed morphological images with materials
contrast. While the technology is relatively young several
efforts have been made to add such an analytic capability.
Past and ongoing activities of various labs for in situ
analysis will be summarized.
Recently, we implemented time-of-flight (TOF) spectrometry to measure the energy of backscattered particles, the
mass of sputtered ions [1, 2]. In future activities we intent to determine the energy loss of transmitted particles
as well. Based on the findings obtained with this first approachof integrating a TOF SIMS setup, a dedicated extraction optics for secondary ions has been designed and
tested (see figure 1). The focus of this presentation will be
on the technical realization of the significantly improved
setup. The setup can be operated in spot mode to obtain
local mass spectra or in imaging mode to obtain element

Figure 2: Secondary ion image of a rock salt crystal on
silicon substrate.
drawbacks and derived conclusions for the practical use
of this promising technique will be presented [4]. We will
reveal that SIMS can be performed with unprecedented
lateral resolutions.
First experiments revealed a very high relative transmission which is crucial to collect enough signal from
nanoparticles prior to their complete removal by ion sputtering. For m/q ≤ 80 u a mass resolution of ∆m ≤ 0.3 u
has been achieved. This is sufficient for many life science applications that rely on the isotope identification
of light elements (e.g.: C, N). The lateral resolution of
8 nm has been evaluated using the knife edge method and
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a 75 %/25 % criterion and represents a world record for
spatially resolved secondary ion mass spectrometry. The

Figure 3: Secondary ion image of the Ne ion beam milled
letters HZDR. The contrast arises as the NaCl has been
partially removed by the Ne milling.

results will be compared to the theoretical limit of achievable lateral and depth resolution and the experimental and
physical constraints of this approach will be reviewed.
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1. Introduction
Germanium (Ge) is a promising candidate for replacing
silicon (Si) as p-channel material in metal-oxidesemiconductor field effect transistors (MOSFET) owing
to its high hole mobility. However, the lack of a stable
passivation layer for Ge surface hinders the development
of such technology. Unlike silicon dioxide (SiO2),
germanium dioxide (GeO2) is water-soluble and also
thermally unstable at temperatures usually employed
during device processing. This instability is due to the
interfacial reaction GeO2+Ge→2GeO that occurs at
temperatures greater than 400 °C. Oxygen vacancies
generated at the GeO2/Ge interface diffuse through the
oxide toward the surface, where they promote GeO
desorption, leading to the deterioration of the device’s
electrical properties1. The instability of the GeO2/Ge
interface also interferes with the development of devices
based on high-k metal oxide/Ge gate stacks, since a
GeOx interlayer can be formed during high-k deposition
and subsequent thermal treatments.
Several strategies have been employed to increase the
stability of GeO2/Ge structures. Lu and co-workers2 have
demonstrated that water resistance and thermal stability
can be significantly enhanced by doping the oxide with
hafnium and other metals. Another method commonly
used to improve thermal stability is the incorporation of
nitrogen into GeO2. In the latter case, the formation of a
thin layer of oxynitride on the top of Ge is followed by
the deposition of a high dielectric constant material
(HfO2, for example). The resulting stack can be further
annealed in order to heal defects formed during the
deposition process. Postdeposition annealing (PDA) in
oxygen is commonly used for this purpose. This
annealing can be at the same time beneficial (passivating
electrically active defects) and/or deleterious (forming a
low dielectric interfacial layer, lowering the overall
capacitance of the stack). Thus, tailoring these effects is
mandatory to modify conveniently the physicochemical
and, consequently, electrical properties of the resulting
structure.
In view of this scenario, the knowledge of the
mechanisms underlying oxygen transport through the
stacks prepared on Ge substrates is vital. Moreover, the
role played by the passivation agents of GeO2 is also
important. In this presentation, it will be demonstrated
the use of isotopically enriched gases in conjunction with
nuclear reaction profiling techniques to tackle such
issues.

2. Results
2.1 Stabilization of the GeO2/Ge interface by NO
oxynitridation3
We investigated the incorporation of nitrogen in
germanium oxide and its role in the improved stability of
the resulting dielectric layer. GeOxNy films were
produced in a one-step process by direct thermal
oxynitridation of the Ge surface using nitric oxide gas
(NO). Incorporation of a relatively low nitrogen
concentration into the oxide led to significant
enhancement of the thermal stability of GeO2/Ge
structures.
Oxynitridation was performed in a conventional
resistively heated furnace, using NO gas at different
temperatures. To compare the stability of the resulting
GeOxNy films with the stability of thermally grown
GeO2, oxidations in O2 were also accomplished. The NO
gas was enriched to 98% in the 15N rare isotope (15N16O).
This allows us to quantify nitrogen content and
determine its distribution in the GeOxN y film using
nuclear reactions. 15N concentration profiles were
obtained by nuclear reaction profiling (NRP) using the
resonance at 429 keV of the cross sectional curve of
15
N(p,γα)12C nuclear reaction. 18O concentration profiles
were obtained using the resonance at 151 keV of the
18
O(p,α)15N nuclear reaction.
Excitation curves of 18O(p,α)15N and 15N(p,γα)12C
nuclear reactions are shown in Fig. 1. These curves were
obtained from GeO2 and GeOx15Ny films thermally
grown on Ge and subsequently exposed to oxygen
enriched to 97% in the 18O rare isotope (18O2). Analyzing
these curves, the deeper 18O incorporation in the sample
without nitrogen is clearly observed in comparison with
the nitrided counterpart. Moreover, after reoxidation, the
film maintained 70% of its original nitrogen content. The
remaining 15N atoms migrated toward the interface, most
likely occupying newly created oxygen vacancies. These
results evidence that despite different mobilities of N and
O, the latter is indeed mobile inside the oxynitride during
thermal treatments. This data in conjunction with other
experiments evidenced that the lower mobility of N
results in the blockage of vacancy diffusion paths inside
GeO2. This reduced vacancy diffusivity leads to a greater
thermal stability and oxidation resistance of the overall
oxynitride lattice in comparison with pure oxide.

9th International Workshop on High-Resolution Depth Profiling
Uppsala University, June 25 – 29, 2018 - Sweden

contribute significantly to Ge oxidation since HfO2
constitutes a diffusion barrier for this species. Annealing
of HfO2/Ge samples in O2 promotes oxygen exchange
within HfO2 without significant substrate oxidation since
the amount of O that reaches Ge is a function of the
available sites in HfO2 for O2 dissociation. On the other
hand, Pt overlayer supplies atomic oxygen to HfO2,
raising the concentration of this species beyond that
obtained with bare HfO2 for a given temperature.
Consequently, there is a higher O concentration at the
HfO2/Ge interface. This result evidences the higher
supply of oxygenic species provided by Pt which diffuse
through HfO2, oxidizing the Ge substrate.

Alpha yield (a.u.)

HfO2/Ge

Figure 1: (Upper part) Experimental excitation curves of
the the 18O(p,α)15N nuclear reaction for Ge16O2/Ge and
Ge16Ox15Ny/Ge samples submitted to annealing in 18O2.
The excitation curve of a Ge18O2 sample grown in 18O2 is
shown for comparison. Dashed line indicates the energy
corresponding to the surface. (Lower part) Experimental
excitation curves of 15N(p,γα)12C reaction of the
Ge16Ox15Ny sample obtained before and after thermal
treatment in 18O2.
2.2 Oxygen transport and incorporation in
Pt/HfO2/Ge stacks4
O incorporation in Pt/HfO2/Ge stacks was investigated
aiming at understanding the role of the Pt layer in the
physicochemical modifications of this structure
following PDA in O2. The oxygen reactivity with Ge and
the stability of the formed oxide are different from those
of Si (used as a base of comparison), which certainly
influence oxygen incorporation in such structures. PDAs
were performed with 18O2. Depth profiling of this isotope
with subnanometric depth resolution enabled the
identification of incorporation sites and transport
mechanisms.
Fig. 2 shows excitation curves of the 18O(p,α)15N nuclear
reactions obtained from HfO2/Ge samples with and
without Pt overlayers. 18O profiles of samples without Pt
are superposable. Pt-covered samples presented a strong
time influence: the longer the time, the higher the 18O
incorporation.
These observation in conjunction with complementary
experiments evidenced that oxygen incorporation in
Pt/HfO2/Ge stacks is governed by the amount of atomic
oxygen supplied by the Pt layer which diffuses through
HfO2 and reacts with Ge. Molecular oxygen does not

15 min
2h

Pt
5 nm

150

152

Pt/HfO2/Ge

154

156

Proton Energy (keV)
Figure 2: Experimental excitation curves of the
18
O(p,α)15N nuclear reaction for HfO2 films deposited on
Ge covered or not by a Pt layer. Samples were submitted
to annealing in 18O2 for 15 min (solid circles) and 2 h
(open circles) at 450 °C. a.u. stands for arbitrary units.

3. Conclusions
The potentialities of the combined use of nuclear
reaction profiling and isotopic tracing are demonstrated
in the case of atomic transport within nanometric films.
The nanometric depth resolution of such techniques in
conjunction with the isotopic selectivity of nuclear
reactions enabled the investigation of specific steps of
nanometric films growth and processing, evidencing the
complex interplay between materials. Such knowledge is
fundamental to a precise control of the functionalities of
many electronic devices.
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To extract chemical compositions and layer
thicknesses of layered samples from back scattering
spectra experimentalists usually have to take the
following approach: Simulation of a theoretical spectrum
for an initial target configuration and comparison to the
measured data followed by the successive re-adjustment
of the target model iteratively, until simulation result and
experimental spectrum fit together. For multi-layer
samples this procedure can get rather time consuming,
especially when a series of similar samples with varying
layer thickness and/or stoichiometry has to be analyzed.
Although modern IBA spectrum simulation
software like SimNRA[1] or WINDF[2] have become
quite powerful and handy tools, the analysis of the spectra
consumes still a significant fraction of an IBA scientist’s
working time. SimNRA offers therefore the opportunity
to partially fit layer thicknesses and/or elemental ratios for
a given layer within a certain region of a spectrum.
WINDF goes a step further and implements an automated
spectrum fitting based on a simulated annealing
algorithm. However, it takes the user quite some time to
set up the boundary conditions and fit parameters until the
actual fit procedure can be initiated. Furthermore, the
outcome of the fit procedure in some cases contains nonphysical artifacts and requires multiple re-adjustments of
the boundary conditions / fit parameters.
An approach that came up in the past (and is still
being applied for particular tasks) is the application of
artificial neural networks (ANN) to derive sample
information from IBA spectra [3,4]. In a nut-shell this
method basically trains an algorithm how the shape of a
spectrum is correlated to the sample’s target model
without introducing any physics (numerical calculations)
to the code. Therefore, the ANN is fed with many
(typically several 10 thousand) training spectra with a
known target model. After this training procedure (which
can be quite time consuming) the ANN spits out the target
model of any unknown spectra in almost zero time.
However, the spectra must be of the same type as all the
training spectra since an ANN can only interpolate and
not extrapolate, which is for sure one of the mayor
drawbacks of this approach. However, all these efforts are
justified in some special scenarios e.g. if a large series of
spectra of similar type has to be evaluated.

In this contribution, we present a new approach of
automated IBA spectra fitting applying an evolutionary
algorithm (EA). We show that EA is well suited and
robust for complete and fast IBA spectrum fitting with
minimum input of boundary conditions. The benefits of
this algorithm and the particular differences to simulated
annealing and ANN are pointed out. Special emphasis is
put on the adoption of this algorithm to the analysis of
MEIS spectra, since there is a couple of differences to
classical IBA methods that needs to be considered.
Based on this algorithm a platform independent
software package has been developed that comprises a
clean and easy-to-use graphical user interface. We will
introduce this software in a basic overview.

Figure 1: Experimental spectrum (red dots) and GA
simulation result (blue line) of a 60 nm Sr 0.15Co0.3O0.55
layer on SrTiO3 after just 96 evolution steps (resp. 2880
single spectrum simulations). Green, yellow, light blue
and purple lines represent the contributions of the
particular elements.
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1. Introduction
In this work, we present the recent developments of a
Monte Carlo algorithm for simulations of electron and
ion beam interaction with matter. Its main feature is the
use of 3D voxel matrices, where complex nanostructures
or distributions of nanoparticles may be considered. The
implementation of a connection trajectory algorithm
allows for fast simulations of multiple-scattering effects
in ion beam techniques, such as Medium Energy Ion
Scattering (MEIS).
One way to simulate multiple scattering is to start from
outside the sample and only accept trajectories that after
many collisions leave the surface into the detector
direction. This method demands great computational
effort due to its wastefulness – only a small fraction of
the simulated trajectories is counted as events.
Alternatively, here a Connected Trajectories approach
was used: many trajectories are constructed and then
later connected and weighted. Incoming and outgoing
trajectories are simulated by starting with the projectile
following the beam and detector directions, respectively.
The position, energy and path traveled by the particle are
stored in each voxel it crosses during a trajectory. After
filling the matrix with incoming and outgoing
projectiles, connections are created by randomly
selecting pairs of saved trajectories. The scattering cross
section weights each connection contribution, thus
integrating the differential Cross Section by Monte
Carlo. In order to expand the software capabilities,
simulations considering electron projectiles were
explored.

necessary to obtain information about the target structure
and composition [3]. For 40 keV electrons, this
correspond to a maximum energy loss of only a few eVs.
Although small, this energy loss is large when compared
to the energy resolution of a few 100’s meV, commonly
obtained in high-energy electron spectroscopy.
2.1 Inelastic scattering
A careful analysis of the high electron energy loss region
may provide information on the electronic structure of
the sample, since the inelastic energy-loss structure
carries a fingerprint of the material dielectric function
(DF). Hence, after defining a DF model such as
Lindhard or Mermin, one can analyze the plasmon
excitations observed at ERBS (REELS) spectrum.

2. Electron RBS
Electron Rutherford Backscattering Spectrometry
(Electron RBS or ERBS) is a technique that uses high
energy electrons to probe the near surface layer of the
irradiated material. Similarly to RBS, this is achieved by
analyzing the recoil energy transferred from the electron
to a nucleus in a large-angle deflection [1, 2]. The main
difficulty faced when using electrons as projectiles, is
the extremely small recoil energies electrons transfer to
target atoms. Resolving the transferred energy value is

Figure 1. ERBS spectra of scattered electrons with
energies of 5 and 40 keV on Al.
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When considering both the elastic and inelastic
scattering events, one can simulate both the ERBS
elastic peak and the RHEELS spectrum structure.

3. Oxygen self-diffusion in TiO2
Both electron and ion techniques were employed on the
study of oxygen auto-diffusion in TiO2. The material has
been extensively used in memristor devices [4] and is a
well-studied system within ReRAMs (resistive random
access memories).
Oxygen self-diffusion measurements were performed in
samples composed by arranges of two TiO 2 layers, one
of which was enriched with the 18 mass oxygen isotope.
Induced by thermal treatments, the 16 and 18 isotopes of
oxygen were mixed in between the two layers.
Assuming a simple diffusion model, we were able to
obtain diffusion profiles by comparing the oxygen
isotopes relative peak intensities in the ERBS measured
spectra. Then, from the logarithmic behavior of the
diffusion coefficients one can obtain an activation
energy of 1.05 eV for oxygen self-diffusion in our
samples [5].
The diffusion regularity was also studied by thermally
treating samples for different times (5-100 min.) at a
fixed temperature (650°C). The Arrhenius plot of
diffusion length versus time exhibits two regions,
suggesting that different diffusion mechanisms are
involved.

Figure 3. PowerInteractions Server architecture.

4. Cloud computing
In order to facilitate the access to our software, we have
developed a cloud computing platform powered by the
PowerInteractions algorithm. The service provides for
users worldwide the possibility to make simulations and
analyze spectra through any modern web browser. At
the moment, it is possible to run simulations of ion beam
techniques, such as RBS, MEIS, NRA/P, and electron
beam techniques, such as ERBS and RHEELS.
The TARS server currently hosts the platform, operating
from the IF-UFRGS’s computer cluster. It may be
accessed at: http://tars.if.ufrgs.br .
This work was financially supported by the
Brazilian agencies CAPES and CNPq.
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Figure 2. On the top, RBS spectrum of 2 MeV +H
impinging on Ti18O2 / Ti16O2 atop Si substrate (Set A).
On the bottom, oxygen peak region in detail.
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1. Introduction
With the development of highly sensitive LEIS setups, the
potential for quantitative surface composition analysis has
further increased to permit analysis of surface
components of low atomic numbers, like oxygen.

+
deviation). Information on the ion fractions 𝑃𝑂+ , 𝑃𝑇𝑎,𝑜𝑥𝑖𝑑𝑒
+
and , 𝑃𝑇𝑎,𝑚𝑒𝑡𝑎𝑙 can be deduced from the measured ion
yields when the surface densities of Ta and O are known
in “A” and “B”.
+

3 keV He  Ta + O2

2. Experiment

3. Results and discussion
As a main result, in all setups a linear dependence was
+
observed for 𝑌𝑂+ (𝑌𝑇𝑎
), as shown in fig. 1.
In this figure, point “A” corresponds to clean Ta metal,
“B” corresponds to tantalum oxide. When the surface is
fully covered with oxide, at further exposure different
oxide structures may be formed and the oxide will extend
to sub-surface layers. The solid line between “A” and “B”
may serve to calibrate the surface composition (Ta metal
versus tantalum oxide) without any further knowledge.
In fig. 1 the data points from different labs (open symbols)
were normalized in “A” in order to eliminate the influence
of different experimental parameters, detector efficiencies
or different ways to evaluate the surface peaks (full
symbols). Note that the normalized data points obtained
in different labs scatter by no more than 5 % (standard
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To investigate to which accuracy surface composition of
a binary surface can be quantified a round robin has been
started involving four labs (MESA+, CEITEC, ION-TOF,
and JKU). In three labs a double toroidal analyzer of large
solid angle (Qtac 100 [1]) was used, in addition to one
setup with a cylindrical mirror analyzer (MINI-MOBIS,
[2]) at JKU.
As a test case, surface oxidation of tantalum was studied
using He ions of 2, 3 or 5 keV, respectively. First, a
polycrystalline Ta surface was prepared by sputter –
annealing cycles, using 3 keV Ne or Ar ions. Then, Ta
was exposed to O2 in small exposure steps with
measurement of LEIS spectra in-between. This procedure
was repeated until a total exposure of ~ 20 Langmuirs was
reached, when no further changes in the signals from O
and Ta were observed. The relative coverages of oxide
and metal were evaluated from the yields of ions
+
backscattered from O and Ta, 𝑌𝑂+ and 𝑌𝑇𝑎
, respectively.
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Figure 1: yield of ions backscattered from O, 𝑌𝑂+ , as a
+
function of the yield of ions backscattered from Ta, 𝑌𝑇𝑎
,
for 3 keV He+ as primary particles and an originally clean
Ta surface, during surface oxidation.
Finally, we discuss how the LEIS signal evolves as a
function of time after the surface oxide has reach a
thickness exceeds the information depth of LEIS. In ideal
vacuum the signals would stay constant or change only if
the atom positions in the surface are rearranged to achieve
lower surface energy. Non-ideal vacuum conditions will
lead to adsorption of residual gas at the surface, during
and after exposure to O2. In case adsorption probabilities
would be the same at oxygen and tantalum sites, the data
points would follow the dashed line.
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The continued downscaling of micro- and nano-electronic
devices is pursued with the introduction of novel materials
(e.g. III-V compounds) frequently incorporated in
confined volumes like FinFETs. It is found that the
composition in the confined nanostructures may deviate
from the planar counterpart and as a function of the
nanostructure width, ascribed to the loading effect [1] or
to effects on the equilibrium vapor pressure and diffusion
mechanisms [2]. In addition to the technology to grow the
confined nanostructures, one also needs proper
characterization methods to provide feedbacks on process
steps.
Although Rutherford backscattering spectrometry (RBS)
is well known for the compositional analysis of blanket
layers, attempts to characterize with RBS embedded
nanoparticles remain strongly dependent on the particles
shape [3]. We performed Rutherford backscattering
measurements using a 1.5 MeV He+ beam of 0.4 x 0.4
mm2 on an ensemble of over 2000 InGaAs fins, which
were fabricated by selective epitaxial growth into a
shallow trench isolation matrix with periodic trenches
ranging from 16 nm up to 50 nm width. The InGaAs fins
are 150 nm in height.
The following features were exploited to reach a
quantitative interpretation of the RBS spectra. The signals
in the RBS spectrum from the materials of the fins appear
isolated from the signal of the surrounding matrix (Si,
SiO2). The intensity of the signal for the elements of the
fins is proportional to the volume fraction of the fins and
their relative ratio. Thirdly, the energy dependence of the
In, Ga and As signals carries information about their depth
in the fins allowing us to construct the elemental depth
profile of the constituents. Finally, as the geometrical
shape of the fins (width, trapezoidal shape, pitch) has an
impact on the RBS spectrum, it needs to be integrated into
the data analysis. Depending on where the He ion impacts
on the structure, it encounters different materials and
layers along its incoming and outgoing path. We used
transmission electron microscopy (TEM) to obtain the
shape information, and we used the StructNRA program
[4] performing numerous Monte Carlo simulations for all
possible positions and ion trajectories to reconstruct the

RBS spectrum for a given ensemble of InGaAs fins. With
this approach, we have been able to model the features of
the RBS spectra and we could extract the indium
concentration as a function of depth. The results indicate
that depending on fin width (from 16 nm to 50 nm) the
concentration varies in agreement with observations made
with TEM and energy-dispersive X-ray spectroscopy. A
depth-wise sensitivity analysis of the data shows that a fin
width variation of less than 1 nm can be detected.
With this work, we demonstrate that by ensemble
measurements one can perform very sensitive Rutherford
backscattering spectrometry on nanostructures with
dimensions beyond any beam resolution obtainable.
Moreover, the use of a large beam on multiple structures
offers a distinct advantage in terms of statistics avoiding
erratic data. The approach is generalizable to
nanostructures of any complex shape, it may be used to
study the physics underlying the growth mechanisms in
confined volumes of different widths, and as a time
efficient tool for the compositional analysis of fins with
relevant statistics for process control.
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Introduction

The conventional ion beam implantation is a wellestablished process to build source and drain junctions
in planar devices. However, for non-planar devices, this
process presents some limitations as damage and nonuniformity doping distribution. In order to overcome these
limitations the Plasma Immersion Ion Implantation (PIII)
has been proposed as a doping technique. PIII may perform 3D structures doping without any linear translation
and rotations to achieve all structure sides. It can be performed in a short time, even for high fluence, and can provide low energy implantation [2].
Nowadays, the conventional planar CMOS devices are being replaced by the multiple gate and FinFET devices due
to their excellent short-channel-effect immunity. Since
these devices present a non-planar structure, the PIII is
a promising technique to dope such structures. Nonetheless, the doping profile from the PIII process is very different from the conventional ion beam implantation. The
main reason for that is the absence of a mass selection and
the plasma environment. Since we cannot select a specific
mass, a mix of compounds and neutral species can be deposited on the substrate surface [1, 2]. Usually, a Faraday detector is placed close to the wafer to measure the
total charge deposited. However, this measurement cannot express the deposited fluence once we are selecting all
charged compounds [4].
A combination of techniques has been used to quantify
the deposited ions in these devices like Secondary Ion
Mass Spectroscopy (SIMS), Scanning Transmission Electron Microscopy (STEM), among others [3]. However,
these techniques have some drawbacks as they require a
specific sample preparation and can induce sample degradation.
In this work, we investigate 3D fins structures, doped with
arsenic by the PIII technique as in FinFETs transistors.
For this sake, we have used the medium energy ion scattering (MEIS) technique. MEIS is an ion beam characterization technique capable to determine with sub-nm depth
resolution elemental composition and concentration-depth
profiles in thin films. Recently, the MEIS technique was
used as an additional tool for the characterization of shape,
composition, size distribution and stoichiometry from sur-

face located nanoparticles (NPs) systems. The MEIS technique is unique for determining the elemental depth profiling in the NPs, which is hardly achieved by any other analytical technique. More than that, it is a non-destructive
technique that doe not require sample preparation [5].

2

Experimental procedure

MEIS measurements were carried out at the Ion Implantation Laboratory of the Federal University of Rio Grande
do Sul (UFRGS). A 500 keV electrostatic accelerator
provided an incident beam of H+ with nominal energy
of 200 keV. A sample with the fins structures, like that
used in FinFET transistors, was produced and doped via
PIII in the laboratoire d’électronique des technologies de
l’information (CEA-LETI) in Grenoble/France. This sample was mounted in an 3-axis goniometer that allowed to
perform measurements with exit ions path along (ϕ = 0◦ )
and crossing (ϕ = 90◦ ) the fins, as shown in Figure 1. In
addition we performed Scanning Transmission Electron
Microscopy with Energy Dispersive X-ray (STEM-EDX)
and Atomic Force Microscopy (AFM) measurements in
order to cross check the MEIS results. The analysis of
MEIS spectrum was performed through the software PowerMEIS (available online at http:/tars.if.ufrgs.br) that allows for the simulation of 3D structures.

Figure 1: Illustration of the fins structures to show its parameters : height (Hf in ), width (Wf in ) and spacing between fins (pitch). The figure also illustrates the exit ion
path along (ϕ = 0◦ ) and crossing (ϕ = 90◦ ) the fins structures.
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3

Results

The analysis with MEIS allowed us to obtain the arsenic
distribution along the fin structure (top, bottom and side).
Moreover, it was possible to determine the height (Hf in )
and width (Wf in ) of the fins and the spacing between
them (pitch). The Figure 2 shows the experimental and
the best simulated 2D MEIS spectrum. The procedure to
determine the best As profile and the fin parameters relies
on the concomitant analyses of 1-D MEIS spectra for different angular regions, typically three scattering angles as
shown in Figure 3 as for the two geometries depicted in
Figure 1.

Figure 3: MEIS spectra along (left) and crossing (right),
integrated at different angular regions: (Top) 108–112◦ ;
(Middle) 118–122◦ ; and (Bottom) 128–132◦ .

References

Figure 2: Experimental (left) and simulated (right) MEIS
spectrum obtained with an incident 200 keV H+ ions collected considering the exit path along (right) and crossing
(left) the fins structures. These so-called 2D MEIS maps
presents the backscattered ion energy and scattering angle.
The color maps represents the backscattering ion intensity
(arbitrary units).

4

Conclusion

In this work we demonstrated the capability of the MEIS
technique to characterize FinFETs transistor. Besides
the fins parameters (Hf in , Wf in and pitch), which are
responsible for strong oscillations observed in the 1-D
and 2-D MEIS spectrum, the determination of the As
profile along the top, bottom and side of the Fins is
the most promising result. It opens new perspectives
for the use of ion scattering in microelectronic technology.
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1. Introduction
Medium energy ion beam analysis has attained true,
three dimensional nanoscale capabilities with the advent
of the Zeiss Helium Ion Microscope (HIM). The
instrument produces a 30 KeV He ion beam with a beam
spot of ~0.5 nm, useful for ion beam materials analysis
in several modes - imaging, for surface morphology, and
backscattering, for elemental analysis on the nanoscale
in all three dimensions. An additional application is
nano-scale modification and writing of small structures
using the beam, exemplified below in ion based
lithography. Finally, the HIM has been modified in our
laboratory to enable elemental analysis.
2. Novel imaging applications

The HIM imaging mode makes use of fundamental ionsolid interaction concepts such as secondary electron
emission and reduced multiple scattering to produce
remarkable morphology images of surface structures. A
particularly fruitful aspect of the ion-solid interaction is
the large secondary electron yields associated with the
ion impact, yielding enhanced sensitivity. The charging
mechanism associated with the ion-electron process
allows imaging of insulators and bio structures, without
the standard SEM requirement of a conducting coating
layer. In our work this has allowed imaging of coral
structures of importance for the impact of sea
acidification and warming [1] and of bio tissues
illustrating the reconstruction of damaged tissue by
exploratory drugs [2].
3. Helium Ion Based Lithography
Extreme ultraviolet (EUV) lithography is expected to
replace current photolithographic methods because of
improved resolution due to the shorter wavelength. The
atomic photon absorption cross section is a central factor
in determining the optimal base photoresist chemistry.
Tin is a particularly strong absorber for EUV photons. βNaSn13([NaO4(BuSn)12(OH)3(O)9(OCH3)12(Sn(H2O)2)]),
is one of the organo-tin oxo compounds which is being
studied using helium ion beam lithography (HIBL) to
demonstrate the patterning performance. High aspect
ratio (15:1) and dense line patterns (20 half pitch) have
been achieved with no defects. Thinner films yielded
even smaller feature sizes (linewidths of ~ 10 nm) but
require higher ion dose to get continuous solid line
patterns, probably due to fewer molecules available for
condensation. Studies on various substrates indicate that

the high Z substrates can help improve the pattern
performance at low doses. We compare these results to
the early simulations of Ishitani and co-workers [3,4] to
address a number of fundamental questions concerning
the ultimate imaging and exposure capabilities of the
HIM.
4. Elemental analysis
The Rutgers HIM also employs a time of flight (ToF)
spectrometer for RBS-like analysis with nano-scale
lateral resolution. ToF is enabled by measuring the time
difference between the emission of the secondary
electrons and the arrival of a backscattered He ion in a
distant detector. Proof of principle is demonstrated
through the analysis of metallic thin film combinations
and multi-layer dielectric stacks. The latter demonstrates
~3nm depth and < 2 nsec time resolution in the current
system configuration. Improvements to the system and
expected limitations will be discussed. The subnanometer spatial resolution the HIM system, combined
with the ToF elemental identification, brings the
quantitative advantages of element-specific ion
scattering spectroscopy into the nano regime.
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The Ion beams using various ion energy and ion species
have been widely used for elemental and molecular
analysis of inorganic, organic, and biological systems. In
this presentation, I will focus on surface and interface
analysis of liquids and wet specimen with ion beam
techniques such as time-of-flight medium energy ion
scattering (TOF-MEIS), TOF-Secondary Ion Mass
Spectrometry (SIMS) and He Ion Microscopy (HIM).
The most interesting aspect of liquid interface is the
presence of electric double layer (EDL) at liquid interface
has been recognized for last 100 years but the atomic scale
structure of EDL has not been revealed, even though
optical or electrical techniques could monitor the change
of EDL. Most of atomic scale surface and interface
analysis techniques are based on vacuum so that liquid
interfaces can be hardly investigated. We designed an
ultrahigh vacuum compatible liquid cell with a single or
multiple layer graphene window so that MEIS analysis
can be applied to the graphene liquid interface. We clearly
observed the EDL structure formed between CuO and KI
solution showing I accumulation and K depletion at the
EDL with the width of ~1 nm. Studies on systematic
dependence of EDL structure on the KI electrolyte
concentration are in progress and will be presented.
The graphene window method was extended for SIMS
and HIM analysis of wet cells without drying, which
eliminate any possible distortion of original information
due to drying. For lipids, it has been known that redistribution after drying is quite severe. We could
observed very clear SIMS images of wet cells covered by
single layer graphene compared to air dried cells. It is
quite interesting that sputtering is possible through a
single layer graphene. HIM observation of sputtered
graphene covered cells showed the graphene layer is
damaged but it seems to sustain the layered structure to
keep the cells wet. At present, the SIMS analysis is limited
to lipids and metabolites. With metal oxide nanoparticles
conjugated with antibodies, multiplex protein SIMS
imaging has been developed by us recently. Using this
new technology, protein SIMS imaging from wet cells is
in progress. To push the wet cell SIMS analysis to live
cell SIMS analysis, our recent activities of preparing
reservoirs for oxygen and nutrients in the substrate will be
discussed.
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1. Introduction
TOF-SIMS is known to be an extremely sensitive surface
analysis technique which provides elemental as well as
comprehensive molecular information on any kinds of
solid surfaces. In combination with conventional low
energy oxygen or cesium sputtering, 3D structures can be
analysed with a lateral resolution of down to 50 nm and a
depth resolution in the nm range. With the advent of large
gas cluster ion beams (GCIB) [1], the 3D capability of the
TOF-SIMS was extended to complex organic materials
and devices [2]. Inherent to all 3D SIMS data is a z-axis
with a native time scale instead of a length scale. A
starting topography of the initial sample surface as well as
an evolving topography due to different sputter rates of
the compounds cannot be identified by the technique and
lead to major distortions of 3D data sets. The sputter rates
of the various inorganic and organic materials are very
different in particular for large gas cluster sputtering [3]
and can be strongly influenced by radiation damage of
organic materials [4].
Scanning Probe Microscopy (SPM) provides the required
complementary information on the surface topography
down to the nanometer level. Beyond that, SPM can
provide valuable information on physical properties if the
cantilever is operated in the appropriate dynamic
operation modes.

3. Results
In this paper we will present various examples
highlighting the strength of this novel combined
instrument and its potential for a wide range of
applications. The examples include fundamental studies
on the sputtering of organic and hybrid materials with
various sputter beams like Ar, O2 and SF6 gas clusters as
well as applications for the characterization of 3D objects
like OLEDs.

2. Instrumentation
We integrated an SPM unit into a ToF-SIMS instrument
in some distance from the SIMS analysis position. The
core piece of the new instrument is a piezo driven stage
which moves the sample between the TOF-SIMS and the
SPM analysis position with high precision and speed. The
SPM unit with a beam deflection design is mounted on a
3-axis linearized scanner with a scan range of 80 x 80 x
10 µm³. This flexure stage scanner has a very small out of-plane motion and yields very accurate information on
the surface topography. The SPM is also required to
measure the sputter crater depth with high precision. For
crater sizes of several hundred µm, a special long distance
surface profiler mode was developed to measure the
correct shape and depth of the sputter crater. In order to
measure a variety of physical sample properties, the SPM
can be operated in dynamic modes including KPFM,
conductive AFM and MFM.

Fig. 1: Surface roughness as a function of sputter depth of
a polymer/glass multilayer system under SF6 cluster
bombardment
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Abstract
Phase and chemical compositions are crucial for
properties of advanced ceramic materials. Study of the
phase and chemical composition is nowadays limited to
localized 2-dimensional methods and its sensitivity to
local changes. Alumina as the most used ceramic
materials is often doped by MgO to prevent abnormal
grain growth to allow annihilation of pores pinned at
grain boundaries. The phase equilibria of Al2O3-MgO
has been widely studied and discussed. However,
chemical composition in three dimensions of spinel
(MgAl2O4) has never been described. 2D & 3D TOFSIMS analysis of the spinel in an alumina matrix and its
chemical composition will be presented (Fig. 1 and 2).

Figure 1: TOF-SIMS image and lateral profile of Mg and
Al through a spinel grain.

Figure 2: Spinel grain size distribution in sintered
alumina measured by TOF-SIMS. 3D render was
colorized according to the volume of grains.

ABSTRACTS:
POSTER

P-1
9th International Workshop on High-Resolution Depth Profiling
Uppsala University, June 25 – 29, 2018 - Sweden

Depth profiling of TiO2 grown by anodization: ex-situ and in-situ
M. Brocklebank1, J.J. Noel2,3 and L.V. Goncharova2,3
1

Department of Physics and Astronomy, Western University, London, ON, N6A 5B, Canada,
2
Chemistry Department, Western University, London, ON, N6A 5B, Canada,
3
The Centre for Advanced Materials and Biomaterials Research (CAMBR), Western University, London, ON, N6A 5B,
Canada
mbrockle@uwo.ca

1. Introduction to anodization
Metals such as titanium (Ti) are the foundation of modern
technology [1]. Ti spontaneously forms an oxide, when
exposed to oxygen rich environments that are
thermodynamically stable, highly insoluble, and hence
provide excellent corrosion resistance [2]. The low
reactivity of the passive oxide with human tissues is why
“commercially pure” Ti (ASTP F67) is ubiquitous as
dental and biomedical implants. Anodization is the
preferred method to form porous and thick oxide films for
such applications [3] but many factors can impact their
ultimate stability through modification of composition,
structure, and the specific fluidic environment [4]. In
order to develop the most effective corrosion resistant
films, one requires a precise understanding of the
underlying mass transport, which demands techniques
that enable the precise characterization of the atomic
species that have adhered to and dissolved onto the
electrode during anodization. In this study the depth
profiling techniques medium energy ion scattering
(MEIS) and nuclear reaction analysis (NRA) in
conjunction with a 16O and 18O isotopic labeling
procedure have been used to elucidate the mechanisms of
oxygen transport during titanium anodization.
2. Procedure
2.1 Isotopic labeling
Ti films with thickness of 14.0 ± 0.5 nm were deposited
by magnetron sputtering onto Si(001) 4.5” wafers. The Ti
film was in-situ exposed to isotopic 18O water to form
ultra-thin TiO2 films. Uniformity of the film composition
and thickness (±4%) was confirmed by X-ray
reflectometry (XRR) and Rutherford backscattering
spectrometry (RBS). The Ti18O2/Ti/Si(001) films were
anodized in D216O water, over a range of voltages from 0
- 10 V measured in potentiostatic mode, resulting in ∼4–
30 nm oxide regions.
2.2 Experimental details
Thickness and composition of the oxide films was
measured using medium energy ion scattering (MEIS).
MEIS depth profiling was preformed using 200 keV H +
ions in “double-alignment” geometry at the Western
University Tandetron Accelerator Facility using a highresolution toroidal electrostatic analyzer. Nuclear reaction

analysis (NRA) was done via the narrow 18O(p,α)15N
resonance (~100 eV) appearing on the H + cross-section
curve at 151 keV using a Si detector with a Ta218O5
calibration standard for 18O quantification.

3. Ex-situ results
3.1 Supplementary techniques
X-ray photoelectron spectroscopy (XPS) was used to
determine the oxidation states of Ti in the oxide that
results from anodization. X-ray diffraction (XRD)
showed the films to be high amorphous. Elastic recoil
detection (ERD) was used to quantify hydrogen and
deuterium ingress into the films during anodization
3.2 Elemental depth profiling

Figure 1: NRA profiling data for the anodization voltages
(a) 0 – 1.5 V and (b) 2 – 10 V.
MEIS and NRA depth profiles (Figures 1 and 2) are selfconsistent and indicate that Ti anodization results in a
Ti16O2/Ti18O2/Ti/Si(001) bi-layer structure, independent
of anodization voltage. The total areal density of 18O in
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the Ti18O2 region remains constant and thus, the oxygen
atoms in the original passive oxide (after exposure to 18O
water) remain in this layer as this layer advances into the
metal, representing the “corrosion-front”. The resultant
oxide thickness is a linear function of anodization voltage
and since the total areal density of 18O is constant, most of
the oxide must consist of 16O. MEIS depth profiles show
that the Ti16O2 region is always on top of the Ti18O2 and
its thickness increases linearly with applied voltage. Such
a bi-layer structure is a unique prediction of the pointdefect model (PDM) [5], and provides evidence that the
transport mechanism of the ionic species during oxide
growth is via diffusion and migration of vacancy and
interstitial point-defects in the respective oxide sublattices. The net effect is that as 18O atoms are transported
into the metal (the corrosion front) creating point-defects
that are filled by adjacent oxygen atoms and
simultaneously, metal atoms are transported from the
metal/oxide to the oxide/ electrolyte interface and react
with 16O in the electrolyte to form Ti16O2 at the surface.
Additionally, the PDM predicts the oxide thickness as
being a linear function of anodization voltage, which is
observed.

separates the electrolyte from the UHV. The cell is placed
in the UHV-system and the backscattered ions from the
liquid contained in the cell pass through a thin 100 nm
silicon nitride window, to reach the working electrode that
is deposited on the back of the silicon nitride window.
After backscattering from the electrode they pass again
through the window to reach the detector. Preliminary
results will be discussed.

Figure 3: Schematic representation of the electrochemical
cell used for in-situ ion beam experiments (b), and (a) a
depiction of the SiN/Ti/TiO2/H2O stack that the incident
beam must traverse.

4. Conclusions

Figure 2: Evolution of the MEIS 18O, (a) and (c), and 16O,
(b) and (d), depth profiles, after anodization in D216O, for
formation voltages 0 – 10 V

3. In-situ ion beam analysis
Ion beam analysis has been successfully applied to many
electrochemical systems. Almost all of this has been exsitu analysis, in which electrodes are transferred into
UHV after the electrochemical process is completed. The
disadvantage of ex-situ measurements is the
compositional changes in electrodes. For example, anodic
oxides may suffer H2O loss when exposed to vacuum [6].
To overcome this, it is possible to transfer the system to
UHV with the electrolyte being isolated from the vacuum
and preform anodization, while simultaneously, exposing
the working electrode to an ion beam to acquire
quantitative compositional data as a function of time.
3.1 Cell design
The basic idea behind in-situ ion beam analysis, consists
of constructing an electrochemical cell (Figure 3,) that

Ultra-thin Ti films exposed to H218O and the anodized in
D216O result in a bi-layer structure with two distinct oxide
regions. The outermost region, consisting of Ti16O2, is
always adjacent to the surface and the innermost Ti18O2
region is always adjacent to the un-oxidized metal. Oxide
growth is a linear function of applied voltage. While the
isotopic labeling procedure employed cannot account for
any transport of titanium species from the metal/oxide to
the oxide/solution interface that may occur, the transport
of the oxygen species is well accounted for. The
interpretation of these results requires the PDM as an
explanation of the mechanism for oxide growth. The
PDM makes the prediction of a bi-layer structure as a
result of the continuous creation of anion vacancies at the
oxide/metal interface and their transported to and
consumption at the solution/oxide interface. with the
analogous process in the opposite direction for cationic
species.
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A recent study attributed stopping of low energy protons
in different metal oxides mainly to the oxygen atoms with
very minor contributions of the metal atoms [5]. In the
case of nitrides, however, a similar behavior is not clearly
visible, as also the metal atoms contribute to the observed
electronic energy loss, even at low energies.
30

protons
25

 [10-15 eVcm2/at]

In the medium and low energy ion scattering (MEIS,
LEIS) regime electronic stopping in compounds is known
to deviate from the predictions by Bragg’s rule [1].
Therefore, accurate electronic stopping data of the
compounds are required to be able to perform reliable
characterization of thin film samples. In this contribution,
we investigate the specific energy loss of protons and He+
ions in different transition metal nitrides. The primary
energy ranges from 1 keV up to 150 keV. The focus is on
group IV transition metal nitrides (TiN [2], ZrN and HfN),
which are used as refractory compounds due to their high
melting point, relative high hardness as well as corrosion
resistance.
Time-of-flight ion scattering setups in two different
laboratories (Uppsala University and Johannes Kepler
University) were used to evaluate electronic stopping
cross sections from the widths or the heights of spectra of
backscattered ions. In the first case films with a thickness
of several nanometers, in the latter bulk samples are
investigated. All sample types are characterized by
Rutherford Backscattering Spectrometry as well as timeof-flight Elastic Recoil Detection Analysis at the Tandem
Laboratory in Uppsala to determine purity, stoichiometry
and, when relevant, the areal thickness of the samples.
In the investigated energy regime, comparison of the
experimental spectra to Monte-Carlo simulations are
necessary to eliminate the influence of multiple scattering.
Additionally, they permit to disentangle electronic and
nuclear stopping. The simulations were performed with
the TRBS (Trim for BackScattering) code [3].
In Fig. 1 electronic stopping cross sections of protons in
three different transition metal nitrides (TiN, ZrN and
HFN) are presented. The resulting data show good
agreement between the different energy regimes
(acquisition by two independent set-ups) as well as
evaluation methods. Additionally, electronic stopping
data of protons in nitrogen gas from literature [4] and
predictions based on Bragg’s rule were added to the plot.
One can clearly see a deviation of the experimental data
from the predictions by Bragg’s rule; however, the
relative order of the observed magnitude of the stopping
data is accurate: TiN features the lowest specific loss and
ZrN the highest.
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Figure 1: Electronic stopping cross sections of protons in
different group IV transition metal nitrides. Additionally,
predictions for Bragg’s rule are plotted as lines together
with experimental data for N2 (blue asterisks).
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Thin gold layers and nanoparticles find application in
various fields of nanoelectronics, such as production of
silicon nanowires [1], solar cells [2] or biosensors [3]. In
these work we describe in situ analysis of nanometer Au
layers deposited on Si (100) substrate using keV-energy
proton scattering spectroscopy [4].
We used two different methods of Au film deposition –
sputter deposition and thermal evaporation. Energy
spectra of protons scattered at the angle =38° from
polished Si (100) substrate during Au deposition differ for
different deposition methods.
In the case of evaporation, a continuous Au film is formed
on a substrate that leads to the appearance of sharp highenergy peak on energy spectra. The peak width in this
case corresponds to the energy losses in increasing
thickness of Au layer (fig. 1). Surface profile
measurements made with Veeco Dektak 150 after the
deposition showed that the surface roughness of formed
Au film is ~1 nm that is close to the roughness of
substrate, and the maximum thickness of Au layer that
could be analyzed by 25 keV protons in our experimental
geometry is ~10 nm with accuracy 0.5nm. With a
decrease of primary ions energy E0 the error of thickness
layer determination decreases linearly with E0.

Figure 1: Evolution of energy spectra of scattered protons
(E0=25 keV, =38°) during Au evaporative deposition.
Sputter deposition, realized with Ar+ 18 keV
bombardment of gold target, in turn, leads to the
formation of inhomogeneous Au film consisting of
separate «islands» (fig.2), that gives one broad peak on
energy spectra as the result of Au «islands» and Si
substrate signal mixing.

Figure 2: SEM image of Au «islands» on Si substrate
formed by sputter deposition.
Thus, keV-energy proton scattering spectroscopy gives
the possibility not only to monitor surface layer thickness
during deposition but to evaluate its homogeneity as well.
Comparison of measured spectra with Monte Carlo
simulations provides some additional information on
surface structure.
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Bipolar plates are a key component in polymer
electrolyte membrane (PEM) fuel cells, which have
gained huge interest due to their high efficiency, low
operating temperature and system robustness [1]. In
order to achieve durability of the fuel cell, the materials
need to withstand the highly corrosive environment
inside. For this purpose, sputtered thin films of Fe, Cr,
Ni and C were selected as candidates to enhance the
corrosion resistance of the bipolar plates. Samples were
prepared using tilted sputter targets; a compositional
gradient of the four chemical elements was formed
across the surface. This gradient allows us to measure
trends in corrosion and mechanical properties and relate
these to the changes in composition.
Ion beam-based techniques (such as RBS, EBS, ERDA,
PIXE etc.) represent a powerful set of tools for highlyaccurate, non-destructive and standard-less elemental
composition analysis in the depth regime from several
nm up to few µm [2]. However, the analysis is usually
challenged either in terms of mass resolution - when
heavier elements are present in the sample - or in terms
of sensitivity - when light elements are present in heavy
matrixes. This limitation can be overcome by combining
the strong and well-known elastic resonances for
quantification light elements (EBS technique - see Fig.
1a) and the detection of particle induced X-ray emission
from the heavier ones (PIXE technique - see Fig. 1b). In
parallel, narrow elastic resonances can improve the
achievable depth resolution.
In this work, RBS/EBS/ERDA/PIXE were employed in a
self-consistent way aiming to accurately quantify the
light elements content (H, C, O, etc) in the alloy films, as
well as to obtain high-resolution depth profiles of
oxygen.

References
[1] L. Carrette, K. A. Friedrich, U. Stimming, Fuel cells
– fundamentals and applications. Fuel Cells 1 5
(2001)
[2] C. Jeynes and J. L. Colaux, Thin Film Depth
Profiling by Ion Beam Analysis Analyst 141 5944
(2016).

a)
)

b)
)

Fig.1.: (a) Spectrum of 3.037 MeV He+ particles
backscattered from a steel alloy (<1µm CrFeNi) showing
small concentration of oxygen nearby surface. The
oxygen signal is clearly enhanced above the substrate
due to an elastic resonance (EBS). The signal of metal
constituents is clearly overlapping. (b) A typical PIXE
spectrum of the same alloy as shown in panel (a)
illustrating the analytical potential for separating nearby
elements.
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1. A new IBA chamber for in-situ material
modification and characterization
We present a study on the oxidation of yttrium by using a
new UHV-chamber for ion beam analysis located at the 5
MV 15 SDH-2 Tandem accelerator at the Ångström
laboratory at Uppsala University. The chamber (see Fig.
1) is suitable for thin film deposition, thermal treatment as
well as characterization with ion-based techniques.
Specifically, it enables the in-situ investigation of the
early stages of thin film growth, oxidation processes and
thin film annealing as it holds the following equipment:
 A triple e-beam evaporator for thin film deposition
 An extractor type ion gun for surface cleaning and
thin film removal
 A solid state detector for Backscattering
Spectrometry (RBS/EBS) and Nuclear reaction
Analysis (NRA)
 A new high-purity Ge detector for ParticleInduced gamma-spectroscopy (PIGE)
 E-beam sample annealing and LN2 cooling
 Oxygen and hydrogen supply in the chamber for
controlled film oxidation and hydrogenation

oxidation. Subsequently they were transported to the new
chamber and the Pd layer was wiped away by Ar
sputtering under HV-conditions. Then controlled
oxidation and hydrogenation were performed. The
oxygen concentration depth profile can be easily assessed
by making use of the well-shaped elastic 16O(α,α)16O
resonance at 3.037 MeV He+. Whereas hydrogen
distribution is obtained from PIGE.
2.2 In-situ investigation
In the in-situ investigation, yttrium thin films were grown
by e-beam evaporation under high vacuum conditions
directly in the chamber. The yttrium was subsequently
oxidized and the amount of oxygen in the sample was
measured by Elastic Backscattering Spectrometry
similarly to the ex-situ approach.

2. Yttrium oxidation
Recently, there has been growing interest on the
photochromic oxygen containing yttrium hydride films
(YHxOy). While yttrium hydride becomes only for high
pressures of several GP photochromic, the effect is
present in oxygen-containing films at ambient conditions.
The dependence of the YHxOy optical properties on their
oxygen and hydrogen concentration has been studied. [1]
However, it turns out that the composition and
photochromic response of the YOH critically depends on
the growth conditions. In our new chamber we can grow
pure yttrium films and then oxidize and hydrogenate them
in a controlled manner, while monitoring the
photochromic response at the same time. Therefore, the
opportunity of studying growth, composition and optical
response of YHxOy thin films is enabled and two
complementary approaches were used: in-situ and ex-situ
investigations.
2.1 Ex-situ investigation
In the ex-situ investigation, the YHO thin films were
deposited by molecular beam epitaxy (MBE). The
samples were covered with a thin Pd cap layer to avoid

Figure 1: Internal view of the chamber. The sample
holder, the ion source, the evaporator and the solid state
detector are shown in the photo.
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Scattering of H+ ions from a copper surface: Calculation of energy spectra in the transport
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Abstract:
In this contribution, we consider the scattering of low
energy (1 to 10keV) H+ ions from a copper surface for
grazing incidence and scattering angles. Energy spectra
of the scattered ions are calculated using two different
methods. In the first one, we use a model based on the
resolution of the Boltzmann equation in the transport
theory, to calculate the angular distributions of the total
path length, from which the energy spectra can be
deduced. This model, based on the approximation of
binary collisions, takes into account multiple scattering.
It is valid for small scattering angles. In the second
method, a Monte Carlo simulation is used.
Angular distributions of the total path length and energy
spectra calculated in the transport theory are compared to
those obtained with Monte Carlo simulation. A good
agreement is obtained for different values of the incident
energy.
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Abstract:
The interaction of energetic ions with solids is an area of
intensive study at present. Such studies include
experimental, theoretical and computational estimates of
the back-scattering of ions from a solid, the transmission
of ions through a target and the ejection or sputtering of
atoms. It is often necessary in the routine practice of
particle-solid interaction physics to compute the multiple
scattering of ions in an amorphous medium governed by
a screened Coulomb potential. To study ions multiple
scattering, we determine the angular distribution or the
lateral spread of transmitted ions through a thin target.
The most comprehensive model of angular distribution
of multiple scattering is that due to Sigmund and
Winterbon (SW) [1]. Whereas, the Marwick and
Sigmund model (MS) [2] is often used to calculate the
lateral distribution of multiple scattering. In these two
models, the energy of ions is considered as constant in
the target.
In this contribution, a study of the transmission of He+
and N+ ions through Al, C, N and Xe targets is presented.
Two methods are used to include energy loss on lateral
distributions of transmitted ions. The calculated results
reproduce well the values of lateral distributions deduced
from experimental data.
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We present a method, using resonant nuclear reaction
analysis (NRA) combined with optical transmission, to
study proximity effects on the absorption of hydrogen
in thin V films and investigate the phase boundaries of
strained metal hydrogen systems. Probing with the resonant 1 H(15 N,αγ)12 C reaction allows for highly resolved
hydrogen depth profiling [1], while measurements along
the crystal axes render possible the direct identification of
the interstitial site occupancy. The change in optical transmission is used to extract the hydrogen concentration as
well as thermodynamic properties. We identify proximity
effects and link them directly to changes in the site occupancy.

Figure 1: Scheme of Fe/V superlattice grown on MgO
capped with Pd and Al2 O3 , and geometrical representation of the two possible types of interstitial sites Oz (octahedral) and Tz (tetrahedral) [2]

Superlattices offer the possibility to study the proximity
of nonabsorbing constituents since they can be grown
with good crystal quality, well defined strain states and
layer thickness. The strain state can be tuned by the
choice of thickness ratio of the layers. Modelsystems in
this project are Cr/V (001) and Fe/V (001) superlattices
in which V is under close to identical strain states [3].
Recent theoretical and experimental studies in our group
show that the proximity of non absorbing materials
influences thermodynamic behaviour and lattice expansion. The underlying mechanism as implied by elasticity
theory and experimental expansion coefficients is a
difference in site occupancy. When changing from Fe to
Cr the hydrogen is expected to switch from octahedral to
tetrahedral site as indicated in figure 1.

Probing with angular-resolved NRA in dependence of
temperature and concentration conclusively identifies
which interstitial sites hydrogen populates for certain
phases of the metal-hydrogen system as exemplary shown
in figure 2.

Figure 2: Angular dependence of channelling yields obtained for Fe2 V14 with a hydrogen concentration of c ≈
0.3 H/V. The minimum at 0◦ suggests octahedral over
tetrahedral site occupancy.

We will explain in detail the experimental findings and
discuss how the results aid in understanding the fundamental behaviour of vanadium lattices upon hydrogen uptake.
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With the miniaturization of ICT devices, metrology
solutions are required to probe thin layers and interfaces
with sufficient resolution and adequate accuracy.
Rutherford backscattering spectrometry (RBS) is an
established technique to quantify the thickness and
composition of thin films [1] with high traceable accuracy
[2], making it a primary reference method. RBS is
conventionally performed using a solid state detector,
whose resolution typically is 12 keV, which translates into
a depth resolution of ~10 nm. To improve the resolution,
various spectrometers have been presented [3][4][5] that
use a magnetic analyzer to energetically disperse the ions
and a micro-channel plate position sensitive detector.
In this work, we propose a novel RBS spectrometer based
on a double-focusing electromagnet (R = 0.3 m) and a
silicon strip detector placed in the focal plane of the
spectrometer and consisting of 64 strips with strip pitch of
1.25 mm. As the signal of each strip is treaded for pulseheight analysis, the strip detector is an ion energy detector
and concurrently a position sensitive detector. The
position detection of energetically dispersed ions enables
high energy resolution, which stems from the spatial
resolution (or strip pitch) of the detector. For particles
with an energy of 500 keV, the spatial resolution of 1.25
mm results into an energy resolution of 1 keV, hence
signals are twelve times more energetically resolved than
in conventional RBS.
Advantages of the silicon strip detector are the constant
100% detection efficiency as a function of position, and
the low dark count rate. Further, the ion energy detection
for each strip allows one to select a certain energy region
of interest, and for example, to filter out low-energy
events. The advanced capabilities of the spectrometer
deriving from the silicon strip detector improve the
quantification accuracy of 20%. Finally, the ion energy
detection by the Si strip detector enables one to analyze
separately the single- and double- charged He particles
after the magnet. The discrimination of backscattered
He++ ions permits measurements at high energies but low
magnetic fields for mass resolution and to study the
charge state equilibrium as a function of energy.
We will establish the unique capabilities of the
spectrometer for high-resolution RBS quantification
employing various demonstrator examples, e.g. a highdepth resolution analysis of a Ta/Co/Ta layered sample

using 900 keV He+ as a primary beam, the analysis of
close elements using a primary beam of 2 MeV He +. We
will conclude with outlining the current limitations of the
tool and describing the improvements that are planned.
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1. Introduction
A commonly used technique to introduce dopants into
single crystalline semiconductors is ion implantation.
Typically, the wafer is oriented in some “random”, nonchanneling, direction to minimize channeling effects. For
example, for implantation into 4H-SiC (hexagonal silicon
carbide) a 4° off-axis from the [0001] towards the [11-20]
direction is often employed as a non-channeling direction,
taking advantage of the standard miscut of wafers. This
results in more or less Gaussian shaped dopant versus
depth profiles, where the depth is determined by the
energy, the used ions and the target. However, quite a few
ions usually find a crystal channel [1], which results in a
tail extending considerably deeper than predicted and may
be influencing, for instance, the position of an electrical
pn-junction. On the other hand, if the implantation is
performed along a crystal direction, a completely different
profile will be obtained where the ions follow the crystal
direction deep into the target [2, 3]. In SiC, it has been
shown that the deepest channeled ions may penetrate
many times the projected range of the corresponding
random implant [3].
In addition to nuclear and electronic stopping, the
extension of a channeled profile is limited by the lattice
vibrations as well as the presence of a surface top-layer
consisting of adhesive contaminants and natural oxide.
For example, in normal air ambient, a native self-oxide, 1
nm thick, is rapidly formed on SiC[4].
In this study our focus is on the effect of this thin
amorphous, non-aligned, surface region on the depth
profiles of implanted Al ions when the 4H-SiC (0001)
crystal direction is aligned with the incident beam
direction. 100 keV Al+ ions have been employed for the
implantation and Monte Carlo simulations using the
binary collision approximation have been used to support
experimental results. It is shown that the thin amorphous
surface layer has a pronounced effect on the depth profiles
of channeled ions and that simulation can be used to
further understand the depth distributions.

2. Experimental
Samples with a size of 5×11 mm2 have been cut from a
4H-SiC wafer with an n-type (5×1015 N/cm3), 10 µm
thick, epitaxial layer. Ion implantation has been
performed with 100 keV Al+ ions at various fluences in
different areas of the same sample. Both room
temperature (RT) and elevated temperatures have been
used. Before implantation, the sample was aligned and the
ion beam is entering the sample along the [000-1]
direction. For the sample alignment, 100 keV protons
were employed and a six-axis, high-precision, goniometer
was used.
To predict implantation profiles, simulations were
performed using the Monte-Carlo binary collision
approximation (MC-BCA) code SIIMPL [5].
The Al depth distribution were determined by secondary
ion mass spectrometry (SIMS) using a Cameca ims7f
instrument.

3. Results
In Fig.1 MC-BCA simulations illustrate “de-channeling”
of Al ions when passing through a thin amorphous SiC
top-layer, present on the single crystalline 4H-SiC(0001)
samples. The Al concentration is displayed versus depth
for four different thicknesses, 0, 4, 8 and 16 Å of the
amorphous surface layer, and where the depth scale
includes the surface layer thickness. Literature values for
the lattice vibrations at RT have been utilized [6]. A
fluence of 2.8×1012 cm-2 has been used in the MC-BCA
simulations. As the thickness increases of the amorphous
layer, the scattering in the non-aligned surface layer
increases and the peak around 0.11 µm increases in
height. This depth corresponds to the projected range for
implantations made in a non-channeling (random)
direction [7]. In addition, the shape of the Al profile at
depths between 0.3 to 1.1 µm also changes and the
concentration decreases faster with depth as the
amorphous layer thickness increases and the dechanneling of Al ions increases.
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In Fig.2, experimental Al depth profiles from two
implantations with fluences 2.8×1012 and 2.5×1013 cm-2,
respectively, are compared with results from the MCBCA simulations. The self-oxide of 4H-SiC is
represented by an 8 Å thick amorphous layer in the
simulations. An excellent agreement is obtained and as
inferred from Fig. 1, in order to reproduce the
experimental data between 0 and 0.2 µm, the 8 Å thick,
scattering, layer plays a decisive role.
Our results will be further substantiated using various ion
fluences and implantation temperatures. The effect from
in situ heat-treatment will be discussed.
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Figure 1: MC-BCA simulation of Al implantations into
4H-SiC, where the ions are entering along the [000-1]
direction. An amorphous SiC surface top-layer with a
thickness of 0, 4, 8 or 16Å has been assumed in the
simulation using the SIIMPL code.
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Mass spectrometry of secondary ions sputtered by
medium energy ions has recently been integrated into a
time-of-flight medium energy ion scattering (ToF-MEIS)
set-up [1, 3]. In this contribution we further explore the
potential for surface analysis of this technique. We attempt to determine the sensitivity limit of the method and
to quantify matrix effects.
MEIS is an experimental technique for high-resolution
depth profiling of the chemical composition of thin films.
Commonly, ions with energies between several ten to a
few hundred keV are employed as probes, and backscattered particles are detected. Apart from scattering, keV
ions can upon their interaction with matter induce luminescence, electron emission and the sputtering of neutrals
and ions. The combination of pulsed ion beams with a ToF
detection system and a large microchannel plate detector
(MCP) [2] allows to study all of these particles within the
same set-up. Thereby, a multitude of atomic and molecular secondary ions can be detected originating both from
the target bulk and surface contaminations.
Our set-up allows for in-situ sputter-cleaning and annealing of the sample surface. By measuring sputter yields of
different surface species as a function of time after cleaning, we attempt to derive the minimum coverage, at which
it is still possible to detect a signal, i.e. the sensitivity
limit of the employed set-up. Figure 1 shows the change
+
in yield of desorbed surface species (H+ , H+
2 and CH3 )
+
and of Ti after the sputter-cleaning of a TiN thin film
sample. A primary beam of 50 keV H+
2 ions was used,
and data points are normalised to the first measurement
performed after cleaning. The relative change of the sputtered target constituent (Ti+ in this case) in relation to the
change in surface contaminations might give indications
on the magnitude of matrix effects.
Furthermore, by comparing the behaviour of the H+ and
H+
2 sputtering yields, the surface adsorption of hydrogen
can be probed. The yields of both desorbed species rise
linearly with time and the gradients are 0.0037(3) min−1
and 0.0041(3) min−1 for H+ and H+
2 , respectively. If hydrogen is adsorbed as H on a surface, the forming of H+
2
must be an additional step in the desorption process. It can
be expected that this step becomes more probable with increasing coverage of the surface. The same increase with
time for H+ and H+
2 is, therefore, a strong indication that
hydrogen is adsorbed in molecular form on the TiN surface.

+
Figure 1: Time development of desorbed H+ , H+
2 , CH3
+
and Ti after sputter-cleaning of a TiN thin film sample.
The reference time tref refers to the start of the first measurement after cleaning.
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1. Abstract
Many physical properties of transition metal hydrides
strongly depend on the hydrogen concentration, e.g.
yttrium and lanthanum hydrides undergo metal to
insulator transition accompanied by a rapid change of
optical and electrical properties [1]. Recently, it has been
shown, that yttrium and certain rare earth hydride thin
films (Er, Gd and Dy) when oxidized due to exposure to
the atmosphere, form metal oxy-hydrides, which exhibit
photochromic behavior, i.e. a modulation of their
transmittance under strong illumination [2], [3]. This
switchable optical property enables their utilization in
many technological applications, such as smart windows
and sensors. The possibility of altering optical
transmittance, band gap and the magnitude of the
photochromic response by changing film composition has
been demonstrated for yttrium oxy-hydride [4], [5].
However, since photochromic films are prepared by
reactive sputtering in argon-hydrogen atmosphere
followed by uncontrolled oxidation, it is challenging to
predict the final oxygen and hydrogen concentration in
YOxHy. Moreover, preliminary compositional analysis
showed a high amount of impurities (> 5 at %.), whereas
the presence of small amount of metallic incorporation
can drastically change optical properties of the film [6].
Therefore, precise knowledge about film composition is
of utmost importance.
In this work, we have systematically investigated the
composition of photochromic YOxHy films by a set of ion
beam analysis techniques currently available at the
Tandem Laboratory of Uppsala University. Specifically,
the areal density was determined by Rutherford
backscattering spectrometry (RBS) using 2.0 MeV He+
with the advantage of the Rutherford cross-sections as
well as accurate stopping powers. The oxygen depth
profiling was evaluated by elastic backscattering
spectrometry (EBS) using the 16O(α,α0)16O elastic
resonance which produces a narrow-shaped alpha-peak
at 3.037 MeV. The hydrogen concentrations in the film
were obtained using the nuclear reaction 1H(15N,αγ)12C
around the resonance energy in the cross section at 6.385
MeV. For both EBS and nuclear reaction analysis (NRA)
the beam energy was scanned beyond the resonance
allowing a depth profile for the concentrations ranging

from the film surface to the substrate. Moreover, the
spectra were processed and simulated self-consistently by
means of the multiSIMNRA software package, using the
same sample description with the highest chance to be
correct (determined by the maximization of likelihood
function including all spectra) [7]. Particle-induced x-ray
emission (PIXE) using 2.0 MeV H+ has also been done
and the concentrations of heavy trace-elements was found
and quantified by the Gupix software [8]. Finally, time of
flight elastic recoil detection analysis (ToF-ERDA)
spectra using 36 MeV I8+ projectile was recorded. Depth
profiles for Y, O and H have been compared with profiles
obtained by the other IBA techniques in order to quantify
the reliability of the employed IBA techniques.
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Introduction
In this contribution, we would like to highlight our
recent efforts on deducing electronic stopping cross
sections for light ions in several transition (V, Nb, Pd, Hf,
Ta, W and Pt) and rare-earth (Nd, Gd and Er) metals.

Experiment
Data were obtained for light primary ion species
(H+, He+) from relative measurements in backscattering
geometry in three different laboratories, i.e., Linz
(Austria), Sao Paulo (Brazil) and Uppsala (Sweden), in a
large range of primary energies covering the Bragg
maximum. From the backscattering spectra of the
elements of interest and of reference samples (Cu, Ag,
Au), electronic stopping of the transition and rare earth
metals was evaluated following a detailed evaluation
routine, including a complete simulation of the
backscattered yield [1].

Results and discussion
As a typical set of the stopping cross section data
deduced for Hf are shown in Figure 1 (a) and (b) for
protons and helium, respectively. Among the samples of
interest, in some particular cases the stopping cross
sections for H+ and He+ projectiles around the Bragg
maximum show significant deviations in magnitude when
compared to values available in literature (for instance, H+
in Gd [2]). For most of the other targets using protons as
projectile, the data are well reproduced by calculations
based on the CasP code [3] when proper free electron gas
models and charge-exchange processes are included in the
calculations.
For helium projectiles in some particular elements,
our data scaling a clearly difference from SRIM
predictions at velocities below the stopping maximum
(see for instance the Fig.1 b). Therefore, we performed a
qualitative and quantitative analysis of position, shape
and height of the observed Bragg maximum for all metals
for both experimental and calculated data. By doing so we
aim at understanding how electronic stopping and the
electronic structure of these materials correlate, with a
focus on velocities below the stopping maximum.

Figure 1. Stopping cross sections of hafnium for protons
(panel a) and helium (panel b) as function of the projectile
energy. Predictions from SRIM 2013 (dashed-black line)
are also displayed in both panels.
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Abstract
Solar cells based on organic–inorganic halide perovskites
have recently been proven to be remarkably efficient [1],
[2]. However, they exhibit hysteresis in their current–
voltage curves, and their stability in the presence of water
is problematic. Both issues possibly related to a diffusion
of defects in the perovskite material, composition changes
at the interfaces with electron/hole collecting layers. The
aim of this project is to quantify the composition changes
and crystallinity information of such single crystals using
ion beam analysis (IBA) and its surface composition
changes during different environments.
Typical MeV energy IBA require nano-amps of beam
current to obtain any meaningful spectra to analyze
quantitatively, and such beam currents damage the
organic crystals during the measurement itself. This
makes very hard if not impossible to perform RBS,
channeling spectroscopy using MeV ions. The recently
developed
time-of-flight
medium
energy
ion
spectroscopy (MEIS) beamline [3] with large area
position sensitive detector (PSD) provides a unique
advantage to this study. The main advantage of this set-up
is that, it requires very low beam currents in the range of
pico-amps to collect meaningful crystallographic
information and the large area PSD enable to study the
angular-distribution of backscattered ions simultaneously
(blocking patterns) around an axial/planar directions.

We will present the blocking patterns collected for
pristine as well as study the degradation of such crystals
exposed to light, heat, oxygen gaseous environment insitu within the MEIS chamber.
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1. Introduction
The graphene is prepared by Chemical Vapour
Deposition (CVD), as is used in the majority of the
graphene applications. A wet chemical transfer from the
metallic to the final substrate produces many defects, as
well as contamination. These phenomena and the effect
of irradiation damage, introduced by different ion beams,
are studied with Low Energy Ion Scattering (LEIS).

2. Graphene and ion scattering
2.1 Perfect graphene
Graphene has been investigated in many theoretical
studies. However, many of the promises could be left
unfulfilled in reality. The real graphene suffers from
defects and contamination, while the system is also
influenced by contact with the substrate. Taking all these
possible effects into account, it is surprising that so many
applications of graphene in functional systems give
reasonable results.
2.2 CVD graphene
The graphene used in this contribution is grown from
methane on a Cu foil at a temperature close to the
melting temperature of the copper. This procedure is
well-known and has been described for example by Li et
al1. The technology results in a Cu foil covered by a
graphene mono- or multilayer. Then the graphene is
usually transferred to a silicon wafer covered by thin
layer of native or thermal oxide. The procedure includes
spin coating with PMMA, chemical etching of the Cu
substrate, washing in deionized water and transfer to the
final substrate. The supporting PMMA layer is removed
by acetone. The surface is washed in IPA and rinsed by
deionized water.
2.3 Low Energy Ion Scattering (LEIS)
LEIS is known for its extreme surface sensitivity. It
gives a quantitative analysis of the surface as well as indepth information2. In general, the atomic sensitivities
are independent of the neighbouring atoms (“no matrix
effects”). However, graphene is an important exception.
Its sp2 carbon hybridisation gives an energy-band that is
so wide that it overlaps in energy with the He 1s level.
This gives a strong quasi-resonance neutralization of the
scattered He+ ions. For instance at 1.5 keV He+ ions the
ion fraction is 50x lower than for scattering by “normal”

C atoms. Energy dependent measurements can thus
easily distinguish graphene carbon from other types of
carbon3. However, for a low Z element like C, the
scattering cross section is also small. So a highsensitivity analyser is essential for the analysis of
graphene.

3. LEIS instrument
The Qtac 100 low energy ion scattering instrument
combines a large acceptance angle for the scattered ions
with parallel energy detection. This permits an
essentially non-destructive (“static”) analysis of the
graphene layers.

4. Experiments
The CVD graphene is studied on a Cu substrate and after
the wet transfer to the silicon substrates. Closure of the
graphene layer is evaluated and contamination (metals,
organics) identified, quantified and localized with atomic
depth resolution (on top of the surface, at the graphene
layer/substrate interface). During these experiments we
carefully keep the experimental conditions in the static
range (fluence ≤ 2E14 He/cm2).
For higher ion fluences sputtering of the graphene
reduces the amount of carbon at the surface, but modifies
the electronic structure and thus the width of the sp2
band. The effect of irradiation damage can be evaluated
by He+ scattering at several primary ion energies.
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1. Introduction
Glasses are widely used for household and industrial
products. In these applications, control of surface
properties, such as hydrophilicity, adhesion, adsorption,
chemical durability, are often of prime importance. It is
known that the surface OH group affects these properties.
Thus, quantification of surface OH groups is inevitable
to control the surface properties of glasses. However,
quantification of OH groups on glass surfaces has not
been established. A candidate technique for the OH
quantification would be high-resolution elastic recoil
detection analysis (HERDA). HERDA has a good depth
resolution (~0.2 nm), and is able to quantify the amount
of hydrogen in the outermost monolayer. However,
possible surface organic contaminations and physically
adsorbed water may disturb the quantification of OH
group because HERDA cannot distinguish the surface
OH groups from these contaminants. In addition,
charging during the HERDA measurement should be
prevented to keep the excellent depth resolution. In this
study, a method to solve these issues in HERDA is
developed. The amount of surface OH groups on a silica
glass surface is measured using the developed method
and the result is compared with the molecular dynamics
(MD) simulations.
2. Experimental
Silica glasses were polished with an automatic polisher
and treated with 0.1 % HF for 1 min. In order to remove

possible surface organic contaminations, the silica
glasses were treated by UV/O3 cleaning for 10 minutes
with a UV Ozone processing unit (SEN LIGHT
CORPORATION, Toyonaka, Japan). Just after the
UV/O3 cleaning, the samples were irradiated with a
beam of 300 keV C+ ions (beam size was 2 × 2 mm2 and
typical beam current was 5 nA) at an incident angle of
68. Hydrogen ions recoiled from the sample at 25 with
respect to the incident direction were analyzed using a
magnetic sector spectrometer and detected by a onedimensional position sensitive detector. The scattering
chamber had an electron flood gun to prevent positive
charging during the measurement.
3. Result and discussion
3.1 Prevention of charging
Figure 1 shows Rutherford backscattering spectroscopy
(RBS) spectra of the silica glass measured using the
same equipment for HERDA. To see if the charging can
be prevented by using the electron flood gun, the RBS
measurements were carried out at various electric
currents applied to the electron flood gun. With
increasing current, the RBS spectrum changes but
eventually the spectrum does not change at current larger
than 1.5 A, which agrees with the simulated spectrum.
This clearly indicates that the charging can be effectively
prevented by the electron flood gun.
2
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Figure 1: RBS spectra of silica glass observed at various
currents applied to the electron flood gun.
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Figure 3: Observed surface hydrogen density as a
function of irradiation time.
3.2 Quantification of surface OH
Figure 2 shows HERDA spectra observed in a series of
short measurements. All spectra have a sharp peak,
corresponding to hydrogen in the outermost layer. The
observed peak becomes smaller with irradiation time due
to desoption of hydrogen from the glass surface. The
areal number density of surface hydrogen was derived
from each spectrum, and shown as a function of
irradiation time in Fig. 3. The result was fitted by y = aet/b
+ c (dashed curve), and the density before the C+
irradiation was determined to be 15.9 ± 1.9 × 1014
atoms/cm2 by extrapolating the fitting curve to t = 0.
The obtained hydrogen density is, however, four times
larger than the surface OH density (4.5 × 1014 /cm2)
estimated using molecular dynamics simulation [1].
This suggests that there were physically adsorbed water
molecules on the glass surface in addition to the OH
groups. Figure 4 shows the observed surface hydrogen
density as a function of air exposure time after the HF
treatment (open circles). The measured hydrogen density
increases with increasing exposure time and almost
saturates after about 40 days. This behavior is presumed
to reflect the physical adsorption of water molecules
during the exposure to air. In order to remove the
physically adsorbed water, the sample was heated at
200 °C in situ before and during the measurements. The
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with 200 C heating
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Figure 4: Observed surface hydrogen density as a
function of the exposure time to air (22 °C and 30 – 50%
RH) after HF cleaning. The open circles and close
triangles show the results without and with the in situ
heating at 200 °C, respectively.
hydrogen densities thus measured are shown as a
function of exposure time by triangles in Fig. 4. In
contrast to the result without the in situ heating (circles),
the measured hydrogen density hardly depends on the
exposure time. This suggests that the in situ heating at
200 °C can effectively remove the physically adsorbed
water. The average value of these four measurements is
calculated to be 4.1 ± 0.5 ×1014 atoms/cm2, which is in
good agreement with the result of MD simulation (4.5 ×
1014 /cm2). This confirms that the physically adsorbed
water can be removed by the in situ heating at 200 °C.
Thus, the quantification method for OH groups on glass
surfaces is now developed. Using this quantification
method, how to control the density of the surface OH
groups, namely, how to control the surface properties
was studied. The result will be presented in the
workshop.
References
[1] J. Du, A. N. Cormack, J. Am. Ceram. Soc. 88 (2005)
2532.
[2] L. T. Zhuravlev , Colloids and Surfaces. 173 (2000)
1.

P - 17
9th International Workshop on High-Resolution Depth Profiling
Uppsala University, June 25 – 29, 2018 - Sweden

Characterization of oxygen self-diffusion in TiO2 resistive memories by NRP
M.C. Sulzbach1 , F.F. Selau2 , G.G. Marmitt2 , L.G. Pereira2 , M. Vos3 , R.Elliman3 and P.L. Grande2
1

Institut de Ciència de Materials de Barcelona (ICMAB-CSIC) , Campus de la UAB, 08193, Bellaterra, Spain
2

3

Instituto de Física, UFRGS, Av. Bento Gonçalves, Porto Alegre, 91509-900, Brazil

Electronics Materials Engineering, Research School of Physics and Engineering, The Australian National University,
Canberra 0200, Australia
felipe.selau@ufrgs.br

1

Introduction

The search for new memory technologies has increased
considerably in the last years. The so-called Resistive
random access memories (ReRAMs) had emerged as potential substitute of the conventional magnetic RAMs
(ReRAMs), taking into consideration its fast write speed,
large read/write cycle endurance and low-power consumption. For one sub-type of ReRAMs, the switching

gen vacancies inside the semiconducting layer via redoxbased reaction [1]. This leads to the formation of oxygen
deficient regions with variable electric conduction properties which determines the resistance states of the system. The memory cell has a capacitor-like structure composed of a semiconductor material sandwiched between
two metal electrodes. We investigate the oxygen diffusion
in thin-films of TiO2 using 18 O labeling and Nuclear Reaction Profiling (NRP) technique [2]. The samples were
deposited via sputtering (physical vapor deposition) and
have polycrystalline structure. A thin Si3 N4 cap layer
were deposited above the TiO2 to avoid oxygen exchange
between sample and environment. To reproduce the oxygen diffusion that happens during the electrical switching,
the samples had been thermally annealed for 5 minutes.
The diffusivity D and activation energy for oxygen selfdiffusion were measured using the 18 O(p, alpha)15 N nuclear reaction at 151 keV, which has narrow width in energy and sub-nm resolution close to the surface.

Figure 2: Arrhenius plot for three annealing temperatures.
Figure 1: Experimental excitation curves and fitting for
TiO2 sample thermal annealed at (a) 600◦ C, (b) 700◦ C
and (c) 800◦ C. The insets show the corresponding χ2 versus Dt of each simulation.
mechanism is the electric-field induced diffusion of oxy-

The excitation curves are shown in Fig.1 for three different
annealing temperatures. These curves were fitted using
PowerMeis package (Monte-Carlo simulation) and diffusion parameters obtained directly from the solution of the
diffusion equation. Each red line corresponds to one particular diffusion parameter Dt. The optimal value was de-
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termined from the minimum of the χ2 function as shown
in the insets of Fig. 1. The activation energy obtained for
TiO2 samples was 1.0 ± 0.1 eV as can be observed in the
Arrhenius plot shown in Fig. 2. This value is consistent
with results obtained by different techniques [3].
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Introduction

The combustion of fossil fuels produces many toxic gases
such as SO2 , CO, NO and NO2 ). These gases generate
several impacts to both environment and human health,
such as smog (related with premature deaths, Alzheimer
risk, birth defects), ground-level O3 formation, greenhouse effect, and water and soil acidification. NO is even
more harmful to health because it has a high dissociation
in lipids causing dermatological issues.
The preferable solution for this problem is to convert NO
into N2 and O2 . However, due to high activation energy
of this reaction (364 kJ/mol), a catalyst is required [1, 2].
The literature indicates that platinum and palladium are
the best catalysts to promote this reaction [3]. In this
work we investigate the planar system of platinum supported on silicon dioxide over silicon (100) substrate by
MEIS (medium energy ion scattering) and ERBS (electron Rutherford backscattering spectroscopy) techniques.
These techniques are able to give the composition and
depth profile in complementary ways. At the same time,
ERBS gives information on the electronic properties.

Figure 1: Schematic diagram of sputtering deposition [4]
(left) and the simple illustration of our Pt thin film sample
(right).

Figure 2: ERBS measurement for 40 keV e− incident on
the platinum sample for a geometry sensitive to the bulk
(max bulk). The points are the experimental data whereas
the solid lines correspond to PowerMeis simulations. The
figure shows the contribution of electrons scattered only
elastically (between 0 and 5 eV energy loss) and electrons
scattered both elastically and inelastically (larger energy
losses) . The inset displays only the elastic collision region.

keV) to probe the sample’s near surface [5]. The MEIS
technique is capable to determine elemental composition
and concentration-depth profiles in thin films with subnanometer depth resolution [6]. Recently, the MEIS technique was used as an additional tool for the characterization of shape, composition, size distribution and stoichiometry from surface located nanoparticles (NPs) systems [7].

3
2

Experimental

Pt was deposited on SiO2 /Si (100) substrates by the
sputtering technique aiming to form a Pt thin film with
nominal thicknesses of 2, 4, 6, 8 and 10 nm (Figure
1). They were characterized by ERBS, standard Rutherford Backscattering Spectrometry (RBS) and MEIS. The
ERBS technique uses high-energy electron scattering (40

Results

Figure 2 shows the ERBS results using 40 keV electrons
with incidence angle of 22.5◦ and detection at 135◦ , sensitive to the bulk (max bulk geometry). It is possible to
observe the elastic peaks from Pt and Si as well as the
plasmon peaks of the Si substrate. The elastic peak of the
O is present, the shoulder at around 5 eV. From the ratio
of the areas of the Si and Pt elastic peaks we could obtain
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the Pt thickness. The analysis of the ERBS measurements
for two geometries max bulk (bulk sensitive) and glancing
out (surface sensitive) gives the thickness of the Pt film of
about 1.6 nm for the sample with nominal thickness of 2
nm. Also the thickness of native SiO2 was estimated to
be between 3 and 4 nm. The Pt overlayer configuration is
consistent with the inelastic part of the spectrum showing
Pt plasmons only for the glancing out geometry and additional Si plasmons for the max bulk geometry. For the 4
nm thick Pt sample ERBS gave a Pt thickness near 3 nm,
and the O peak was too weak to quantify the thickness of
the SiO2 layer.
The MEIS results are shown in Fig.3 for the 5 Pt samples.
Simulations using the PowerMEIS package indicate a formation of Pt nanostructures in the thinnest sample and no
oxidation of the surface. It is in agreement with the ERBS
results for the 2 nm sample. In addition with complementary RBS measurements and the ERBS results we show
that the stopping power of 200 keV H+ on Pt differs from
SRIM [8] results by more 20% and agree with recent results from Ref. [9].

gives information on the thickness of the Pt overlayers and
the formation of islands for the 2 nm sample. It also shows
the presence of SiO2 but with a poor quantification. In addition we found that the stopping power of 200 keV H+
in Pt deviates considerably from the SRIM values. The
ERBS results give the Pt equivalent thickness and information on the electronic structure of the 2 and 4 nm Pt
samples.
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1. Introduction
High Voltage Engineering (HVE) developed and
presently offers a wide range of products for highresolution depth profiling using a variety of Ion Beam
Analysis (IBA) techniques. In this contribution, we
would like to give a short overview of recently
commissioned projects in application areas such as
Medium Energy Ion Scattering (MEIS) and high energy
IBA with MeV ion beams.

4. Ongoing developments
We would also like to present our new achievements and
development in the area of ion sources with potential
application in Secondary Ion Mass Spectrometry
(SIMS). For low energy SIMS on isolating materials we
have demonstrated production of highly charged ions
such as 40 µA Ar8+ and we are working on the
production of heavy cluster ions using our recently
developed ECR ion source SO-150 [2].

2. MEIS systems
HVE has recently commissioned a custom developed
100 keV MEIS system featuring multiple options for
system extension. A high voltage platform of 4.5x4.5 m2
allows connection of up to 4 independent injection
systems. UHV vacuum is maintained throughout high
energy part with pressure better than 1E-8 mbar in the
beamlines and better than 3E-10 mbar at the sample
chamber allowing clean experimental environment and
use of highly charged ions from Electron Beam Ion
Sources (EBIS) or advanced ECR ion sources. MEIS
station is equipped with a toroidal energy analyzer
reaching energy resolution better than 4E-3 and angular
resolution better than 0.3°.

3. IBA energy resolution and brightness frontier
HVE is presently working on several IBA projects with
MeV ion beams including both new machines and
upgrades of existing facilities to the latest state of the art.
For MeV energy IBA HVE has delivered high voltage
stability of Tandetron™ series accelerators at the voltage
ripple level as low as 15 ppm and long-term stability
within 50 ppm at 1 MV terminal voltage. The absolute
energy calibration of Tandetron™ accelerators was
confirmed to be within 70 ppm. This was proven by
analyzing the energy threshold of a set of 6 resonant
nuclear reactions in the proton energy range ~1-3 MeV
[1]. Substantial improvements were made in the field of
ion source brightness for microprobe applications. For
Tandetron™ accelerators at 3 MeV HVE multicusp ion
source SO-120 with direct H- extraction recently
achieved beam brightness in excess of 35 A m-2 rad -2
eV-1 ( see Fig. 1 ).

Figure 1: Ion beam brightness of a 3 MeV
Hydrogen ion beam as a function of collimator slit
opening for an object slit opening of approx. 90 μm.
Series of curves show reproducibility of the results under
tuning of beam parameters.
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Abstract
In this contribution we present a recent upgrade of the
time of flight medium energy ion scattering (ToF-MEIS)
system in Uppsala. Two delay line detectors for
composition analysis with high depth resolution and
depth-resolved crystallography of thin films can now be
operated simultaneously.
MEIS is a powerful ion beam analysis technique
originally developed with a position sensitive toroidal
electrostatic detector [1] with typical energy resolution
of 𝛿𝐸 ~ 4 × 10−3 𝐸0 , where E0 is the energy of the beam.
ToF-MEIS systems [2] can detect particles independent
of their charge state, and since they usually feature
comparably large area MCP detectors, they are more
suitable for crystallography at given beam dose or
acquisition time.
The ToF-MEIS setup in Uppsala [3] is based on a 350
kV ion source, a beam line with an electrostatic chopper
system and a drift tube beam buncher. The experimental
chamber features a 6 axis goniometer and two MCP
detectors with delay line anodes (DLD) from Roentdek,
installed in opposite sides of the incoming beam. The
first detector is a DLD120 with large solid angle and can
be moved between 60° and 160° scattering angle at its
center. Viewed from the typical beam impact position
the detector has 23° diameter allowing to obtain
stereographic projections for crystalline samples. A
second detector was recently installed in our setup with
increased flight distance from sample to detector to
increase time separation between different velocities.
This installation represents for example an improvement
in energy resolution from 1.4 to 0.4 keV for 100 keV He
scattered from a Hf surface (1 ns time resolution)
equivalent to a depth resolution of 16 Å.
Main characteristics of the system:

DLD120 detector with 0.13 sr solid angle for
crystallography, composition and depth profiling
at wide range of scattering angles



DLD40 detector with higher energy resolution,
0.02 sr solid angle and 135° scattering angle for
subnanometric depth resolution

beams of most ions species can be employed

virtually no damage to the samples due to the
pulsed beam

heating system on the sample holder allows for
real-time investigation of annealing effects

possibility of in-situ sample preparation
In the present contribution we will highlight the
performance of the system for different sets of ultra-thin
film samples investigated by different primary ions.
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heavy element is due to stopping through the thin film on
top.
For all investigated ion species and primary energies
complementary simulations in transmission geometry
have been performed. The aim of these simulations is to
further study the effect of trajectory selectivity of the
specific experimental approach in dependence of the
scattering potential employed and the according impact
on data analysis.
2500

2000

yield (cts)

In this contribution we investigate the influence of
different screened Coulomb potentials on the shape of ion
spectra in backscattering and transmission geometry in
the medium energy regime (15 – 100) keV. For this
purpose, experimental spectra of ions scattered from thin
hafnium nitride films were compared to spectra obtained
by Monte-Carlo simulations implemented in TRBS
(TRIM for Backscattering) [1]. In order to fit the multiple
scattering background in experimental spectra screening
length corrections, ca, have to be used, even for the
Universal potential [2]. The width of the spectra is less
affected by changes in ca, which was also observed by
Chenakin et al. for energies below 10 keV [3]. Therefore,
the electronic stopping power, Se, was determined while
ca was kept constant. Afterwards, the screening length
correction was varied until a good agreement between
simulation and experiment was found.
The scattering potential depends strongly on scattering
angle and the primary energy of the ion as well as on
target element composition. Therefore, energy spectra
obtained for primary energies below 100 keV cannot be
described by a single screening correction factor.
Figure 1 shows an experimental energy spectrum of
40 keV He ions scattered from a 15.6 nm HfN film on
carbon with a scattering angle of 155° and acceptance
angle of 4°. Additionally, TRBS simulations with
different screening length corrections are depicted. For
the single scattering (SS) regime at a primary energy of
40 keV the potential is assumed to be realistic, therefore,
no screening length correction was used (ca,SS=1, dotted
line in the figure). However, with the uncorrected
potential, the multiple scattering (MS) background of the
simulation deviates from the experimental data. In order
to reproduce this background, a screening length
correction of ca,MS=0.81 is necessary (solid line).
Additionally, simulations over and underestimating the
MS background are plotted as dashed lines.
Additionally, the influence of specific choices of the
scattering potential is investigated for heavier projectiles
(e.g. Ne). In the case of Ne, significant deviations in the
nuclear stopping compared to SRIM was found by Naqvi
et al. [4]. Further investigation will be conducted by socalled marker experiments, where a thin film is grown on
a heavier target element, which is used for backscattering.
The shift of the experimentally observed edge of the

40 keV He+ 
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exp data
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Figure 1: Energy spectra for 40 keV He+ impinging on
a thin HfN sample on carbon detected in stated solid and
acceptance angle. The experimental data are compared to
TRBS simulations with different screening length
corrections. A good agreement for low energies was
obtained for ca,MS=0.81. Additionally, simulations underand overestimating the multiple scattering background are
shown.
References
[1] J. P. Biersack, E. Steinbauer, and P. Bauer, Nucl.
Instrum. Methods Phys. Res., Sect. B 61, 77 (1991).
[2] J.F. Ziegler, J.P. Biersack, and U. Littmark,
The Stopping and Ranges of Ions in Matter,
1 (1985).
[3] S. P. Chenakin et al., Nuclear Instruments and
Methods in Physics Research B, 258 (2007), 32-35.
[4] S. R. Naqvi et al., Nuclear Instruments and Methods
in Physics Research B, 371 (2015), 76-80.

P - 22

9th International Workshop on High-Resolution Depth Profiling
Uppsala University, June 25 – 29, 2018 - Sweden

Development of high-resolution ERDA with silicon strip detector
Y. Sugisawa1, M. Uenomachi2, K. Tujita1, D. Sekiba1, I. Harayama1, K. Shimazoe2, H. Takahashi2, K.Ozeki3
1

2

Institute of Applied Physics, University of Tsukuba, Ibaraki, Japan
Department of Nuclear Management and Engineering, University of Tokyo, Tokyo, Japan
3
Department of Mechanical Engineering, Ibaraki University, Ibaraki, Japan
ys541205@gmail.com

High-resolution Elastic Recoil Detection Analysis
(HERDA) is an effective technique for hydrogen
analysis on and near surfaces [1, 2]. While it allows
depth profiling with sub-nm depth resolution as well as
quantitative analysis, its sensitivity is not enough to
observe hydrogen with the density of ～1019 at./cm3. We
have worked for improving detection limit of HERDA
by employing a passivated implanted planar silicon
detector having 16 channel strips (16ch-PIPS) as PSD
instead of Micro Channel plate (MCP). By measuring
both the position and energy in each channel, stray ions
scattered from the inner wall of the vacuum chamber of
the spectrometer can be rejected. We also developed
homemade 16 channels preamplifier [3] and dynamic
Time-over-Threshold (dToT) method [4] for signal
processing.
We installed this detection system in the beam
line of HERDA in the 1 MV Tandetron in UTTAC
(University of Tsukuba, Tandem Accelerator Complex)
at the University of Tsukuba. Figure 1 shows the
schematic view of newly developed HERDA and the
signal processing system. The incident beam was 1 MeV
16 +
O and we used an a-C:H film deposited on a Si
substrate as the standard sample. We measured recoils
by 16ch-PIPS separated by 90 ° sector magnetic
spectrometer. The magnetic field applied was ~281 mT.
There are 16 channels with the pitch of 4 mm and the
effective dimension is 3.63 mm in width. The output of
each channel corresponds to the energy of recoils and
also the particles of non-interest. The signal from each
channel of 16ch-PIPS was sent to the 16 channels
preamplifier. Finally, we obtained energy histograms by
means of the combination of Field-Programmable Gate
Array (FPGA) and CR-RC and dToT circuits.
Figure 2 shows two HERDA spectra near the
surface taken on the a-C:H film. The spectrum with
round mark shows the result with the setup of Figure 1
and the spectrum with square mark shows the result by
the combination of 16ch-PIPS and a normal MultiChannel Analyzer (MCA). While the hydrogen depth
profile near the surface can be successfully reproduced
by the combination of 16 channels preamplifier and
dToT system, some loss of signals compared with the
conventional system was seen. The obtained detection
limit of the newly developed system is 7.98×1019 at./cm3
with the data acquisition time of 149 s.

16 channels
preamplifier
1 MeV

16

a-C:H/Si

O+
recoils
90° sector
magnetic
spectrometer

CR-RC circuit
+
dToT circuit
16ch-PIPS

FPGA
PC

Figure 1: Schematic view of HERDA and signal
processing system consisted of 16 channels preamplifier
and dToT module.

Figure 2: HERDA spectra near the surface taken on the
a-C:H film with the two different signal processing
systems.
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Metal silicides are an important set of materials in
silicon (Si)-based electronic devices, such as the metal
oxide semiconductor field effect transistors (MOSFETs).
Due to its low resistivity and excellent thermal stability,
silicides are used as electrical contacts at various regions
of the device, such as the source/drain regions of the
MOSFET, to ensure its high performance. The
silicidation process is usually commenced with a metal
deposition step followed by a sequence of heat
treatments during which the metal layer on silicon is
transformed to different phases. The first silicide phase
formed at lower temperature (<350℃) is a metal-rich
Ni2Si phase. At temperature higher than 350℃ the
metal-rich Ni2Si is transformed to monosilicide NiSi
which can be stable up to 600 − 700℃. Beyond 800℃,
the equilibrium phase is the silicon-rich NiSi2 [1]. The
physical and electrical properties of each of these phases
are different. The metal-rich Ni2Si has high resistivity,
hence not suitable for the low resistance contacts and it
is thermally unstable. Whereas, the Si-rich NiSi2 forms
at a much higher temperature and consumes twice as
much Si than the NiSi does. It is not desired for the stateof-art low temperature and shallow junction device
integration. It is therefore crucial to obtain precise
understanding on the thermodynamic and kinetic
behaviors of the Ni-Si system under thermal treatment to
be able to meet the stringent requirements of the
advanced electronic devices.
For more than three decades, silicides have been studied
extensively in-situ and ex-situ by a variety of techniques,
such as resistance measurement, transmission electron
microscopy, x-ray diffraction, neutron diffraction,
Raman spectroscopy, ellipsometry, etc. The number of
studies using ion scattering techniques is however quite
limited. An exemplary study is Ref. [2] in which a MeV
Rutherford backscattering spectrometry (RBS) was
employed. Conventional RBS using MeV ion beams is
not quite suitable for current generations of CMOS
technology which requires high depth resolution for
silicide thickness far smaller than 10 𝑛𝑚. In this context,
medium-energy-ion-scattering (MEIS) capable of nmresolution and position-sensitive detectors offers
additional dimensions in the study of silicide and
germanide. For example, the surface structure of NiSi2
(111) within the top three monolayers can be resolved
using the blocking pattern of the scattered ions [3].

However, to the best of our knowledge, in-situ
characterization of silicide formation process under
thermal annealing using MEIS has not been performed
yet. One of the reasons for the general lack of high-depth
resolution investigations for ultra-thin silicide films
using ion scattering is the fact that stopping cross section
(SCS) data necessary for establishing a depth scale is
quite scarce and in several cases inconsistent. It is
demonstrated that the SCS values for these energies,
such as lower than 100 𝑘𝑒𝑉 for proton, have a
significant offset as compared to the higher energy
values [4]. Details in the physics of the interaction
between the moving ions and the materials are not yet
well understood and some rules, such as the Bragg’s rule
for compounds are found, not applicable at lower energy
due to the influence of the chemistry of the materials [5].
These problems suggest an interesting avenue for
fundamental as well as applied research using MEIS.
Within this presentation, the SCS data of He+ in Ni, Si
and NiSi will be shown for the energy from 25 𝑘𝑒𝑉 to
250 𝑘𝑒𝑉. The accuracy of Bragg’s rule will be tested for
this range of energy. Using the obtained SCS data, the
phase transition of the Ni-Si system under high vacuum
annealing up to 800℃ will be studied.
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Introduction

In contrast to centrosymmetric semiconductors with the
diamond structure (point group m3̄m), the h0 0 1i axes
cease to be proper 4-fold rotation axes for binary semiconductors like GaAs and GaP crystallizing in the cubic
zincblende structure (point group 4̄3m). In the zincblende
structure, a rotation over 90◦ around h0 0 1i is equivalent to an inversion operation, which can effectively interchange the relative position of the cations and anions.
An important consequence of the symmetry reduction in
the zincblende as compared to the diamond structure is
relevant, for example, when films of III-V compounds are
grown on a Si(0 0 1) surface. [1] In this case, domains of
two inequivalent crystal orientations related by an inversion operation can be formed in the overlayer, and defects
will be found at the anti-phase domain boundaries. It is
thus important to be able to characterize the absolute orientation of crystals experimentally, which requires a characterization method that is sensitive to the absence of a
center of symmetry in the crystal structure.
For imaging applications in the scanning electron microscope (SEM), it was shown recently that electron
backscatter diffraction (EBSD) can be used to map the
distribution of anti-phase domains in thin GaP films. [4]
Moreover, in Electron Rutherford Backscattering (ERBS)
experiments it was shown that, if one separates the contribution of the anion and cation based on their different
recoils losses, the effect of the orientation has the opposite sign for scattering from the cation and anion. [5]
Ion channeling is a real-space technique that can probe
the crystal structure. Here recoil effects are much larger
(due to the smaller mismatch of the mass of projectile
and target atom) and separation of the heavy and light
atoms is more routinely obtained. Can ion-beam techniques be an alternative to EBSD for the determination
of the overlayer orientation and what is the nature of the
difference under these conditions? Here we explore this
question using medium energy ion scattering (MEIS) with
an electrostatic analyzer. Then it is possible to obtain twodimensional intensity distributions, just as in EBSD, but
only for the contribution of the heavier element. To be
specific we studied a bulk GaP crystal using 100 keV pro-

tons as a projectile and focus on the deviations of the observed intensity, when the crystal is rotated by 90◦ along
the [1 0 0] axis, i.e. if it is possible to determine the complete crystal orientation.

2

Experimental procedure

The MEIS measurements were performed at the Ion Implantation Laboratory of the Federal University of Rio
Grande do Sul. Typical maps of ion scattering intensities
as a function of the detected energies and scattering angles (the so-called 2D MEIS spectra) for 99 keV H+ ions
impinging on GaP crystal are shown in Figure 1.
In order to obtain a map of the blocking directions of the
GaP crystal, and thus to determine its stereographic projection, we followed the procedure described in detail in
ref. [2]. In short, the 2D-MEIS spectrum (as shown in
Figure 1 top panel, but now with the crystal rotated so
the incoming beam is 25◦ away from the surface normal
and generally not along a channeling direction) is measured. The intensity I(θ) in a selected energy range of
91.5 keV< E < 93.0 keV is recorded. Then the crystal
is rotated along the surface normal, and in this way the
azimuthal (φ) angle is scanned over 142◦ with increments
∆φ of 0.5◦ . By combining the I(θ) obtained at different
φ angles, we obtain the I(θ, φ) distribution that represents
the cartography of the crystal.
The MEIS cartography was compared with results of
Monte-Carlo computer simulation implemented via the
VEGAS code. [3]

3

Results

In Figure 2 (A) we present the MEIS cartography for the
GaP crystal. In order to obtain a cartography without
these channeling lines superposing the blocking structures
we performed a line by line normalization. Specifically,
this normalization consists of summing all intensities for
a given φ angle, and dividing each intensity count by this
sum. In addition the intensity was corrected for the dependence of the cross section on the scattering angle. The
result of this procedure is shown in Figure 2 (B). Figure 2
(C) shows the VEGAS simulations for the same angular
range of the detecting probabilities summed from 2 to 6
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Figure 2: (A) MEIS cartography as measured, (B) after
corrections, as explained in the main text, of H+ ions scattered from Ga atom and (C) Vegas simulation of the visibility. The angular range used for the calculation of the
cross-correlation coefficients are indicated by the yellow
boxes. Small scattering intensities correspond to darker
shading.

Figure 1: 2D MEIS spectra obtained with an incoming
beam of 99 keV H+ along the h1 0 0i directions of the
GaP crystal. For a single azimuth angle (top panel) and
averaged over an azimuthal angle range of 90◦ (middle
panel). The region 1 corresponds to the surface peak of Ga
and the region 2 to the surface peak of P superimposed to
the Ga signal. Simulation for an amorphous GaP is shown
on the bottom panel for a comparison.

nm. This depth range corresponds to the position of approximately the energy window of 1.5 keV used in the
experiment. At first sight it may appear that the distribution is symmetric relative to the plane at φ = 90◦ . However the (1 1 1) plane (connecting the [1 1 0] and [2 1 1]
string) has extra intensity (‘halo’) at the inside, whereas
the (1 1 1) plane (connecting the [2 1 1] and [1 0 1] string)
has this halo on the outside. As a consequence the measured intensity pattern is not rotational invariant for rotations over 90◦ along the surface normal and this makes
it possible to determine the exact orientation of the GaP
crystal.

4

Conclusion

In this work we have shown that ion channeling can
determine the orientation of a zincblende crystal, in particular that the MEIS technique can detect that the h1 0 0i
direction has not a proper 4-fold rotational symmetry.
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Abstract
In this work we show the role of large-angle dual
scattering (DS) events appearing as a wide background
in the medium energy ion scattering (MEIS) spectra of
gold nanostructures. The facility at the IIAA
Huddersfield has been used for the analysis of thin Au
layers deposited on glass substrate and plasmonic Ausilica core-shell nanoparticles (NPs) deposited on Si
substrate. The typical Au layer thickness was 10-20 nm
and the core/shell NP size was 25/40 nm. MEIS analysis
has been performed with 100 keV He+ ions for scattering
angles of 90º and 125º. Note, these conditions are
standard in MEIS experiments. In the size range of 10100 nm, both for thin layers and spherical particles,
besides small-angle multiple scattering, large-angle dual
(and plural) scattering also gives strongly increasing
contribution to the single scattering (SS) spectra of gold.
The single scattering MEIS spectra of planar Au layers
and spherical Au nanoparticles are simulated with the
RBS-MAST [1] and SIMNRA [2] codes considering the
detailed 3D sample geometry. The surface roughness of
the Au layers and the spherical shape and first neighbor
configuration of the nanoparticles was considered.
Atomic force microscopy (AFM) and field emission
scanning electron microscopy (FESEM) have been
applied as complementary characterization tools.
In our case dual scattering gives significant yield in a
wide energy range which consists of (i) an additional
peak overlapping the single scattering spectra of gold
and (ii) a smooth low energy background overlapping
the glass or Si substrate signal. For 90º and 125º
scattering angles the DS peak to SS peak ratios seems to
be quite similar while the low energy DS yields strongly
differ thus giving 10-15% and only 2-3% signal levels
compared to the corresponding SS peak heights.
We estimate the DS yield contribution in two different
manners: with individual particle trajectory simulations
provided by the SIMNRA code [2] and with calculations
based on a simplified geometrical model for DS events
based on parametrized functions for He+ stopping, crosssections, and charge neutralization processes. The results

are compared to the measured data and conclusions are
made on the validity and efficiency of both
approximations. For planar Au layers SIMNRA
simulations and the results of the simplified geometrical
model show good agreement for the dual scattering
yields. We conclude that, due to the large Z-contrast
between Au and the underlying substrate, the DS yield is
prevailed by the Au component and dual scattering
events initiated in the substrate give negligible
contribution.
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