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Preface

The Research Center Rossendorf (Forschungszentrum Rossendorf, FZR) represents the lar-
gest governmental research institution in the "new" states of the Federal Republic of Germa-
ny. Its presently about 600 employees, organized in five institutes, study problems of basic
and applied research in the fields of materials science, biomedical and environmental
research, and nuclear physics. The FZR is a member of the Gottfried Wilhelm Leibniz
Society, with the federal government and the state of Saxony contributing 50 % of the basic
funding each.

The Institute of Ion Beam Physics and Materials Research has 74 permanent positions of
scientists (32), technicians and engineers (40) and administration personnel (2). In average
about 40 additional employees are funded from PhD student and PostDoc programs, guest
funds, and governmental and industrial projects. The aim of the institute is to combine basic
research and application-oriented studies in the fields of ion surface modification and ion
beam surface analysis. According to the recommendations of the German Science Council,
the institute represents a national ion beam center, which, in addition to its own scientific
activities, offers services and transfers know-how on ion beam techniques to universities,
other research institutes, and industry.

For these purposes, a broad range of ion-related equipment is available, delivering ion ener-
gies from about 10 eV (plasma treatment) to several 10 MeV (electrostatic accelerators). For
the diagnostics of ion-treated surfaces, standard analytical techniques are available such as
transmission electron microscopy, X-ray diffraction, Auger and photoelectron spectroscopy,
and a number of chemical, optical, electrical, and mechanical diagnostics. Sample preparation
is available for a large number of different materials including standard silicon processing
within a class 100 clean room.

As shown in the diagram on page 4, the main R&D activities of the institute are grouped into
two fields. The development of New Materials comprises the ion-assisted deposition of thin
films, the ion- beam modification of semiconductors materials, the ion-assisted generation of
nanoclusters and the ion modification of biomedical materials. New Processes include basic
investigations and applications using a focused ion beam,  plasma immersion and low-energy
ion implantation, and the development of high-energy ion beam analysis tools.

It is the purpose of the present Annual Report to document the scientific progress of the insti-
tute in 1999 by a few selected extended contributions, numerous short contributions, and a
statistical overview on its publications, conference contributions and lectures given by mem-
bers of the institute. It also reports on the training of young scientists and the external and
collaborative actions. We hope to demonstrate a very successful development in all of these
areas.

A few important developments and actions deserve special comments. The institute has
established itself successfully as a European User Facility according to the funding by the
European Commission as a Large Scale Facility (LSF), entitled "Center for Application of Ion
Beams in Materials Research" (AIM). More than 20 groups from all over Europe have
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conducted their experiments at AIM in 1999. Within the new IHP ("Improving Human
Potential") programme, the AIM funding has been extended to the years 2000-2002. Under
this programme, also the Rossendorf Beamline ROBL at the European Synchrotron Radiation
Facility (ESRF), which is operated in common with the Institute of Radiochemistry at
Rossendorf, has been selected as a Large Scale Facility.

In 1999, the installation of new and combined ion beam facilities has quickly progressed. The
200 keV implanter and the IBAD (ion-beam assisted deposition) devices were transferred to
the new experimental hall. Two experimental chambers are available now which allow
simultaneous irradiation from the 500 kV implanter and the 3 MV Tandetron, for implantation
and in-situ high-resolution ion-beam analysis, and for double implantation, respectively. A
new small tandem accelerator (100 kV terminal voltage) has been constructed, for the special
purpose of high-level tritium accelerator mass spectrometry.

In 1999, three PhD students finished their theses at the institute and their examinations at the
Technical University of Dresden. The third summer school "Nuclear Probes and Ion Beams"
was organized in Bad Blankenburg (Thuringia) in cooperation with the Hahn-Meitner
Institute, Berlin, whith 40 students and 13 lecturers. In late July, the institute organized the
14th International Conference on Ion Beam Analysis (IBA) in conjunction with the 6th

European Conference on Accelerators in Applied Research and Technology (ECAART), for
which about 400 researchers and students from 40 countries met at Dresden. The institute also
hosted the Second Annual Meeting of the European TMR network on "Carbon Based Hard
Coatings", with about 40 participants.

Technology transfer and ion beam service activities of the institute have again been signifi-
cantly enhanced in 1999. Ion beam analysis services for universities and industry cover a wide
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range of materials such as metals, semiconductors, hard coatings, oxides, and perovskites.
They are related to a broad spectrum of activities for mechanical and electronic applications in
energy research, biomedicine, information technology, geology, and extraterrestrial research.
A new beam line has been commissioned at the Tandem accelerator for industrial implanta-
tions of semiconductor wafers. Further ion implantation tests and service were performed in
cooperation with about 40 partner institutions from research and industry, with particular em-
phasis on technological applications of plasma immersion implantation for automotive and
machine components and different cutting tools.

The institute would like to thank all friends and organisations who supported its progress in
1999. Special thanks are due to the Executive Board of the Forschungszentrum Rossendorf,
the Minister of Science and Arts of the Free State of Saxony, and the Minister of Education
and Research of the Federal Government of Germany. Our partners from industry and other
research institutes play an essential role for the Rossendorf ion beam center. Last but not least,
the director would like to thank all members and guests of the institute for their active and
often excellent contributions to a successful development in 1999.

Prof. Wolfhard Möller
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In Situ Measurement of Stress in Boron Nitride Films

W. Fukarek, C. Fitz and A. Kolitsch

Cubic boron nitride (c-BN) is a wide band gap material (Eg>6 eV) that can be doped p- and n-
type, exhibits a hardness close to that of diamond (40 - 60 GPa), but is resistant to oxidation
up to 1300 °C, and does not react with ferrous metals. Thus, c-BN is a promising material for
opto-electronics applications and as a super hard (>35 GPa) coating. After more than 30 years
of research on BN film deposition, only nanocrystalline c-BN films have been obtained so far
which are frequently slightly boron rich and contain impurities (up to some at.%) like Ar, O,
C, and others, depending on the deposition technique used. This puts severe limits to
electronic device fabrication but not necessarily to the application as a super hard material.
The use of c-BN as a hard coating is hindered by high compressive stresses (3-20 GPa) in the
films, which cause spalling.
A simple two-beam HeNe laser deflection system for real time in situ stress measurement has
been set up, which is based on the cantilever bending principle. Cantilevers of 28x5x0.18
mm3 are etched into 45x15 mm2 Si <100> samples. Two parallel laser beams are reflected at
the freely bending end of the cantilever (measurement beam) and at the surrounding Si frame
(reference beam), respectively. Thus, changes in the position of the whole sample, e.g. due to
changes in temperature, can be subtracted from the laser deflection caused by cantilever
bending. The position of the reflected beam is measured using a linear position sensitive
detector (PSD). Fig. 1 shows a sketch of the two-beam laser deflection system; for more
details of the setup, see Ref. [1]. The stress measurement system is attached to an ion beam
assisted deposition (IBAD) chamber which is installed at a beam line of a 200 kV ion
implanter. The setup allows changes in the global stress to be measured in real time during
deposition, ion implantation and during thermal processing of samples. The IBAD system

employs an electron beam evaporator
and a Kaufman ion source. Standard
conditions for the deposition of BN
films are: ion energy EION=500 eV,
gas flow ratio Ar/N2=2, substrate
temperature TS=400 �C, and BN
growth rate of 2�6 nm/min. Details of
the deposition system can be found
elsewhere [2]. The chamber is
equipped with a real time
spectroscopic ellipsometer (RTSE)
[3], or alternatively with a high
precision single wavelength
ellipsometer. Ellipsometry data are
recorded at the position of the
reference beam in order to avoid the
ellipsometry data to be affected by

changes in the angle of incidence due to sample bending.
The bending radius R (or the curvature 1/R ) of the cantilever is easily calculated from the
relative (corrected) laser beam deflection �x at the detector. Substitution in the modified
STONEY’s equation yields

,  (1)
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Fig. 1: Sketch of the two-beam laser deflection system. The
Si cantilever is mounted on the substrate holder in the
deposition chamber, all optical components are installed
outside the chamber (not shown here).
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where S and df  are global (averaged) stress and film thickness, respectively. S� df is called
force per unit width (FPUW) and is basically the raw data of the stress measurement
(S� df ��x). The constants Y, ds, l, and D are biaxial elastic modulus, cantilever thickness,
effective cantilever length, and distance between cantilever and PSD, respectively. The global
stress S is the average over the depth distribution of the instantaneous stress �(z) which is the
quantity of physical interest. But, its calculation using Eq. 1 requires not only reliable

deflection data but also precise film thickness
data to be available in order to allow for the
calculation of the derivative with acceptable
error bars.
Fig. 2 shows computed depth profiles of
instantaneous and global stress, as well as
force per unit width versus film thickness of
a 4-layer system to demonstrate the
significant difference between those data.
From the FPUW spectrum in Fig. 2(c) one
would not expect a 4-layer system but rather
mainly constant stress with a deviation in the
film thickness range up to about 8 nm. In
fact, no physical meaningful information can
be extracted from a FPUW depth profile
without further analysis. The global stress
profile in Fig. 2(b) indicates a layered
structure, but abrupt changes in the stress are
not apparent in that data and the absolute
numbers of the stress are too low (~50% at df

=10 nm) due to averaging over regions with
low and higher stress. The instantaneous
stress data (hollow circles in Fig. 2(a)), as
calculated from the FPUW profile in Fig.
2(c) deviate little from the original data (grey
line) only at the interfaces of the regions.
This example demonstrates that only the

instantaneous stress data can provide the information of physical interest, and that precise
FPUW- and df-data with a small data spacing are required.
Investigations on the stress in BN films have been performed by in situ measurement of the
global stress [4,5] and ex situ in combination with stepwise etching [6]. An analysis of the
instantaneous stress depth profile in BN films has not been reported before, although it has
been noticed that the global stress increases with increasing film thickness due to the layered
structure of BN films and higher stress in c-BN [6]. Fig. 3 shows the depth profile of the
instantaneous stress in a BN film deposited under standard conditions for c-BN film growth.
The thicknesses of the layer sequence t-BN / transition t-BN+c-BN / c-BN have been
extracted from a TEM micrograph and correspond well to regions in the depth profile of the
instantaneous stress. The origin of the increase in compressive stress during growth of the t-
BN interfacial layer is not understood up to now. It can result from gradual changes in the
crystalline structure of the t-BN layer, like increasing crystallite size. Also, c-BN might start
to nucleate before it becomes visible in TEM analysis. Another possible explanation is that
the modulus of elasticity in the t-BN layer increases gradually, while the strain induced by ion
bombardment during growth remains largely constant. But information on the modulus of
very thin t-BN films is missing up to now. In the transition region from t-BN to c-BN, where
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Fig. 2: Instantaneous stress (a), global stress (b), and
force per unit width (c) depth profiles of a four-layer
film system (computed data).
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t-BN and c-BN coexist but the
volume fraction of c-BN increases
with film thickness, the stress
increases more rapidly. This can be
explained on the basis of a phase
mixing model of two phases with
lower and higher stress, respectively.
The constant stress in c-BN is
expected for steady state film growth.
The depth profile of the instantaneous
stress in Fig. 3 differs markedly from
global stress versus film thickness
data reported recently [5], although
the deposition systems and
parameters are very similar.

Moreover, in the experiments reported here, tensile stress has never been observed. Without
the sample position correction employed here, bending data that would imply tensile stress
have been recorded. This is an artifact resulting from an increase in temperature of the
substrate holder in the beginning of the growth process due to energetic particle fluxes and IR
radiation from the evaporator.

It has not been checked in any report
on measurements of stress in BN films
if the substrate and film are still in the
elastic region or if they suffer from
plastic deformation (PD). The
occurrence of PD does not depend
primarily on the stress but it depends
on the film force, the thickness of the
substrate, the temperature during
processing, the nature of defects, etc.
There is clear evidence for plastic
deformation in Si substrates coated
with thick (0.5 – 1 �m) c-BN films, as
the substrates remained visibly bent
after film delamination [7]. Information

on plastic deformation of the Si substrate can be obtained from the cantilever bending
(FPUW) after removal of the film. Fig. 4 shows the FPUW versus film thickness recorded
during growth and sputtering off a c-BN film using 1 keV Ar ions. After re-sputtering there is
no residual bending of the cantilever. This is the proof that the cantilever does not undergo
plastic deformation up to the film forces accessible by the stress measurement setup. The data
in Fig. 4 also show that there was no detectable stress relaxation in the film during or after
growth. The offset in film thickness results from deposition of about 2 nm boron onto the film
after termination of the growth process.
The relation between ion/atom arrival ratio and stress can be investigated dynamically by
measuring the effect of a temporary increase in ion current density on the instantaneous stress.
Fig. 5 shows the instantaneous stress versus film thickness for a t-BN deposition process. The
temporary increase in the ion current density results in an immediate increase in instantaneous
stress. This is in agreement with results reported for t-BN deposition using magnetron
sputtering, where an increase in global stress with increasing I/A ratio has been observed [8].
It has to be pointed out, that the affected layer is only about 4 nm thick, and that the general
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trend of increasing stress in the t-BN
layer is not affected by the short-time
increase in current density and
instantaneous stress.
Ion implantation can be employed to
reduce the compressive stress in c-BN
films [9]. The results indicate plastic
flow to be the predominating
mechanism. A critical fluence for the
transformation of c-BN to sp2 bonded
BN has been determined. Only very
little information is available on the
dynamics of the stress reduction, as
only the effect of certain fluences and
ions has been investigated. Fig. 6
shows the global stress in a c-BN film
recorded dynamically during

implantation of 35 keV Ar+ ions at an angle of incidence of 34� to a fluence of 2x1014 cm-2.
Up to 2x1013 cm-2 an increase in global stress is clearly observed followed by the expected

decrease in stress. The initial increase
in stress has never been observed using
ex situ analytical techniques. The data
reveal that at least two mechanisms are
involved: First defect formation and
accumulation seem to be predominating
before plastic flow becomes effective
and results in stress relaxation. The
inset in Fig. 6 shows s-polarised PIRR
spectra recorded from the sample
before and after the implantation. The
spectra clearly show a decrease in the
c-BN related absorption around 1080
cm-1 after implantation revealing sp3

bond destruction. Summarising, ion
implantation into c-BN results not only
in stress relaxation by plastic flow, but
in an increase in stress at low fluences,
indicative of damage accumulation.
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Improvement of Ta-Based Thin Film Barriers for Copper Metallization by
Ion Implantation of Nitrogen and Oxygen

E. Wieser, J. Schreiber**, C. Wenzel*, J.W. Bartha*, B. Bendjus**, V. Melov**,
M. Peikert, H. Reuther, A. Mücklich, B. Adolphi*, and D. Fischer*
* Technische Universität Dresden
** Fraunhofer Institut für Zerstörungsfreie Prüfverfahren, Aussenstelle Dresden

The continuous trend to reduce line widths in integrated circuits creates the necessity to
decrease the thickness and simultaneously improve the stability of diffusion barriers in
particular for copper metallization. Barrier thicknesses as low as 20 nm are required. The
effectiveness of a diffusion barrier is strongly degraded by structural layer defects like grain
boundaries and pores. Therefore a critical thickness of the barrier layer exists below about
30 nm to stop the diffusion of elements effectively. One effective way to reduce fast diffusion
paths is the modification of the barrier into a nanocrystalline or amorphous and chemically [1]
modified material by high dose ion implantation. In this paper we present results obtained by
TEM, XRD and XPS for the structural modifications and their thermal stability in 100 nm Ta
and Ta-Si films, deposited by long-throw RF magnetron sputtering on silicon (100) wafers,
and modified by ion implantation of nitrogen and oxygen [2]. The functionality of  modified
50 nm Ta barriers on Cu after thermal stress between 650 and 750 °C for 1 h is demonstrated
by AES depth profiling.

The as-deposited 100 nm Ta layer is polycrystalline (predominantly �-Ta). The XTEM image
of Fig. 1a shows clearly its columnar growth. After implantation of 1x1017 N+/cm2 the Ta film
contains about 10 at.% nitrogen and an X-ray amorphous microstructure is formed. The
implantation of 3x1017 N+/cm2 (about 25 at.%. nitrogen) results in partial formation of
tantalum nitrides. As proved by  XTEM the original columnar structure of the tantalum film is
destroyed also in the case of nitride formation. The same fluence of O+ ions leads to
amorphization which is observed  up  to concentrations of about 50 at.% without significant
indication of oxide formation in the diffraction pattern. The XTEM investigations show that
layers characterized as amorphous by XRD still contain crystalline contributions. This is
demonstrated in Fig. 1b for the implantation of 3x1017 O+/cm2. In the upper region of the Ta
layer a contrast due to residual crystalline structures is observed. In the high resolution image
(HRTEM) of such features lattice spacings indicating �-Ta have been identified. The central
part of the Ta layer shows no significant contrast, as expected for an amorphous structure. At
the interface to the silicon substrate a crystalline band of about 20 nm width is visible. Fourier
analysis of a HREM image from this band (see inset of Fig. 1b) allows the identification of
(202) and (114) lattice planes of the tetragonal Ta5Si3 phase with c/a > 1. XPS measurements
indicate that oxidic bindings are formed. For all O+-implantation doses the Ta 4f
photoelectron peaks show additional  peaks chemically shifted by 1.5 eV and 4.9 eV,
respectively. These peaks can be assigned to Ta1+ and Ta2O5 . The difference to the bulk value
for Ta2O5 of 4.5 eV can be explained by the amorphous structure. Ta2O5 arises only at the
highest O+ dose.

The thermal stability of the modified Ta layers was investigated by XRD measurements on
annealed samples. The amorphization induced by oxygen implantation remains stable up to
about 650 °C. Annealing at 750 °C results in significant crystallization. The most likely
interpretation of the observed diffraction peaks is a superposition of contributions from the
non-stoichiometric phase Ta3.28Si0.72 and TaO, i.e. the crystallization is correlated with
interdiffusion of silicon into the implanted tantalum layer. The N+-implanted sample (3x1017
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N+/cm2) which did form nitride already during implantation shows after annealing at 650 °C
the superimposed reflections of Ta4N and Ta2N without diffuse intensity distributions from
amorphous or nanocrystalline structures. By annealing at 750 °C the diffraction peaks become
more narrow and shift  to the positions of the Ta2N reflections. This observation indicates that
Ta4N is transformed to Ta2N.

The 100 nm Ta-Si layers are already X-ray amorphous after deposition. Here the intention of
O+ or N+ implantation is an enhancement of thermal stability of the amorphous structure. This
effect is demonstrated by the XRD pattern of post-annealed samples presented in Fig. 2. The
unimplanted Ta-Si film recrystallizes already during annealing at 650 °C by formation of
silicides. Most diffraction peaks in Fig. 2a correspond to reflections of TaSi2. The formation
of this silicon-rich phase can be explained only by interdiffusion of additional silicon from the
substrate. The implantation of both species, N+ or O+, rises the crystallization temperature.
After annealing at 650 °C the amorphous structure is conserved for both implantations. Even
after annealing at 800 °C 1 h the N+-implanted film is almost amorphous or nanocrystalline.

Fig. 1: XTEM images of  100 nm Ta layers: a) as
deposited, b) implanted with 3x1017 O+/cm2. The
inset presents a HREM image from the Ta5Si3 band at

Fig. 2: XRD pattern of 100 nm Ta-Si layers as-
deposited and implanted with 3x1017 cm2 O+ or
N+ ions after annealing at 650 °C and 800 °C,
respectively.
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The layer implanted with 3x1017 O+/cm2 reveals much more pronounced crystallization
features.

For testing the barrier integrity, multilayers were prepared consisting of 50 nm Ta / 1000 nm
Cu / 50 nm Ta on a (100) Si substrate. Ion implantation of nitrogen (5x1016 and 1x1017

N+/cm2 at 30 keV) or oxygen (1x1017 or 3x1017 O+/cm2 at 35 keV) was carried out. The
substrate temperature during implantation was held below 100 °C. Due to sputtering during
the implantation the thickness of the top Ta layer is reduced to about 40 nm for the low, and
to about 30 nm for the high oxygen dose. The thermal stability of the Ta layers against
penetration of copper from the underlaying sheet was studied by annealing in vacuum of 1 to

Fig. 3: Comparison of AES depth profiles of  as-deposited and nitrogen and oxygen implanted multilayers
annealed at 650 and 750 °C, respectively.
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3x10-4 Pa at temperatures from 650 and 750 °C for 1 h. The depth distribution of Ta, Cu and
the implanted species was measured by Auger Electron Spectroscopy (AES) in combination
with sputter etching by 3 keV Ar+ ions. XRD of Cu-KD radiation in gracing incidence was
used to detect amorphization or formation of tantalum nitride. For all implantations the XRD
patterns are characteristic for amorphous structures. The nitrogen dose of 1x1017 cm2 resulting
in about 20 at.% nitrogen is at the transition to nitride formation. After annealing at 650 °C
weak nitride reflections are observed.

The non-implanted Ta barrier is not stable at 650 °C. A comparison of the AES depth profiles
of  Figs. 3a and 3b shows a significant penetration of copper into the Ta layer after annealing
at 650 °C for 1 h. The intermixing with Cu increases by annealing at 750 °C especially in the
interface near region. An AES mapping of the Ta surface after sputter removal of about 20 nm
shows an inhomogeneous Cu distribution within the Ta layer indicating copper admixture
starting from the grain boundaries of the columnar structure. For both nitrogen implantations
a significantly improved barrier behavior is observed. Figs. 3c and 3d show corresponding
depth profiles for the implantation of  1x1017 N+/cm2 corresponding to about 20 at.% nitrogen.
The differences to the lower dose (about 10 at.% nitrogen) are within the error limits. After
annealing at 650 °C no change in the interface region can be stated. However, a small Cu
contamination (2 – 3 at.%) is detected within the Ta layer. By annealing at 750 °C the
intermixing at the interface and the Cu contamination in the lower part of the Ta film are
enhanced, although the Cu content in the top 10 nm remains unchanged. An oxygen
contamination of the Ta layer with about 10 at.% is observed for both annealing temperatures.
At 650 °C the copper penetration is completely impeded by oxygen implantation as
demonstrated for about 20 at.% oxygen in Fig. 2e. The beginning of intermixing of Ta and Cu
by annealing at 750 °C is somewhat more pronounced compared to the nitrogen implantation,
with, however a negligible amount of Cu within the first 10 nm. Tempering at 750 °C leads
also to a strong redistribution of oxygen from the Ta layer to the interface and to a penetration
of  oxygen into Cu. The redistribution starts already at 650 °C. This effect and the
deterioration of the barrier properties can be attributed to  the transformation of amorphous
material to crystalline Ta oxides observed  for the oxygen implanted Ta after annealing at 750
°C.

The presented results indicate that implantation of nitrogen and oxygen ions can change the
microstucture of thin Ta films from polycrystalline to an amorphous-like. This structural
change improves significantly the barrier effect in the temperature range from 650 to 750 °C.
At 650 °C oxygen implantation is advantageous, compared to implantation of nitrogen.
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Prediction of the Morphology of the As-Implanted Damage in Silicon by a
Novel Combination of BCA and MD Simulations

M. Posselt

In order to improve the knowledge on type and amount of defects created by ion implants which
are typical of Si technology a novel combination of computer simulations based on the binary
collision approximation (BCA) with classical molecular dynamics (MD) calculations has been
developed.

The connection of BCA and MD simulations requires the description of ballistic processes in
dependence on time. Since this is not accomplished in conventional BCA codes, the new time-
ordered BCA program Crystal-TCAS was developed which is based on the Crystal-TRIM code
(cf. [1] and refs. therein). The new program allows the time-ordered simulation of the collision
cascades of incident ions. At sufficiently high energy transfer (above the displacement thresh-
old) between projectiles and target atoms empty lattice sites and moving recoils are created.
Otherwise target atoms are only hit. In the Crystal-TCAS code a collision cascade is followed
until the energy of the moving recoils becomes less than a threshold of 100 eV. The time and
position of the creation of empty lattice sites, the time and position of the generation of hit target
atoms as well as their momentum, and the position and momentum of moving recoils at the time
when their energy falls below 100 eV are stored. These data are used as inputs for subsequent
MD calculations. In order to calculate the average as-implanted damage formed per incident ion
statistically reliably, sufficiently many ion impacts have to be considered by the time-ordered
BCA simulations. Fig. 1 illustrates the simulation region. The incidence points are randomly
distributed within the irradiated area which is chosen large enough so that in the middle stripe
all physical quantities related to ion irradiation depend only on the depth coordinate. This cor-
responds to conditions realized in common large-area implantations. In the middle stripe cubic
cells are defined in which the relevant data on the state of collision cascades obtained after the
termination of time-ordered BCA simulations of ion impacts are recorded. The size of a reg-
istration cell is 10ao� 10ao� 10ao where ao is the lattice constant, i.e. the cell is smaller than
the entire volume of a collision cascade but larger than the distance between nearest neighbour
atoms.

654321

registration cells: 10aox10aox10ao

(ao: lattice constant)

...
irradiated area

depth

Fig. 1: Region of time-ordered BCA simulations and definition of registration cells.

The athermal and rapid thermal processes as well as the first stage of the thermally activated
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processes initiated by the collision cascade of an individual ion in the registration cells are
treated by MD calculations. Details of the MD code can be found in [2]. In all calculations the
target temperature was 300 K (R.T.). The defect creation and evolution caused by various ions
in the different registration cells is investigated. From the large amount of input data for the MD
calculations produced by time-ordered BCA simulations such characteristic cases are selected
where the energy deposition takes place mainly near the center of a cell. In this manner the
error introduced by the limited cell size can be minimized. The selection procedure is possible
due to the occurrence of well-separated subcascades. The investigations by MD simulations
shows that 5-15 ps after ion impact the athermal and rapid thermal processes are finished, and
a metastable defect structure is formed. Its further change due to thermally activated processes
at R.T is in the order of few per cent. In the following the damage structure found after 18 ps is
analyzed and defined as the as-implanted defect structure. Different damage analysis methods
were employed: The first procedure identifies atoms the potential energy of which is at least
0.2 eV above the ground state value. These atoms are called disordered atoms. The threshold
of 0.2 eV is chosen since in the perfect crystal atoms with higher potential energy do not exist
at 300 K. The second method used to analyze the metastable damage structure formed is the
Wigner-Seitz-cell-Voronoy-polyhedron analysis [2] which allows the identification of vacancies
(V) and interstitials (I). The average number of disordered atoms per V and per I is found to be
about 10 in all cases studied. The different as-implanted defect structures found 18 ps after ion
impact were further subjected to a quantitative cluster analysis: A disordered atom is considered
to be a part of a cluster if its distance to at least one of the other disordered atoms is less
than the cut-off radius of the Stillinger-Weber potential which is used in the MD code. The
cluster analysis was carried out in connection with the Wigner-Seitz-cell-Voronoy-polyhedron
analysis. Therefore, it is not only possible to perform cluster statistics for disordered atoms
but also to determine the number of V and I in each cluster. The cluster analysis demonstrated
that not only isolated V and I are created but also medium-sized clusters consisting of V- and
I-agglomerates like di-V and di-I, etc., and large clusters with up to some hundred disordered
atoms. This variety of defect types is an important characteristic of the damage structure formed
by ion bombardment. The analysis of the metastable defect states produced by different ions
showed that the as-implanted damage created by a part of a collision cascade of a certain ion
in a registration cell is completely determined by the nuclear energy deposition by the ion into
this cell. There is almost no additional dependence on the depth of the cell and the species of
the ion. Consequently, the combined simulation method can be significantly simplified since
MD simulations need to be performed only in one cell for different values of nuclear energy
deposition by a certain ion into this cell, regardless of the ion species and depth. Fig. 2 shows
results of the analysis of 40 different cases of nuclear energy deposition into a cell. The total
number of V and I grows almost linearly in the range of nuclear energy deposition considered
(Fig. 2a). The number of isolated I is shown in Fig. 2b. It increases about linearly for low values
of nuclear energy deposition. At higher values it is approximately constant. Fig. 2c depicts
the increase of the number of atoms in clusters with more than 10 disordered atoms. In the
following such clusters are called complex defects because they do not contain isolated V or I.
Fig. 2c illustrates that complex defects are observed only above a threshold value for the nuclear
energy deposition of about 640 eV. In a similar manner, the dependence of the number of atoms
in clusters with more than 20 disordered atoms on the nuclear energy deposition into the cell
was determined. Such clusters are called amorphous pockets because of the strong deviation of
the atomic arrangement inside these clusters from that in a perfect crystal. Amorphous pockets
are found above a threshold of about 1000 eV. The relatively large scattering of the data points
in Fig. 2 is due to the fluctuations of the individual properties of collision cascades of different
ions.
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Fig. 2: Total number of vacancies and interstitials (a), number of isolated interstitials (b), and number of disordered

atoms in complex defects (c) in dependence on the nuclear energy deposition by a certain ion into a registration

cell. The symbols depict results of MD simulations (symbol types were chosen arbitrarily), the dotted lines show
analytical approximations for the dependence of the number of defect species hD (D: V, isolated I, number of

atoms in complex defects) on the nuclear energy deposition E into the cell.

In order to use the results of MD calculations to determine the type and amount of defects
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created on average per incident ion cascade statistics has to be considered. For this purpose the
large amount of data generated by the time-ordered BCA simulations is analyzed with respect
to the different values of nuclear energy deposition by a collision cascade of a certain ion into
a cell i (at given depth, cf. Fig. 1). The number of events per incident ion gi(E)dE, at which
the nuclear energy deposition is between E and E + dE is determined. The normalization
of gi(E) with respect to the total number of deposition events Ni in cell i per incident ion
(Ni =

R
gi(E)dE) leads to the probability qi(E)dE for a given nuclear energy deposition at a

certain event. The dependence of qi(E) on E is depicted in Fig. 3 for 30 keV P+ implants. It is
found that qi(E) is nearly independent of the depth of the cell i, i.e. qi(E) � q(E). This allows
a great simplication in the calculation of gi(E)

gi(E) � Ni q(E) (1)

where Ni can be easily obtained from the depth profile of the nuclear energy deposition per
incident ion. The probability q(E) was found to be an important characteristic of each ion
species at given implantation conditions: Since heavy ions like As+ form much denser cascades
than light ions like B+ a high nuclear energy deposition by a certain As+ ion in a given cell is
much more probable than by a certain B+ ion. This difference is the cause for the fact that
for each ion species a characteristic damage morphology is obtained as discussed below. The
average number of defect species KD

i
(D: V, I, isolated I, disordered atoms, atoms in complex

defects or amorphous pockets, etc.) produced per incident ion in cell i can be calculated by

KD

i
=

Z
hD
i
(E) gi(E) dE (2)

where hD
i
(E) is the number of such defects created in cell i if the nuclear energy deposition at a

certain event is E (cf. Fig. 2). Since it was found that hD
i
(E) is nearly independent of the depth

of cell i: hD
i
(E) � hD(E), and because of equation (1) the determination of KD

i
becomes

rather simple. Analytical fits to the values of hD(E) and q(E) are used to calculated KD

i
. The

fit functions are depicted by the dotted lines in Figs. 2 and 3. Equation (2) was applied to de-
termine the depth profiles and the total number of different defect species produced on average
per incident ion in 15 keV B+, 30 keV P+, and 15 keV As+ implantations. The values of latter
quantities are given in Tab. 1. These data are shown together with the total nuclear energy depo-
sition and the total number of atomic displacements per incident ion. It is clear that the ratio of
the latter quantities is about the same in the three examples due to the modified Kinchin-Pease
relation [3]. But also the ratio of the total number of disordered atoms and the nuclear energy
deposition per incident ion is nearly equal. This holds for the ratio of the total number of V
or I and the nuclear energy deposition per ion, too. Thus, some quantities characterizing the
as-implanted damage structure created by an incident ion are almost completely determined by
the nuclear energy deposition per ion. However, this does not hold for all characteristics of the
damage morphology: The ratio of the number of disordered atoms in complex defects and the
nuclear energy deposition per ion is very different in the three cases due to the difference in the
probability function q(E). The difference still increases if the ratio between the number of dis-
ordered atoms in amorphous pockets and the nuclear energy deposition per ion is considered. In
the case of 15 keV B+ implantation most of the complex defects are di-V and di-I, i.e. clusters
with up to 20 disordered atoms containing exactly two V or two I. On the other hand, most of
the complex defects formed by 15 keV As+ implants are amorphous pockets.

In summary, a promising new method to quantify the morphology of the as-implanted damage
has been presented. It is expected to have a great potential of applications in the field of fun-
damental investigations on implantation defects in Si as well as in future process simulators
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for the Si technology. The principles of the method are also applicable to investigations of ion
implantation into other materials.
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Fig. 3: Probability function qi(E) calculated for registration cells at different depths.

15 keV B+ 30 keV P+ 15 keV As+

7o tilt, 0o rotation 7o tilt, 0o rotation 6o tilt, 0o rotation
nuclear energy 3690 9650 7840
deposition (eV)
atomic displacements 107 290 237
disordered atoms 927 2133 1821
(total)
disordered atoms in
complex defects 73 441 607
disordered atoms in
amorphous pockets 21 222 398
V or I (total) 93 213 182
isolated I 32 73 61

Tab. 1:
Total number of different defect species produced on average per incident ion for three examples. The total number

of displacements and the total nuclear energy deposition per ion impact are also given.
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Phase Formation due to High Dose Aluminium Implantation into SiC
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The physical and chemical behaviour of aluminium (Al) in silicon carbide (SiC) is of current
interest for semiconductor physics and materials science.  Al is the most important acceptor
atom in the wide-band-gap semiconductor SiC that exhibits excellent properties for high power
and high temperature electronics [1]. In comparison to Si based electronics, much higher
acceptor concentrations are necessary in order to achieve comparable electrical conductivities.
The Al concentrations often exceed the equilibrium solubility which is less than 0.5 at% at
1800 °C. It can be assumed that under critical annealing conditions the oversaturated Al/SiC
system undergoes a phase separation or even transformation which will dramatically influence
its physical properties. High Al concentrations are also needed for p-type ohmic contact
formation on SiC. Furthermore, the study of the evolution of Al implanted single crystalline SiC
as a function of Al concentration can contribute to a better understanding of the elementary Al-
SiC reactions in more complex systems like SiC based solid solutions (e.g. (SiC)1-x(AlN)x),
ceramics, SiC reinforced Al matrix composites and Al/a-SiC:H multilayers [2]. In the present
paper the results of a detailed analysis of the structure and composition of SiC implanted with Al
at 500�°C are reported. In addition, a reaction model is developed that explains the atomic depth
profiles as a function of the Al concentration.

(0001) oriented hexagonal (6H) SiC wafers (n-type, Si-terminated surface) from Cree Research
Inc. were implanted with Al doses of 3�1017 cm-2, at an ion energy of 350 keV and a substrate
temperature of 500�°C. This implantation temperature was chosen in the interesting range bet-
ween 300 °C, above which amorphization of the SiC matrix is avoided, and 1000 °C, below
which surface degradation can be neglected [3]. The morphology and lattice structure of the
implanted layer were studied by cross section (X) and plan view (PV) transmission electron
microscopy (TEM). Atomic concentration depth profiles were measured by Auger electron
spectrometry (AES) in combination with sputtering.

Fig. 1: High magnification XTEM micrograph from a band of Si and Al4C3 precipitates in the 6H-SiC matrix. The
moiré patterns denoted by the letters K and M are attributed to the reflections (000.12) Al4C3 // (0006) 6H-SiC and
(220) Si // (0006) 6H-SiC, respectively. Stacking faults are found in the SiC matrix below the band of precipitates as
marked by the arrow. The selected area diffraction pattern in the inset shows the superposition of the 6H-SiC (d, g)
and  Al4C3 spots (a, b, c, e, f) from the precipitate K .
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Fig. 3: Atomic depth profiles measured  by  AES.

As demonstrated by the XTEM investigation the SiC matrix remains crystalline at the implanta-
tion temperature of 500 °C. In Fig. 1 a cross sectional micrograph of the centre of the implanted
zone is shown. Within this zone a narrow band of large crystalline precipitates is formed around
the Al maximum at about 450 nm depth. The most prominent precipitate has a laminar shape,
about 150 nm long and 30 nm thick. Selected area diffraction patterns (SADP) taken from the
zone of precipitates reveal the presence of Al4C3 and Si in the 6H SiC matrix.  The diffraction
spots (inset of Fig. 1) denoted by the letters d and g correspond to the 0006 and 2110  reflections
of the 6H-SiC matrix and the extra spots denoted by  the letters a, b, c, e and f  are identified to
be  the 0003, 0006, 0009, 000.12  and 2110 reflections of the Al4C3 compound, respectively. As
evident from the diffraction pattern the Al4C3 precipitates are in perfect epitaxial relation with
the SiC matrix ([0001]SiC//[0001]Al4C3 and [1120]SiC//[1120]Al4C3). In addition to the Al4C3

precipitates, Si precipitates were found with an orientation of  [0006]SiC//[111]Si and [220]Si.
The presence of Al4C3 and Si is also confirmed by moiré patterns denoted by the letters K and M
in Fig. 1. The moiré fringes are formed by interference of the imaging electron beams originating
from the two superimposed lattices. The precipitates were further studied by plan view TEM
after thinning the specimen from both sides so that only the precipitated zone was left. As shown
by the bright and dark field images in Fig. 2 the precipitated zone has a morphology similar to a
system after spinodal decomposition. It consists of a network of interpenetrating Si and Al4C3

grains with wavy boundaries.

Fig. 2:  Plane view TEM of the  precipitate layer. (a) bright field, (b) dark field from the 220 silicon spot with the
corresponding SADP in the inset, (c) dark field from the common  1120 6H-SiC and Al4C3 reflection. Moiré pattern
due to the 1120 6H-SiC//1120 Al4C3 reflections is shown in the inset.

Obviously, the Al/SiC system is un-
stable above a certain Al concentration,
and precipitates of Si and Al4C3 are
formed as demonstrated by the TEM
results. However, the TEM analysis
does not reveal the critical concentration
above which the precipitation process
starts. Moreover, it is not clear  whether
this phase separation leads to changes in
the as-implanted Al depth profile.
Therefore, sputter depth profiling by
AES has been carried out. The Al depth
profiles measured by AES are shown in
Fig. 3. The formation of an Al peak at
the depth of about 450 nm is an
indication for compound formation in
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this region. The band of precipitates found by XTEM is obviously correlated with the Al peak
found in the AES profile. 

From Fig. 3 it is evident that the Al peak is associated with a dip in the C concentration. In the
more complex shape of the Si depth distribution a considerable feature is the local maximum
which coincides with the C minimum in depth and concentration.  The atomic concentration
profiles may be understood in the frame of  the following simple model:
(i) At low concentrations, the implanted Al atoms preferentially occupy Si lattice sites and
produce Si interstitials. Most of these interstitials are mobile under the conditions of high
temperature implantation and diffuse out of the implanted region.
(ii) Above a critical Al concentration cAl,cr of about 10 at%, chemical driving forces lead to the
decomposition of the SiC matrix [4]. In the concentration range cAl,cr.�cAl�0.4 this
decomposition process is described by the chemical reaction

       SiC + m Al  �  m/4  Al4C3 + (1-3/4 m) SiC + 3/4 m Si                                                      (1)

with m�4/3. The Al fraction m is given as the ratio of the densities of Al atoms and SiC
molecules in the Al/SiC system. Aluminium carbide and silicon are formed inside the silicon
carbide matrix. The Si atoms which are kicked out in the chemical reaction are accumulated in
Si precipitates. Additionally, Si atoms are bound in the remaining SiC matrix. This precipitation
is accompanied by Al accumulation and volume swelling.
  
The following conclusions can be drawn from the model:
(i) As long as the Al concentration is less than the critical one, the implanted layer has the
stoichometry Si1-yAlyC. This means that for any depth x the condition
  
       cAl(x) + cSi(x) = 0.5                                                                                                                 (2)

is fulfilled.
(ii) Considering the reaction (1) and the stoichometry of the resulting phases the following
relations are obtained between the concentrations of Si atoms in the Si precipitates (cSi, Si) and
the total atomic concentrations  which have been measured by AES:

cSi(x)=1/2 + 1/2 cSi,Si(x) - 7/8 cAl(x)                                                                                               (3)

cC (x)=1/2 - 1/2 cSi,Si(x) - 1/8 cAl(x)  .                                                                                             (4)
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cSi,Si(x)= 3/4 cAl(x)                                                                                                                         (5)
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    Fig. 4: Profiles of the noncarbon atoms calculated  by  eq. (3)
    from the AES results shown in Fig. 3
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In Fig. 4 the AES depth profiles are analysed in terms of the model described above. In general,
this analysis confirms the model. Obviously, the sum of the Al and Si concentration profiles
fulfills equation (2) in good approximation as long as the Al concentration does not exceed 10
at%. According to the model this
value should be the critical concen-
tration for aluminium carbide
formation and precipitation. In
agreement with the XTEM results a
narrow band of Si precipitates with
a FWHM of 30 nm is found within
the region of aluminium carbide
precipitates. The local Si maximum
in Fig. 3 is caused by these Si
precipitates. Outside this band all Si
atoms belong to the SiC phase.

In conclusion, the phase formation
due to high dose Al implantation in-
to hexagonal 6H-SiC single crystals
at 500 °C was studied by transmission electron microscopy (TEM) and Auger electron spectro-
metry (AES). A critical Al concentration of about 10 at% was found below which the 6H-SiC
structure remains stable. The Al atoms occupy preferentially Si sites in the SiC lattice. The
replaced Si atoms appear to be mobile under the implantation conditions and diffuse out. At
higher Al concentrations the SiC matrix is decomposed and precipitates of Si and Al4C3 are
formed. The Al4C3 precipitates have a perfect epitaxial orientation to the SiC matrix. The phase
transformation is accompanied by atomic redistribution and strong volume swelling. The
resulting changes in the atomic depth profiles can be accounted for by a simple chemical
reaction model.
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K.-H. Heinig and H.-U. Jäger

Deep implantation of impurity atoms by high-energy ion implantation is interesting in at least
three disparate areas. MeV ion implantation is adopted by industry for fabrication of retro-
grade wells of dopants. The second area is the fabrication of Silicon-On-Insulator (SOI) wafers
for large scale integration by high-energy high-dose oxygen implantation (SIMOX process) or
high-dose hydrogen implantation (Smart-Cut technique). The third area is gettering of dele-
terious impurities, such as Fe, at defects produced by high-energy ion implantation. Despite
of the growing effort devoted to MeV ion implantation techniques [1-6], systematical theoreti-
cal studies of the formation and the evolution of high-energy ion implantation defects are rare.
However, the ability to predict the depth distribution and evolution of defects is an important
need for microelectronics industry. Therefore, numerical simulations of the formation as well as
the thermal annealing of MeV ion implantation damage were performed. The predicted depth
pro�les are compared with SIMS pro�les of gettered metallic impurities.

Although TRIM simulations predict the depth distribution of implanted ions reliably, the pre-
dictive power for ion implantation damage is much worse. This is due to the facts that (i) most
displacements in a cascade are produced by low energy collisions which are not adequately de-
scribed within the binary collision approximation and that (ii) the in-beam annealing of damage
is not included. Despite these facts a good agreement has been generally found between the
damage remaining after annealing and ”excess defects” predicted by TRIM. This somewhat

10-4

10-2

100

���

���

��� QR�GHIHFW�UHFRPELQDWLRQ

 UHFRLOV
 YDFDQFLHV
 6L�DWRPV

 

10-5

10-4

10-3

��
�
��

�
	

�	
��
�
���
��
��
�
�

�

��

��
�

ORFDO�GHIHFW�UHFRPELQDWLRQ

 H[FHVV�LQWHUVWLWLDOV
 H[FHVV�YDFDQFLHV

 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
10-5

10-4

10-3 ORFDO�GHIHFW�UHFRPELQDWLRQ

	�LPSODQWHG�6L�DWRPV

 H[FHVV�LQWHUVWLWLDOV
 H[FHVV�YDFDQFLHV

 

 

����������	�����
S
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cancies, recoils and Si ions. Vacancy and recoil pro�les are nearly identical. (b) Point defects remaining
after complete local vacancy-interstial recombination, which are 0.1...0.01% of the initial point defects.
(c) Excess point defect pro�les taking into account that implanted Si atoms contribute to the net point
defect balance.
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surprising agreement has been named ”+1”-model. According to this model, ion implanta-
tion induced vacancy- and interstitial-type defects annihilate completely in the initial stage of
annealing leaving behind only an excess of interstitial-type defects which originate from the
implanted impurity atoms. Thus, the number of interstitials found in loops equals the number
of implanted ions. Small deviations from ”+1” (1 interstitial per 1 ion) have been found.

The ”+1”-model predicts for conventional ion energies (���� 50 keV Bn) the integral point
defect excess for the total implanted depth. This assumption is reasonable because for such
ion energies and standard annealing conditions the diffusion length of point defects is at least
comparable to the width of the implantation pro�le, i.e.

�
� � �� � �R, with � – diffusion co-

ef�cient of the fastest point defect, �� – annealing time and �R – projected range. For MeV im-
plantation we �nd

�
� � �� � �R, ���. a complete annihilation of interstitial- and vacancy-type

defects happens locally only (being denoted as ”local +1 model” in the following). It should be
emphasized that within the ”local +1 model” an excess of vacancy-type defects cannot annihi-
late with an excess of interstitial-type defects which is located at another depth. Therefore, for
high-energy ion implantation it becomes signi�cant that the recoil pro�le is slightly shifted with
respect to the vacancy pro�le. The shift is tiny, about 1 nm, so it can not be resolved in Fig. 1a.
However, due to this shift, about 0.01...0.1% of vacancies of Frenkel pairs �nd no interstial for
recombination in the sub-�R region (Fig. 1b). The same holds for interstitials in the �R region.

���� �� (a) Presentation as in Fig. 1c, but for 4 MeV Gen irradiation of Si with exchanged ordinate
and abscissa. (b) The 3 characteristic depths of Fig. 2a marked by arrows are plotted as function of
Gen ion energy: (-O-O-) depth of complete vacancy-interstitial annihilation� (-�-�-) depth of maximum
interstitial excess� (-�-�-) range of vacancy excess.

Including the implanted Si ions, which contribute to the number of interstitials, the boundary
between the regions of vacancy- and interstitial-type defects shifts towards the surface (Fig.
1c). For a systematic study of defects of 60 keV to 32 MeV Sin and Gen ion implantation
into Si several months computing time on 400 MHz Pentium PCs have been spent. The most
striking feature of the pro�les of excess vacancies/interstitials is the region of complete vacancy-
interstitial annihilation (Fig.1c). This region is very narrow, ���� it gives a well-de�ned depth
which is well below �R for low ion energies and which approaches asymptotically towards �R

at higher ion energies. This characteristic depth as well as the depths of maximum interstitial
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and vacancy concentration are marked by arrows in Fig. 2a for 4 MeV Gen implantation into
Si (�R � ���� �m). In Fig. 2b these depths are plotted for different Gen ion energies. Above 1
MeV all characteristic depths approach asymptotically the projected range �R.

The time evolution of excess vacancies and interstitials during thermal annealing has been cal-
culated by diffusion-reaction equations using the module for point defect-based diffusion of the
one-dimensional process simulator TESIM (see Ref. [7]). The thermal formation rate of Frenkel
pairs is � � ����� ��3�2 cm��s � ��	 
���� �� ���� �, the other point defect parameters (�U ,
�U , 	WU , 	

W

T
) have been taken from Ref. [7]. The fraction of vacancies/interstitials exceeding a

critical concentration 	rJ, is assumed to form clusters, which re-evaporate if concentration drops
during time evolution below 	rJ,. For the process simulator TESIM the TRIM pro�les of excess
point defects described above have been employed as initial condition. During annealing the
vacancy pro�le changes faster than the interstitial pro�le due to its lower initial concentration
and due to the surface sink nearby. Between the top layer of vacancy excess and a deeper layer
of interstitial excess we �nd an intermediate region which is a sink for both, vacancies and
interstitials, due to vacancy-interstitial annihilation. A defect-free gap forms there.

���� �� Comparison of a Cu depth pro�le of Kögler �� ��. [6] measured by SIMS after implantation
of 3.5 MeV, 5����D cm32 Sin into Si and annealing at 900 � for 5 s with the calculated depth pro-
�les of vacancies and interstitials, using TRIM and diffusion-reaction simulations for the same process
parameters.

In Fig. 3 a TRIM/TESIM simulation of an experiment by Kögler �� ��. [6] is shown, who studied
Cu gettering in Si implanted with 5����D Sin cm32 at 3.5 MeV for different annealing temper-
atures and times. For 5 � annealing at 900 �, a SIMS pro�le of Cu atoms is compared with
simulated pro�les of vacancy and interstitial excess. The only �tted parameter for vacancies
and interstitials is 	rJ, 
��� �� � ��� � ���H cm3�, for the other quantities default parameters
of TESIM have been taken. In Fig. 3, the ordinates at the left and right hand sides correspond
to the measured Cu concentration and the predicted defect concentration, respectively. The ex-
cess interstitials are rescaled by 1/1000 in order to overlap in the �R-region the predicted defect
pro�le with the measured Cu pro�le. This means, corresponding to the presented model and
for the particular conditions of Fig. 3, excess vacancies getter Cu 1000 times more ef�ciently
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than excess interstitials. A comparison of both ordinates shows that about 100 excess vacancies
getter one Cu atom. With the exception of a thin surface layer, the Cu pro�le follows exactly
the vacancy pro�le. Although this analysis gives no direct information about the nature of the
extended vacancy-type defects which getter Cu, the ratio between gettered atoms and vacancies
could help to clarify this point.

The nearly perfect agreement of the shape of the experimental SIMS pro�le of gettered Cu
atoms with the shape of the calculated point defect pro�le ���	
�� �� ��������� 
� �	� ����	
����� (see Fig. 3) is surprising in view of the well-known uncertainties in the depth scales of
both SIMS measurements and TRIM calculations.The good agreement demonstrated in Fig. 3
has been found also for other annealing and implantation conditions.

The results presented here (see Figs. 2, 3) strongly support the assumption that the so-called
’�R��’ peak of metal gettering arises from vacancy-type defects. The time dependence of get-
tering in the sub-�R region re�ects the vacancy pro�le evolution during annealing. According
to Fig. 2b, below 1 MeV Gen ion energy the whole region from the surface to ����R is char-
acterized by vacancy excess and a corresponding getter behavior (Fig. 3). As it is not shown
here, only during longer annealing a pronounced ’�R��’ gettering peak forms due to two va-
cancy sinks, the surface and the vacancy-interstitial annihilation zone. For Gen ion energies
exceeding 1 MeV a sub-�R getter peak must not be formed during annealing, it results from the
TRIM pro�le (Fig. 2b). However, this peak is no longer located around �R��
 with increasing
Gen energies it approaches �R.
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Hydroxyapatite Nucleation on Na Ion Implanted Titanium Surfaces

M.T. Pham, W. Matz, H. Reuther, E. Richter, G. Steiner*
* Institut für Analytische Chemie, Technische Universität Dresden

Hydroxyapatite (HA) coating is the common approach to improve the biocompatibility of
orthopaedic and dental titanium-based implants. Low-temperature processses are of current
interest. In these processes, biologically active HA having the chemistry and structure of
mineralized tissue may be formed under in vivo simulated conditions. One key problem is to
impart Ti surfaces with the ability to nucleate HA formation from an aqueous solution. An
enhanced HA nucleation can be achieved by (i) functionalized surfaces acting as molecular
blueprints for site-directed nucleation, (ii) elevated supersaturation of HA at the surface, and
(iii) surface topography providing confined reaction microenvironments and geometrically
matched nucleating sites. Ti surfaces treated with NaOH have been shown to induce HA
formation upon exposing to simulated body fluid (SBF) [1,2]. The effect is closely related to the
above criteria: generation of hydroxylated surface Ti�OH groups and increased supersaturation
of HA by increased surface pH resulted from Na2TiO3 hydrolysis, and etching-generated rugged
surface morphology. 

This paper presents the surface treatment involving ion implantation of Na into Ti to show that
surface-incorporated Na2TiO3  and a microporous rugged surface topography are formed by
reactions of Na with Ti,  and such surfaces are reactive to induce HA nucleation upon exposing
to SBF. The present experiments used plates of commercially pure Ti (10 × 10 × 1 mm3).
Standard procedures of polishing and cleaning were applied before use. Na ions were implanted
at doses ranging from 8 × 1016 to 4 × 1017  ions cm&2. The ion energies were set at 18 to 22 keV
to deposit Na within a surface layer of (22� 28) ± 14 nm thickness. Exposure experiments in
SBF of pH 7.4 were conducted at 37 °C in polystyrene vials. The surfaces were characterized by
XRD, FTIR, XPS, SEM, and light microscopy (LM). 

The new major phase introduced into the sur-
face after Na implantation is Na2TiO3 as evi-
denced from the XRD analysis (Fig. 1a). The
signal intensity increases with the ion dose in-
dicating the increased concentration formed by
ion implantation. The substrate Ti signal is at-
tenuated correspondingly, confirming that the
Ti surface becomes covered by the implanted
layer.

Fig. 1: XRD patterns of (a) an as-implanted Ti sample,
2.4 × 1017 Na% cm&2 , showing the formation of  Na2TiO3,
(b) a sample implanted with 1.6 × 1017 Na% cm&2

followed by a heat treatment at 400 °C in air for 20 min,
(c) like b with heat treatment at 700 °C producing
Na2Ti6O13, and (d) a preoxidized Ti surface implanted
with 2.4 × 1017 Na% cm&2. The different phases are mark-
ed by symbols. The vertical dashed lines indicate the
titanium Bragg reflections of the substrate. 
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Fig. 2 (left): O 1s XPS spectra from a Ti sample implanted with 1.6 × 1017 Na% cm&2: (a) as-implanted, (b) after
heat treatment at 700 °C in air for 20 min. O 1s subpeaks reveal oxide-bound O2& species at 530.0 eV and
hydroxide-bound OH species at 531.3 eV. 700 °C heat treatment leads to an enhanced development of the oxide
part and removal of the hydroxide part. 
  
Fig. 3 (right): Sputter depth profiles of O determined from XPS of (a:�) an as-implanted Ti sample (2.4 × 1017

Na% cm&2), (b:�) like a after 24 h incubation in a 137 mM NaCl solution at 37 °C, (c:�) like b after 120 h
incubation, and (d: ) a control sample without Na implantation after incubation treatment like c.  

Fig. 4: Light microscopic images showing the evolution of surface morphology: (A) Ti implanted with 2.4 × 1017

Na% cm&2, (B) sample A after 24 h incubation in SBF, (C) original Ti surface, and (D) sample C after 24 h
incubation in SBF. Bright features in B and D are hydroxyapatite precipitates. Scale bars: 10 µm.
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XPS measurements, Fig. 2, revealed that the surface contains oxide- and hydroxide-bound
oxygen. This  indicates the propencity for hydroxylating and is consistent with the presence of
sodium oxide/titanate. Na2TiO3 is incorporated within the surface layer. The penetration of Na
was seen to follow that of O, suggesting that Na ions are active oxygen-carrying species during
implantation. Fig. 3 shows the depth profiles of O indicating the formed titanate layer. Heat
treatment was shown to strongly modify the composition of the implanted layer. Heating to 400
°C in air for 20 min results in the formation of TiO and reduction of the Na2TiO3 amount (Fig.
1b). Na2Ti6O13 occurs at 700 °C (Fig. 1c). These reactions can be related to the reduced power
of Na and its peroxide and hyperoxide formed during the heat treatment. This is confirmed when
Na was implanted into a rutile-coated (preoxidized) Ti surface showing the formation of Ti2O,
but no crystalline phase of any Na-Ti compounds (Fig. 1d). 

Sodium ion implantation results in roughening the Ti surface. The roughness increases with the
ion dose. Fig. 4a shows surface features produced at an ion dose of 2.4 × 1017 Na% cm&2

revealing µm-scaled porous structures homogeneously distributed over the entire surface. A
rigorous reaction of Na with Ti, in addition to the ion implantation induced sputtering, can
account for this large scale in roughness. The ability for HA nucleation was assessed by
incubation tests in SBF. A 24 h exposure to SBF evidently revealed the enhanced deposition of
calcium phosphate (Ca-P) from the solution into a Na implanted surface. Fig. 4b demonstrates
this result: precipitate features covering a large part of the surface. Resolved imaging by SEM
exhibited that the surface is densely seeded with precipitate nuclei. The large aggregates seen in
Fig. 4b indicate the spontaneous precipitation and the rapid growth on these reactive Ca-P
nuclei. The precipitates from SBF were identified by XRD and FTIR to be hydroxyapatite. 

Fig. 5: IR spectra of a Na implanted Ti surface
after 120 h incubation in SBF revealing
characteristics of a typical carbonated
hydroxyapatite. The inset shows a survey
spectrum displaying the apatite OH absorption
band at around 3579 cm&1.   

Fig. 5 shows the FTIR spectra of such precipitates formed on a Na implanted Ti surface. As
shown by XRD, HA is formed while Na2TiO3 disappears, suggesting the active involvement of
the latter in the reactions. The hydrolysis of Na2TiO3 produces hydroxylated surface -Ti-OH and
increase in pH, two factors encouraging the HA nucleation. The morphology of a control sample
is also presented for reference (Figs. 4c and d). The control surface displays only some scattered
precipitates (Fig. 4d), implying that the HA nucleation on pure Ti surface is greatly inhibited. 
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Radiation Damage in Focused Ion Beam Synthesis of CoSi2

S. Hausmann, L. Bischoff, M. Voelskow, and J. Teichert

The first buried, single-crystalline CoSi2 layers were produced by White et al. using ion beam
synthesis (IBS), i.e. high dose Co implantation into a heated silicon substrate followed by a
two step annealing [1]. Since then a lot of investigations have been performed to increase the
quality of the CoSi2 layers showing a strong correlation between implantation temperature
and current density of the ion beam [2]. The implantations have to be performed at elevated
target temperatures to avoid amorphization of the silicon. Only if the substrate remains
crystalline the formation of a single-crystalline CoSi2 layer can be successful.
For patterned implantations very thick masks are required due to mask sputtering according
to the high dose. Mainly SiO2 masks with a tungsten capping layer are used. A problem in the
fabrication of sub-µm CoSi2 structures is the sputtering of the mask material into the
implanted region [3]. Therefore, it is often difficult to decide whether the IBS of small CoSi2

structures was not successful or the IBS process was disturbed by the sputtered mask
material. In contrast, a focused ion beam (FIB) allows to implant high doses of cobalt into
silicon without contamination by the mask material. However, the high current density
associated with FIB implantation influences the crystallinity of the silicon substrate. Dwell-
time effects have been found which are correlated to the crystallinity of the sample [4]. It will
be shown here how the radiation damage induced by a FIB can be reduced to a level being
similar to conventional ion beam implantation.
For FIB implantations the IMSA-100 system [5] was used. 70 keV Co2+ ions were extracted
from a Co36Nd64 alloy liquid metal ion source [6], mass separated by an ExB filter and
implanted into Si(111) or Si(100) wafers at a target temperatures of 400 °C. The beam spot
size was about 300 nm and the current density between 0.7 A/cm2 and 1.0 A/cm2

corresponding to a total current of 0.5 nA to 0.7 nA. FIB implantation is a serial process and
therefore the implantation area was divided into discrete pixels of 80x80 nm2 size. The dwell-
time (implantation time per pixel in one scan cycle) was varied from 1 µs to 250 µs but the
implanted dose was kept fixed at about 1·1017 cm-2. The tilt angle was in all cases 0°, i.e. all
implantations were performed under channeling conditions. To form CoSi2 layers the samples
were annealed for 60 min at 600 °C and for 30 min at 1000 °C in a nitrogen ambient. The
samples were analysed using scanning electron microscopy (SEM) after CF4 reactive ion
etching (RIE) removing the Si top layer with CoSi2 acting as an etch stop [7]. Further, 1.7
MeV He+ Rutherford backscattering spectroscopy / channeling (RBS/C) combined with a
special preparation technique [8] was employed. Typical sizes of the implanted area were
20x20 µm2 for SEM investigations and 300x300 µm2 for RBS/C analysis.
For short dwell-times (1 µs) buried, single-crystalline CoSi2 layers are formed as seen by the
RBS/C analysis in figure 1a. The SEM analysis shows a smooth layer (figure 2a). The
resulting CoSi2 layers have a χmin value of 7 % (defined as integrated counts of the aligned
Co peak divided by the integrated peak of the random Co peak). In addition, the Si signal
shows a high degree of crystallinity. This is comparable to the results of conventional ion
implantation for this ion energy [9]. In Figure 3a the random RBS spectrum is compared to a
RUMP simulation [10] of a layer system consisting of 31 nm Si / 29 nm CoSi2 / bulk Si. The
agreement is very good, showing that the CoSi2 layer has sharp interfaces.
For long dwell-times (250 µs) the layers are not single-crystalline. They are not buried as
seen by RBS/C in figure 1b, and they exhibit large holes in the SEM image (figure 2b). The
χmin value is 72 %, and also the Si signal shows that the crystal quality is very poor. Thus, we
suggest that the CoSi2 layer is poly-crystalline. In Figure 3b the random RBS spectrum is
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compared to a RUMP simulation of a
layer system consisting of 13 nm SiO2

/ 35 nm ( 73 % CoSi2 and 27 % Si) /
bulk Si. The composition of the
second layer is consistent  with the
structure shown by the SEM result in
figure 2b which shows a 76 %
coverage of CoSi2. The agreement is
quite good except for the low energy
tail of the Co peak suggesting that
there are also some CoSi2 clusters
below the CoSi2 layer. Other Co-Si
phases can be excluded since CoSi2 is
the only stable Co-Si phase after high
temperature annealing [11].
The different layer formation is
associated with the as-implanted state
of the sample [4]. For long dwell-
times the silicon substrate is
amorphized, whereas for short dwell-
times the substrate remains partly
crystalline, and in addition a part of
the cobalt atoms is already
incorporated into the silicon lattice
[12]. This effect can already be seen
for lower doses [13]. A critical dwell-
time can be defined by the transition
from crystalline to amorphous silicon.
The critical dwell-time is correlated to
the beam parameters and exhibits an exponential dependence on the target temperature [12].
In this report only the extreme cases for short (1 µs) dwell-times and long (250 µs) dwell-
times will be discussed and the beam overlap at neighbouring pixels will be neglected for
reasons of simplicity.
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Fig. 1: 70 keV Co2+ implanted into Si(111) at 400 °C using a
dose of 9.5#1016 cm-2. RBS/C spectra of annealed samples
implanted with 1 µs dwell-time (a) or 250 µs dwell-time (b).

Fig. 2: 70 keV Co2+ implanted into Si(111) at 400 °C using a dose of 1#1017 cm-2. SEM images of annealed
samples implanted with 1 µs dwell-time (a) or 250 µs dwell-time (b).
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For long dwell-times the beam can be
assumed to be a steady-state beam,
with the current density of 1 A/cm2

amorphizing the silicon lattice.
However,  CoSi2 IBS requires a
crystalline Si lattice and therefore the
process fails. It is useful to utilise the
Morehead-Crowder (MC) model [14]
for the implantations using short
dwell-times. In this model the impact
of one ion disturbs a cylindrical
region of the target. The size of the
cylinder is given by the ion energy,
ion mass, mass of the target atoms and
target density. For a given current
density it is now straightforward to
calculate the mean time between two
ion impacts into an area of AMC = 2.4
nm2 according to a cylinder of the MC
model. In our case the mean time
between two impacts into AMC is
about 10 µs. This means, that for a
dwell-time of 1 µs mainly either one
or no ion is implanted into a specific
area AMC. Than the other parts of the
structure are implanted and only in the
next scan cycle of the FIB it is
possible to hit the area according to
the cylinder in the MC model by an
ion impact again. Therefore the
current density of the FIB jeff  is
reduced to an effective current density jeff = jFIB / Npixel by a factor of the total number of
implanted pixels Npixel. In our case Npixel is 2562 and this means that jeff is 10 to 15 µA/cm2

which is very close to the current densities used in conventional ion implantation for CoSi2

IBS. The mean time between two ion impacts is now so long that the pause is sufficient to
anneal the defects created by one ion impact. This explains why our results for short dwell-
times are comparable to the broad beam results of Mantl et al. [9].
Using this knowledge a simple recipe can be given to ensure that FIB and conventional ion
beam implantation can be compared with regard to the current density. The dwell-time has to
be chosen short enough that no more than one ion is implanted into an area according to the
MC model during one scan cycle of the FIB. The area has to be calculated for every ion-
target combination. Then, the mean time between two ion impacts becomes only a function of
the current density. The effective current density can be reduced by the number of pixels
implanted in one scan cycle, e.g., to the exact value used in the conventional ion
implantation. If the implanted area is too small, i.e. the number of implanted pixels is too
small, it is also favourable to add a pause at the end of every scan cycle.
Now, after understanding the basic radiation damage effects in FIB implantation one can start
in the future to learn more about IBS for very small CoSi2 structures by a contamination-free
FIB. This process is rather complicated and will require further investigations. To
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Fig. 3: Random RBS spectra (taken from figure 1) compared
with RUMP simulations for 1 µs dwell-time assuming a
layer system of 31 nm Si / 29 nm CoSi2 / bulk Si (a) and 250
µs dwell-time for of 13 nm SiO2 / 35 nm ( 73 % CoSi2 + 27
% Si) / bulk Si (b).
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demonstrate the possibilities of this
technique an example of a CoSi2 line
pattern with a width below 70 nm is
shown in figure 4. The spot size of
the beam was about 300 nm and
only the exploitation of self-
organisation processes in the IBS
allow the production of a CoSi2 line
with a much smaller width than the
beam spot size.
In this work single crystalline CoSi2

layers have been produced by
focused ion beam implantation. The
cristallinity of the Si / CoSi2 / bulk-
Si layer system is comparable to the
results achieved by conventional ion
implantation. This was explained by
the possibility to reduce the current
density of a focused ion beam to an
effective current density which is similar to that of conventional ion implantation by the
application of short pixel dwell times.
The authors would like to thank the Deutsche Forschungsgemeinschaft for financial support
under contract No. Te 250/1-3. They gratefully acknowledge the SEM investigation by E.
Christalle and the technical assistance by I. Beatus.
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Aluminium and its alloys find wide industrial application due to a high strength to weight
ratio, good corrosion resistance, and good formability. On the other hand hardness and wear
resistance are not satisfactory for numerous potential applications. Nitriding is a promising
method for surface modification of Al since AlN has excellent physical and chemical
properties, e.g. high hardness and thus increased wear resistance. An obstacle for successful
nitriding of Al is the existence of a dense native surface oxide layer which acts as a barrier for
the incorporation of nitrogen by diffusion. In this context, ion nitriding techniques which are
associated with the removal of surface atoms due to sputtering are of advantage [1].
Furthermore, a thick and stoichiometric AlN layer can be formed only at sufficiently high
temperatures to cause diffusion. The mechanism of diffusional transport appears to play an
important role for the nitriding process and therefore it is a subject of the present research.

In this contribution the dominant diffusing element during ion nitriding of Al is identified by
employing a marker layer. The depth region at which the nitriding takes place is also
determined by use of an isotope exchange technique. First, after mechanical polishing and
ultrasonic cleaning, a sample of pure Al (99.999%) was ion nitrided from a hot-filament ion
source using a feed gas of 14N [2]. A stoichiometric AlN layer of about 400 nm was formed
using an ion energy of 1 keV, a total ion fluence of 2.8 x 1018 N/cm2 and a substrate
temperature of 500 °C. Afterwards Au was implanted at normal incidence with an ion energy
of 1 MeV and a fluence of 1 x 1016  Au/cm2 by a tandetron accelerator. According to SRIM
calculations [3] the  resulting mean projected range is about 200 nm with a straggling of 100
nm. Also, the simulated peak maximum concentration is 1 at. %. Subsequently the sample
was re-installed in the ion nitriding set-up and ion nitrided with 15N at an ion energy of 1 keV
and a total ion fluence of 2.3 x 1018 N/cm2 at 400 °C. During the second ion nitriding, a part
of the sample was covered by a Si wafer.

Elemental depth profiles were obtained before and after ion nitriding with 15N by means of
ion beam analysis techniques. For analysis of the Au marker profile Rutherford
Backscattering Spectrometry (RBS) was used with 1.7 MeV 4He+ ions and a scattering angle
of 170°. Nitrogen depth profiles were obtained from Elastic Recoil Detection Analysis
(ERDA) using 35 MeV Cl7+ ions and a time-of-flight energy telescope at a scattering angle of
45° [4]. Under these conditions, the 14N and 15N profiles can be measured separately and
simultaneously. Additionally, X-ray diffraction with Cu Kα radiation at 0.5° grazing
incidence was used to determine the phases being present in the modified layer.

Fig. 1a shows the RBS spectra obtained after 14N ion nitriding and Au ion implantation. A
nitrogen to aluminium ratio of 1.0 is found by RUMP simulations [6]. The thickness of the
AlN layer is about 400 nm, considering the density of AlN (3.26 g/cm3 ). The signal of the
implanted Au has the typical gaussian shape and it is situated in a 160 nm thick zone starting
at a depth of 130 nm. The average Au concentration in the implanted zone is 0.65 at.%. This
corresponds well to the simulated projected range and straggling. The low Au concentration is
necessary to ensure that the diffusion of the Al or N atoms will not be affected by the
implanted Au.

Further ion nitriding with 15N allows to investigate the mechanism of diffusional transport.
The implanted Au may be redistributed due to two reasons:  i) the Au may  migrate because of
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the high substrate temperature of 400 °C and ii) the Au marker layer may move due to the
diffusion of Al and N. To separate these two effects, the influence of temperature alone was
investigated in the capped section of the sample. If the Au profile does not shift here, the shift
of the Au layer in the nitrided section can be used as an indication for the relative migration of
Al and N atoms.

Fig. 1b shows the RBS spectrum measured after the heat treatment from the capped sample
area. The position and the shape of the Au peak remain nearly unaffected, therefore purely
thermal Au diffusion in AlN can be neglected. Also the elemental depth profiles of Al, N and
O obtained after the heat treatment by ERDA are shown in Fig. 2a. The measurement
confirms the formation of a 400 nm thick stoichiometric AlN surface layer. There is a well
established plateau with equal atomic density of Al and N (average (0.48 ± 0.04) x 1023

at/cm3). Small amounts of oxygen are found at the surface and close to the interface between
the AlN layer and the Al substrate.

The effect of diffusional transport can be seen in Fig. 1c, where the RBS spectrum after
subsequent ion nitriding with 15N is shown. The thickness of the AlN layer in front of the Au
marker layer is significantly increased, even though the surface was eroded due to sputtering.
An erosion depth of about 160 nm is estimated from the retained amount of N in comparison
to the initial mean depth of the Au marker of 200 nm.  According to a RUMP simulation, the
Au implanted zone starts at about 380 nm from the new surface, but its width and average Au
concentration remained unchanged. The observed shift must be due to diffusional transport of
N or Al atoms, since the Au diffusion in AlN can be neglected. If the diffusional transport
would be dominated by inward diffusion of N, the Au peak should be shifted relative to the
surface in the opposite direction (due to sputtering), because the new AlN layer would grow
behind the marker layer. In contrast, the observed change of the Au peak position after 15N
ion nitriding indicates that the AlN layer grows from the surface due to Al diffusion from the
underlying bulk through the nitride formed before.
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The use of 15N enables to determine the depth region at which the nitriding takes place. Fig.
2b shows the elemental depth profiles of 14N, 15N, Al and O obtained after ion nitriding with
15N. The pre-implanted 14N is found only in the bulk, while the post-implanted 15N is located
near the surface. Considering the limited depth resolution of high-energy ion beam analysis,
both nitrogen profiles are nearly rectangular and well separated. This supports a layer by layer
growth of the nitride phase where the continuos nitriding takes place close to the surface.
Also, the observed profile distribution confirms a mechanism dominated by diffusion of Al.
An eventual substitution mechanism of 14N present in the form of AlN by the added 15N is
unlikely from an energetic point of view. Behind the implantation range (about 2 nm) the
atoms have only thermal energy (≈ 0.1 eV) which is much less than the binding enthalpy of
AlN (3.3 eV) [7]. Furthermore, a N substitution would result in more overlapping elemental
depth profiles of 14N and 15N and would shift the position of the Au marker to the surface. A
mechanism of collisional mixing [8] can be excluded too, because the projected range of the
implanted 1 keV nitrogen ions is much smaller than the observed changes in the modified
layer.

The transport dominated by diffusion of Al is also consistent with the oxygen depth profiles.
Fig. 2b shows that after ion nitriding small amounts of oxygen are present not only at the
surface but also near the interfaces. These peaks can be attributed to the original surface
positions, which are now buried due to Al diffusion to the surface. This effect occurs because
the oxygen incorporation is stronger in the beginning of each process when the original
surface oxide is thick.

Additionally, a phase analysis of the modified layer has been performed. Fig. 3 shows the
XRD pattern obtained after ion nitriding with 14N. The positions of the Bragg peaks show
only formation of the hexagonal AlN phase. The broadening of the AlN peaks reveals that the
nitride layer consists of fine  grains. By applying the Scherrer’s  formula a grain  size of  about
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5 nm is estimated. Such a size of the AlN precipitates in the nitride layer suggests that the
diffusion of Al may occur via a grain boundary mechanism.

In summary, the diffusional transport during ion nitriding of aluminium is dominated by
diffusion of Al. The AlN layer nucleates at the surface because of nitrogen implantation in the
near surface region and Al diffusion from the underlying bulk through the already formed
nitride. Determination of the activation energy for Al diffusion and the diffusion coefficient
for different temperatures is a matter of further investigations.
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An Integrated High Voltage Modulator for Plasma Immersion Ion
Implantation

R. Günzel, U. Hornauer, A.I. Rogozin* and V.T. Astrelin*

*Institute of Nuclear Physics, 630090 Novosibirsk, Russia

Plasma immersion ion implantation (PIII) is a promising technology to implant gaseous or
metallic ions into different materials to modify the surface properties [1 - 4]. The sample to be
implanted is immersed into a plasma and negatively biased. A positively charged sheath
develops conformably around the sample. Ions are extracted from the sheath and implanted
into the sample by the potential drop. Recently design parameters for PIII systems have been
specified [5, 6]. Following these design considerations for implantation voltages of 40 kV, a
plasma density of about 1016 m-3 is recommended. Depending on the electron temperature a
stationary ion current of several A/m2 can be extracted from the plasma sheath surrounding
the biased sample. To control the thermal load of the sample during treatment a pulsed bias
voltage is mandatory. Applying a negative voltage pulse to the sample, the sheath is initially
expanding with supersonic velocity and reaches an equilibrium stage after a few µs. Due to
this rapid sheath expansion the ion current is further increased [7 - 9]. For PIII on an industrial
scale, with surface areas in the range of square meters, the peak current during the first µs will
be in the range of several hundreds of amperes. Treatment voltages of  up to 200 kV have
been reported [10]. Hence, the equipment to produce suitable high voltage pulses is rather
expensive and shares a considerable part of the total cost of PIII equipment. A new cost
effective high voltage modulator is presented in this contribution.

The basic idea of the new modulator is that in case of two floating electrodes, immersed into
a plasma and connected to both plates of a charged capacitor, both the electron flow to the
anode as well as the ion flow to the cathode electrode will obey the Child - Langmuir law. As
the mass of the electrons is small compared to the mass of ions, the resulting potential of the

anode will be close to the plasma potential, whereas the electrode, connected to the negative
plate of the capacitor (sample to be treated) will become negative compared to the plasma
potential. If the anode is surrounded by a negatively biased grid (see Fig. 1), the anode
becomes insulated from the plasma and the cathode (sample) is now at floating potential. In
this way the sample voltage can be modulated by controlling the grid bias voltage. The
modulator works under the condition that the grid voltage and the distance between two grid
wires  are properly arranged to control the flow of plasma electrons to the anode, and that this
flow of extracted plasma electrons is large enough.

Fig. 1: Scheme of plasma
immersion ion implantation
with integrated high voltage
modulator.



48

In the following, dynamical effects will be neglected and stationary currents will be estimated,
assuming that anode and cathode potentials and the sheaths at cathode and chamber wall
became stationary. The maximum anode current, which can be extracted from a plasma in the
stationary case, can be estimated from the Bohm sheath criterion. In a cold plasma in local
thermal equilibrium there exists always a stationary flow of positive ions to the wall,
enclosing the plasma:

Bi venj 02

1
exp 





−= ,  

i

e
B m

kT
v = , (1)

with im  mass of the ions and 0n  the plasma density. The total ion current flowing from the

plasma to the wall is

wii SjI ⋅= , (2)

with the wall area wS . To keep the plasma balanced, the same amount of electrons must flow

to the wall too. A positively biased electrode increases the plasma potential, thus decreasing
the electron loss to the wall. If the plasma potential is high enough, the electron loss to the
wall will become negligible so that the anode saturation current, which can be extracted from
a plasma in the stationary case, becomes

wBes SvenI 02

1
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 −≤ . (3)

Applying eq. (1) to the cathode sheath with area cS , the ion current ciI  extracted to the

cathode in the stationary case is [7, 8, 10]

cBci SvenI ⋅




−= 02

1
exp . (4)

The energetic ions release secondary electrons with the yield γ  from the cathode. Thus the
modulator works, if the electron saturation current of eq. (3) exceeds the cathode current

cscies III +≥ , (5)

with the secondary electron current csI .

The area of the wall, enclosing the plasma is composed of the area of the chamber chS and the

area of the cathode sheath cS . From eqs. (3) - (5), the “modulator criterion” for the stationary

case is obtained as

cch SS ⋅≥ γ . (6)

Basic experiments and tests of this new modulator concept have been performed using a
nitrogen hot filament assisted arc plasma at different plasma densities. The cubic plasma
chamber used for the tests has a volume of 15 l and an inner surface area of 0.36 m2. As anode
a steel rod of 12 mm diameter and 200 mm length is used. The anode is surrounded by a
cylindrical mesh with a diameter of 45 mm and a length of 200 mm. The mesh is
manufactured of stainless steel wires of 0.7 mm diameter with 1.7 mm mesh size. The anode
is located parallel to a corner of the cubic chamber in a distance of 60 mm to the wall.  The
cathode is a disk of 50 mm diameter, located in the centre of the chamber.
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In Fig. 2 the behaviour of anode voltage, cathode voltage and current are shown for a plasma
density of about 4 x 1016 m-3 and an electron temperature of 1 eV. The grid voltage (not
shown in the figure) was –145 V during the off-time of the high voltage pulse. At time 0 the
grid voltage was switched off for  100 µs and than applied again. As during the on-time of the
pulse the capacitor starts discharging, the cathode voltage is smaller than the maximum anode
voltage of 22 kV. Further, the anode needs about +200 V to extract electrons from the plasma.
During the rise time of the high voltage pulse the current has a maximum of more than 4 A,
and remains at a constant value of about 1.7 A when the cathode sheath has become
stationary. This stationary current is very close to the predictions of eq. (3) with an electron
saturation current of 1.9 A for the given plasma parameters.

The above model was also confirmed by time-resolved measurements of the current flowing
from the plasma to the wall and the change of the floating potential during the pulse. Different
to the electric scheme of Fig. 1, these investigations have been performed by keeping the
anode constantly at +20 kV in order to avoid dynamical effects. In agreement with the
assumptions leading to eq. (3), indeed a change of  the plasma floating potential  from –8 V
up to +60 V was measured when the grid voltage was switched off. Thus, all electrons leaving
the plasma are collected by the anode.

For a given sample size, to be treated by PIII, a minimum size of the vacuum chamber is
mandatory [5, 6]. According to eq. (5), this implies an automatic scaling of the modulator
current, following the scaling of the chamber size with the sample size. This means that the
modulator criterion (6) is fulfilled so that no principal limitation of the sample size to be
treated exists. Further, the treatment voltage requires only a proper insulation between grid
and anode. Thus the integrated modulator offers the possibility of high voltage and large scale
PIII treatment. The costs of the modulator are small compared to modulators available up to
now. Problems may arise at treatment voltages > 100 kV, as the secondary electron rate
increases with increasing ion energy, resulting in an disadvantageous ratio between chamber
size and sample size. However, additional studies have shown possibilities to overcome the
limitations established by the modulator criterion, like local enhanced plasma densities or the
use of additional electron sources.

Fig. 2: Cathode voltage,
anode voltage and current
during the on-time of the
voltage pulse.
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Atomic-level and effective elastic properties of amorphous carbon films
on crystalline substrates
The concept of atomic-level elastic moduli is modified for composite
materials with the interatomic interaction described by an empirical bond
order potential. The atomic-level elastic moduli directly incorporate the
contribution due to the internal relaxation of atoms in a solid subjected to a
uniform strain. An advantage of such atomic-level elastic moduli over the
previously used definitions is that their average represents the effective elastic
moduli rather then the Voigt bounds. This property enables for the effective
elastic moduli to be calculated not only for a whole composite solid but also
for each of its constituents, in particular, for an amorphous film on a
crystalline substrate. It is shown that the Brenner interatomic potential used in
molecular dynamics studies of the amorphous carbon film deposition satisfies
the criteria necessary for the introduction of the atomic-level elastic moduli.

H.-U. Jäger
K. Albe*

supported by
DFG

Molecular-dynamics simulations of steady-state growth of ion-deposited
tetrahedral amorphous carbon films
Molecular dynamics calculations were performed to simulate the ion beam
deposition of diamond-like carbon films. Using the computationally efficient
analytical potentials of Tersoff and Brenner we were able to simulate more
than 103 carbon atom impacts on {111} diamond, so that steady-state film
properties could be computed and analyzed. The film composition calculated
with Tersoff's potential is dominated by spurious bonding sequences between
three- and fourfold coordinated atoms, which lead to sp3-contents of about
40 % in maximum, but occur as result of the overbinding inherent to this
potential. Using Brenner's more refined potential, which includes overbinding
corrections, unreal high dense structures with low sp3-contents of only a few
percent are achieved. The small range of the binding orbitals, represented in
these potentials by the cutoff-function, is identified as reason for this
shortcoming. By re-adjusting the cutoff-parameters we got an improved
forcefield, which allows for the first time the simulation of steady-state
growth of ta-C structures with realistic densities and sp3-contents which are in
line with experimental studies.
Collaboration: *University of Illinois at Urbana-Champaign, Urbana, USA;
Fraunhofer-Institut für Werkstoff- und Strahltechnik, Dresden

A. Kolitsch
S. Malhouitre 
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Synthesis and characterization of nitrogen containing carbon films
XPS measurements of CNx films deposited by IBAD at temperatures ranging
from RT to 1000°C and fixed ion/neutral parameters reflect a change of the
main chemical state of the nitrogen bonds at growing deposition temperature.
The nitrogen content of the films decreases significantly at deposition
temperatures above 600°C and correlates well with two different binding
energies measured by XPS. Results of nano-indentation techniques concer-
ning hardness and elastic modulus also agree with these measured structural
information about the incorporated nitrogen and with the analysed  nitrogen
content  at  different  deposition  temperatures.  Additional  EELS investiga-
tions at the same films show only weak changes of the carbon plasmon peak
position and the sp2/sp3 ratio in the films with increasing deposition
temperature in correlation to the nitrogen content. 
Collaboration: University of Stockholm, Sweden; University of Linköping, Sweden;
University of Newcastle, UK;  Universite Paris-Sud, France and CNRS, France
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Synthesis and characterization of Si3N4 and SixCyNz films deposited by
IBAD
$-Si3N4 and $-C3N4 have the same crystallographic structure. Deposition of
silicon nitride by IBAD have been studied to grow on these films the
predicted carbon nitride phase. The stoichiometry of the deposited nitride film
was controlled by the silicon/nitrogen transport ratio of the IBAD process.
The measured infrared spectra are typical of Si3N4 films. The nitrogen ion
energy (300-1200 eV) and temperature of the substrates (RT-700°C) have no
influence on the structure of the films. Grazing incidence XRD performed on
films made at various temperatures shows that the films are composed with
nanocrystalline grains. SixCyNz films were deposited by IBAD with an
additional carbon evaporation and with C/Si arrival ratios varying between 0.5
and 2. The resulting films present a C/Si atomic ratio between 0.4 and 0.95.
XPS shows that the nitrogen atoms are mainly linked to silicon atoms, and the
carbon atoms are mainly linked to carbon atoms. Few Si-C and C-N bonds are
also present.
Collaboration: University of Stockholm, Sweden; University of Linköping, Sweden;
University of Newcastle, UK; Universite Paris-Sud, France; CNRS, France

F. Piazza*
Y. Arnal**
A. Lacoste**
G. Relihan***
 M. Kildemo*** 
D. Grambole 
F. Herrmann
A. Golanski*

Investigation of the properties of hydrogenated amorphous DLC thin
films fabricated by ECR plasma deposition
An uniformly distributed multipolar ECR microwave plasma at 2.45 GHz was
used to deposit ta-C:H (DLC) films on silicon substrates at RT. The influence
of the process parameter (acetylene initial pressure and the substrate bias) on
the growth rate, structure and hydrogen content of the DLC films has been
investigated using SE and NRA, respectively. For the latter the resonance at
6.385 MeV of the nuclear reaction 1H(15N,"()12C was used. The DLC
deposition rate and the hydrogen content increase significantly with
increasing acetylene pressure from 0.6 to 1.1 mTorr. Against the variation of
the substrate bias within the range from –30 V to –190 V (at a acetylene
pressure of 0.6 mTorr) has no measurable impact on both.
Collaboration: *CNRS, Laboratoire PHASE, Strasbourg, France; ** CNRS,
Laboratoire LEMD, Grenoble, France; ***National Microelectronics Research
Centre, University College, Cork, Ireland

E. Wieser
J. Schreiber*
C. Wenzel**
W. Matz
H. Reuther

Modification of Ta-based thin film barriers by ion implantation of
nitrogen and oxygen
For copper metallization schemes of microelectronic devices tantalum is a
promising candidate for the necessary diffusion barrier. Ta-based thin film
have been treated by ion implantation of nitrogen and oxygen to decrease the
density of diffusion enhancing defects and to improve the barrier stability.
The implantation changes the composition and the microstructure of the films.
Above a threshold dose of 1x1017 N+/cm2 and 3x1017 O+/cm2, respectively, in
100 nm Ta the original Ta structure is destroyed. Oxygen implantation leads
to amorphization. In the high dose N+-implanted samples ($3x1017 N+/cm2

into 100 nm Ta) nitride formation is detected. These changes of the micro-
structure have to increase the barrier stability considerably. The layers
amorphized by oxygen implantation remain amorphous also after annealing at
650°C/1h. PIII has been successfully tested to modify very thin Ta films (15
nm).
Collaboration: * FhG Institut für Zerstörungsfreie Prüfverfahren Dresden (EADQ),
** TU Dresden, Institut für Halbleiter- und Mikrosystemtechnik 
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Amorphization of Fe/Al
Due to some contrary results on the non-equilibrium behaviour of Fe-Al,
Fe/Al multilayers with an overall composition of 55-85 at.% Al were fully
ion-beam mixed by 150 keV Fe ions (1016 cm-2). The resulting homogeneous,
non-equilibrium Fe-Al alloys were investigated by XRD, TEM, EXAFS and
Mössbauer spectroscopy. It was shown that the alloys with 55-70 at.% Al are
of bcc-crystalline structure, while around 75 at.% Al the bcc lattice becomes
distorted towards an Fe2Al5-like structure. The alloys with 80 and 85 at.% Al
are amorphous. Mössbauer and EXAFS measurements show that during the
transition from the crystalline to the amorphous state the short-range order
remains essentially unchanged. Especially, no additional Al atoms were
incorporated into the first two neighboring shells of the Fe atoms. It is
concluded that the amorphization is due to the formation of Al-Al pairs away
from Fe. Within the existence range of the amorphous state, additional Al can
again enter the first two neighboring shells of Fe, leading to a less distorted
short-range order with increasing Al concentration.
Collaboration: * Institut für Kristallographie, TU Dresden
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Ion-beam mixing of laser-deposited Co/Cu multilayers
Aim of this work was to investigate the possibility to prepare a metastable
solid solution of Co in Cu by means of ion-beam mixing of laser-deposited
Co/Cu multilayers. For this purpose, various laser-deposited Co/Cu multi-
layers were irradiated with 150 keV Cu+ ions. The fluence was between
1x1015 and 5x1015 cm-2. The as-deposited state is characterized by
morphologically rough interfaces as described below (Prokert, et al.). Low-
angle XRR shows that mixing with 5x1015 cm-2 leads to a complete
degradation of the multilayer structure. High-angle XRD reveals that radiation
enhanced grain growth occurs, leading also to a change in the texture.
However, a super-paramagnetic behaviour is observed, indicating that no
solid solution but a granular system of Co clusters in a Cu matrix was formed.
The results prove that the positive heat of mixing of the Co/Cu system
reverses any ballistic mixing introduced by the energetic ions. Still, the ion-
beam mixing of Co/Cu layers could offer a way to control the cluster size in
the achieved granular system.
Collaboration: * Institut für Festkörper- und Werkstoffforschung, Dresden
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Diffuse X-ray scattering on Co-Cu multilayers (ML) near absorption
edges
Two types of MLs, prepared by crossed beam pulse laser deposition with
different layer thickness of Co- and Cu-layers on a Si-substrate, Si/SiO2/n
x[Co(k nm)/Cu(k nm)] with (n, k) = (8, 4) or (4, 8), were investigated using
synchrotron radiation near the absorption edges (Co: 7.71 keV; Cu: 8.96 keV)
at ROBL. From the distribution of the diffuse scattered intensity a
characterization of the roughness of the surface and interfaces could be given
by simulations based on Sinha’s representation of the height-height
correlation function. The correlation length x and the Hurst parameter h have
been determined and the roughness correlation between the layers could be
quantified. The results are nearly the same for both types of MLs. In the ‘as-
deposited‘ state the roughness is dominated by a high morphological
jaggyness, represented  by a high fractal dimension (D=3-h) of about 2.75.
After annealing (500°C, 2h) this ‘short-scale roughness‘ is reduced (D=2.5).
However, the correlation length, which is a lateral measure for the biggest
morphologicial  feature determining the roughness value, is drastically shorte-
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ned. This is accompanied by a reduction of the roughness conformity. Both
effects are ascribed to thermal grain growth.
Collaboration: *TU Dresden, Inst. f. Werkstoffwissenschaft 
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Hardening of chromium nitride covers on steel by ion implantation
In order to improve mechanical surface properties steel was coated with 1.5
µm chromium nitride of the composition CrN0.4. After nitrogen irradiation of
the layer a significant wear reduction was found; the wear trace depth reduces
from 4.5 µm to 0.5 µm. In order to understand the structural reasons of this
behaviour a XRD study of samples implanted with (5, 10, 20)x1016 N/cm2 was
performed. It was found that most of the CrN0.4 layer remains amorphous.
Only near the surface crystalline phases are formed. The first occuring phase
is Cr2N at 5x1016 N/cm2 . With increasing fluence CrN is formed, remaining
the only phase at 2x1017 N/cm2. The width of the diffraction peaks is quite
broad indicating very small crystallites. A quantitative estimation was not
possible because of the huge background from the remaining amorphous
material. AES depth profiles support that the composition change due to
irradiation is limited to the top 15% of the layer.
Collaboration:  *Institute of Electronic Materials Technology, Warsaw, Poland
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Characterization of RF-sputtered platinum films by positron annihilation
spectroscopy
Pt films on Al substrates and bulk Pt samples have been investigated by
conventional PAS as well as by SPIS. A variety of state-of-the-art theoretical
calculations have been performed. Only the atomic superposition technique in
connection with an approaching scheme introduced by Boronski and
Nieminen led to positron lifetimes in Pt which are in good agreement with
experimental results. We suggest that the positron lifetimes in vacancy +
dislocation, monovacancy and divacancy are 168 ps, 174 ps and 206 ps,
respectively. The lifetime for perfect Pt was found to be 99 ps. The research
shows that a re-interpretation of earlier defect studies of bulk Pt by PAS is
required in order to achieve a satisfactory agreement with the present
experimental findings and theory. Pt films on Al substrates were found to
contain open-volume defects, most probably of the size of a monovacancy.
However, in the as-received film the defect concentration decreases with
depth, compared to an uniform distribution in the annealed film, but is
generally much larger than in the annealed film.
Collaboration: *Charles University Prague, Czech Republic, **Fachhochschule
Fulda, ***University of Bath, UK
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Atomistic simulations of ion implantation into different polytypes of SiC
A new version of the Crystal-TRIM code was developed which allows the
determination of ion range and energy deposition profiles in 3C-, 2H-, 4H-,
and 6H-SiC. The models employed to describe the electronic energy loss of
the incident ions and their enhanced dechanneling due to the damage buildup
with growing dose are similar to those used in the simulation of implantation
into Si by the standard Crystal-TRIM. The program was applied to reproduce
experimental range distributions for 1.44 MeV B+, 1.5 MeV Al+, and 3 MeV
Ga+ implantations into (0001) 6H-SiC at nearly normal incidence and doses
between 1012 and 1015 cm-2. The consideration of such channeling implanta-
tion profiles allows a reliable test of the models used for electronic energy
loss and damage buildup and of the values chosen for the model parameters.
A satisfactory agreement between the results of computer simulations and the
measured data could be achieved. In contrast to the modeling of ion
implantation into Si, in the case of SiC the parameter describing the damage
buildup does not so strongly depend on the ion mass. This is interpreted by
the difference between the defect accumulation processes occuring in Si and
SiC during ion bombardment.
Collaboration: *MTA-KFKI, Research Institute for Technical and Materials Science,
Budapest, Hungary; **Royal Institute of Technology, Kista-Stockholm, Sweden
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Elementary processes of ion-beam-induced defect formation in SiC
Classical molecular dynamics simulations were performed in order to study
elementary processes of defect formation during the introduction of dopants
into SiC by ion implantation. A modified Tersoff potential is employed which
describes the repulsion at short interatomic distances more precisely. For the
3C-, 4H-, and 6H-polytypes of SiC the threshold energies for atomic displace-
ments and defect formation were determined for primary-knockon-atoms
(PKAs) with directions of motion parallel and antiparallel to [0001]. In
contrast to 3C-SiC, in 4H- and 6H-SiC the number of nonequivalent Si- and
C-PKAs in each direction is greater than one due to the more complex
structure of these polytypes. In dependence on the PKA chosen the threshold
energy for defect formation varies from 20 to 70 eV. The point defect
configurations formed by PKAs with near-threshold energies were identified.
Some of the interstitial types found in 4H- and 6H-SiC have not been reported
so far.
Collaboration: *Belorussian State University, Minsk, Belarus

E. Chagarov
M. Posselt

Improvement of the repulsive part of the classical interatomic potential
for SiC
Investigations of ion-beam-induced defect formation by classical molecular
dynamics simulations are determined decisively by the quality of the
interatomic potentials employed. In order to describe correctly the ballistic
and athermal processes occuring during ion bombardment of SiC the Tersoff
potential was modified. At small interatomic distances its pair part was
replaced by the well-tested ZBL potential. An exponential function was used
to connect that potential with the two-body part of the Tersoff potential in the
region between some ten and zero eV. The resulting pair potential and its first
derivative  are  continuous and  monotonic  over  the  whole range where the
modifications were introduced. The consideration of repulsive interactions in
Si-Si, Si-C, and C-C dimers by ab-initio DFT calculations using the code
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Dmol yielded energies which agree satisfactorily with the values of the
improved pair potential. The second modification of the Tersoff potential for
SiC concerns its three-body part. Its contribution to the total potential was
reduced for small interatomic separations at which the interaction between
two atoms should be independent of their coordinations to the other neighbour
atoms. This was realized in such a manner that the total potential and its
derivative remain continuous and monotonic in the region where the reduction
of the three-body part is performed.

V. Heera
W. Skorupa
B. Pécz*

L. Dobos*

supported by
DFG 

Ion beam synthesis of carbon phases in silicon carbide
Silicon carbide (SiC) is the only equilibrium phase in the binary system of  Si
and C. Additional carbon introduced in this system should form pure carbon
phases, because all of the tetrahedral (sp3) Si-C bonds are saturated in the SiC
crystal. A high dose of 1x1018cm-2, 60 keV carbon ions was implanted into
single crystalline 6H-SiC at elevated temperatures (300-900°C). According to
a SRIM calculation the composition of the compound is about Si0.20C0.80 in the
carbon maximum at the depth of 130 nm. The formation of carbon phases in
the crystalline SiC lattice was investigated by XTEM. An amorphous phase
was produced at 300°C. Precipitates of graphite were obtained at 600°C,
whereas at 900°C small diamond grains  were formed. These grains are in
perfect epitaxial  relation with the surrounding SiC lattice. 
Collaboration: *Research Institute for Technical Physics and Materials Science,
Budapest, Hungary
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Ion beam induced nanocrystallization of silicon carbide
Ion-beam-induced crystallization (IBIC) was used to produce nanocrystals in
the preamorphized region of a 6H-SiC bulk crystal. The precipitation was
stimulated by high dose implantation with Al and Si at temperatures between
300°C and 700°C. The morphology and size of the nanocrystals in depen-
dence on the implantation parameters were investigated by XTEM and XRD
under grazing incidence. Above a certain threshold dose, randomly oriented
grains of 3C-SiC with almost spherical shape and mean diameters ranging
from 4 to 25 nm are formed. The recrystallization is completed within a very
narrow time window. Therefore the nucleation  process could not be observed
directly in our experiments. From the extrapolation of the kinetics of the
secondary grain growth to zero time the window of suitable parameters for the
observation of nucleation and primary grain growth was estimated. A critical
temperature (TC #300°C) as well as an incubation time (tI $300 s below
700°C) for the beginning of the recrystallization were found.

F. Eichhorn
N. Schell
W. Matz
R. Kögler 

SiC crystallite formation by ion implantation into Si: structural studies
by synchrotron XRD
Implantation of C ions with an energy of 45 or 195 keV, respectively, into Si
results in an elastic distortion of the Si host lattice and in a formation of
crystalline SiC particles or their prestages depending on fluence and
temperature of implantation. Synchrotron XRD at  ROBL was used to reveal
phase formation, the associated lattice strain changes, and the orientation
correlations. Fluences below 5x1015 C+/cm2 induce only strain in the Si lattice.
After implantation up to 4x1017 C+/cm2 at a temperature of 500°C prestages of
Si-C and an altered state of Si lattice deformation are found. By implantation
of  4x1017 ions/cm2 at 800°C or at 500°C with a subsequent thermal treatment
particles of the 3C-SiC phase grow and the Si lattice strain relaxes. The SiC
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crystallites are aligned to the Si matrix, that the cubic crystallographic axes of
matrix and particles coincide with a spread of 2.5° to 5°. In material implanted
at 800 °C a small but detectable part of SiC particles is anisotropically
oriented. Implantation at higher temperature is more effective in formation of
an aligned crystallite distribution than a subsequent annealing even at higher
temperatures. 

E. Theodossiu*
M. Klimenkov
W. Matz 
H. Baumann*

Characterization of crystallinity of SiC-surface layers formed by ion
beam synthesis
Carbon implantations into silicon were carried out in order to form thin SiC-
surface layers. The samples were implanted with 40 keV 13C ions and an
understoichiometric fluence of 3.8x1017 ions/cm2. Subsequent thermal treat-
ment was performed under high vacuum conditions at different temperatures
between 900°C and 1050°C using a 20 kV electron beam. The isotope 13C
offers the advantage to measure the carbon redistribution caused by the
thermal treatment process using the narrow resonant nuclear reaction
13C(p,()14N. The crystallinity of the SiC-surface layers are studied by XRD
and TEM analysis. In contrast to earlier findings the SiC-surface layer of
about 70 nm thickness contains not only 3C-SiC but also a low amount of 6H-
SiC grains is formed. The XRD findings of 6H-SiC were proved by HRTEM.
The fast Fourier transform technique shows that the 6H-SiC modification
preferably coexists with the 3C-SiC modification in the near interface region.
Collaboration:  *Institut für Kernphysik, J.W. Goethe-Universität, Frankfurt/Main,
Germany
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Electrical effects in high dose nitrogen implanted 6H-SiC
N+-ions were implanted at 400°C into 6H-SiC EPI layers to form a buried
(100 nm) 500 nm thick layer with plateau concentrations between 5x1017 cm-3

and 5x1020 cm-3. The wafers were furnace annealed between 1450°C and
1650°C or alternatively at 2000°C, 20 ms using flash lamps. The electrical
properties were measured by Hall effect between RT and 650°C. For furnace
annealing the carrier concentration increases with increasing N concentration
and increasing annealing temperature. The highest observed value (measured
at RT) amounts to 1.5x1021 cm-3. The mobility decreases with growing plateau
concentration and annealing temperature. Applying flash lamp annealing,
which leads in the case of Al implantation to higher carrier concentration, no
enhancement of the carrier concentration was found. The analysis of tempe-
rature dependent Hall effect measurements shows that during the short
annealing time only the nitrogen on the low energetic hexagonal site of the
SiC lattice gets electrically activated.

A. Peeva
P.F.P. Fichtner*
M. Behar*
J.R.A. Kaschny*
R. Koegler
W. Skorupa

Copper gettering at half the projected ion range induced by low energy
channeling He implantation into silicon
He ions were implanted at 40 keV in channeling <100> Si direction to a
fluence 8x1015 He/cm2 at both RT and 350°C. The samples were contaminated
with Cu by implanting the Si wafer with 20 keV, 1x1012 Cu/cm2 in the rear
side and submitted to 800°C thermal treatment for 600 s. Cu gettering was
observed for He+ implantation  at 350 ºC only at the projected ion range
region (Rp). For the same implantation performed at RT, Cu gettering appears
at two different regions, at Rp and around Rp/2. The corresponding XTEM
image displays the existence of a well defined buried layer around Rp

containing cavities and dislocation loops. This layer is located in the vicinity
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where the Cu is trapped at the Rp region. It is important to note that in this
study the second gettering region at Rp/2 is induced by a light ion implanted
at low energies into channeling direction. The gettering behaviour is similar
to that observed for MeV implantation of heavier ions. However, in the
present case much less energy was deposited at that region, and still the Rp/2
effect of the same order of magnitude as the gettering at Rp was detected. The
absence of Cu gettering at Rp/2 for the 350ºC implantation is ascribed to the
damage annealing that occurs during the implantation process. 
Collaboration: * UFRGS, Porto Alegre, Brasil

R. Kögler
A. Peeva 
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W. Skorupa

Equalization of the V/I ratio at RP/2 of high-energy ion-implanted Silicon
The vacancy to interstitial (V/I) ratio of high-energy ion-implanted Si is
known to be a function of depth, x. At the projected ion range, x=RP, it is
V/I<1 and around x=RP/2  V/I>1 is valid. Because of this disparity residual
point defects or defect clusters may remain after annealing at temperatures up
to 1000oC. Such defects act as gettering centres for impurities in Si. In our
study the V/I ratio of ion-implanted Si is equalized by a series of additional
implants of Si+ ions into the V-rich domains leading to self-interstitials. In this
way a complete local recombination of all radiation induced Frenkel pairs
during annealing should be possible. The implantation of self-interstitials just
equalizing the excess of vacancies (predicted by TRIM calculations) does not
result in their disappearance by recombination. Instead, the additionally
introduced interstitials form small dislocation loops beside those formed at
RP. This means that either the excess of  vacancies at RP/2 is lower than
predicted or the recombination of Frenkel pairs is remarkably incomplete.
Collaboration:* MPI für Mikrostrukturphysik, Halle

Nanoclusters

K.-H. Heinig Analytical theory of nanocluster evolution under ion irradiation: Inverse
Ostwald ripening
The spatial displacement  probability of an individual atom of a solid due to
collision cascades was determined assuming isotropic ion beam mixing.
Integrating over the atomic displacement probabilities of a half-space, for an
interface the spatial mixing probability of phase A into phase B has been
obtained. The same mixing probability  has been simulated by TRIM and
fitted with the analytical function. The fit shows (i) that the analytical
function allows a perfect description of the displacement distribution for
forward as well as backward scattering, and (ii) that  ion beam mixing can
deviate from isotropy by more than 50%. The steady-state concentration of
dissolved phase-A impurities in phase B under ion irradiation was found
from the solution of the diffusion equation for a detailed interface balance
including ion-beam induced detachment events. Below a critical temperature,
the steady-state solubility is substantially higher than the Arrhenius-like
thermal equilibrium solubility. Performing the same but now much more
complex analysis for nanoclusters of phase A embedded in a matrix B, the
well-known Gibbs-Thomson-like RC/R radius dependence of equilibrium
solubility could be proven to be valid under ion irradiation too (RC-capillary
length). The crucial new feature is an ion beam induced reduction of RC,
where even negative values become possible. Negative RC mean that steady-
state solubility around large nanocluster is higher than around smaller ones,



60

where the Cu is trapped at the Rp region. It is important to note that in this
study the second gettering region at Rp/2 is induced by a light ion implanted
at low energies into channeling direction. The gettering behaviour is similar
to that observed for MeV implantation of heavier ions. However, in the
present case much less energy was deposited at that region, and still the Rp/2
effect of the same order of magnitude as the gettering at Rp was detected. The
absence of Cu gettering at Rp/2 for the 350ºC implantation is ascribed to the
damage annealing that occurs during the implantation process. 
Collaboration: * UFRGS, Porto Alegre, Brasil

R. Kögler
A. Peeva 
P. Werner* 
W. Skorupa

Equalization of the V/I ratio at RP/2 of high-energy ion-implanted Silicon
The vacancy to interstitial (V/I) ratio of high-energy ion-implanted Si is
known to be a function of depth, x. At the projected ion range, x=RP, it is
V/I<1 and around x=RP/2  V/I>1 is valid. Because of this disparity residual
point defects or defect clusters may remain after annealing at temperatures up
to 1000oC. Such defects act as gettering centres for impurities in Si. In our
study the V/I ratio of ion-implanted Si is equalized by a series of additional
implants of Si+ ions into the V-rich domains leading to self-interstitials. In this
way a complete local recombination of all radiation induced Frenkel pairs
during annealing should be possible. The implantation of self-interstitials just
equalizing the excess of vacancies (predicted by TRIM calculations) does not
result in their disappearance by recombination. Instead, the additionally
introduced interstitials form small dislocation loops beside those formed at
RP. This means that either the excess of  vacancies at RP/2 is lower than
predicted or the recombination of Frenkel pairs is remarkably incomplete.
Collaboration:* MPI für Mikrostrukturphysik, Halle

Nanoclusters

K.-H. Heinig Analytical theory of nanocluster evolution under ion irradiation: Inverse
Ostwald ripening
The spatial displacement  probability of an individual atom of a solid due to
collision cascades was determined assuming isotropic ion beam mixing.
Integrating over the atomic displacement probabilities of a half-space, for an
interface the spatial mixing probability of phase A into phase B has been
obtained. The same mixing probability  has been simulated by TRIM and
fitted with the analytical function. The fit shows (i) that the analytical
function allows a perfect description of the displacement distribution for
forward as well as backward scattering, and (ii) that  ion beam mixing can
deviate from isotropy by more than 50%. The steady-state concentration of
dissolved phase-A impurities in phase B under ion irradiation was found
from the solution of the diffusion equation for a detailed interface balance
including ion-beam induced detachment events. Below a critical temperature,
the steady-state solubility is substantially higher than the Arrhenius-like
thermal equilibrium solubility. Performing the same but now much more
complex analysis for nanoclusters of phase A embedded in a matrix B, the
well-known Gibbs-Thomson-like RC/R radius dependence of equilibrium
solubility could be proven to be valid under ion irradiation too (RC-capillary
length). The crucial new feature is an ion beam induced reduction of RC,
where even negative values become possible. Negative RC mean that steady-
state solubility around large nanocluster is higher than around smaller ones,



61

which is opposite to thermal equilibrium behaviour. Therefore, the resulting
nanocluster evolution, which is called inverse Ostwald ripening, results in a
very different nanocluster size distribution. A narrowing of broad size
distributions becomes feasible.

G. Rizza*
 M. Strobel
K.-H. Heinig 
H. Bernas* 

Ion irradiation-induced formation of nanocluster shells around gold
inclusions in SiO2: Experiments and simulations
Ion irradiation of sub-µm size gold inclusions in SiO2 leads to the formation
of nanometer-size Au clusters in their immediate surroundings. The size,
density and radial distributions of the nanoclu-sters have been determined by
TEM. Kinetic 3D Monte Carlo simulations account for the experimental re-
sults: In the system driven by the ion beam - under appropriate irradiation
and temperature conditions - the dependence of the steady-state solubility on
precipitate size may be opposite to that expected from the equilibrium Gibbs-
Thomson relation. Thus, the high steady-state solubility surrounding the large
gold inclusions allows nucleation of small gold nanoclusters. Other than
under thermal equilibrium conditions, under ion irradiation small nanocluster
survive in the immediate neighbourhood of less curved interfaces, they can
even grow there. 
Collaboration: *CSNSM, IN2P3, Orsay, France 
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K.-H. Heinig 
S. Oswald*
R. Grötzschel

Oxidation states of Ge in SiO2 during precipitation and ripening
The change of the depth profile and chemical bond character of Ge in Ge+ ion
implanted SiO2 layers (dox = 500 nm) during annealing in an O2 atmosphere
has been studied by RBS, XTEM and XPS. The Ge depth profiles in as-
implanted and annealed samples as measured by XPS in combination with
sputter etching are in agreement with profiles measured by RBS. Near the
SiO2/Si interface XPS enables a better depth resolution than RBS. Thus,
other than RBS, XPS could proof that the fraction of implanted Ge, which
moves during annealing to the SiO2/Si interface region, resides on the Si side
of this interface. Additionally, the high and low contrast nanoclusters in Ge
implanted samples, which have been found recently in XTEM images, could
be identified by XPS, in combination with data evaluation by factor analysis,
to consist mainly of elemental Ge and GeO2, respectively. For the
interpretation of the XPS spectra the influence of ion beam mixing on
nanoclusters during sputtering must be taken into account.
Collaboration:* Institut für Festkörper- und Werkstofforschung, Dresden
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B. Schmidt
K.-H. Heinig
A. Mücklich

Shape evolution of oxidized V-grooves on (100) Si during high-dose Ge+

implantation
The shape evolution of V-grooves on (100) Si has been studied both after
thermal oxydation and subsequent high dose ion implantation by XTEM. The
V-grooves covered with 200 nm SiO2 have been fabricated by anisotropic
etching with 30% KOH at 80 °C followed by oxydation at 1000 °C in dry
oxygen. For the investigation of the change of the SiO2 covered V-groove
due to sputtering, re-deposition and swelling the grooves were implanted
with 70 keV Ge+ ions to a dose of 1x1017 cm-2. The implanted Ge
accumulates at the bottom of the grooves. Additionally, some SiO2 sputtered
from the groove walls is redeposited at the bottom smoothing out the corner
at the bottom. Both features support the formation of quantum wires in the
bottom region due to precipitation and Ostwald ripening during appropriate
subsequent annealing steps.
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Sputtered semiconductor nanocluster ****-layers within a SiO2 matrix
*-layers of Si nanocrystals embedded in the SiO2 gate insulator of a field
effect transistor in a (2-5) nm distance from the SiO2/Si interface exhibit
superior charge storage properties and may be favoured for future nonvolatile
memory devices. A (2-5) nm SiO2 / (5-10) nm SiOx / 30 nm SiO2 layer stack
was deposited on a n-Si (100) substrate in a single process by reactive rf-
magnetron-sputtering from a Si target and controlling the setpoint to adjust
the composition parameter x = 2 in SiO2 layers and x = (1.5-1.75) in the SiOx

layer. The as deposited SiOx layer with x < 2 is amorphous with a random
bonding mixture of Si-SinO4-n tetrahedra, which distribution depends on x and
n (n = 1...4). During subsequent annealing at T = 1000°C in N2 atmosphere,
the exceeding Si of the SiOx layer forms a Si nanocrystal “*-layer” embedded
in SiO2. The mean diameter and the mean distance of the Si nanocrystals
within the *-layer depend on the Si excess in the SiOx  layer, the annealing
regime and the mechanical stress within the layer stack during annealing. The
lattice structure of Si nanocrystals has been observed by HRTEM. CV-
measurements on MOS-structures with the insulator layer stack described
above show a distinct shift of the CV-curve after negative and positive
voltage stress indicating charge storage in the nanocrystal containing SiO2

layer.

H. Seifarth
B. Schmidt
T. Müller
A. Mücklich

Stacked Ge nanocrystal layers in SiO2

Multilayer structures consisting of stacked layers of Ge nanocrystals
separated by SiO2 have been produced by alternating rf-magnetron sputtering
from a elemental Ge target and a quartz target respectively onto thermal
grown SiO2 and subsequent annealing. In the sputtered samples, the number
of periods was up to 4  and the a-Ge thickness was 2 nm while that of the
SiO2 was 20 nm. The recrystallization was performed by annealing at 600-
900°C for 30 min in N2 atmosphere. HRTEM investigations show  that
isolated Ge nanocrystals forms along the Ge layers. The mean nanocrystal
diameter in each Ge layer after 900°C annealing increases in direction from
the SiO2 surface to the SiO2/Si interface from 6 nm in the last deposited Ge
layer up to 40 nm in the first deposited Ge layer. For ripening of isolated
nanoclusters within one layer the maximum Ge layer thickness was 2 nm. At
higher layer thicknesses continuous polycrystalline Ge layers have been
observed.

T. Gebel
T. Müller
E. Boer*
H. A. Atwater*

Charging experiments on Ge nanoclusters in SiO2 films using AFM
Charging of semiconductor nanoclusters with an AFM is considered to be a
well suited method to study their electrical properties. Selected SiO2 films of
20-100 nm thickness have been investigated which  show in the XTEM a
band of small nanoclusters (2-3 nm size) very close to the Si/SiO2 interface.
To realize a very narrow distance of the AFM tip to these clusters oxide et-
ching by buffered HF down to the cluster region or selective anisotropic Si
etching from the backside using KOH/H2O solution until the oxide layer has
been applied. Charging was carried out by applying –10V to the AFM tip and
contacting the surface with this tip for 10 s. Subsequently the area was
scanned in non-contact mode. The stored charge leads to an additional
coulomb force to the tip, which suggests an increased height of the charged
area. Charged spots of relatively large size (1..2 µm) have been observed,
which disappear with typical retention times between several minutes and 2
hours. The quality of the AFM-tip and surface adsorbates play a key role for
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the reproducibility of the results. 
Collaboration: * California Institute of Technology, Pasadena (CA), USA
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Thin gate oxides with Ge and Si nanoclusters for memory applications
Thin thermally grown SiO2 films of 20 and 30 nm thickness on n-type (100)
Si wafers have been alternatively implanted with Ge+ (12 - 20 keV) and Si+ (6
- 12 keV) ions to doses of 1 .. 9 x1015 cm-2. After rapid thermal annealing at
950°C, 30 s under N2 atmosphere a poly-Si layer (300 nm) was deposited by
LPCVD, doped with P+ ions and patterned to form the gate of a MOS
capacitor. Additional thermal treatment steps were carried out to simulate the
thermal budget during memory fabrication. The charge storage effects have
been studied by high frequency CV-measurements of the MOS capacitors.
For Ge implanted layers, samples containing bulk and additional interface Ge
clusters near the Si/SiO2 interface show a larger programming window but
worse retention characteristics than samples with bulk clusters only. This
implies, that electrons stored in the cluster band near the interface are
released faster by direct tunneling. For lower programming fields (up to 4
MVcm-1) the achieved programming window for Ge based structures is
higher than that for comparable Si implanted SiO2 films. At programming
fields of 6.25 MVcm-1 the programming windows are nearly of the same size.
SiO2 films containing Si clusters show excellent retention characteristics.
Even after long term treatment (72 h) at 225°C a programming window of
more than 2 V was observed. 
Collaboration: * Zentrum für Mikroelektronik Dresden GmbH

T. Gebel
J. von Borany
L. Rebohle
W. Skorupa
D. Borchert*

Monolithically integrated optical coupler in silicon technology  
Optical interconnects are very promising to overcome limitations in
conventional interconnection technologies in microelectronics which are
caused by capacitive and inductive effects at higher frequencies and due to
electromagnetic interferences. A monolithically integrated optical coupler
consisting of an emitter based on ion beam synthesized Ge nanoclusters in a
SiO2 layer and a pin-photodiode for light detection was designed. As
transparent metal layers for contacts within the emitter-diode-stack indium-
tin-oxide has been applied. The galvanic separation was realized by a 500 nm
SiO2 layer deposited by magnetron sputtering. The light detection element
consists of a pin- layer of 680 nm thickness which was deposited by plasma
based processes involving in-situ doping. The sensitivity of the photodiode at
a wavelength of 400 nm is about 0.2 A/W and the dark current is in the range
of  some  pA.  The  minimum  operating  current  for  electroluminescence
excitationis 2x10-7Acm-2. Measurements show a linear dependence between
the excitation current and the photocurrent over more than three orders of
magnitude. 
Collaboration: * Fern-Universität Hagen, Fakultät für Elektrotechnik



64

Biotechnological Materials

N. Huang*
R. Günzel
M. T. Pham
E. Richter

Surface modification of titanium biomaterials by oxygen ion implan-
tation using PIII
Titanium is a popularly applied biomaterial. The natural formed titanium
oxide layer on the surface is commonly considered to play an important role
for the biocompatibility, but this layer is only several nm in thickness and
obeys several defects. It can not effectively prevent the release of metal ions
into the biological environment. 
Pure titanium was modified by oxygen PIII at the a temperature of 450°C.
The implanted doses were varied from 5x1017 to 1x1019 ions/cm2. Rutile type
titanium dioxide layers were obtained. Ti ion release in simulated body
solution examined by atom absorption spectrum revealed that after PIII
treatment the dissolution of Ti ions was decreased up to two orders of
magnitude. The surface wear resistance was also improved significantly. It
was found that the surface morphology of titanium oxide layers affect the Ti
release rate in a large extent.
Collaboration: *Biomaterials and Surface Engineering Laboratory, Department of
Materials Engineering, Southwest Jiaotong University, Chengdu, China

Others

H. Tyrroff
H. Preuße*
G. Zschornack*

EDX-studies of highly charged neon ions colliding with a Si <100>
surface
Highly charged ions approaching a solid state target can capture electrons
from the surface and form transient ‘hollow atoms‘. Varying the ion velocity
the X-ray spectra are expected to comprise information about the decay
mechanism of the formed hollow atoms. Using a Si(Li) detector we have
measured and analysed the X-ray spectra emitted by Ne8+ and Ne9+ ions with
kinetic energies in the range from 50 eV up to 5 keV in the vicinity of a
<100> Si target. At the lower end of the kinetic energy scale the center of the
emitted neon K" and K$ lines is shifted towards higher values by about 25
eV. Higher lying levels are depopulated now and influence the central
potential screening. Furthermore, the observed X-ray fluorescence yields
increase by about one order of magnitude if the ions are slowed down. The
K" yield of Ne9+ exceeds 2x103 quants/ion and is 100 times higher then the
corresponding Ne8+ yield. This results reflect the influence of the effective
ion charge state of actual orbital populations on radiation yields characteristic
for this interaction process.
Collaboration: *Technische Universität Dresden, Institut für Kern- und Teilchen-
physik

T. Hauschild
M. Jentschel*
K.-H. Heinig
H.-G. Börner*

Study of interatomic potentials in zinc sulfide
At the high-flux reactor in Grenoble the former Crystal-GRID experiments
with ZnS crystals having their <111> and <110>  orientations aligned with
respect to the axis of the GAMS spectrometer were completed by the third
principle crystal orientation, the <100> alignment. Fitting molecular
dynamics simulations to this set of measurements a more precise nuclear
lifetime of (49±1 fs) has been determined for the 3221 keV level of 33S,
which is consistent with the previously reported value (40±12 fs). Due to bad
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statistics, the spectra of independent measurements differ substantially from
each other. The improved statistics due to multiple measurements allowed to
find more accurate results for both, the interatomic potential for the Zn–S
interaction and the deexitation lifetime of the 3221 keV level of 33S. In the
studied energy range of 10 to 500 eV, the new Zn–S potential found by
Crystal-GRID differs significantly from the screened Coulomb potentials,
generally used in computer simulations.
Collaboration: *ILL Grenoble, France

H. Reuther
M. Betzl

Annealing behaviour of magnesium and aluminum implanted with iron
ions
Mg and Al are the two metallic construction materials with the lowest weight
however they are hardly applicable in pure state. Therefore alloying with
different elements is commonly used in order to enlarge their application
possibilities. We investigated the alloying process by implantation with iron
ions. The implantation energy was 200 keV while the ion doses ranged over
several decades up to 9x1017 cm-2. Thus, highly disordered alloyed layers
with up to 90 at.% iron can be obtained. The samples were annealed in
vacuum at subsequently increasing temperatures up to 600°C for Al and up to
400°C for Mg. Possible ordering and redistribution processes during
annealing were studied by CEMS, AES depth profiling, and XRD. In the case
of the Fe-Mg system (insoluble with each other) "-iron is precipitated in
small clusters after annealing. In the case of the Fe-Al system, only small
redistribution processes occur up to 400°C while at 500°C different iron
aluminides are formed. The final state for all samples after annealing at
600°C is a mixture of  Al13Fe4 and Al6Fe.

F. Berberich
W. Matz
E. Richter
N. Schell
U. Kreißig

Structural mechanisms of the mechanical degradation of nitrided Ti-Al-
V alloys: in-situ diffraction study during annealing
Enhanced hardness of the technical alloy Ti-6Al-4V can be achieved by N+-
implantation. Samples implanted with fluences (1-6)x1017 N+/cm2 at 80 keV
show an hardness increase by a factor of 2.5 to 3.5. XRD studies reveal the
formation of small TiN crystallites near the surface. But, loss of hardness is
observed after annealing up to 700°C. The structural modifications leading to
this degradation were studied by in-situ XRD-experiments with synchrotron
radiation at ROBL. Additional sample characterisation was performed by
SEM, ERDA and Vickers hardness tests. The hardness reduction due to
annealing is caused by a continuous phase transformation from TiN to Ti2N
in consequence of the diffusion of nitrogen as found in ERDA results. XRD
revealed additionally rearrangements in the "-Ti and $-Ti phase of the alloy.
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Ion Beam Analysis

C. Neelmeijer
 M. Mäder
U. Pietsch*
H. Ulbricht*
H.M. Walcha*

PIXE minor element analysis of ”Böttger Stoneware”
Non-destructive material analysis is of growing interest for museums in order
to support attributions of art objects by objective natural scientific proofs.
Regarding artifacts made of Böttger stoneware relative concentrations of both
main and minor elements are suggested as characteristic ”fingerprints” for
indication of the authenticity. This is because preparation of the basic mass
is a part of Böttger’s ”arcanum” and the incorporation of minor/trace
elements depends mainly on the provenience of the basic material. Reliable
PIXE ”fingerprints” require sufficient statistics for minor and trace element
signals as well. At the external beam set-up this demand was recently satis-
fied by the implementation of a second Si(Li) detector of large efficiency:
Minor/trace elements (25 < Z < 41) are currently analysed by detector No. 2
(80 mm2 area, 1 mm Acrylic absorber) in air whereas characteristic X-rays of
the main elements (13 < Z < 27) are simultaneously measured by detector
No. 1. The gain of efficiency for detector No. 2, compared to detector No. 1,
is a factor of g = 7.4 for the given high-Z region. To combine this double
PIXE arrangement with simultaneous PIGE and RBS measurements an
upgraded exit pipe was successfully implemented.
Collaboration: *Staatliche Kunstsammlungen Dresden, Porzellansammlung im
Zwinger; J. Paul Getty Museum Los Angeles, USA; Bartol Research Institute,
University of Delaware, USA

M. Mäder
C. Neelmeijer
 M. Schreiner*

supported by 
BMBF

Non-destructive composition analysis of glass artefacts for precaution 
Glass corrosion caused by environmental attacks is a serious problem
especially for valuable historic glass objects. This is because the glasses may
lose their transparency and stability. The alterations proceeding on the glass
surface include ion exchange processes where network modifiers are replaced
by hydrogen bearing species to form a hydrated silica-rich surface layer. In
order to characterise the condition of a glass object showing no visible
alteration or corrosion damage, three ion beam based techniques (PIXE,
PIGE, RBS) have been combined in simultaneous measurements using the
external proton beam. Combining PIXE and PIGE the yield of X- and (-
radiation of the element Si was studied to indicate thin leached layers. More
extended regions can be characterised by external RBS. For getting the
composition of the glass bulk the PIXE spectra were treated using the GUPIX
code taking into account the experimental findings about the corrosion layer.
The developed procedure allows evaluation of initial corrosion on historical
glass objects and the identification of glass materials which are sensitive to
atmospheric corrosion processes. The analytical results may offer suggestions
for storage sensitive glass objects under safe conditions, e.g. special
environmental surroundings.
Collaboration: *Institut für Farbenchemie, Akademie der Bildenden Künste Wien,
Österreich; Bundesanstalt für Materialforschung und –prüfung Berlin; Fraunhofer-
Institut für Silicatforschung Bronnbach

U. Kreissig
P. Skeldon*

ERDA of lithium ion mobility in anodic alumina films formed on an Al-
Li alloy 
Li is one of the important strengthening elements of commercial,
precipitation-hardened aluminium alloys, which are normally subjected to
surface treatment prior to application. The pre-treatment commonly develop
amorphous alumina films, sometimes hydrated, on the alloy surface; e.g. by
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supported by
BMBF

anodizing. The Li mobility in the barrier anodic film formed on an Al-3at%
Li alloy in ammonium pentaborate electrolyte has been determined from
measurements of the film composition by ERDA. The results reveal a
reduced amount of Li in the film compared with that in the alloy. The level of
reduction indicates that Li migrate outward about 7 times faster than Al3+

ions. The Li species are lost to the electrolyte on reaching the film/electrolyte
interface, leading to a slight loss in the efficiency of film growth. In contrast,
loss of aluminium species to the electrolyte is negligible, as revealed by the
distribution of boron in the outer ~ 40% of the film thickness. The
determination of the hydrogen profiles indicates insignificant amounts of
hydrogen in the film.
Collaboration: *Corrosion and Protection Centre, University of Manchester,
Institute of Science and Technology, Manchester, U.K.

B. Groß*
J. Engeldinger*
D. Grambole
F. Herrmann
R. Hempelmann*

supported by
BMBF

Investigation of dissociative water vapour absorption in BaZr0.85 Y0.15

O2.925 /H2O by means of the 15N nuclear reaction analysis
Thin films of the perovskite type proton conducting ceramic
BaZr0.85Y0.15O2.925 were prepared using a sol-gel process by multiple dip-
coating on silicon single crystal wafers. The crystallite sizes of the films can
be calculated to a value of about 40 nm. In addition we prepared powder bulk
samples, applying the conventional carbonate route. Both, the films and
powder samples were charged with hydrogen by dissociative water vapour
absorption at definite values of water vapour partial pressures and charging
temperatures. The absorbed hydrogen content reaches values between 2
mol.% and 10 mol.%, and was determined ex-situ at RT using the resonant
nuclear reaction 1H(15N,"()12C. From the resulting water vapour partial
pressure/compositions isotherms the absorption enthalpies, for regular ()H0)
and trap proton sites ()Ht), and the absorption entropy )S were calculated
using a two state model, based on Fermi-Dirac statistics. By this mathema-
tical procedure each lattice oxygen ion (O2-) can be occupied only by one
proton (forming OH-), i.e. double or triple bonding (forming H2O or H3O

+) is
forbidden.
Collaboration: *Institut für Physikalische Chemie, Universität des Saarlandes,
Saarbrücken

B. Lenkeit*
D. Grambole
F. Herrmann
R. Hezel*

Impact of the hydrogen content on the thermal stability of SiN films
In photovoltaics, amorphous hydrogenated silicon nitride (SiN) films are
used simultaneously for surface passivation and as antireflection coating. The
SiN films have to withstand a short annealing step in the range of 650-950°C
after metal contact printing without degradation of the surface passivation
quality. For this reason the influence of several parameters of PECVD on the
thermal stability of the surface passivation of SiN films is investigated. The
surface passivation quality is measured by the contactless light-biased
microwave-detected photoconductance decay (MW-PCD) technique on
symmetrical SiN/p-Si/SiN structures, while the composition of the SiN films
is indirectly determined by ellipsometric measurements. A direct correlation
is observed between thermal stability and H content by the resonant nuclear
reaction 1H(15N,"()12C. The SiN films featuring a relatively low hydrogen
content of about 10 - 12 at% show an excellently thermally stable surface
passivation (refractive index between 2.0 and 2.2, i.e. N/Si ratio of about 0.9
to 1.2). In contrast, SiN films with a relatively high H content after
deposition ($ 15 at%) degrade much faster, so that they are not suited as
surface passi-
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vation for Si solar cells any more.
Collaboration: * Institut für Solarenergieforschung Hameln/Emmerthal (ISFH)

A. Markwitz,*

D. Grambole
F. Herrmann
B. Trompetter*
T. Dioses**
R. W. Gauldie* ,***

Reliable micro-measurement of Sr is the key to cracking the life-history
code in the fish otolith
The fish otolith (consisting of aragonite [=calcium carbonate] crystal) grows
continuously during fish‘s life and is not continuously re-metabolised like
bone. Consequently, the otolith has long been regarded as a potential store of
information about the life history of an individual fish which is encoded in
the composition of trace elements. The code has been difficult to crack.
However, recent developments have shown that Sr is one of the few stable
trace elements in the otolith which summarises the effects of variables that
affect the growth rate of the otolith crystal. Therefore, reliable micro-PIXE
measurements of the Sr content at spatial resolutions of 10 µm or less have
been performed, which represents about 4-6 days of otolith growth in most
species of fish. A beam resolution of 2 µm for line scans and of 6 µm for
mapping (300 µm x 300 µm) have been applied. These micro-measurements
were linked to macro-measurements of 2D maps of the entire surface of
sections of otoliths up to 5 mm square at beam resolutions of 25 µm.
Collaboration: *Institute of Geological and Nuclear Sciences, Lower Hutt, New
Zealand; **Instituto del Mar del Peru, Callao, Peru; ***Hawaii Institute of
Geophysics and Planetology, School of Ocean, Earth Sciences and Technology,
Honolulu, USA

D. Grambole
C. Neelmeijer
K. Noll*
F. Herrmann

19F(p,p’(((()19F and 18O(p,(((()19F g-ray interference studied on liquids by
external  PIGE 
In earlier PIGE investigations of meteorites at the Rossendorf nuclear
microprobe a detection limit for fluorine of 3.5 wt.-ppm was obtained by
using a planar Ge detector with a high sensitivity for the 110 keV (-rays of
the nuclear reaction 19F(p,p’()19F. However, in oxygen-rich materials there is
an interference effect for the 110 keV and 197 keV (-ray lines of the nuclear
reactions 18O(p,()19F and 19F(p,p’()19F. In order to study this effect
qualitatively, thick liquid targets were examined by PIGE using the external
proton beam of 3.4 MeV energy. Several grades of dilutions were prepared
from 76.3 % 18O enriched H2O and from 1000 ppm F standard NaF solution.
From this, a data base was obtained in order to extrapolate the 110 keV and
197 keV (-ray yields of the 18O(p,()19F reaction for a target of water
containing 0,2 % 18O. As a main result it was obtained that, for fluorine in
oxygen-rich materials, the reaction 19F(p,p’()19F allows minimum detection
limits of (1.06±0.12) at.ppm and (1.85±0.20) at.ppm for the 110 keV and 197
keV (-line, respectively.
Collaboration: *Universität Bern, Fakultät für Chemie and Biochemie, Bern,
Schweiz

G. Müller*
J. Böhmert*
D. Grambole
F. Herrmann

Correlation between segregations and toughness parameters of a reactor
pressure vessel steel
Material inhomogeneities (segregations), depending of their depth in a thick-
wall block, lead to large variations of toughness parameters. The composition
of such segregations in a ASTM A533 B cl 1 reactor pressure vessel steel
was investigated by PIXE using the Rossendorf nuclear microprobe. Spectra
and line scans were measured in points on and beside and over a segregation,
respectively. In the segregation an increased content of Mg (+23 %), Cr
(+15%), Mo (+30%) and Ni (+16%) was found. It was detected a gradient of
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the evolution of microstructure and segregations in dependence of the depth.
The changes of the composition correlate with micro-hardness variation.
Collaboration: *Forschungszentrum Rossendorf, Institut für Sicherheitsforschung

T. Som*
D. Grambole
F. Herrmann
B. Schmidt
R. Grötzschel
W. Möller

Study of the diffusion behaviour of implanted hydrogen in Si (100)
Hydrogen has been found to interact with defects in semiconductors and is
capable of changing their electrical properties. Therefore mobility and
release of hydrogen is an interesting subject. We have implanted 20 keV H
ions of a fluence of 1x1016 ions/cm² in p-Si (100). The implanted samples
were annealed both isothermally and isochronally in the temperature range of
300-700°C in an Ar atmosphere. The H depth profiles were obtained by
ERDA measurements using 12C3+ ions of 8 MeV. The total H content in the Si
sample has been observed to decrease steadily up to a certain annealing time
for all annealing temperatures and after there almost getting saturated. This
trend is clear above the annealing temperature of 300°C, while after the
samples being annealed at 700°C, no implanted H was observed anymore
indicating complete desorption of H from the sample. Annealing temperature
versus total implanted hydrogen concentration data have been evaluated by
exponential fitting, which give rise to the time constants for H desorption.
These constants have been plotted as a function of inverse temperature to
obtain the activation energy for H desorption to be ~ 0.2 eV. This result has
been attributed to the formation of relatively immobile H2 molecules under
high H concentration in these samples.
Collaboration: *Nuclear Science Centre, New Delhi, India

M. Friedrich
W. Pilz
R. Hellborg*
R. Vesanen*
N. Bekris**
R.-D. Penzhorn**

supported by
FZ Karlsruhe

Tritium detection by accelerator mass spectrometry (AMS)
The activities on AMS have been continued for tritium depth profiling of
high-level samples from JET Culham/UK and in the frame of the European
Large-Scale Facility for low-level tritium-marked biomedical samples. The
biomedical investigations require a reduction of the background at the 3 MV
Tandetron. Therefore, a separate air-insulated 100 kV tandem accelerator
was constructed to remove the high-level measurements from the 3 MV
Tande-tron. After stopping of the depth profiling measurements of the JET
samples at the Tandetron and cleaning of the injector region the background
was reduced by about 3 orders of magnitude. The first low-level AMS
measurements were directed on the improvement of the sample preparation
technique. The planned high-level depth profile measurements at the 100 kV
tandem accelerator require a special operating permission from the
supervising authorities. The according activities are in progress.
Collaboration: *University of Lund/Sweden; **Forschungszentrum Karlsruhe

F. Schrempel*
Y.-S. Kim*
D. Grambole
F. Herrmann
W. Witthuhn*

Realisation of a microlens structure by an ion microbeam
A new technique basing on the Deep Ion Beam Lithography has been
developed, which allows the production of microlenses in an arbitrary shape.
The realisation of the technique could be very useful for the forthcoming
application in optical computer technology. A collimated proton beam with
dia-meters of some micrometers penetrates the resist up to a sharply limited
depth. By tilting and rotating the resist the microbeam describes a
hemisphere, if the tilting axis and the rotating axis intersect in the point
where the ion beam hits the resist surface. The shape of the structures can be
modified by changing the distances between these axes relative to each other.
The  irradiated  regions  can  be  solved without  affecting  the non-irradiated



70

regions. First experiments were carried out at PMMA resist with 3 MeV pro-
tons focused to 10 µm for 0°...90° tilt angles at steps of 1° and rotating the
sample at each irradiation. Du to the limited position accuracy of the used
goniometer for rotation and tilting the beam spot at each tilt angle was not
precisely enough for the microlens production. Therefore, the quality of the
formed structures remains below the required accuracy, but the experiments
show the feasibility of the method. The roughness of the structures produced
was smaller than 10 nm and complies with the requirements for the
application in microoptical devices.
Collaboration: *Friedrich-Schiller-Universität Jena, Institut für Festkörperphysik

Focused Ion Beam

J. Teichert,
L. Bischoff
J. Martin*
R. Wannemacher*
W. Sigle**
B. Köhler*** 

Local colour centres in synthetic diamond produced by FIB and high-
energy electron irradiation 
Localised colour centres were produced by electron and ion beam irradiation
of synthetic diamonds of type Ib (substitutional nitrogen impurities).
Irradiations were carried out with 400 keV electron beams and with focused
ion beams of  Ge (70 keV), Co (35 keV), and Ga (30 keV). In a subsequent
annealing process the colour centres were formed by vacancy defect
migration to the substitutional nitrogen atoms. Light emission mainly appears
at 575 nm and 637 nm, corresponding to the neutral and negative charged
nitrogen vacancy complex. The point defect production with electron beams
requires sufficient high electron energies. Consequently the large penetration
depth and the lateral straggling of the electrons prevents a sharp localisation
of light emitting areas. Point light sources of nanometer dimension could be
formed by means of  focused ion implantation and proper annealing
conditions. Light emitting  lines and point arrays were produced. Local photo
luminescence and crystal damage were measured by confocal microscopy
and Raman spectroscopy, respectively. Diamond cantilever tips were
irradiated on their tops with the focused ion beam. The point light sources
formed in this way can be used for a new type of optical near field
microscope.
Collaboration: *Technische Universität Chemnitz, Institut für Physik; **Max-
Planck-Institut für Metallphysik, Stuttgart; *** Fraunhofer-Institut für
zerstörungsfreie Prüfverfahren, Außenstelle EADQ, Dresden
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L. Bischoff
J. Teichert
H. Tritschler*

Micro-tools of tungsten carbide fabricated by focused ion beam milling
Tungsten carbide (WC) embedded in a Co matrix (7.5%) is a very promising
material for micro-tools like drills or milling cutters. Due to the small
structure size and the extreme hardness of WC(Co) traditional mechanical
techniques are not possible to apply. Focused ion beam milling initiate an
alternative for processing this material. On WC wires with a diameter of 50
µm two edges were fabricated by sputtering  a 10 x 20 µm2 area on each side
of the wire. A sharp edge is only formed on the bottom side so that the wire
has to be rotated to precise 180 degrees between the two steps. 35 keV Co
(0.6 nA) and Au (1.5 nA) as well as a 70 keV Nd (0.5nA) FIBs using the
system IMSA-100 were successful tested to perform the erosion of the
material. In spite of the grain structure of WC(Co) smooth surfaces and sharp
edges with radii in the nm-scale could be achieved. For the heavy ion species
the processing time for one tool was in the range of 4 hours. A proper
scanning regime where the beam hits the target always under a small angle 
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can further reduce the processing time. A special sample holder for accurate
rotating of the tool during processing is under construction. 
Collaboration: *Universität Karlsruhe (TH), Lehrstuhl und Institut für Werkzeug-
maschinen und Betriebstechnik

Ch. Akhmadaliev
L. Bischoff
J. Teichert
B. Köhler*

supported by
DFG

Investigation of the ion acoustic effect using focused ion beams
Acoustic waves in solids induced by the irradiation with an intensity
modulated focused ion beam are investigated. The aim of this study is the
development of an ion acoustic microscope which would allow to image
surface as well as subsurface structures with high lateral resolution. First
experiments were performed with a 35 keV  Ga+ FIB with a current of about
3 nA and a spot size of about 300 nm. The ion beam was pulsed with a
variable frequency up to 200 kHz. The acoustic waves were detected using a
piezoelectric transducer with an integrated pre-amplifier. The in-phase signal
from the transducer synchronised with the chopping mode was measured by
a look-in amplifier. Scanning the ion beam across a sample, it was shown that
the measured amplitude and phase signals reflect the lateral material
distribution of the sample. A model of this process was developed based on
a two-dimensional approach of the wave generation and propagation in the
material. For the fast data transfer in the experiment a new computer
controlled scanning and imaging system was implemented to the IMSA-100
FIB equipment. 
Collaboration: *Frauenhofer-Institut für zerstörungsfreie Prüfverfahren, Einrichtung
für Akustische Diagnostik und Qualitätssicherung, Dresden

L. Bischoff
B. Schmidt
J. Teichert

Fabrication of fast diodes with very low capacity using focused ion beam
implantation
The high lateral resolution of a focused ion beam offers the opportunity to
irradiate very small areas. In this way, n-type (100)-silicon substrates can be
implanted with Ga ions acting as an acceptor and Co ions which form
metallic CoSi2 leading to p+n- and Schottky-junctions, respectively. The
implantation was performed with a stationary beam (spot size of about 200
nm) through a SiO2-layer (90 nm) leading to an active area to less than 0.01
µm2 or alternatively with a scanning area of 1x1 µm2 (dose: 5 -7.5x1017 cm-2).
The expected capacity of the diodes is in the range of fF to aF. In addition the
oxide acts as an insulating layer for the conducting paths. The patterning of
the diode Al contacts was performed by photolithography. The diodes were
investigated with respect to their IU-characteristics depending on the process
parameters like implantation dose and annealing temperature. The Ga im-
planted „point-diodes“ (irradiated with 240 pA for 0.5 s) as well as the 1 x 1
µm2 „square-diodes“ show a typical diode behaviour with a reverse current of
about 1 pA at  –1 V bias. 

J. Teichert
L. Trojok
L. Bischoff
B. Köhler*
H. Lichte

FIB preparation of samples for high resolution TEM investigations
FIB micromachining becomes a  promising technique for TEM specimen
preparation. For HR TEM investigations of silicon bulk material thin
lamellas were fabricated using the dual-beam equipment FIB 4400 (Orsay
Physics). Sputtering and polishing of the lamella with the 30 keV Ga FIB
with different currents leads to a surface damaging due to implantation and
amorphization of a thin surface layer of about 10-20 nm. This effect
aggravates resolution and contrast in HRTEM investigations. To decrease the
damage at the surface the beam energy was reduced to 15 keV for polishing
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First TEM results show an improvement of the image quality. For the
application of the FIB to the localised TEM sample preparation from the
whole wafer a special lift-out micro-manipulator was designed and is now
under construction.
Collaboration: *Frauenhofer-Institut für zerstörungsfreie Prüfverfahren, Einrichtung
für Akustische Diagnostik und Qualitätssicherung, Dresden; **Technische
Universität Dresden,  Institut für Angewandte Physik und Didaktik der Physik
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Dose rate dependence of irradiation damage in silicon
The influence of the dose rate on the damage creation in silicon has been
investigated by means of high current density FIB implantation. 70 keV Co
and  Ge ions with a current density of about 1 A/cm2 have been implanted
into silicon at target temperatures in the range from room temperature to
420°C. The effective dose rate was varied between 1013 ions /cm2s and about
1019 ions/cm2s applying different pixel dwell times from 1 µs to 250 µs. The
damage has been investigated using RBS/C, SEM, micro-Raman spectros-
copy and reflectivity measurements. It is found that at short dwell times at an
implantation temperature of about 400°C the silicon remains crystalline after
Co as well as Ge ion bombardment also in the limit of high doses while at
long dwell times the silicon sample becomes amorphous. These studies of
damage accumulation and dynamic annealing reveal that the characteristic
time of defect annealing lies in the range from 1 µs to 10 ms depending on
the defect type and the process temperature. 

M. Posselt
J. Teichert
L. Bischoff
S. Hausmann

Dose rate and temperature dependence of Ge range profiles in Si
obtained by channeling implantation
A strong influence of dose rate and temperature on the dependence of the
shape of Ge depth profiles in Si on the ion dose was found using the FIB
equipment. 70 keV channeling implantations of Ge into (100)Si were
performed at two different effective dose rates (3.5x1017 and 1010 cm-2s-1) and
temperatures (300 and 520 K). The variation of the pixel dwell time was
employed to obtain identical total doses between 1012 and 6x1014 cm-2 at
different effective dose rates. The depth distributions of Ge were determined
by SIMS. The dose dependence of the shape of these profiles is most
pronounced at the high dose rate and the low target temperature. The dose
rate and temperature effects found can be explained in the framework of an
extended phenomenological model of defect accumulation. Crystal-TRIM
atomistic computer simulations employing this damage buildup model
reproduce the measured depth profiles very well.
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M. Friedrich
W. Bürger
S. Turuc

Operation and development of the electrostatic accelerators
At the 2 MV VdG a Wennerlunds charging belt has been in operation since
700 hours at a maximum field strength of 1.7 MV/m. The primary electric
equipment for the accelerator and for the control system has been
comprehensively reconstructed.
The 5 MV tandem has been applied mainly for ion beam analysis. The
stripper canal with 6 mm inner diameter was replaced by a canal with 9 mm
inner diameter to increase the beam transmission especially for high energy
implantation applications. At the Cs sputter ion source all power supplies on
20 kV ion source potential were modernised.
The 3 MV Tandetron has been applied mainly for high-energy implantation
and ion beam analysis. Within the dual beamline facility (see separate short
contribution) the beamline from the 3 MV Tandetron to the Browne-
Buechner-Spectrometer was put into routine operation. A soft-start device for
the driver inside the pressure vessel was installed to prevent breaks of the
isolating rod between the driver and the generator inside the terminal.
Because of a strong lithium contamination inside the injector vacuum
chamber a liquid-nitrogen cooled trap was installed between the lithium
charge-exchange canal and the high-vacuum pump.

H. Tyrroff
W. Bürger
W. Gläser
F. Herbrand
W. Neumann
B. Richter

The Rossendorf Dual Beam Facility
Multi Beam Facilities open novel approaches to ion beam modification and
analysis. The Rossendorf Dual Beam Facility allows to cross the 500 kV Ion
Implanter beam and the 3 MV Tandetron Accelerator beam at two target
stations. At the double implantation station two different ion species can be
implanted simultaneously. This station includes beam sweeping, ion dose and
target temperature control during irradiation. At the analysis station both
beams are used either for Rutherford Backscattering or for Elastic Recoil
Analysis. This station includes a secondary particle Browne-Buechner
magnetic spectrometer which can be positioned in front resp. behind the
target. The whole facility is ionoptically optimized in respect of beam profil
and/or transmission, and it is operated by a PC / PLC network based on the
Siemens WinCC code and the Siemens Simatic S7 system. Tests proved well
focused beams and high transmission to both target stations for an energy
range of 100 keVamu to 100 MeVamu.
Collaboration: Danfysik, National Electrostatic Corporation

R.Grötzschel
F. Herrmann
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Ch. Klein
O. Kruse

A dual-beam facility for in situ high resolution RBS/C and ERDA
A new UHV scattering chamber with an UHV goniometer was installed at
one of the beam crossing points of the 3 MV Tandetron and the 500 kV
implanter. The beams are crossing at the target plane under an angle of 71°
which allows simultaneous irradiation of samples. The UHV goniometer was
designed for channeling experiments both in backscattering and transmission
geometry. It consists of an X-Y-table (50 mm range each), which is mounted
on an high-precision 3-axes rotational stage. A variety of sample holders can
be transferred to the goniometer with a load lock system. All axes are driven
by stepping motors wich allows the full PC control of the goniometer
movements. A modular VisualBasic software package enables automatic
crystal orientation, mechanical scanning or batch mode measurement,
respectively. RBS and ERDA spectra can be measured both with bakeable Si
detectors and with a magnet spectrometer of Browne-Buechner type. This
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spectrometer with an radius of 650 mm is arranged with the medium plane in
vertical direction. Using a 60 mm long PSD as focal plane detector we
achieved with 3 MeV Li ions an energy resolution )E/E of 1.3*10-3. All the
IBA data acquisition is accomplished with commercially available PC-based
multichannel dataprocessors, which also can be controlled via Ethernet. Two
low-rate e-beam evaporators are used for in-situ deposition of monolayers
and thin films. A sputter gun for sample cleaning, a residual gas analyser and
a RHEED system are among the auxillary equipment. 
Collaboration: *FZR, Zentralabteilung Forschungs- und Informationstechnik

J. Teichert
J. von Borany

New low-energy ion implantation chamber
For shallow pn-junction, nanocluster or near surface silicide layer formation
low-energy ion implantation becomes more important in microelectronics.
Instead of a special low-energy implanter,  a more flexible and low cost
alternative especially for R&D applications is the use of a medium-energy
implanter together with a target camber where the ions are decelerated
electrostatically. Such an equipment has been developed for the beamline 2
of the high-current implanter DANFYSIK 1090. In former systems with a
simple electrode arrangement the dose inhomogeneity for larger samples was
a strong disadvantage. The designed electrostatic lens system in the new
system bases on a novel ion optical concept in which the geometrical
aberrations are compensated. This guarantees high dose uniformity over large
implantation areas at low energy. Implantation can be carried out in the
energy range 2 – 30 keV with an dose inhomogeneity < 5% for 125 mm
wafers. Accepting smaller implantation areas or higher inhomogeneity,
implantation energies down to 200 eV can be used. The energy of 30 keV of
the implanter beam allows an optimum operation at high ion current.
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Günzel, R.,
Modulator für die Plasmaimmersions – Ionenimplantation,
PCT/DE 98/00144

Heera, V.,
Verfahren zur Herstellung von Kontakten und Leitbahnen in oder auf kristallinen Siliziumkarbid-
Halbleitersubstraten
Erfindungsanmeldung beim Deutschen Patentamt, AZ 199 44 144.8, 15.09.1999

Heinig, K.-H., Schmidt, B.,
Verfahren zur Verringerung der Breite der Größenverteilung von Nanoclustern
in Festkörpern,
Erfindungsanmeldung beim Deutschen Patentamt, AZ 199 31 971.5, 09.07.1999

Schmidt, B., Heinig, K.-H.,
Verfahren zur Herstellung von Monolagen aus Silizium-Nanoclustern in Siliziumoxid,
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PhD Theses

Rebohle, L.,
Lumineszenzeigenschaften ionenimplantierter nanokristalliner SiO2-Schichten,
TU Dresden, 04.11.1999

Strobel, M.,
Modeling and Computer Simulation of Ion Beam Synthesis of Nanostructures,
TU Dresden, 13.10.1999

Weber, R.,
Präzipitation von SiO2 in Silicium nach einer Sauerstoff-Hochdosisimplantation,
TU Dresden, 26.04.1999

Awards

Hauschild, T.,
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Doktorandenpreis des FZ-Rossendorf 1999
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M. Alfaro,
Max-Planck-Inst. für Kernphysik Heidelberg, Dec. 13 - 14, 1999

V. M. Anishchik,
Belarussian State Univeristy, Minsk, Belarus, Dec. 17 – 24, 1999
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Hydroxyapatite Nucleation on Na Ion Implanted Titanium Surfaces

M.T. Pham, W. Matz, H. Reuther, E. Richter, G. Steiner*
* Institut für Analytische Chemie, Technische Universität Dresden

Hydroxyapatite (HA) coating is the common approach to improve the biocompatibility of
orthopaedic and dental titanium-based implants. Low-temperature processses are of current
interest. In these processes, biologically active HA having the chemistry and structure of
mineralized tissue may be formed under in vivo simulated conditions. One key problem is to
impart Ti surfaces with the ability to nucleate HA formation from an aqueous solution. An
enhanced HA nucleation can be achieved by (i) functionalized surfaces acting as molecular
blueprints for site-directed nucleation, (ii) elevated supersaturation of HA at the surface, and
(iii) surface topography providing confined reaction microenvironments and geometrically
matched nucleating sites. Ti surfaces treated with NaOH have been shown to induce HA
formation upon exposing to simulated body fluid (SBF) [1,2]. The effect is closely related to the
above criteria: generation of hydroxylated surface Ti�OH groups and increased supersaturation
of HA by increased surface pH resulted from Na2TiO3 hydrolysis, and etching-generated rugged
surface morphology. 

This paper presents the surface treatment involving ion implantation of Na into Ti to show that
surface-incorporated Na2TiO3  and a microporous rugged surface topography are formed by
reactions of Na with Ti,  and such surfaces are reactive to induce HA nucleation upon exposing
to SBF. The present experiments used plates of commercially pure Ti (10 × 10 × 1 mm3).
Standard procedures of polishing and cleaning were applied before use. Na ions were implanted
at doses ranging from 8 × 1016 to 4 × 1017  ions cm&2. The ion energies were set at 18 to 22 keV
to deposit Na within a surface layer of (22� 28) ± 14 nm thickness. Exposure experiments in
SBF of pH 7.4 were conducted at 37 °C in polystyrene vials. The surfaces were characterized by
XRD, FTIR, XPS, SEM, and light microscopy (LM). 

The new major phase introduced into the sur-
face after Na implantation is Na2TiO3 as evi-
denced from the XRD analysis (Fig. 1a). The
signal intensity increases with the ion dose in-
dicating the increased concentration formed by
ion implantation. The substrate Ti signal is at-
tenuated correspondingly, confirming that the
Ti surface becomes covered by the implanted
layer.

Fig. 1: XRD patterns of (a) an as-implanted Ti sample,
2.4 × 1017 Na% cm&2 , showing the formation of  Na2TiO3,
(b) a sample implanted with 1.6 × 1017 Na% cm&2

followed by a heat treatment at 400 °C in air for 20 min,
(c) like b with heat treatment at 700 °C producing
Na2Ti6O13, and (d) a preoxidized Ti surface implanted
with 2.4 × 1017 Na% cm&2. The different phases are mark-
ed by symbols. The vertical dashed lines indicate the
titanium Bragg reflections of the substrate. 
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Fig. 2 (left): O 1s XPS spectra from a Ti sample implanted with 1.6 × 1017 Na% cm&2: (a) as-implanted, (b) after
heat treatment at 700 °C in air for 20 min. O 1s subpeaks reveal oxide-bound O2& species at 530.0 eV and
hydroxide-bound OH species at 531.3 eV. 700 °C heat treatment leads to an enhanced development of the oxide
part and removal of the hydroxide part. 
  
Fig. 3 (right): Sputter depth profiles of O determined from XPS of (a:�) an as-implanted Ti sample (2.4 × 1017

Na% cm&2), (b:�) like a after 24 h incubation in a 137 mM NaCl solution at 37 °C, (c:�) like b after 120 h
incubation, and (d: ) a control sample without Na implantation after incubation treatment like c.  

Fig. 4: Light microscopic images showing the evolution of surface morphology: (A) Ti implanted with 2.4 × 1017

Na% cm&2, (B) sample A after 24 h incubation in SBF, (C) original Ti surface, and (D) sample C after 24 h
incubation in SBF. Bright features in B and D are hydroxyapatite precipitates. Scale bars: 10 µm.
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XPS measurements, Fig. 2, revealed that the surface contains oxide- and hydroxide-bound
oxygen. This  indicates the propencity for hydroxylating and is consistent with the presence of
sodium oxide/titanate. Na2TiO3 is incorporated within the surface layer. The penetration of Na
was seen to follow that of O, suggesting that Na ions are active oxygen-carrying species during
implantation. Fig. 3 shows the depth profiles of O indicating the formed titanate layer. Heat
treatment was shown to strongly modify the composition of the implanted layer. Heating to 400
°C in air for 20 min results in the formation of TiO and reduction of the Na2TiO3 amount (Fig.
1b). Na2Ti6O13 occurs at 700 °C (Fig. 1c). These reactions can be related to the reduced power
of Na and its peroxide and hyperoxide formed during the heat treatment. This is confirmed when
Na was implanted into a rutile-coated (preoxidized) Ti surface showing the formation of Ti2O,
but no crystalline phase of any Na-Ti compounds (Fig. 1d). 

Sodium ion implantation results in roughening the Ti surface. The roughness increases with the
ion dose. Fig. 4a shows surface features produced at an ion dose of 2.4 × 1017 Na% cm&2

revealing µm-scaled porous structures homogeneously distributed over the entire surface. A
rigorous reaction of Na with Ti, in addition to the ion implantation induced sputtering, can
account for this large scale in roughness. The ability for HA nucleation was assessed by
incubation tests in SBF. A 24 h exposure to SBF evidently revealed the enhanced deposition of
calcium phosphate (Ca-P) from the solution into a Na implanted surface. Fig. 4b demonstrates
this result: precipitate features covering a large part of the surface. Resolved imaging by SEM
exhibited that the surface is densely seeded with precipitate nuclei. The large aggregates seen in
Fig. 4b indicate the spontaneous precipitation and the rapid growth on these reactive Ca-P
nuclei. The precipitates from SBF were identified by XRD and FTIR to be hydroxyapatite. 

Fig. 5: IR spectra of a Na implanted Ti surface
after 120 h incubation in SBF revealing
characteristics of a typical carbonated
hydroxyapatite. The inset shows a survey
spectrum displaying the apatite OH absorption
band at around 3579 cm&1.   

Fig. 5 shows the FTIR spectra of such precipitates formed on a Na implanted Ti surface. As
shown by XRD, HA is formed while Na2TiO3 disappears, suggesting the active involvement of
the latter in the reactions. The hydrolysis of Na2TiO3 produces hydroxylated surface -Ti-OH and
increase in pH, two factors encouraging the HA nucleation. The morphology of a control sample
is also presented for reference (Figs. 4c and d). The control surface displays only some scattered
precipitates (Fig. 4d), implying that the HA nucleation on pure Ti surface is greatly inhibited. 
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Installation of a negative helium ion source for the operation at the Rossendorf tandem
accelerator
Dr. Manfred Friedrich; Tel.: (0351) 260-3284; m.friedrich@fz-rossendorf.de
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19.
03/1998 - 02/2002 European Union, within the TMR Programme EU
European network on defect engineering of advanced semiconductor devices
Dr. Karl-Heinz Heinig; Tel.: (0351) 260 3288; kh.heinig@fz-rossendorf.de

20.
04/1998 - 03/2001 Bundesministerium für Bildung und Forschung BMBF
Nutzung der Rossendorfer Beschleuniger
Prof. Dr. Wolfhard Möller; Tel.: (0351) 260-2245; w.moeller@fz-rossendorf.de

21.
07/1998 - 06/2000 Sächsisches Staatsministerium für Wissenschaft und Kunst SMWK
Physical and technological fundamentals for the engineering of nanoclusters for
nonvolatile memories
Dr. Johannes von Borany; Tel.: (0351) 260-3378; j.v.borany@fz-rossendorf.de

22.
07/1998 - 12/2000 Sächsisches Staatsministerium für Wissenschaft und Kunst SMWK
Blue electroluminescence from nanoscaled semiconductor structures
Dr. Wolfgang Skorupa; Tel.: (0351) 260-3612; w.skorupa@fz-rossendorf.de

23.
07/1998 - 12/2000 Sächsisches Staatsministerium für Wissenschaft und Kunst SMWK
Surface layers with structures in nanometer scales used for medical implants
Dr. Edgar Richter; Tel.: (0351) 260-3326; e.richter@fz-rossendorf.de

24.
07/1998 - 12/2000 Sächsisches Staatsministerium für Wissenschaft und Kunst SMWK
Preparation of TEM samples by means of focused ion beam milling
Dr. Jochen Teichert; Tel.: (0351) 260-3445; j.teichert@fz-rossendorf.de

25.
07/1998 - 12/2000 Sächsisches Staatsministerium für Wissenschaft und Kunst SMWK
Optimization of Ta barrier layers for copper metallization of microelectronic devices
Prof. Dr. Egbert Wieser; Tel.: (0351) 260-3096; e.wieser@fz-rossendorf.de

26.
10/1998 - 04/2000 European Union, within the TMR Programme EU
(Large Scale Facility) Center for application of ion beams in materials research
Prof. Dr. Wolfhard Möller; Tel.: (0351) 260-2245; w.moeller@fz-rossendorf.de

27.
10/1998 - 11/2001 Deutsche Forschungsgemeinschaft DFG
Ion-acoustic microscopy using focused ion beams
Dr. Lothar Bischoff; Tel.: (0351) 260-2963; l.bischoff@fz-rossendorf.de

28.
11/1998 - 10/2001 Deutsche Forschungsgemeinschaft DFG
Modeling and computer simulation of amorphous hard carbon film growth by energetic
particle impact
Dr. Hans-Ulrich Jäger; Tel.: (0351) 260-3373; h.u.jaeger@fz-rossendorf.de
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29.
01/1999 - 12/1999 Deutscher Akademischer Austauschdienst DAAD
DLTS- and PAS-Studies of ion implanted silicon carbide
Dr. Gerhard Brauer; Tel.: (0351) 260-2117; g.brauer@fz-rossendorf.de

30.
01/1999 - 12/2000 Deutscher Akademischer Austauschdienst DAAD
Development of a technology  of high temperature sensors based on SiCOI
substrates
Dr. Dieter Panknin; Tel.: (0351) 260-3613; d.panknin@fz-rossendorf.de

31.
01/1999 - 12/2001 Bundesministerium für Bildung und Forschung             BMBF
Nanoclusterbildung durch Ionenimplantation, Zusammenarbeit mit Russland
Dr. Karl-Heinz Heinig, Tel.: (0351) 260-3288; k.h.heinig@fz-rossendorf.de

32.
07/1999 - 06/2002 WTZ mit Bulgarien WTZ
Investigation of the clusters emission characteristics of liquid metal ion source
with the aim to produce focused ionized cluster beams
Dr. Jochen Teichert; Tel.: (0351) 260-3445; j.teichert@fz-rossendorf.de

33.
09/1999 - 09/2001 Deutsche Forschungsgemeinschaft DFG
Dynamische in situ-Untersuchung der Entstehung von kompressiven Spannungen
in Bornitridschichten und des Einflusses von Verunreinigungen und Wachstums-
parametern
Dr. Wolfgang Fukarek; Tel.: (0351) 260 2277; w.fukarek@fz-rossendorf.de

34.
11/1999 - 12/2001 Deutsche Forschungsgemeinschaft DFG
Preparation of stacked monolayers of semiconductor nanoclusters
Dr. Bernd Schmidt, Tel.: (0351 260-2726 ; bernd.schmidt@fz-rossendorf.de
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Experimental Equipment

1. Accelerators, Ion Implanters and Ion-Assisted-Deposition 

² van de Graaf accelerator 1,8 MeV
² Tandem accelerator [EGP 10-1] 5 MV NIIEFA, Russia
² Tandetron accelerator  3 MV HIGH VOLTAGE, NL
² Ion implanter 80 kV Own construction
² Ion implanter 180 kV, medium current SCANIBAL, FL
² High current ion implanter 200 kV, high current DANFYSIK, DK
² High energy ion implanter 500 kV HIGH VOLTAGE, NL
² Plasma-immersion ion implantation 5-60 keV
² Fine focused ion beam 50 keV, 100 nm, 10 A/cm2

² Ion beam assisted deposition 
² Plasma enhanced chemical vapour deposition

2. Particle and Photon Based Analytical Techniques

² RBS Rutherford backscattering p,": 1-6 MeV
² ERDA Elastic recoil detection analysis 35 MeV, 35Cl
² PIXE Proton induced X-ray analysis + PIGE-option, external beam
² Nuclear microprobe MeV, > 2 µm
² NRA Nuclear reaction analysis 1H (15N,"() 12C
² SEM Scanning electron microscope + EDX-option ZEISS, D
² TEM Transmission electron microscope 300 kV, LaB6 PHILIPS, NL

+ EDX-option
² STM Scanning tunneling microscope + AFM-option DME, DK
² AES Auger electron spectroscopy + XPS-option FISONS, GB
² CEMS Mössbauer spectroscopy
² XRD X-ray diffraction laboratory + synchrotron (ROBL)
² SE Spectroscopic ellipsometry 250-1700 nm WOOLLAM, USA
² FTIR Fourier transform infrared spectrometry 600-7000 cm-1 NICOLET, USA

3. Other Analytical and Measuring Techniques

² Dektak surface profilometer  VEECO, USA
² Micro indenter SHIMATSU,  J
² Scratch tester SHIMATSU, J
² Spreading resistance measuring station SENTECH, D
² Hall-effect equipment BIO-RAD, GB
² I-U and C-U- analyzer KEITHLEY, USA

4. Preparation Techniques 

² Wet chemical etching and cleaning including anisotropic selective KOH-etching
² Photolithographic patterning 5 µm-level
² Thermal treatment Room Temperature - 2000°C

Furnace, Flash lamp unit, 
Rapid thermal annealing, RF-Heating (Vacuum)

² Physical deposition Sputtering DC / RF, Evaporation
² Dry etching Plasma and RIE mode
² Bonding techniques Anodic, Si-Si and Wire Bonding
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List of Personnel

Director: Prof. W. Möller Deputy Director: Prof. E. Wieser

Scientific Staff:

Permanent:

Dr. L. Bischoff
Dr. J. von Borany
Dr. W. Bürger
Dr. F. Eichhorn
Dr. M. Friedrich
Dr. W. Fukarek
Dr. D. Grambole
Dr. R. Grötzschel
Dr. R. Günzel
Dr. V. Heera
Dr. K.-H. Heinig
Dr. H.-U. Jäger
Dr. R. Kögler
Dr. A. Kolitsch
Dr. U. Kreißig
Dr. W. Matz
Dr. A. Mücklich
Dr. C. Neelmeijer
Dr. D. Panknin
Dr. M.T. Pham
Dr. M. Posselt
Dr. F. Prokert
Dr. H. Reuther
Dr. E. Richter
Dr. B. Schmidt
Dr. H. Seifarth
Dr. W. Skorupa
Dr. J. Teichert
Dr. H. Tyrroff
Dr. M. Voelskow

Post Docs: 

Dr. A. Belov
Dr. T. Chevolleau
Dr. F. Fontaine
Dr. M. Klimenkov
Dr. S. Malhouitre
Dr. M. Soltani-Farshi

Projects:

W. Anwand
Dr. G. Brauer
Dr. V. Ermel
Dr. O. Kruse
M. Mäder
E.-M. Nicht
M. Peikert
Dr. M. Seidel

PhD Students:

F. Berberich
E. Chagarov
C. Fitz
T. Gebel
T. Hauschild
S. Hausmann
A. Höfgen
U. Hornauer
C. Klein
I. Mrotschek
J. Noetzel
S. Parascandola
A. Peeva
L. Rebohle
Br. Schmidt
M. Strobel
T. Telbizova

Technical Staff:

Permanent:

J. Altmann
R. Aniol
G. Anwand
I. Beatus
T. Betzl
W. Boede
K.-D. Butter

E. Christalle
K. Fukarek
W. Gäßner
B. Gebauer
H.-J. Grahl
P. Hartmann
F. Herrmann
G. Hofmann
M. Iseke
S. Klare
R. Kliemann
J. Kreher
A. Kunz
G. Küster
D. Maul
M. Mißbach
K. Müller
F. Nötzold
W. Probst
E. Quaritsch
P. Reichel
B. Richter
M. Roch
B. Scheumann
H. Schluttig
E. Schmidt
G. Schnabel
J. Schneider
A. Scholz
C. Schulenberg
K. Thiemig
S. Turuc
A. Vetter
A. Weise
I. Winkler

Projects:

J. Born
H. Felsmann
G. Grunert
A. Schneider
H. Seifert
G. Winkler
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