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Cover Picture: 
The front Cover shows the setup for dual beam experiments, which has recently been commis- 
sioned.Two beamlines from the 3 MVTandetron accelerator (left) and the 500 kV ion implanter 
(right) are connected to the experimental chamber, enabling simultaneous modification and 
analysis of materials. For high resolution RBS or ERDA, a magnetic spectrometer (blue) is 
used. The tube in front leads to a second dual beam chamber designed for double energy im- 
plantation. More details are given on pp. 88-89. 



FORSCHUNGSZENTRUM ROSSENDORF W? 
WISSENSCHAFTLICH-TECHNISCHE BERICHTE 

FZR-269 
September 1999 

Institute of Ion Beam Physics 
and Materials Research 

Report 

January 1998 - June 1999 

Editors: 
J. von Borany, H . 4 .  Jäger, 

W. Möller, E. Wieser 



Preface 

The Research Center Rossendorf (Forschungszentrum Rossendorf, FZR) represents the largest 
governmental research institution in the "new" states of the Federal Republic of Gerrnany. Its 
presently about 600 employees, organised in five institutes, study problems of basic and 
applied science in the fields of materials science, biomedical and enWonmenta1 research, and 
nuclear physics. The FZR is a member of the "Gottfiied Wilhelm Leibniz Society" (WGL), 
with the federal govermnent and the state of Saxony contributing 50 % to its basic funding 
each. 

The Institute of Ion Beam Physics and Materials Research (IIM) has 75 permanent positions 
of scientists (32), technicians and engineers (41) and administration personnel (2). In average 
about 40 additional employees are funded fiom 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 German Science Council, the institute shall represent 
a national ion beam centre, 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 fiom 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 diffiaction, 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. 

As shown in the diagram on p. 4, the main R&D activities of the institute are subdivided into 
the areas of New Materials and New Processes. In the former, a new field of ion modification 
of Biomaterials has been added in 1998 to the ion-assisted deposition of Hard Coatings, the 
ion beam modification of Semiconductor Materials and the ion-assisted generation of Nano- 
clusters. New processes involve basic investigations and applications nising 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 
institute from January 1998 to June 1999 by a few selected extended contributions, numerous 
short contributions, and a statistical overview on its publications, conference contributions arid 
lectures given by members of the institute. It also reports on the training of young scientists 
and the extemal and collaborative actions. We hope to demonstrate a very successfül develop- 
ment in all of these areas. 

A few important events and actions deserve Special comments. Within the program 0f the 
European Commission to promote the Transfer and Mobility of Researchers, the institute was 
selected as a Large Scale Facility (LSF) entitled "Centre for Application of Ion Beams 
Materials Research'' ("AM'), From corresponding funds, travel Support is now available for 
European Users of the Rossendorf ion facilities, with the institute being h d e d  to apen about 



15% of its experimental capacity for these actions. This funding has recently been extended 
for the period 2000-2002 within the new European activity "Improving Human Potential". 

A significant step was completed in the Course of locally joining and combining the different 
ion beam facilities of the institute. A new section was added to the accelerator building with an 
area of about 1500 m2 on two floors, allowing to move equipment fi-om fomerly dispersed 
sites. In the lower floor, an analytical centre including transmission and scanning electron mi- 
croscopy, Auger electron and X-ray photoelectron spectroscopy, and Mössbauer spectroscopy 
was established and went into routine operation. On the upper floor, the 200 kV and 500 kV 
implanters in connection ~ 6 t h  the IBAD (Ion Beam Assisted Deposition of thin f ihs)  devices 
have been installed and commissioned. The installation of the system of beam lines and expe- 
rimental devices, which combine the Tandem and Tandetron high-energy accelerators with the 
500 keV implanter, is well progressing, In this area, a new clean room has been constructed 
and commissioned (Special contributions are given below). 

With a ceremony in June 1998, the Rossendorf Beam Line (ROBL) at the European Synchro- 
tron Radiation Facil* (ESRF) in Grenoble (France) went officially into operation. The 
Grenoble team of the institute now contributes to several of the research projects with new md 
highly efficient diagnostics, and has opened new possibilities for international collaborations. 

In 1998/9, four PhD students and one diploma student fuiished their thesis at the institute zlnd 
their examinations at the Technical University of Dresden. The second summer school "Nu- 
clear Probes and Ion Beams" was organised in Bad Blankenburg (Thuringia) in cooperatnon 
with the Hahn-Meitner Institute, Berlin, with increasing interest (45 students md 13 lecturers). 
This mi&t contribute to a continuing aerest of young scientists in our field. However, in 
accordance with the dramatically decreasing number of students in physics and engineering in 
Gennany and 0 t h  European countnes, it has become increasingly difficult and time- 



consuming to recruit suitable PhD students and PostDocs. In two instances, PostDocs left the 
institute due to excellent offers fiom industry. Although this must be appreciated in principle 
and might promote in füture a trend which is reverse to the above mentioned, it is presently 
detrimental to an efficient and continuous research also at our institute. 

Technology transfer and ion beam Service activities of the institute have again been signi- 
ficantly extended in 1998/9. Ion beam analysis services for universities and industry cover a 
wide range of materials such as metals, semiconductors, hard coatings, and oxides including 
perovskites, and are related to a broad spectrum of activities for mechanical and electronic 
applications in energy research, biomedicine, information technology, geology, and extra- 
terrestrial research. A new beam line has been commissioned at the Tandem accelerator for 
semiconductor implantation in the h n e  of industrial cooperations. In total, implantation tests 
and services were performed in cooperation with about 40 partner institutions fi-om research 
and industry, with particular emphasis on technological applications of plasma imrnersion 
implantation for automotive and machine components and different cutting tools. 

The institute would like to thank all fnends and organisations who supported its Progress 
during the past 18 months. Special thanks are due to the Executive Board of the Forschungs- 
z e n t m  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 
fkom universities, other research institutes, and industry play an essential role for the Rossen- 
dorf ion beam centre. 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 successfül develop- 
ment in 1998/9. 

Prof. Woliard Möller 
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Ion Beam Synthesis of 6-like Ge Nanocluster Bands in Thin SiO, Films for 
Memory Applications 

J. von Borany, T. Gebel, K.-H. Heinig, M. Klimenkov, B. Schmidt, K.-H. Stegemann* and 
H.-J. Thees* 
* Zentrum Mikroelektronik Dresden GmbH, Dresden, Germany 

A new promising approach of scalable device structures for future microelectronics is the 
nanocrystal memory [1,2]. This memory is based on the effect that electrons can be reliably 
stored even at room temperature in small semiconductor quantum dots (d, < 10 nm, C - 10 
aF) embedded in the gate oxide of a field effect transistor. The charge exchange between the 
clusters and the Si substrate occurs via direct tunneling, leading due to a shift in the threshold 
voltage of the FET with respect to the charge state within the clusters. 

The main technological challenge consists in the fabrication of a band of small nanoclusters 
with a density of about 1012 cmm2 very close (<5 m) to the Si/SiO, interface. The nano- 
clusters (size: 3-5 nm) have to be arranged well separated from each other and from the Si 
substrate. At present, two different technologies are favoured for the fabrication of shallow 
nanocluster bands near the SiISiO, interface. LPCVD or PVD techniques have been success- 
fully applied to deposit self-assembled Si nanocrystal dots onto ultrathin thermally grown SiO, 
(2-3 nm), subsequently covered by an control oxide of 7-10 nm thickness 131. The distance of 
the nanocrystals from the SiISiO, interface is well defined by the thickness of the tunnel 
oxide, but unfortunately the nanocluster density is limited to about 10'' cm-, due to preferred 
condensation of free Si at existing clusters formed at the early Stage of deposition [4]. Alter- 
natively, it has been shown that ion beam synthesis (IBS) is a well suited method to fabricate 
semiconductor nanoclusters (Si, Ge) in SiO, layers. The IBS process is performed by ion 
implantation of Si or Ge of about 1016 cm-, (exceeding the solubility limit in the SiO, matrix) 
followed by an annealing step in order to form clusters. Following this route Normand et al. 
151 applied very low energy (1-5 keV), high-fluence (> 1016 cm',) Si implantation into 11 nm 
thin SiO, films. After annealing they found a band of clusters around the position of the im- 
plantation peak. 

This contribution reports on another ion beam based process suitable for the formation of Ge 
nanoclusters in thin SiO, films. In previous experiments using SiO, films > 100 nm thickness 
it has been found, that after annealing above 900°C the Gaussian like as-implanted profde in 
the SiO, layer changes towards a Ge distribution, which is characterized by at least two sepa- 
rated Ge peaks in the bulk and near (or at) the Si/SiO, interface. Under special irnplantation 
conditions one can observe a very sharp (6-like) nanocluster band in the oxide very close to 
the SiISiO, interface [6]. Based on this finding experiments have been perfomed to inve- 
stigate this effect on thin SiO, films (I 50 nm) suitable for memory applications. 

Thin SiO, filrns of 30 nm thickness have been prepared on (100) Si wafers by thermal oxida- 
tion. Afterwards, the wafers were implanted with 74Ge ions at 12 or 20 keV to v w  the posi- 
tion of the implantation profiie with respect to the SilSiO, interface The used fluence results 
in a Ge peak concentration of about 5 at. %. After a cleaning procedure identically prepared 
samples were annealed using rapid thermal processing (RTA: 950°C, 30 sec, N,). 

Transmission electron microscopy (TEM) using a Philips CM300-TEM has been performed 



at cross-sectional specimens to analyse the nanocluster fonnation in the SiO, films. The detec- 
tion limit of the cluster size is about 2 nm. In addition, Rutherford backscattering spectrome- 
try (RBS) with 4He ions of 1.7 MeV was applied to measure the Ge distribution in the SiO, 
layer. Using an incidence of 70" perpendicular to the surface a depth resolution of < 2 nrn 
could be realized. 

energy (keV) 

channel 

Fig. la: RBS-~pectra showing the Ge depth distdbution Fig. lb: XTEM micrograph showing the tW0 nano- 
on afier implantation (74Ge,20 keV,5xl~L5cm") in 30 nm cluster bands in the bulk and very close to the Si/ 
SiO, film for the as-implanted state and after RTA pro- SiO, interface 
cessing (950°C, N,, 30 sec) (11: 20 keV / 5xl0'~crn";RT~: 950°C, 30 sec] 

Fig. la  shows the Ge depth distribution for an implantation of 20 keV / 5x1015 cm" before 
and after annealing. The as-implanted profile is characterized by a single peak located at 16 
nm, whkh corresponds to the expected value fi-om TRIM-calculations (l$, = 18 nm). After 
RTA processing the Ge profile has changed to a double peak distribution with a peak at about 
12 nrn and a second Ge peak, which is very close to the SiISiO, interface. In the TEM micro- 
graph no nmoclusters can be detected in the as-implanted state. After RTA processing we 
found two different cluster bands, which are separated by a Zone free of clusters (Fig . lb). 
A relatively ,broadU cluster band of about 10-12 nm width is located around the peak position 
of the initial implantation profile, slightly shifted towards the surface. The clusters have a 
mean size 0f (3.5 f 1 .O) nm and the cluster density can be estimated to about 8x10" cmF2. The 
second cluster band is located in a distance of only 2-3 nm from the SiiSiO, interface. This 
cluster band is very narrow (&Sie) and consists of a plane of single, clearly separated clu- 
Sters paraIlel to the Si/SiO, interface. The mean size of these spherical clusters is slightly 
smaller (mean she: 3 nm) as compared to the bulk clusters. The cluster density within this 
band is about 5x10" ~ r n ' ~  (+50%). All clusters have been found to be in the amorphous state. 
The @tim of the duster bands corresponds to the Ge distribution measured by RBS, which 
means that the hplanted Ge is now mainly within the clusters. If the implantation is perfor- 
med at 12 keV (%=I2 nrn), no signifcant Ge redistribution with respect to the as-implanted 
profile can be observed by RBS after annealmg. TEM analysis reveals the Ge nanocluster for- 
mation ody as buk Clusters wound the peak of the implantation profile after RTA processing. 
The size and density of the clusters are similar to the values mentioned above. Contrary to the 



implantation at 20 keV no near-interface cluster band was found. 

In the following, we will discuss a model for the evolution of the near-interface nanocluster 
band, which is well separated from the implantation profile. As such a band can be observed 
independent of the implanted species (Ge, Sn, Sb etc.) or the thickness of the SiO, layer (20- 
500 nm) [6,7], this effect is assumed to reflect intrinsic mechanisms of the ion implantation 
process. 

0 10 20 30 40'" 
depth (nm) 

Fig. 2: Ge distribution (left) and number of displace- 
ments (right) of 12 and 20 keV Ge implantation into 30 
nrn SiO, films calculated by the TRIM code (TRIM-96). 

The as-implanted Ge content integrated 
over the region of the interface nanoclu- 
Ster band is ~ 5 x 1 0 ' ~  cm-,, which is too 
small to form the near-interface nano- 
clusters observed in the TEM after an- 
nealing (0 3 nm, 5x10" ~ m - ~ ,  See Fig. 
lb). Therefore, diffusion of Ge from the 
implanted profile and the accumulation 
of Ge at nucleation Centers in a thin 
layer parallel to the SiISiO, interface 
have to be basic phenomena in the mo- 
del. The TRIM calculation (see Fig. 2) 
shows Tor the 20 keV implantation an 
average value of 1.5 dpa at the Si0,ISi 
interface. That irnplies, that due to col- 
lisional mixing (mainly by the recoil 
atoms) each atom of the SiO, network is 
displaced at least once, which means a 
dissociation of the SiO, network into the 
elemental components Si and 0. 

Whereas within the SiO, layer displaced Si and 0 recombine, the Si/Si02 interface acts as a 
strong sink mainly for oxygen due to its relatively large diffusion coefiicient during irradia- 
tion. As a result the SiO, region close to the Si substrate becomes depleted from oxygen or, 
controversely, Si accumulates above the stoichiometric value. This phenomenon has been 
proven by STEM-EDX measurements at appropriately irradiated 500 nm thick SiO, layers on 
Si. Rate-equations studies reveal, .that the maximum value of Si excess is realised in a distance 
of about 3-4 nm from the SiISiO, interface. During subsequent thermal treatment the excess 
Si atoms form small precipitates on which Ge diffusing from the implanted region condenses. 
A corresponding kinetic 3D lattice Monte Carlo simulation starthg with a Gaussian like Ge 
profile and laking into account the excess Si close to the SiOJSi interface qualitatively des- 
cribes the experimental results. During the simulated anneafing a near-interface band of Ge 
nanoclusters (containing Si) and additional Ge clusters around I$, are fomed, which are 
separated by a Zone nearly free of clusters (for details see [8]). It should be pointed out that 
the nanoclusters in the oxide represent a metastable state. Due to evaporation of Ge from the 
cluster surface or (in most cases) due to chemical reactions with residual containinations (OXY- 

gen and/or hydrogen) within the annealing atmosphere cluster bands disappear, especially at 
higher temperatures (> 90O0C) and longer annealiig times (>60 min) [!J].. Therefcrre, much 
care has to be spent to realize reproducibly clean and dry annealing conditions. 
In the case of the 12 keV implantation abost no decomposition of the Si@ ma;hVr occurs 
close to the Sio,/Si interface (dpa-rate C 0.1, see Fig. 2). Consequentfy, no near-interface Ge 



nanoclusters can be expected, as the Si precipitates are a prerequisite according to the model 
described above. 

MOS capacitors containing nanoclusters in 
the gate oxide near the SiISiO, interface 
were used to investigate the feasibility for 
a memory device. Contacts with an area of 
9x1OS2 mm2 were realized by patterning of 
n+-doped Poly-Si (d=300 nm). When for- 
ward biasing the gate with respect to the 
substrate electrons are injected towards the 
nanoclusters and cause a positive flatband 
voltage shift (Write). The charge can be 
removed by a programming pulse of the 
opposite polarity (Erase). Fig . 3 shows the 
results of high frequency CV-measure- 
ment. Erase and write pulses of different 

20 40 60 80 100 
Cycles amplitudes were applied to the structure 

while the programming time was kept con- 
Fig.3: Shift of the flatband voltage after writel erase stant at 100 ms. For programming .pulse 
cycling using different pulse amplitudes for tp= 100 rns. amplitudeS between 3-8 V the flatband vol- 

tage difference after writelerase pulses (programming window) shift has been found to be 
between 0.25 V and 1.75 V, respectively. Note, that by using charge sensing for the read 
operation of a memory cell, a window of about 0.2 V may be sufficient. The mechanism of 
charge Storage is still Open. Electrons might be stored within the clusters or at cluster related 
deep trapping centres. Future investigations will be performed to clarify this question. 
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Modeling of Nanocluster Formation during Ion Implantation 

M. Strobel and K.-H. Heinig 

High-dose ion implantation is a powerful technique to synthesize nanoclusters (NCs) in 
the near surface region of a wide variety of host materials. In general, for sufficiently 
large ion fluences, NCs evolve by precipitation from a depth- and time-dependent 
supersaturated solid solution of impurity atoms. Depending mainly on the mobility and 
solubility of the impurity atoms, precipitation occurs either during the implantation 
stage or during a subsequent annealing step. Statistical equilibrium methods are not 
well suited to describe precipitation phenomena as encountered in ion beam synthesis 
(IBS), because in this process systems are usually driven to a state far from equilibrium. 
A more suitable description is a kinetic approach on an atomic level, where impurities 
are treated as effective particles in a homogeneous background (i-e. the substrate). 
Three-dimensional lattice Monte-Carlo (MC) simulations based on the nearest-neighbor 
kinetic Ising modeI allow for a detailed study of NC formation including consistently 
supersaturation, nucleation and growth. 

In a first step towards a thorough understanding, homogeneous conditions throughout 
the simulation volume are assumed for simulations of NC formation during implant-ion. 
Any interaction of impurity atoms with collision cascades as well as possibly preferred 
heterogeneous nucleation of NCs in areas of high damage are neglected. In the Course 
of the simulation, for each single atom implantation the new impurity atom is set into 
the simulation box (applying periodic boundary conditions) at a random lateral position 
and a t  a depth coordinate z chosen according to a Gaussian ion-range profile. The 
implantation parameters then determine the ratio of implantation steps to diffusion steps. 
For instance, for a fixed implantation current, the higher the implantation temperature 
the more diffusion jumps occur in the time interval between two deposition events. 

The (depth-dependent) NC size distribution as well as the mean radius R depend on 
the implantation parameters, i.e. the temperature T&, and ion current j. In a series 
of simulations, for a fixed ion fluence F the NC formation is studied qualitatively at  
three different implantation temperatures {T<, T, T>) for a fixed ion flux j and at  three 
different ion fluxes {j<, j, j,) for a fixed T& [I]. The three ion currents {j<, j: j>) differ 
one another by one order of magnitude, whereas the implantation temperatures are 
related by T;l : T-I : T;l = 2 : 3 : 4. 

A typical snapshot of a MC simulation would usually show some freely diffusing monomers 
and an ensemble of NCs (condensed impurities) of various sizes. However, in order to 
compare size distributions, a more suitable representation is to approximate every NC 
by a sphere whose size is determined by the number of its impurity atoms. Fig. 1 3hoi.v~ 
the NC distributions for the five parameter pairs {(T<, j) ,  (T, j>), (T, j)? (T, j,), (T>. j ) ) .  

For constant parameters the process of NC formation can be divided into three Stages: 
Accumulation/Supersaturation: Immediately after the start of ion irnplantation, 
the first impurity atoms can be found as (dissolved) monomers 254th a (basicallv) 
temperature-dependent mobility. Hence, the concentration of monomers c increases 
linearly with time. Nucleation: As c increases further and esceeds the solubility 
threshold, small agglomerations of impurity atoms (i.e. dimers. trirners, ...I start to 



Fig. 1: MC simulation results of NC formation during ion implantation recorded imrnediately 
at  the end of ion deposition. All NCs are represented as spheres and the grey scale is chosen 
according to their size. 

form. From these tiny agglomerations, some grow by statistical fluctuations beyond 
the critical radius R, forming stable precipitates and act later on as sinks for diffusing 
monomers. Growth: No additional NCs are forrned and the existing ones grow by 
attachments of newly implanted impurity atoms rather than competitive ripening. 

The observed NC distributions can be explained in terms of classical nucleation theory 
[2]. Bulk and surface atoms of a NC give different contributions to its free energy 
( c a p i l l a ~  approximation), thus NC have to exceed a critical size R, in order to become 
stable against dissolution. In general, R, is given by the temperature-dependent degree 
of supersaturation (the nucleation probability is proportional to exp (- W (R,) /kT) , 
where M g  is the reversible work needed to form this NC). Furthermore, IBS of NCs is 
a time-dependent process. Thus, for different ion currents at a given %!„„ transient 
processes (depletion effects) influence precipitation. 

From the viewpoint of homogeneous nucleation similar IVC size distributions can be 
obtained either by increasing X'„, or by decreasing j (or vice versa) (see Fig. 1). This 
behavior suggests, that the mean IL'C size can be described according to a function 
f (D(T)/G):  where D is the (strongly temperature-dependent) diffusion coefficient and 
G the generation rate of impurity atoms per unit volume, which is proportional to j. 

Additionally, MC simulations have been performed, where one parameter was changed 
for the second half of implantation. Fig. 2 shows the simulated NC distributions for 



Fig. 2: Final NC distributions in the case of a change of the implantation Parameters at half of 
the nominal fiuence (from top to bottom: (T>, j) + (T, j), (T, j) + (T>, j), (T, j<)  + (T, j ) ,  
and (T,j) + (T, j<)). The corresponding NC size distributions are shown in the bottom row. 

the changes (T>, j)  U (T, j) and (T, j,) U (T, j)  together with the corresponding 
particle radius distributions (PRDs). For the implantation sequences (T,, j) t (T, j) 
and (T, j,) t (T,j), bimodal PRDs are predicted. This result can be explained bg; 
a corresponding change of &. By lowering zmp, a second nucleation stage may be 
initiated, which results in a bimodal PRD. In the case of rising zmp also R, increases, 
which can become so large that previously formed NC may now be smaller than the 
critical size and consequently dissolve. This results in a very narrow PRD. 

The IBS of Au nanoclusters in SiOa is well-suited for fundamental precipitation studies, 
because (i) Au does not tend to form an oxide or silicide (chemically inert), (ii) Au is 
observed to precipitate during the implantation stage, and (iii) no collective shift of the 
implanted Au atoms (e-g. due to charging eifects) influences the nanocluster formation. 
The MC results in Fig. 1 reproduce experimental1 observed temperature dependencies 
of NC distributions, e.g. for Au precipitates in SiOz [l] or CoSiz XCs in Si f3]. Systematic 
experiments with significant changes in j have not been performed so far. Fig. 3 shows 
Au implantation results for a controlled variation of zmp. Clearl~: the size distribution 
depends on the sequence of the temperature change. A rather broad PRD (possibly the 



0 2 4 6 8 
diameter (nm) 

0 2 4 6 8 
diameter (nm) 

Fig. 3: TEM micrographs of the ORNL-group [I] for 2.75 MeV AU' implantation into SiO2: 
a) 3 X 1016 at 600 "C + 3 X 1016 cm-2 at 250 "C, b) 3 X 1016 at 250 "C + 3 X 1016 

at 600 "C. The corresponding size distributions are shown in Figs. C) and d). 

overlap of two individual distributions as suggested by the results of Fig. 2 is obtained 
by decreasing ZmP in the second implantation step. 

A complete modeling should take into account collisional mixing, which causes darnage 
not only to the substrate, but also to previously formed NCs 141. For constant implan- 
tation conditions, a steady-state balance between collisional mixing and reattachment of 
impurities develops. In this case, the mixing can be described to some extent by an ef- 
fectively higher Timp and a corresponding NC distribution will evolve. This concept of an 
effective implantation temperature might explain the similarities between experimenk and 
simulation results, even if collisional mixing has not been included in the MC method. 
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Enhancement of the Intensity of the Short-Wavelength Visible Photolumi- 
nescence from Silicon-Implanted Silicon Dioxide Films Caused by Hydro- 
static Pressure during Annealing 
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Recently, there has been an increasing interest in the formation of Si-based, low- 
dimensionality structures which exhibit visible-light emission at room temperature @T). 
Various methods of creating luminescent nanocrystalline materials have been reported. Of 
these, perhaps the most prornising has proven to be ion-beam synthesis of Si clusters and 
nanocrystals in thermally-grown SiOz films [l-31. The technique of ion-beam synthesis 
involves two Stages: high-dose ion implantation and subsequent annealing. The thermal 
processing conditions, that is annealing temperature and time [4] and ambient [5], play an 
important role. Our previous work [6] has shown that medium-dose Si+ implants into thin 
Si02 layers followed by relatively low-temperature anneals (Ta=400 - 500 'C) produce 
structures which emit blue photoluminescence (PL) peaking at about 460 nm. The nature of 
this PL is believed to be associated with the =Si-Si= center in SiOz (see discussion in Ref. 
[6]). Increasing the ion dose at constant Ta leads to a red shifi of the PL peak and the appea- 
rance of a broad band centered around 600 - 650 nrn whose origin is attributable to the forma- 
tion of Si-rich regions in the oxide [1,4]. Increasing Ta to 1000 - 1200 'C has been found to 
quench both the blue and the red PL signals and gives rise to an intense peak in the near- 
infrared region at 800 - 850 nm. Most reports state that this PL is a consequence of the effects 
of quantum confinement (radiative recombination of quantum-confined electronhole pairs) in 
Si nanocrystals [Z-61. There is evidence in the literature that besides the conventional anneal 
Parameters, i.e. the temperature, time and ambient, pressure is an additional important factor 
which may influence strongly the solid-state atomic interactions. For example, the work de- 
scribed in Ref. [7] emphasizes the effect of even moderate low hydrostatic pressures (about 13 
kbar) on the diffusion processes in Si. There have also been reports on the PL properties of 
porous Si under conditions of hydrostatic pressure [8]. It has been shown that at pressures up 
to 20 kbar, which are by an order of magnitude lower than those causing the first structurai 
transition in bulk Si, one observes a blue shiR in the PL spectrum 6 t h  an attendant reduction 
in the PL intensity. Here we report on first experiments to explore the effects of hydrostatic 
pressure as a Parameter of the ion beam synthesis process which acts on the intensity of the 
visible PL fiom a Si"-implanted Si02 layer. 

An n-type, 5-10 SZ cm, (lOO)-oriented Si wafer was wet-oxidized at 1000 'C to grow a 500 nm 
Si02 layer. The oxide layer was implanted with ~ i +  ions first at an energy of 100 keV and then 
at 200 keV using respective doses of 1.2x1016 and 2.0x1016 cm-2 (low doses - LD), 1 . 8 ~ 1 0 ~ ~  
and 3 .0~10 '~  cm-2 (medium doses - MD), 2 .3~10 '~  and 4.4~10" cm-' (high doses - HD) and 
3.9x1016 and 6.3x1016 cm-2 (very high doses - VHD). During implantation the ion beam cur- 
rent density and the substrate temperature were kept at 0.5 - 1 pA cm-' and at 120 - 130 K, 
respectively. Post-implantation annealing was performed at T A 0 0  'C or 450 'C for 10 h in 
an Ar ambient under conditions of either atmospheric pressure or hydrostatic compression in 
the range of 0.1 to 15 kbar using an Al&-coated containment. PL spectra fiom the samples 
were recorded at RT employing a Spex Fluoromax spectrometer and R 928 Hmamatsu pho- 
tomultiplier. 
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Fig. 1: PL spectra from unimplanted, thermaiiy 
grown, 500-nm Si02 nIms as weii as fiom VHD Si+- 
implauted Si02 films before (as) aud &er 400 'C, 10 
6 annealing in Ar at 12 kbar. The dashed line shows 
the PL spectnim after annealiug first at 12 kbar 
and then at atmospheric pressure for 30 min. 
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Fig. 2: Dependence of the PL intensity peaks at 360, 
460 and 600 nm on hydrostatic pressure during annea- 
ling at 450 'C for 10 h in Ar atmosphere obtained fiom 
VHD Si+-implanted S i 4  films. 

Fig. 1 shows PL spectra (excitation wavelength Lx=250 nrn) recorded fkom both the as- 
implanted (VHD) sarnples and those that were annealed at 400°C at atmospheric pressure or 
hydrostatic pressure of p=12 kbar. The as-implanted samples exhibit two PL peaks in the 
short-wavelength range at about 360 nm (ultraviolet) and 460 nm (blue). A much less intense 
peak is also seen in the red region at about 600 nrn. It should be noted that the 360 nm PL 
peak has never been observed in our previous studies, neither has it been reported by other 
authors dealing with PL fkom ion-implanted Si02 since the longer-wavelength range (> 400 
nm) has been traditionally studied. The 400 "C, 10 h anneal at atmospheric pressure leads to a 
reduction in the intensity of the two short-wavelength peaks while no significant changes are 
registered in the red region. As the pressure is raised to 12 kbar the PL intensity of all the PL 
peaks is found to increase by a factor of 1.5 to 2 with the wavelength positions of the peaks 
showing no variation. Combining the anneal at 12 kbar with a subsequent 400 "C, 30 min heat 
treatrnent at atmospheric pressure leads again to a reduction in the intensity of the short- 
wavelength PL. The intensity of the blue peak (460 nm) drops to values comparable tol those 
ofthe blue signal fiom the as-implanted sample while the decrease in the intensity of the near- 
ultraviolet peak (360 nrn) is more pronounced. Interestingly, the intensity of the red PL band 
does not show any appreciable changes, with the exception of a small blue shift observed after 
additional 30 rnin amealing at atmospheric pressure. For comparison, Fig. 1 shows also the 
PL spectrum from the as-grown (unimplanted) thermal oxide after 400 "C, 10 h annealing at 
p=12 kbar exhibiting no significant effect of the pressure on the PL intensity. The dependence 
ofthe PL peaks described above on hydrostatic compression has been studied in more detail 
after annealing at 450 'C for 10 h as shown in Fig. 2. As the pressure is raised, the intensity of 
alf the three PL peaks increases following a near-logarithmic relationship over the pressure 
range of 1 bar to 15 kbar. Fig. 3 shows PL spectra obtained after Si+ implantation using LD, 
MD md HD &er 450 'C, and 10 h annealing at 12 kbar. Surprisingly, the use of hydrostatic 
compression during annealing increases the blue PL intensity with increasing ion dose while 
in our earlier work [3,4f the PL intensity during heat treatment at atmospheric pressure has 
been found to decrease for growing doses over the Same dose range. The investigation of the 
PL excitation @LE) spectra of the observed PL peaks reveals that the use of hydrostatic com- 
precsion results in an enhanced excitation of the blue PL peak. The main excitation peak oc- 
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curs at the same wavelength (about 250 
nrn) as in the case of annealing at at- 
mospheric pressure. 

It is apparent fiom these experiments that 
even relatively low hydrostatic pressures 
during heat treatment of Si+-implanted SiOz 
films have an appreciable influence on the 
short-wavelength visible PL. There are two 
possible ways of interpretation: First, PL 
might be increased through enhanced for- 
mation of light-emitting centers under the 
action of hydrostatic pressure during ther- 
mal processing, and second, via decreasing 
the number of non-radiative recombination 

- 
400 500 600 700 800 centers. These two processes may also be 

interrelated to a certain extent. However, 
emission wavelength (nm) the fact that the intensity of the short- 

Fig. 3: PL spectra fi-om Si02 film implanted with low wavelength PL increases with increasing 
GD), medium W) arid high W) doses af- concentration of the excess Si atoms during 
ter 450 'C, 10 h in Ar at 12 kbar. nie  exci- annealing under elevated pressUre . arid, tation wavelength is 250 nm. 

conversely, decreases for annealing at at- 
mospheric pressure suggests that the hy- 

drostatic pressure favours the formation of short-wavelength light-emitting centers within 
those regions of the oxide layer containing an excess of Si. Otherwise the dose dependence 
would follow one and the same trend, irrespective of the pressure, and would be accompanied 
solely by an increase in the PL intensity after annealing under elevated pressure. Furthermore, 
these results together with the invariability in the wavelength positions of the PL peaks imply 
that the hydrostatic pressure itself does not create any new type of emitting centers in compa- 
rison to those formed at atmospheric pressure, but rather stimulates their formation. In our 
previous studies [3,6] the nature of the PL peak at 460 nm has been associated with the neu- 
tral oxygen vacancy in the oxide network (ie. the =Si-Si= center) whose excitation maximum 
occurs at Xe250 nrn. Thus, in discussing the mechanism by which the hydrostatic pressure 
influences the intensity of the short-wavelength PL we shall consider, first of all, the enhan- 
ced formation of =Si-Si= centers. The values of the hydrostatic pressure used in our experi- 
ments have been by an order of magnitude lower than those causing structurai phase transiti- 
ons in bulk Si and SiOz [9]. Therefore, volume changes reducing the interatomic distances in 
the whole amorphous network are unlikely to cause the enhanced coalescence of Si atoms. 1Si 
explanation of the observed effects can be made in terms of the concept of enhanced structurd 
transitions within specific metastable regions flOj such as the Si-rich regions of the oxide. 
This means that the activation energy corresponding to the change in the short-range order 
may be significantly reduced in the case when the atornic matrix is not in equilibrium. The 
reason for such a reduction in the local activation energy may be the disappearance of one or 
several lattice vibrationai frequencies near the threshold of equilibrium loss. In effect, the 
formation of a larger number of small Si clusters might become energeticaily more favourable 
which may be the reason for the increased short-wavelength PL intensity with increasing ion 
dose under the action of hydrostatic pressure (Fig. 3). Xn the Gase of ion-implanted Si% the 
composition and structure of which are rendered afier Implantation highly inhomogerreous on 
a nanometer s d e ,  one may expect the existente of a range of local elasti~ constants and vi- 
bratlonat fiequericies corresponding to a pmicular nano-sde volume. fn such a system under 



non-equilibrium conditions the attenuation of individual fiequencies may occur within nano- 
sized regions of the amorphous matrix. In the case of ~i+-implanted Si02 such regions are 
those containing an excess of Si atoms. Specifically, the overstoichiometric excess Si atoms 
after implantation are mainly in the form of E' centers. The use of moderate hydrostatic pres- 
sure may alter the vibrational spectrum of the E' center, e.g. rnight attenuate some of the vi- 
brational modes of the Si dangling bond. This may in turn lead to a release of other vibratio- 
nal modes in the direction of the dangling bond of a neighbouring E' center with subsequent 
linking to produce a &-Si= center. In this case &-Si= centers are created without displace- 
ment of the host atoms. 

In surnrnary, we have demonstrated for the first time that the use of hydrostatic pressure du- 
ring annealing leads to appreciable enhancement in the intensity of the short-wavelength 
photolumincescence fiom Si"-implanted Si02 films. When applied at relatively low anneal 
temperatures (400 - 450 'C), the hydrostatic pressure does not result in the formation of a new 
type of light-emitting centers as compared to those formed after annealing at atmospheric 
pressure, but rather favours the increase in the number of the pre-existing luminescent centers. 
It is suggested that the nature of these PL centers is associated with the neutral oxygen vacan- 
cy and larger clusters of excess Si atoms in the oxide network. The results obtained have been 
interpreted in terms of a non-activated formation of &-Si= centers and Si nanoclusters 
within metastable regions of the ion-implanted oxide matrix. 
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Efficient p-type Doping of 6H-SiC: Flash-lamp Annealing after 
Aliiminm Implantation 
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* Daimler Benz AG, Goldsteinstraße 235, D-60528 Frankfurt, Germany 

Because of the outstanding properties of the wide band gap semiconductor SiC like high 
thermal conductivity and high breakdown field, SiC is becoming a material of increasing 
importance for special applications [I] . SiC single crystalline material of high quality can 
now be produced satisfiing the requirements for device fabrication [2]. The implantation of 
group I11 ions into single crystalline SiC is the only method to produce laterally structured 
pdoped layers. However, ion implantation is always accompanied by radiation damage 
creating deep level carrier traps. The post-implantation annealing is very important for the 
crystal recovery and the electrical activation of implanted dopants. Especially investigations 
of highly implantationdoped p-type layers exhibiting high electrical conductivity are rare up 
to now [3]. 

Short-time annealing of aluminum-implanted 6H-SiC in argon using a pulsed 308 nrn XeCl 
excimer laser with a pulse duration of 27 ns was m i e d  out by Ahmed et al.[4]. Using 
spreading resistance measurements they deduced a complete electrical activation, but also 
observed a strong redistribution of the implanted aluminum towards the surface. In addition, 
by laser irradiation oniy mall areas can be annealed with a single shot requiring a 
step-by-step processing for larger areas. Therefore, it is not useful for wafer processing. For 
annealing of SiC with halogen lamps, no equipment with the required high power density is 
available on the market up to now. We report on flash-lamp annealing of Al-implanted 
6H-SiC for electrical activation with the advantage of large-area prwssing in comparison 
W ith laser annealing . 

Aluminum was implanted into n-type 6H-SiC epitaxial layers (C,,= 10" ~ m - ~ )  at 400 OC with 
four different energies and doses in order to obtain a box-shaped, 500 nm thick buried (100 
nm) profile with plateau concentrations between 5x1019 and 1.5x1021 cme3. The samples were 
annealed in argon arnbient using a flash from an array of Xenon lamps with a flash duration 
of 20 ms [5]. In order to avoid possible thermal degradation of the implanted layers the 
rearside of the samples was irradiated. To improve light absorption, especially at lower Al 
concentration, the rough rearsurface was amorphized by highdose argon-implantation (3xlC)" 
Cm-*, 200 keV) at room temperature. The maximum sample temperature during the f lah was 
about 2000 "C as evaluated by metal layer melting tests. For comparison, amealing was 
performed using an inductively heated furnace in argon ambient. 

Although, after flash lamp annealing, an etching and/or sublimation of an about 100 nm 
thick surface layer was found, the surface exhibits a relatively low roughness of about 10 
nm. It was investigated by SIMS, that even after the high temperature annealing at 2000°C 
during the fiash no significant diffusion of aluminum is observed. 

Combined Hall effect and conductivity measurements were catried out with a BIORAD I3L 
5500 apparatus, additionally equipped with a sarnple chamtrer for high temperature 
measurements up to 500%. 

The rstflts of Hall effect measurements vs. temperature are shown in Fig. 1 for repre- 



sentative samples with Al mncentrations of 5x10'' and 5x1Om cm" for both flash-lamp 
(2000"C, 20 ms in argon) and furnace annealing (10 min at 1650 "C in argon). 
Al-concentrations of 5x10" cm" results in a typical thermally activated conduction with 
increasing free hole concentration vs. temperature, independent of the annealing techniques. 
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Fig. 1: 
Hole concentration (a), resistivity (b) and hole mobility (C) as a function of the temperature for Al-bplanted 
6H-SiC &er flash lamp resp. furnace annealing for two different Al concentrations of 5x10I9 cm4and 
5 x l P  mr3. 

For the highly doped samples with AI concentrations of 5 5x1020 ~ r n - ~ ,  a different 
dependence on the measuring temperature is found only after flash-lamp annealing. High, 
approximately constant values of the hole concentration vs. temperature are observed. This 
behaviour can be explained only by metallic like conduction within an impurity band, 
being formed above the valence band because of the high density of acceptor states being 
no more spatiaIly insulated. Here metallic conduction refers to the constant number of 
carriers, while the w r i e r  scattering mechanism is different fro-m that in real metals. 
Compared to conventional furnace annealing the hole concentrations after flash lamp 
ameding are much higher. In contrast to the metallic conduction of flash-lamp annealed 
samples furnace annealing leads to thermally activated conduction even at the high Al 
concentrations. An explanation is, that the solubility of aluminum in SiC Iimits the 
concentration of electrically active acceptor atoms on lattice sites. Because the solubility 
increases with temperature, the higher sample temperature during the fiash leads to a 
higher substitutional Al concentration and thus to metallic Iike conduction a t  a high level 
of hole concentrations. The low diffusion coefficient of Al in SiC permits a 'freezing-in' 
of this high Al mncentration after the end of the flash as a result of rapid radiation 
cooling. We Want to emphasize, that in the case of boron with its higher diffusion 
coefficient the described effect can not be observed. Instead, a saturation at * 2x1019 cm" 
oceurs 263- 
The hole mobifity (Fig. lc) depends on AI concentration and annealing technique in a 



different way. Theoretically, in addition to the invariant contribution of phonon carrier 
scattering at the SiC lattice, the hole mobility ,U due to scattering at ionized dopant atoms 
follows the relation 

with T - temperature, N, - concentration of ionized dopant atoms and A - constant [7]. 
Thus, in the case of thermally activated conduction the hole mobility decreases with 
increasing temperature because of the exponentionally increasing concentration of 
thermally ionized dopants over-compensating the factor T'.', while the logarithmic 
dependence is very weak. 
The lower mobility after flash-lamp annealing compared to furnace annealing at an Al 
concentration of 5x1019 cm-3 is probably caused by additional, quench-induced defects. 
However, in the case of metallic conduction N„ is constant and thus the hole mobility 
raises with temperature at a low level. Both dependences are observed experimentally as 
shown in Fig. 1. 

Estimating the critical acceptor concentration for metallic conduction theoretically 171, the 
criterion is the beginning overlap of the acceptor state wave functions: Na3 = 1 (N 
acceptor concentration, a - Bohr-radius of the acceptor state wave function). Assuming a 
simple hydrogen model for the ground state, one obtains a critical concentration for 
metallic conduction of 8x1V1 ~ r n - ~ .  The Mott transition fiom thermal to metallic 
conduction is predicted to begin already for N a3 > 0.02 corresponding to a volume 
concentration of 1.6x10m ~ m - ~ .  This agrees with the present experimental result showing 
metallic conduction for 5xlP ~ m - ~ .  

In Fig. 2 the hole concentrations, measured at room temperature after annealing using the 
different techniques, are shown in dependence on the Al plateau concentration. The hole 
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Fig. 2: 
Comparison of &e hole concentrations in 6H-SiC meamred at room temperaNc afkr anoeating using 
different technrques for pure Al i m p l d o n  and Ai -t- C co-*mpIaatatlon (33 
Ai implantarion and furnace anrieal'rng: Ca) 1550°C; @) I6X1T; (C) fSash anntaling (2000 T). 
Furnace annmting at 15509C by T m  ct af, 131: Al impfantation (4; Al i C coimplantaUon (G). 



concentration increases with increasing Al concentration as well as with increasing annealing 
temperature. Flash lamp annealing results in a hole concentration of 1.5x1V1 cm-3 , which 
is the highest value reported for SiC so far. 

Tone et al. [3] and Rao et al. [9] reported on high-dose co-implantation of Al and C into 
6H-SiC. Their idea is to maintain the Si-C parity as the implanted aluminum prefers the Si 
sublattice sites of SiC. Their results are contrary. Tone at al. observed after annealing at 
1550 "C an enhanced conductivity compared to pure aluminium irnplantation in the Al 
concentration range 8x10' '.... 1x1020 ~ m - ~ .  However, Fig. 2 clarifies, that after AlIC 
co-implantation the hole concentrations are at best similar to our results for pure Al 
implantation. Against it, Rao et al. observed a decrease of the conductivity after co- 
implantation and annealing at 1600 "C. 

In conclusion, flash-lamp annealing is an economic large area processing technique for the 
formation of p'(A1) regions in 6H-SiC electronic devices. Compared to conventional furnace 
annealing it results in higher hole concentrations and lower resistivity as well as a weaker 
temperature dependence of the electrical material Parameters for Al-concentrations exceeding 
5x1020 ~ m - ~ .  
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Annealing and Recrystallization of Amorphous Silicon Carbide 
Produced by Ion Implantation 

A. Höfgen, V. Heera, F. Eichhorn and W. Skorupa 

Being one of the most promising semiconductor materials for high-temperature, high-fiequency, 
and high-power electronic devices, silicon carbide (SiC) has attracted considerable interest during 
the last few years. In search of a processing technology which would be practicable for industrial 
scale SiC-device production, it tunied out that conventional diffusion-based techniques fid due 
to the low atomic mobilities in SiC below 1700 "C [l]. Ion itnplantation doping also suffers from 
this problern. For instance, radiation damage in SiC is extremely stable, and the material is easy 
to amorphize 121. This amorphization is accompanied by strong volume swelling. Unfortunately, 
there was only limited success in thermal annealing of amorphized SiC, which led to 
contradictory results ui the literature. A temperature of about 1450 "C [3] was commody 
accepted as the threshold temperature for the epitaxial recrystallization of implantation- 
amorphized SiC, whereas more recent investigations [4,5] have shown, that recrystallization can 
be achieved already at about 1000 "C. On the other hand, densification of a-SiC &er thermal 
annealing at 500 OC was reported recently 161. The authors uifered the existente of a relaxed 
amorphous state fiom this behavior. In order to reveal the reason of this low temperature 
densilication and to elucidate the thermal recrystallization behavior of amorphized SiC, a 
systematic investigation was performed on the densification of a-SiC by step height 
measurements &er thermal annealing. X-ray difbction (XRD) under grazkg incidence was used 
to prove possible structural changes and the recrystallization of the amorphous layer. 

Thick amorphous surface layers (1.75 pm) were produced by 2 MeV, 2x1016 Sii/cm2 
implantation mto single crystalline 6H-SiC wafters at room temperahire (RT). Small areas of the 
wafters were covered by pieces of Si to obtain unirradiated regions for step height measurements. 
After implantation all wafers were cut into suitable pieces. The samples were annealed in argon 
atmosphere at definite temperatures. After each anneal, the samples were cooled to room 
temperature and their step height was recorded by using a DEKTAK 8000 mechanical surface 
profler. X-ray difüaction analysis was performed on a Siemens D5000 difnactomter with a Cu 
radiation source. To get information mainly from the amorphous surface layer, it was importafit 
to minunize X-ray reflections of the crystalline 6H-SiC substrate which could overlap the 
amorphous signal Therefore, X-ray 2Mifhction pattems were measured under efaang 
incidence, ie., under a small(6 O) but k e d  angle of incidence. In this case most of the substrate 
reflexes do not meet the Bragg condition and thus they do not appear in the spectra. 

After amorphization a step height of (19&5) nm is observed, which clearly indicates strong 
volume swelljng. In Fig.1 the step height of the Si itnplanted samples is shown as a function 0f 
the aunealing time. Each curve corresponds to a sequence of hthermal anndng steps of one 
sample. Annealing at temperatures below 800 "C already remilts in a substantial reduction of the 
step he ' i t  &er 5 m k  Further annealing up to 10 h changes the step height ody negligibly. Th% 
means that the annealed layer arrived at a metastable state which is characterized by a 
d e m  than that of the initii as-amorphized layer. Interestingly, the remaZnUng step heyrJlt 
decreases with increasing aMealing temperature. Therefore, it cm be ~SSLIITI(=~ .thst a continu~m 
of metastable states characterized by different densities can be produced by bw teI-aperatwe 
annealuig. This is in agreement with recent resirlts of Musumeci et aL f73, who fbwd a 
contkuum of metastable mtes with Wmct optical properties &er low temperature afln- 
of SiC azllorpphized with 200 keV Kr. At Egher temperatwes a swond drop of the step hemt is 
f o d  &er continued anneaimg which ends up in a residual. step height of only 40 nm. The 
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Fig. 1: Step height of the annealed samples as a function of the annealing time. The 
initial and residual step height are marked by dashed lines. 

annealing time at which this second shrinking occurs decreases exponentially with increasing 
temperature. It is clear that the final state must be crystailine. Therefore, the second stage of step 
height shrinkage can be considered as a consequence of crystallization A complete disappearance 
of the residual step height by crystallization cannot be expected since the structure is now 
polycrystalhe [4,8] and the grain boundaries occupy additional volume. 

To elucidate the nature of the two Stages of annealing, we performed XRD measurements under 
grazing incidence. Fig. 2 shows the X-ray d&ction results. A a a c t i o n  curve (Fig. 2a) taken 
fiom the single crystalline 6H-SiC substrate (virgin) demonstrates the possibility of avoiduig 
c r y d l b e  reflections fkom the substrate. As it is evident fiom Fig. 2, there is a clear differente 
between the results obtained &er the &st and second stage of annealing. The fxst group (Figs. 
2c-2e) consists of low intemity, symnaetric, broad, and featureless peaks, wbich are almost 
identid to the diffraction curve of the as-amorphized layer (Fig. 2b). Thus, it can be infered that 
no r e q m t i o n  did take place during the low temperature anneahg. A quite different shape 
of the difüaction curve is observed &er high-temperature, long-time annealing (Figs. 2f and 2g). 
In this case the step height is decreased to the finai value of 40 nm. The intensities are markedly 
higher than that of the "amorphous signal ". Moreover, the peaks are asymmetric and have a 
substnicture typical for polycrystalluie SiC. By comparing the step height measurements (Fig. 1) 
and the X-ray difkction curves (Figs. 2e and 2f) obtained &er annealing for 1 and 10 h at 800 
"C, a clear correlation between the second stage demification and the appearance of the 
polycrystalline diflkxtion pattern can be recognized. This means that the second stage 
densification is an wiambiguous indication for c r y m t i o n .  

On the other han4 the reason for the gradual increase of the demity with temperature in the first 
stage of annealing is not quite clear. It cannot be understood in terms of partial recrystallization 
The step height decrease obeys an Arrhenius law W& an activation energy of E,=184*15 meV. 



Fig. 2: X-ray difiaction curves under grazing incidence 
(6 ") of (a) virgin 6H-SiC, (b) an as-amcnphized sample, 
and of samples annealed at (C) 300 "C for 10 h, (d) 500 "C 
for 10 h, (e) 800 "C for 1 h, ( f )  800 "C for 10 h, and (g) 
1000 "C for 5 min. Curves @He) are smoothed to 
suppress statistical noise. 

This activation energy is much too low 
for crystallization processes in covalent 
materials. Typical values found in cova- 
lent semiconductors arnount to some eV, 
e.g. 2.7 and 3.0-4.0 eV for solid phase 
epitaxial crystailization and randornly 
nucleated crystallization, respectively, of 
Si [9]. It has been discussed recently [6] 
that pokt defects cause the strong swell- 
ing of SiC during amorphization. In par- 
ticular, interstitial atoms cannot be ac- 
comrnodated in the very dense SiC 
lattice. Consequently, the annihilation of 
point defects could lead to a remarkable 
densiiication. This possibility of defect 
annealing at temperatures below 1000 "C 
has been demonstrated by electron para- 
magnetic resonance (EPR) [10] and posi- 
tron annihilation spectroscopy (PAS) 
[l 11 measurements. Therefore, we sug- 
gest that the activation energy for the 
low temperature annealing is attributed 
to defect annealing. Pino et al. 1121 found 
a binding energy between a silicon 
vacancy and a carbon atom of 190 meV 
which is consistent with the activation 
energy found in the present experirnents. 
The picture of point defect annealing is in 
agreement with the unchanged shape of 
the amorphous X-ray difhction pattern 
recorded at different temperatures (Figs. 
2b-2e), because short-range pokt defect 
mealiryr  will not alter the basic structure 

of the amorphous network. In contrast to the low temperat&e anneaiing stage, the density 
increase at higher temperatures is determined by the crystalline fiaction in fhe layer. Therefore, 
the crystallization kinetics can be determined ftomthe observed step height changes. To descni 
the kinetics, we analyzed the step height decrease in the second stage of annealing in terms of 
the Johnsop-Mehl-AMami equation 113). As shown in detail in Ref, 1141 nucleated growth is the 
domuiating crystallization mode during annealing between 800 and 850 OC. However, the 
recrystallization behavior changes at higher temperatures and epitaxial and co1umna.r regrowth 
domuiates at 1000 "C, which corresponds well to the result of previous TEM investigations 
[4,5,81. 

it is known that strong compressive stress is generated in the initial phase of amorphization that 
is gradually released by volume swelling [15]. On the other hand, one can expect that tensile 
stress appears during the crystallization of the amorphous layer. In Fig. 3 a set of optical 
micrographs of the sarnple surface &er anneaiing at different tmpatmes is shown. &=dy at 
800 "C (Fig. 3a) a s&e stnicturing starts and cracks dong the cleavage plane @el to the 
[ l i ~ O ]  direction q a p p e a t .  Annealulg at higher temperatures generates additional cracks dang the 



Fig. 3: Optical micrographs of the sample s h c e s  afier annealing at (a) 800 OC for 2 min 
30 s, (b) 900 "C for 2 min 30 s and (C), (d) at 1 100 OC for 5 s. Images (a)-(C) were taken under 
dark field and image (d) under transrnitted light illumination. 

other cleavage planes (Fig. 3b) and results in the fonnation of trianguiar tiles (Fig. 3c and 3d). 
As evident fiom the trans-mission light micrograph (Fig. 3d) the biiger tiles are cracked off fiom 
the Substrate as nidicated fiomthe curved interference pattern. Some tiles are removed and leave 
a crater (not shown in Fig. 3). Surprisiily, the crater is much deeper (about 4 pm) than the 
thickness of the amorphized layer. This implies that the stress which is generated during 
crystakation reaches fat. into the substrate and leads to Substrate modificatioa The crackup of 
the suri5ce is not obsemed &er anneaiing of thin amorphous layers (70 and 165 nm) produced 
by 90 keV 5 X 1 014 Ge+/cm2 and 200 keV 1 ~ 1 0 ' ~  Gef/cm2 ion implantation into 6H-SiC wafers at 
RT. Therefore, it can be concluded that there exists a layer thickness in the range between 165 
nm and 1.75 pm at which the accumulated stress exceeds a critical value. Further investigations 
are necessary in order to determine this critical thickness. 

In summary, two stages of armealing were found for amorphous SiC. Each of them causes a 
specific densification of the amorphous layer. At temperatures below 700 "C point defect 
annealing processes are responsib1e for densification. Amorphous states with continuously 
varying densIties can be produced in this hTst stage of annealing. Annealing at temperatures 
above 700 "C is characterizeh by a combination of defect annealing and recrystaltization. The 
recrystallization produces Stress in the layer which leads to surfhce cracking if the layer exceeds 
a criticcal thickness. Therefore, the f o d o n  of thick amorphous layers must be absohitely 
avoided in technological. processes for electronic device production. 

The a w r s  wo& like to thariic the Deutsche ForscInmgsgernekhaft for their h c i a l  support 
under contract no. HE 26041'2. 
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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 @CA) 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. [I] 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 randornly 
distributed within the in-adiated 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 cornrnon 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 1 0 % ~  1 0 % ~  10% where a,, 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. 

-..,........- .---..-..----. \ 
registration cells: 1 Oaoxl Oaoxl Oao 

' ' Y  
irradiated area 

4' 

(a,: lattice constant) 

1 2 3 4 ~ 6 " ~  

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

The athennal and rapid thermal processes as well as the first stage of the thermally activated 



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 lirnited cell size can be rninimized. 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 stmcture 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 stmcture 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 af@r 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 &-V and &-I, etc., and large clusters with up to some hundred disordered 
atoms. This variety of defect types is an important characteristic of the darnage stmcture 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 S ~ O W S  

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 Vor I. 
Fig. 2c illustrates that complex defects are observed only above a Ihreshold value for the nuclear 
energy deposition of about 640 eV. In a sirnilar manner, the dependence of the number of 'dtoms 
in clusters with more than 20 disordered atoms on the nuclear energy deposition into the 
was deteimined. Such clusters are called amorphous pmkets because of the s&ong deviation of 
the atomic mangement inside these clusters from that in a perfect cqstd. Amorphou~ pckets 
are found above a threshold of about 1OOO eV. The relatively l sge  scattering of the data Points 
in Fig. 2 is due to the Auctuations of the individual properties of collision cascades of different 
ions. 
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Fig. 2: Totaf number of vacancies and interstitials (a), number of isoIated interstitials (b), and number of disordered 
atoms in cornplex defects (C) in dependence on the nuclear energy deposition by a certain ion into a registration 
cell. The symbols depict results of MD simulations (syrnbol 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 



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 = J 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 )  N q(E). This allows 
a great simplication in the calculation of gi ( E )  

gi ( E )  = Ni q(E) 

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 Kp (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 

where hf ( 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 hf ( E )  is nearly independent of the depth 
of cell i: h"E) = hh(E), and because of equation (1) the determination of KF becomes 
rather simple. Analytical fits to the values of hD(E) and q(E) are used to calculated KF. 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 131. 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 &-V and &-I, i.e. clusteB 
with up to 20 disordered atoms containing exactly two Vor two I. On the 0 t h  hand, most of 
the compfex defects formed by 15 keV As' implants are amorphous pockets. 

In summary, a promising new method to quantify tfie morphology of the as-implanted darnage 
has been presented. It is expected to have a great potential of applications in the fidd of fm- 
damental investigations on implantation defects in Si as well ;is in future prwess simulators 



for the Si technology. The principles of the method are also applicable to investigations of ion 
implantation into other materials. 

pf(30 keV) into Si (IUU), 7' tilt, 0' rotation 
10" 

1 om2 cell no. 5: 

cell no. 10: 

cell no. 20: o 

0 1000 2000 3000 
nuclear energy deposition into a cell E (eV) 

Fig. 3: Probability function qi (E) calculated for registration cells at different depths. 

7O tilt, 0" rotation 7" tilt, O0 rotation 6O tilt, O0 rotation 
nuclear energy 3690 9650 7840 
deposition (eV) 
atomic displacements 107 290 23 7 
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 6 1 

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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Interstitial-Type Defects away of the Projected Ion Range in High Energy 
Ion Implanted and Annealed Silicon 

R Kögler, A. Peeva, W. Anwand, G. Brauer, P. ~erne;, U. ~ösele* and W. Skorupa 
*MPI für Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany 

Ion implantation is a standard process for the controlled introduction of dopants and other 
impurities into Si crystals. However, the necessary annealing of the radiation damage becomes 
a problem as the thermal budget is reduced in modern device technology. During a typical 
MeV ion implantation more than 103 Si atoms are displaced by collisions along the trajectory 
of each implanted ion. In the so called ,,+l" model [I] is assumed that each implanted atom 
finally occupies a substitutional lattice site thus replacing the host atom and creating a seE- 
interstitial. The radiation damage, with the exception of one self-interstitial per implanted ion, 
is completeiy annealed by a thermal trqtment when the temperature r iss  up to about 800 "C. 
Subsequent processes during annealuig at temperatures D800 "C, like the evolution of 
extended secondary defects and the dopant redistribution, are completely controlled only by 
the ,,+l" atoms [2].For keV ion implantation the ,,+lU model is well established and widely 
applied in process simulating prograrns. 
On the other hand, &er MeV ion implantation and anneaiing in the temperature range between 
700 "C and 1000 "C residual defects have been recently observed by means of metal gettering 
in two distinct depth regions, around the mean projected ion range, Rp, and also between the 
surface and R p ,  mainly at Rd2 [3-71. This defect structure occurs for a variety of implants, 
gettering species and annealing conditions [SI. It has been assumed that the defects in the RP/~  
region are vacancy agglomerates remaining from an excess of vacancies [5,7,9,10]. However, 
no structural defects have been found up to now in this region by Cross section transmission 
electron rnicroscopy (XTEM) [5,8]. The detailed nature of the damage around Rd2, which 
effectively acts as a gettering centre for metal impurities, is not yet known. 

In the present study the occurrence of vacancy defects in the Rd2 region has been hvestigated 
by variable energy positron annihilation spectrometry (PAS), an d y s i s  method which is 
sensitive to vacancy-like defects. Moreover, the Rd2 region has been carefully analyzed by 
XTEM &er specirnen preparation using ion-rnilling in a ,,Gatan Duo Mili 600" with 4 keV ArT 
ions of 1 rnA total current under an incidence angle of 13". The experiments were performed 
on n-type (100) CZ-Si and FZ-Si. The substrates were implanted with 3.5 MeV, 5x10'~ siicm-' 
( R ~ 2 . 7  pm) and annealed either at 850 for 1 h or at 900 "C for 30 s in Ar arnbient. It was 
checked by XTEM that the Si" ion implantation does not amorphize the Si lattice. Before 
annealing, Cu has been introduced into the rear surface of part of the samples by implantation 
with 20 keV, 3x10'~ ~u'cm-'. The Cu depth diiniution has been determined &er annealuig 
by secondary ion mass spectrometry (SIMS). 

The PAS equipment at the Forschungszentnun Rossendorf [1 1] has been used to check for the 
existente of vacancy-type defects in the Rd2 region of MeV-ion-implantd Si sawles 
thermal annealing at 900 "C for 30 s, for which meta1 gettering at has tKen obsemed. The 
results, presented in Fig.1, clearly indicate the formation of vacancy-type defects due to ion 
implantation as the normaliz<;d S-parameter is WSpl (as-implanted state). T h e d  treatment 
at P850  "C, as performed here, should remove these vacancy-type defects. Indeed, the Ct.we 
measured &er annealing at WO "C for 30 s is ahmst identical to the c m e  correspon~mg to 
imUnplanted material (SSbsl) except close to the surface. This find'ing is in agreement with 
other investigations [5,12,13j demonstrathg the aruKaltng of vacancy defects at P800  'C. 
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Fig. 1: PAS results showing the normalized S-parameter, S/Sh versus the positron energy, E, for Si samples 
implanted with 3.5 MeV, 5x10'~ ~i'cm-' (without Cu contarnination) in the as-implanted state and a ~ e r  a 
thermal treatment at 900 OC for 30 s. The Rd2 and R p  region corresponds to E-15 keV and 23 keV, 
respectively. No vacancy defects are detected &er annealing (S/Sb<l). 

The value of S/Sbb=1.037 indicates that the vacancy-type defects detected in the as-implanted 
simple are larger than monovacancies, probably divacancies [14]. Oxygen precipitates possibly 
form during annealing at 900 "C in vacancy-rich regions [9] also can jnfluence the S/Sb value 
[14,15]. However, oxygen precipitates do not appear to form the dominati gettering centres 
for metals, because oxygen gettering is a competitive process to metal getteruig [4] and the 
Rd2 effect has been found to be stronger for epi-Si containing much lower oxygen 
concentrations than CZ-Si [6]. F i  it can be stated that for the annealed sample the vacancy 
defect concentration is below the PAS detection limit of 1 X 1015 ~ m - ~  [16]. This is about two 
orders of magnitude lower than the maximum concentration of Cu gettered at Rp/2. For this 
reason vacancy-like defects cannot explain the gettering of Cu in the Rd2 region. 

By means of XTEM we discovered interstitial-type defects just in the depth region around Rp/2 
in samples for which the Rd2 effect was observed by Cu gettering. These defects are loop-like 
planar defects on (111) planes. Their interstitial character has been d y z e d  by dfiaction 
contrast and their density and depth diiibution correlates with the Cu depth distribution 
nieasured for the Same sariiple. AU TEM investigations have been perfonned for such 
conditions that the creation of extended defects by the electron beam can be excluded. One 
example is presented in Fig. 2 (top) and compared with the corresponding Cu depth profile 
(bttom). The defects have been found ody after thinning the XTEM specimens by ion-~nüiing 
under the conditions mtioned above. They never appeared in sarrq31es without MeV ion 
irriplantation. The kcidence angle of the AC ions is a cruciai Parameter for the occurrence of 
visible defects at Rd2. No defects w d d  be found if the incidence angle was below 10". 
Detailed results have been published in Ref. 17. We assurne that seK-interstitials are ejected 
during ion-millllig. Such an effect has been reparted recently for sputter depth profiImP of 
STMS s p e c k  [I&]. These preparation-ulduced interstitii niay interact with self-kterstitii 
or interstitiai agglornerates which r d  after MeV ion implantation arid annedkg to form 



larger (observable) interstitial loops. The loops are related to their origid nucleation sites. 
The concentration of Si atoms bound in loops at Rp/2 is shown in Fig. 2 by bars together with 
the Cu distribution. The defects visible in Fig. 2 around Rp/2 are not the gettering centres for 
Cu atoms because they are arti.facts of the XTEM specirnen preparation. However, the 
formation of interstitial loops can be taken as evidence for the supersaturation of self- 
interstitials or the existente of interstitial agglomerates in the Rd2 region. Because of the 
presence of interstitial defects and the absence of vacancies we assume that the actual gettering 
centres for Cu atoms at Rd2 consist of self-intersiitial agglomerates which are too srnall to be 
directly visible in TEM. These interstitial agglomerates are nucleation sites for the observed 
loops. 

Fig. 2: Bnght field XTEM microgtry,h (tep) for. self-im-hp1anted Fz-Si (3.5 MeV, 5x10" ~i)Cm-') ager 
annealiing at 850 OC fix 1 h. Loops of uiterstitial character are visible in the R f l  rtgion. Xn the bttm f i p e  
the associated Cu depth prof3e me*isured by S MS is coi~elated with the concaimticm of Si atoms bound in 
loops (bars) that reflects the original interstitial sbge. 



The existente of interstitial-type defects at Rd2 after annealing at TX00 "C is in contradiction 
to the idea of a complete local recombination of all the created Frenkel pairs as proposed by 
the ,,+l" model. Otherwise the temperature rise to a high temperature anneal would not leave 
nucleation sites at Rd2 for the formation of interstitial defects. The ,,+l" atoms are localized 
around Rp. The remaining point defects are mobile and can either outdifiüse toward the surface 
or agglomerate (or interact with impurities). An experimental result [19] shows the 
simultaneous supersaturation for both types of defects, vacancies and interstitials, around Rp/2 
&er atl~leaiing at 810 "C. The number of vacancies decreases with increasing annealing 
temperature. Interstitial agglomerates have been observed by DLTS &er annealing at T=685 
"C for fluences below the threshold for extended defect formation [20]. 

In summary, no vacancy-type defects have been detected by means of PAS in the Rp/2 region 
of MeV-ion-implanted Si &er annealing at 900 "C. Instead, interstitial loops have been found 
for XTEM specimens prepared under special conditions. These defects indicate that the Rp/2 
defects are caused by small agglomerates of self-interstitials in the Rp/2 region. 
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Radiation Damage in Focused Ion Beam Synthesis of CoSi2 

Stephan Hausmann, Lothar Bischoff, Matthias Voelskow, and Jochen Teichert 

The first buried, single-crystalline CoSiz 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 [I]. Since then a lot of investigations have been performed to increase the 
quality of the CoSiz layers showing a strong correlation between implantation temperature 
and current density of the ion bearn [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 Si02 masks with a tungsten capping layer are used. A problem in the 
fabrication of sub-pm 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 CoSiz 
structures was not successful or the IBS process was disturbed by the sputtered mask 
material. In contrast, a focused ion bearn (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 Co3&d,j4 alloy liquid metal ion source [6], mass separated by an ExB filter and 
implanted into Si(ll1) 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/cmz and 1.0 Ahm" 
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 nm' size. The dwell- 
time (implantation time per pixel in one scan cycle) was varied from 1 ys to 250 PS but the 
implanted dose was kept fixed at about 1.10'~ cmS2. 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 OC in a nitrogen ambient. The 
samples were analysed using scanning electron microscopy (SEM) after CF4 reactive ion 
etching (NE) removing the Si top layer with CoSiz acting as an etch stop [7]. Further, 1.7 
MeV He* Rutherford backscattering spectroscopy I channeling (RBSIC) combined with a 
special preparation technique [8] was employed. Typical sizes of the implanted area were 
20x20 pm2 for SEM investigations and 300x300 ym2 for RBSIC analysis, 
For short dwell-times (1 ps) buried, single-crystalline CoSi2 layers are fomed as Seen by the 
RBSIC analysis in figure la. The SEM analysis shows a smooth layer (figure 2a). The 
resulting CoSi2 layers have a X„ 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 spectnim is compared t0 a 
RUMP simulation [10] of a layer system consisting of 31 nm Si 1 29 nm CoSi? 1 bulk Si. The 
agreement is very good, showing that the CoSiz layer has sharp interfaces. 
For long dwell-times (250 ps) the layers are not single-crystdline. They are not buried as 
seen by RBSIC in figure 1b, and they exhibit large holes in the SEM inaze (figure 2b). The 
Xmin value is 72 %, and also the Si signal shows that the crystal quaXity is very poor. T h ~ s ,  we 
suggest that the CoSi2 layer is poly-crystalline. In Figure 3b the random RBS spertmm i s  



compared to a RUMP simulation of a 
layer system consisting of 13 nm Si02 
/ 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 CoSi?. 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 CoSia layer. Other Co-Si 
phases can be excluded since CoSi2 is 
the only stable Co-Si phase after high 
temperature annealing [ 1 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 
1121. This effect can alreadv be seen 
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for lower [13]. A CritGal dwell- Fig. 1: 70 keV CO?+ implanted into Si(ll1) at 400 "C usina a 

time be defined by the trmsition 0f 9-5.10" Cm-'. RBS/C SpeCIa 0f annealed sarnpies 

from crystalline to amorphous silicon. implanted with 1 ps dwell-time (a) or 250 ps dwell-time (b). 

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 ys) dwell-times and long (250 ys) dwell- 
times will be discussed and the beam overlap at neighbouring pixels will be neglected for 
reasons of simplicity. 

Fig. 2: 70 keV CO'* implanted into Si(ll1) at 400 'C using a dose of 1.10'~ cm". SEM images of annealed 
samples implanted with 1 PS dwell-time (a) or 250 PS dwell-time (b). 



For long dwell-times the beam 
can be assumed to be a steady-state 
bearn, with the current density of 1 
Akm2 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 aea  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 ys. This means, that for a 
dwell-time of 1 ys 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 
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Fig. 3: Random RBS spectra (taken from figure 1) compared 
with RUMP simulations for 1 ys dwell-time assuming a 
layer system of 3 1 nm Si / 29 nm CoSiz / bulk Si (a) and 250 
ys dwell-time for of 13 nm Si02 / 35 nm ( 73 % CoSiz + 27 
% Si) / bulk Si (b). 

reduced to an effective current density jeff = jFF I Npiyi by a factor of the total number of 
implanted pixels NW. In our case Npixel is 256 and this means that jeff is 10 to 15 p ~ l c m 2  
which is very close to the current densities used in conventional ion implantation for CoSiz 
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 bearn 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 B S  for very small CoSi? structures by a contarnination-free 
FIB. This process is rather complicated and will require further investigations. TO 



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 1 CoSiz / bulk- 
Si layer System is comparable to the 
results achieved by conventiond ion Fig. 4: SEM image of a fine CoSi2 wire produced by 70 keV 
implantation. This was explained by co2+ implantation into Si(100) at 415 "C and a subsequent 

the possibility to reduce the current anneaiing. The beam diameter was 300 nm. 

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 25011-3- They gratefully acknowledge the SEM investigation by E. 
Christalle and the technical assistance by I. Beatus. 
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Oxidation Protection of Intermetallic TiSOAI Using Ion Implantation of 
Chlorine 

U. Hornauer, E. Richter, E. Wieser, H. Reuther, G. ~chumacher*, F. ~ettenwan~er* and 
M. schütze* 
*~arl-winnacker-~nstitut der DECHEMA e.V. (Frankfurt &M.) 

y-TiAl based intermetallic compounds are very prornising for stnictural materials in high tem- 
perature application, because of the low density of 3.6 &m3. The problems, which binder the 
use of this material, are the low ductility at room temperature and the oxidation above 700 "C. 
Many efforts have been made to investigate the effects of temary additives to improve the 
long term oxidation resistance, but the basic effects of oxidation and alloying ternary elements 
are still not understood completely. Because the equilibrium oxygen partial pressure of TilTiO 
and M 2 0 3  is very similar [I], a mixed oxide layer is formed during oxidation. Whether a 
dense protective layer of Al203 is formed or a fast growing scale, depends on the local activity 
of the metals and the oxides formed, which is influenced by the oxygen partial pressure, but 
also by the alloying elements [2, 31. In reference [4] it is found, that very small arnounts of 
chlorine improve the oxidation behaviour dramatically. The 'C1 effect' protects TiAl even at 
very low C1 concentration below 500 ppm. As a first suggestion of the mechanism it is 
assumed that the fast growing Ti% is doped with Cl at oxygen sites. Charge neutrality leads 
to a suppression of oxygen vacancies, which reduces the oxygen diffusivity in Ti&. Thus 
oxidation of Al is favoured. Schütze and Hald [5] propose a more sophisticated model based 
on thermodynamic calculations, in which the oxidation behaviour is deterrnined by a catalytic 
process of volatile chlorides. At certain conditions the vapour pressure of aluminium chloride 
is higher than that for titanium chloride. This leads to a significant selective Ai transport via 
pores and fissures. Therefore formation of Al203 is favoured in a specific depth in the scale. 
When the C1 concentration is too high both metals are transported, the positive Cl effect is 
expected to tuni into a negative effect. 
In the present work, a first systematic variation of C1 concentration is accomplished via ion 
implantation. In order to investigate the mechanism of the C1 effect, the dopant concentration 
and depth can be reproduced and controlled with high precision. Thls gives a possibility to 
make a fast screening of the implantation Parameters to find o p h u m  oxidation protection 
[6]. For application ion implantation can be used to make the C1 effect applicable also for Cast 
material, since this effect is found only in powder metallurgicdly fabricated TM, where &e 
C1 impurity of the titanium sponge stays in the alloy. Ailoys, which are produced by casting 
will degas and the C1 content is negligible. Therefore a cast Ti50Al alloy is used in the present 
study. Specimens of the dimension 10 X 10 X 1 mm3 were prepared from the ingot, After 
grinding they were polished with 4000 grit SiC Paper. Before implantation organic substances 
were removed in an ultrasonic acetone bath. The samples were mounted on a water cooled 
sample holder using a special carbon foil to improve the heat contact. The implantations were 
performed using a 500 kV implanter (HWE) and a high current tandetron iflVEE] for ener- 
gies up to 3 MeV. In order to find the optimum pafameters for the C1 concentration an exten- 
sive screening has been performed (200 keV - 2 MeV with constant fiuence of 1016 cm2 and 
1015 - 1017 ~ m - ~  at 1 MeV). In dl cases the implantation temperature was below 70 "C. BOT$ 
100 mm2 sides of the samples were implanted in order to optirnise the thermopvime~c 
tests. The outer edges remained unimplanted (relative aTea C 20 %). 



The element distribution was measured by depth profiling with Auger electron spectroscopy 
(AES). An approxirnated depth scale is achieved by determination of the final sputter crater 
depth and the assumption of a constant sputter rate. The implanted profiles closely follow the 
profiles predicted by the TRIM95 code 171. The thermal treatrnent was done in a conventional 
furnace and in a rapid thermal annealing unit (RTA). Thermogravimetric oxidation tests 
(TGA) were performed at 900 'C in a i r  (rel. humidity of 25% at 295 K) for 100 h using a 
thermobalance to continuously record the mass gain duing oxidation. 
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...... ....... 

unimplanted .._... .......... 
......... I 0'7CVcm2 .... ..... ...... 
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Fig. 1: Themw,gravimetric oxidation tests (TGA) at 900 "C in air for 
100 h 1101. Compared to an unimplanted s a ~ l e  (dotted line) the 
oxidation kinetics for l - l ~ ~ ~ c m - ~  and 5.10'~ cm are unchanged (not 
shown). The C1 implanted samples (1 MeV, 1-1016 cni2-1-10" cm-') 
show a protective behaviour. 

energy (MeV) 

R, t AR, (nm) 
Fig. 2: Compilation of Sie CI implantation parameters described in 
this study t103. N- represents the locai concentration in the maxi- 
mum of the profde at the &@ R,. The error bars matk the straggiing 
AR,. CIosed symbols stand for TGA measurements showing a 
protective effect for Open symbols the oxidation is not improved. The 
Iine at O.OSat% repments the order of magnitude needed for the $1- 
effect65n buUE samples. 

Fig. 1 shows the TGA results 
obtained with different fluences 
at 1 MeV [S, 101. The specimens 
implanted with ~ ~ ~ ~ c m - ~  and 
5.10'~ did not show a 
change in oxidation compared 
wiih the unimplanted sample 
Ti5OAl (shown in Fig. 1). For a 
suficiently high fluence (1016 - 
1017 cme2), the mass gain almost 
stops after an incubation period 
in the fnst hows. The oxidation 
kinetic is sirnilar to that of Alz03 
forming materials. The oxidation 
rate after the incubation time is 
reduced by about 2 orders of 
magnitude and is nearly inde- 
pendent of the fluence. For the 
optimum dose (1016 cm-') it has 
been proven that this protection 
holds also up to 1000 h. 
The duration of the incubation 
period increases with increasing 
concentration of Cl. This leads to 
an increase of the total mass gain 
after 100 h. For the highest flu- 
ence the mass gain in the begin- 
ning becomes even higher com- 
pared to the unimplanted mate- 
rial. That is an indication for a 
negative C1 effect as proposed in 
[5]. Following that model, based 
on a catalytic process of meta1 
transport via volatile cliiorides, 
at high C1 concentration both 
metals are transported signifi- 
cantly. If the C1 concentration 
decreases during oxidatian, first 
the transport via TiCls is re- 
duced. An e ~ c h m e n t  of Al 
leads to the formation of an 
protective A1203 layer within the 
scale. 
The results of a i l  implarntations 



are compiled in Fig. 2. A re 'on of the protective effect is visible towards low energy and F above a threshold of 1016 c m  . By varying the energy from 200 keV to 2 MeV, a comparable 
reduction of oxidation occurs for energies up to 1 MeV. No protection is found after 2 MeV 
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Fig. 3: AES depth profiies of the vay first stage of oxidation [lO]. (a) 
as-implanted (200 keV Cl*, 2.10'~ cai2): PrOfile at a depth of 200 nm 
with a peak mncentzatioa of 30 at%. (b) 1 min at 900 'C: Almst 
70% of the uicorporated Ci is lost out of the sampie. {C) 10 mui at 
900°C: At the approx. @th of m n m  no titanium is detectable, a 
dense layer of Al203 has fonnt& (d) uniqianttd sample at 900 OC 
for 10 min: No Al203 is fonned. 

implantation. As long as there is a 
local concentration in the order of 
1 at% close enough to the surface, 
the protection appears to be inde- 
pendent of the implantation 
energy. If the C1 profile is too 
deep, the C1 concentration near 
the surface drops below this 
threshold. Compared to homoge- 
neously doped material the con- 
centration 2%- needed for oxi- 
dation protection is about ten 
times higher. This can be ex- 
plained by the limited C1 
reservoir delivered by ion 
implantation in a shallow depth, 
whereas additional C1 is provided 
in the homogeneously doped 
material due to its fast diffusion 
in T M  at 900 "C. 
In order to monitor the redistti- 
bution of C1 and to get a deeper 
insight into details of the protec- 
tion mechanism in the fust stage 
of oxidation, a high dose implan- 
tation has been c&d out 
(200 keV, 2.10'~ cme2). Changes 
in the near surface layer were 
studied by measuing AES depth 
profiles of Ti, Al, Cl and 0 after 
anneding at 900 "C for 1 min and 
10 min. Because in the beginning 
a very fast oxidation t&es place 
[9] and the maximum sputter 
depth of AES is limited, the an- 
nealing was done in pure Ar (02, 
HzO, Ns c5 ppm) to avoid a too 
fast oxidation. The as-implanted 
depth profile is shown in Hg. 3a. 
Aiready after 1 min at 900 'C 
(Fig. 3b) almost 70% of the incor- 
porated C1 is lost out of the sam- 
pfe. An emichment of Ai in b n t  
of tbe C1 profile kidicates tui early 
sage of ttie fomation of AlzQ3. 
After 10 min at 900 "C (Fig. 3c) 
no titauium. is detectable at the 
depth of about 400 nrn ancl a 



dense layer of A l 2 0 3  has formed. The C1 concentration decreases further. A local 
concentration of 1 at% C1 remains underneath to the 4203-layer. The pronounced stsucture of 
the oxide scale and the shallow penetration depth of oxygen compared to the unimplanted 
sample (Fig. 3d) show that already after 10 min the C1 effect is detectable. Hence this 
formation of the &O3-layer and its depth correlation with the remaining Cl confirm the 
model of Schütze and Hald [5]. The very low concentration of C1 in the outer Ti02 contradicts 
the model of Ti02 doping. 
For an economically feasible application it is very interesting to reduce the implantation 
energy. This being successful, plasma immersion implantation   PI^) could be used for a three- 
dimensional protection of e.g. components of turbines a ainst oxidation. Beam line implan- E -2 tations at 15 keV for fluences from 5-10'' cm-2 to 2.5-10 cm were perforrned to prove that 
the C1 effect is also effective at low energy. The resulting AES depth profiles after an 
oxidation for 10 min at 800 "C in air show that a protective effect of C1 is obtained in the 
Same range of fluence as for the high energy implantations. For the fluence of 1016 cm-2 an Al 
enrichrnent in the scale is found at the depth of the remaining Cl, which is not observed for the 
lower fluence. Long term TGA oxidation tests at 800 OC show a positive effect of this 
treatment for 1016 ~ m - ~ .  

It has been shown that it is possible to improve the oxidation resistance of Ti5OAi using the 
microalloying effect. C1 implanted Cast Ti50Al can be protected at 900 OC in air up to 1000 h. 
Therefore the oxidation and the mechanical properties of relatively cheap Cast material could 
be optimised separately. A systematic screening of the implantation pararneters shows that 
there is a narrow regime for the optimum fluence of C1 ion implantation. The implantation 
energy is not a sensitive parameter, because the implanted profile changes very quickly during 
high temperature oxidation. The results of the variation of the implantation pararneters sup- 
ports the catalytic model of Schütze and Hald [5]. 
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Structure of Laser Deposited Fe/& Multilayers and their Modification by 
Ion Beam Mixing and Thermal Amealing 

J. Noetzel, K. ~rand*, M. Dobler, H. ~eisler**, A. ~orbunov**, A. Mücklich, F. Prokert, A. 
~selev** and E. Wieser 
* Institut für angewandte Physik, TU Dresden ** 

Institut für Werkstoffwissenschaft, TU Dresden 

Metallic multilayers with a period length in the nanometer range are interesting both fi-om the 
scientific point of view and for the development of nanoscale technology and nanostructures. 
Depending mainly on the mean kinetic energy of the deposited particles a transition region of a 
few monolayers to several nrn between adjacent layers will develop. The structure - the phases 
and their morphology - of these transition layers oRen d ie rs  fiom the equilibrium behaviour of 
the binary alloy and may be very important for the properties of the system. 

In this contribution the structure of the trmsition regions of laser deposited FelAl multilayers is 
investigated and fixther modified by ion beam mkhg and thermal annealing. The multilayers 
were prepared by crossed beam pulsed laser deposition (CBPLD). This deposition technique is 
characterised by high kinetic energies (about 100 eV) of the deposited particles, very high 
cooling rates (up to 10" Ws) and dense pulsed particle fluxes [I]. The intermixing of the 
incorning plasma particles with the previously deposited material can be divided into ballistic 
and chemical rnixing as it is known fi-om ion beam mixing. BalIistic mkhg occurs first, when 
the kinetic energies of the particles are too high to be infiuenced by chemical forces. The 
particle movement is then controlled by collisional kinetics. When the particles slow down to 
an average kinetic energy of about 1 eV their movement is influenced by chernical forces [2]. 
During the chemical phase the mixing may increase if the system has a negative heat of mixing 
or become partly reversed if the heat of mWng is positive. Also the respective solubilities have 
an influence. It is possible to simulate the ballistic mixing and to compare the simulation with 
the experimentally observed mixing which is always the result of ballistic and chemical d n g .  
By this one can study the influence of chemical forces on the mWng process. 

The system FdAl has a negative heat of mixing and is further characterised by a large 
differente in the atomic sizes and the equilibrium stmcture of both components. Fe exists in the 
loosely packed bcc structure, while Al exists in the dense fcc lattice. For this reasons the 
so lub i i  of Al in Fe is much larger than vice versa. In thermodynamic equilibrium up to 20 
at.% of Al may be solved in Fe, but only 0.04 at.% Fe in Al. Another consequence is that the 
intermetallic phases on the Fe rich side of the phase diagram have a simple structure and a wide 
range of existente. On the Al rich side complicated phases exist that occupy only very narrow 
composition regions. If Fe and Al are mked by non-equilibrium processes &e CBPLD, ion 
beam mwn& mechanical alloying, melt spinning, etc. the system has not enough time to form 
complicated structures, so rather simple non-equilibrium phases will be built. As the bcc 
structure of Fe is less dense than the fcc lattice of Al, up to 70 at.% of Al can be solved in Fe 
by non-equilibrium processes, but only 10 at.% of Fe in Al. For Fe with an Al content between 
70 at.% and 90 at.%, an amorphous phase is formed accordiig to the fiterature [3]- 
Considering this ver=  diierent behaviour of Fe-rich and Al-rich aiioys the transition regons in 
the multilayers are divided in an Fe-rich and an Al-rich side and discussed separately. 

The multilayers were investigated using Ruthefford backscattering (RBS) for composition arid 
layer thicknesses, conversion electron Mössher spectroscopy (CEMS) far phases contzhhg 
Fe and transmission electron dcroscopy 0 as an additional tool for phase identification. 
The multilayers have an o v e d  thickness of about 100 MI md crrnsist of four Fe and three Al 



layers. Two additional Al layers separate the multilayer fkom the Si02 substrate and Cover the 
surface to protect the multilayers fiom oxidation (see Tab. 1 and also Fig. 2). 

Sample Design 
(ah) Si02 - Al(25 nm) - 6x[Fe(7.2 nm)- Al(6.5 nm)] - Fe(7.2 nm) - Al(4 nm) 
(C) Si02 - Al(5 nm) - 3x[Fe(18 nm)- Al(8 nm)] - Fe(18 nm) - Al(5 nm) 
(d) Si02 - Al(5 nm) - 3xFe(17 nm)- Al(10 nm)] - Fe(17 nm) - Al(5 nm) 

Tab. 1: The design of the discussed samples. The respective CEM spectra are shown in Fig. 1. The thicknesses 
were measured by RBS under the assumption of buik density. 

By CEMS one can determine the probability p„(n) for an Fe atom of the sample to have 
n=0, ...,4 nearest Al neighbours. The hyperfine magnetic field at the Fe nuclei depends on n. 
This is reflected in CEMS by different distances of the six iines of the spectrum of magnetically 
ordered Fe for different n (see Fig. la). Fe with nS# is mainly found in the Fe-rich transition 
zone. Fe atoms in an Al-rich evironment have mainly n S  and are non-magnetic. They exhibit a 
single line if the neighbourhood of the Fe nucleus is of cubic syrnmetry. If the local 
environment is non-cubic, a doublet is emitted. It is possible to calculate expected probabilities 
P+,,w(n) fiom the simulated concentration profiles. As stated above, the simulation considers 
only ballistic effects wMe the measured probabilities show the result of ballistic and chemical 
mixing. Differentes between the calculated P b h )  distribution and the measured one show the 
influence of chemical forces in the deposition process (see Ref [4], for details). 

For the Fe-rich side of the as-deposited state it is found by CEMS that the experirnentalp-(n) 
are twice as high as it could be expected fiom ballistic simulations. As this factor of two is 
nearly independent of n it can be concluded that amount and mixing depth of Al into Fe is 
increased by chemical forces. No ordered equilibrium phases like Fe3Al and FeAl were found, 
but an Fe-rich solid solution. This is proven by the fact that none of the characteristic 
"fingerprints" of these ordered phases were found by CEMS. In addition, X-ray diact ion 
(XRD) shows no superlattice lines of the ordered phases. The Ai-rich side of the transition 
Iayer is charactensed by a doublet in the CEM spectrum (Fig. la), that could correspond to 
several non-cubic Al-rich phases, including Fe&, quasicrystallule and amorphous phases. 
Here TEM investigations are necessary. Fig. 2a shows a Cross sectional view of a multilayer. 
Due to the higher atornic number, the "Fe layers" (Fe and Fe-rich transition region) appear 
darker then the "Al layers" (Al and Al-rich transition region). In the Al layers diffraction 
contrast is only occasionally found as islands in the middle of the layer. Fig. 2b shows a high 
resolution image of such an area. The island is separated fiom the Fe layers by disordered, 
amorphous zones. The thickness and the morphology of the disordered Zone depends on the 
sequence of deposition. In the case of Al deposited on Fe ("Al on Fe", See Fig. 3a) the 
amorphous Zone is quite smooth , so an average thickness of about 3-4 nm can be derived from 
the high resolution image (Fig. 3b). In the "Fe on Al" case the amorphous band appears thinner 
but is very rough, so it is not reasonable to measure a thickness in this case (Fg. 3b). It can be 
concluded that in Al layers with an areal density below 5x10'~ at/cm2 (=8 nm pure Ai of buk 
density) the amorphous Alpe) regions already overlap. 

The transition layers were modied by ion beam mixing using 150 keV Fe" ions and a fiuence 
of 10" at/cm2 and by thermal annealing in vacuum at 573 K for up to lh. The former is 
anothet no11-equiIibnum process, the later will drive the System towards thermodynamic 
equilibrium. 



(a) as deposited 
Fe:49% Fe(AI):37% AI(Fe):14% 

(b) ion beam mixed, 1015 ~e/cm* 
Fe:13% Fe(AI):52% Al(Fe):35% 

(C) as deposited 
Fe:78% Fe(AI):17% AI(Fe):5% 

(C) annealed, 573 K, 15 min 
Fe:65% Fe(AI):12% Fe/AI:23% 

(d) as deposited 
Fe:74% Fe(AI):21% AI(Fe):5% 

(d) annealed, 573 K. 15 min 
Fe:68% Fe(AI):15% Fe/AI:lO% 
AI(Fe):7% 

Fig. 1: Typical CEM spectra for the discussed states. Markers are the measured values and thick solid lines are 
the fitted spectra that consist of several subspectra (drawn with o£€set). The relative area of the respective 
subspectnun is listed on the right of the figure. For the samples (C) and (d) the values are also given for the as- 
deposited state that is not shown. Dotted lines are Fe with n=O and thin solid lines are Fe with n=1, ..., 4 (called 
Fe(Ai)). Phases with n25 are the cubic, disordered FeAl ('Fe/AIY, drawn with light grey fiiling) and the non- 
cubic phases ('Alpe)') that are coloured in dark grey. 
(a) The as-deposited state (see also Fig. 2a). (b) The same sample, ion beam mixed. (C) A sample with 8 nm 
thick Al layers annealed at 573 K for 15 minutes. (d) A sample with 10 nm thick Al layers, also annealed at 
573K for 15 minutes. The design of the samples is listed in Tab. 1. 

Fig. 2: (a) TEM image of a multilayer. h e  to the higher atomic number, Fe appears W e r  than Al. 'Ine "M 
layers" show dlfnaction contrasts only as lslands in the centre of the 1ayer;s. @) HR-TEM image of lf Al kWr 
with islands. The island is separated from the Fe layers by disordered, amorphous zones. 

Fig. 1b shows the CEM spectrum of a mixed sample (the as-deposited state is shom in Figs. 
la and 2). As expected% the aniount of Fe with n=1„..,4 uicreases &um 38% to 52%. Again no 
ordered phase can be detected, the Fe-rich side is stlil a mdom solid sohtion of Al in bcc-Fe. 



The amount of Fe with n25 increases fiom 14% to 35%. This cannot be explained by an 
increase of the width of the amorphous layer, because in this sample the Al is completely 
amorphized by incorporated Fe. So the ion beam e n g  increased the Fe concentration in the 
Al-rich region. TEM investigations suggest a phase transformation fiom the amorphous state 
to a non-cubic nanocrystalline phase. 

Fig. 3: TEM images of the transition layer 
forrned by different deposition sequences. 
(a) TEM image of the ,,Al on Fe" case. The Al- 
rich side of the transition layer is a smooth band 
intenupting the columnar structure of the Al 
layer. The width of the disordered, amorphous 
Zone is about 3-4 nm. 
(b) TEM image of the ,Je on Al" case. The 
transition region is thinner and rougher than in 
the former case. 

The results of thermal annealing depend on the thiclcness of the deposited Al layers. For the as- 
deposited state it was found that thin Al layers ( ~ ~ 5 x 1 0 ~ ~  at/cm2) will be completely mixed 
with Fe, while the deposition of thick Al layers leads to crystalline Al layers with an amorphous 
transition region. Fig. l c  shows the CEMS result for a sample with 8 nm Al layers, annealed at 
573 K for 15 minutes. The doublet is replaced by a broad single line indicating the formation of 
a disordered bcc solid solution with an FeAi-like composition. This observation is also 
con£irmed by TEM. A sample with 10 nm Al (Fig. ld) shows a singlet and a doublet, so in this 
case also a non-cubic Al-rich phase exists beside the FeAl-like phase. TEM confirms that the 
metastable amorphous phase was transformed into a non-cubic crystalline phase. 

The investigations show that the structure of laser deposited Fe/Al multilayers is determined 
not only by the non-equilibrium character of the CBPLD process, but also by the structural 
diierences between Fe and Al. Amorphous and non-cubic phases are obviously needed as a 
bridge between the bcc stnrcture of Fe and the fcc structure of Al. 

The work was supported by DFG in the fiamework of SFB422. 
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,,Böttger Stoneware" - Authentic or Not ? 

C. Neelmeijer, M. Mäder, U. Pietsch*, H. Ulbricht* and H.-M. Walcha* 
* Staatliche Kunstsammlungen Dresden, Pozellansarnmlung im Zwinger, D-01067 Dresden 

In the early 18" century, on the track to the invention of the famous European hard porcelain, 
J. F. Böttger succeeded First in the production of „red porcelain" or Jaspis porcelain". This 
so-called ,,Böttger stoneware" [I] represents an independent technological development. Even 
today, the perfection of the artificial design of objects made from Böttger stoneware shows 
the high level of art and technology which had been reached in Saxony already before the 
foundation of the "Porcelain Manufacture of Meißen" in 1710. In comparison to other 
ceramics Böttger stoneware is characterised by a high material density, consequently high 
hardness and the suitability for surface polishing. Böttger reached these excellent properties 
by using basic mass of very high quality and a special burning procedure. 

The oldest objects made from tight ceramic material were produced in China about 4000 
years ago [2]. During the development of hard burnt and tight cerarnics in China the "Yixing- 
stoneware'' was created as a by-product of porcelain. This type of stoneware was later copied 
in Europe, namely in the second half of 17" century in The Netherlands (Ary de Milde) and 
England (Elers Brothers, Wedgwood in the 19" century) but also in Meißen (Böttger 
stoneware) in the early lSth century. Parts of Böttger7s "arcanum" were transferred from 
Saxony into the region of Berlin. This is the reason why Plaue (at river Havel) became a 
competitive place of manufacturing stoneware in Germany in the lSth century. 

Today, a variety of objects made from Böttger stoneware are suspected on the international 
arts market to be modern fakes. In fact, the Statement of the authenticity of Böttger stoneware 
and its differentiation from cerarnic art objects of other provenance is the Job of experts and 
art scientists. However, in the case of objects without signature their decisions are often 
controversial and subjectively modified. Hence, museums show growing interest to obtain 
objective criteria based on non-destructive methods of stoneware material analysis [3]. 
Concentration ratios of main and secondary elements are suggested to show characteristic 
"fingerprints" for the different provenance of stoneware. In the present work this possibility is 
tested by making use of ion bearn analysis, using in particular PIXE at the external proton 
bearn of the 5 MV Rossendorf Tandem accelerator. 

As evident from the Cover picture of the present annual report, positioning the stoneware 
object in front of the beam exit pipe 143 is very convenient. Working in a continuous helium 
gas stream on the non-vacuum side of the beam exit window reduces proton stopping as well 
as X-ray absorption and prevents the emission of interfering Ar K-radiation from air. A direct 
contact between the He gas and the Be detector window is prevented by means of a 5 ym 
thick Mylar foil. X-rays from chernical elements 2513 are measured at 135' backward angle 
by means of a conventional Si(Li) detector (12 mm2 active area), To minimise pulse pile-up 
and dead time the counting rate is limited to lu3 countsls by suitable combinations of 
diaphragms and filters in front of the detector. A diaphragm of 1.5 m diruneter and no 
additional absorber are used to detect the main elements of lower atomic numbers, i-e. Al to 
Fe. For analysis of the heavier trace elements B 2 6  the diaphragm is opened to 2.3 mrri 
diameter, and a 69 ym Al filter is inserted in order to absorb the intense X-radiation of the 
low-Z main elements. In comparison to more sensitive materids fike ~ami sh  on paintings or 
paper backings 151 the proton beam intensity and irradiation time is Iess critical for non- 
destructive measurements of stoneware. Typical proton beam densities are 0.2 n.Ahm2. For 
good statistics in the peak areas of the "PaE visible'bmain elements Ai, Si, K, Ca, Ti arid Fe 



the irradiation times arnount to 1-2 min. However, even a measuring time of 5 min is 
insufficient for reasonable statistics in the signals of trace elements. This is demonstrated in 
Fig. 1 which gives typical X-ray spectra as obtained from a brown unpolished Pilgrim bottle 
of Böttger stoneware. To limit the proton exposure of unique art objects the installation of a 
second Si(Li) detector of high efficiency (80 mm2) is in preparation which allows the analysis 
of trace elements simultaneously to the main components. In the mean time we restrict our 
studies to the evaluation of material characteristic "fingerprints" for the main elements. 

X-ray energy 1 keV 
I O O , ,  

8 10 12 14 16 18 

X-ray energy 1 keV 

Fig. 1: PIXE spectra of Böttger stoneware obtained from the brown unpolished Pilgrim bottle PE 737 
(Porzellansammlung im Zwinger Dresden). The measurements were taken non-destructively at the 
Ep3.85 MeV external proton kam: a) main elements, b) trace elements (see text). 

The reliability of "fingerprints" is a question of statistics. Hence, it is necessq (i) to 
guarantee representative composition data for a given object and (ii) to analyse a sufficient 
numkr of objects representative fm a certain type of stoneware material. The present level of 



Tea pot (Ary de Milde) 

Tea pot (China) m567 

I I 

Tea caddy (China) m563 

Fig. 2: Material compositions (main components, wt%), obtained for stoneware made in The Netherlands (a) 
and China (b, C), are graphed by black arrows. For comparison, the grey bars represent the results for 7 
different authentic objects of Böttger stoneware (see text). Mean concentration values for Böttger 
stoneware can be deduced by averaging the upper and lower limits of fluctuations given at the bars in 
Fig. 2a as numbers. Note that the grey bars are identical in Figs. 2a-C. 



knowledge is summarised in Fig. 2. For the main material components, the concentrations 
obtained from 7 objects of authentic Böttger stoneware (given by grey bars) are compared to 
those found in the case of single objects from China and The Netherlands (marked by black 
arrows). The lengths of the bars reflect different concentrations measured for the 7 objects of 
Böttger stoneware; the lowest and highest concentration values are given as numbers in Fig. 
2a. Note that (i) the corresponding mean values are graphed in Fig. 2 at one and the sarne 
level of the ordinate, and (ii) the fluctuations are represented in percent of the mean values. 

As can be deduced from Fig. 2, there are characteristic deviations of the contents for several 
oxide components. Compared to Böttger stoneware both the tea pot and the tea caddy 
(provenance: China) show a factor of 1.3 higher Al203 concentrations and a lower level of 
Si02. Most significant is the strongly enhanced Mn0 concentration (a factor of 5) in the case 
of the tea pot. This statement, however, must be reproduced by higher statistics in the Mn K- 
line (see Fig. la) making use of a selective chromium X-ray filter. The tea pot of Ary de Milde 
(The Netherlands) indicates a broader spectrum of deviating components (Fig. 2). Again, the 
Mn0 concentrations exceed those of Böttger stoneware by more than a factor of 4. But also 
the Ca0 content is a factor of 5 higher. For Al203 and Si02 the tea pot of Ary de Milde shows 
the Same trend as in the case of China stoneware; in comparison to Böttger stoneware the 
concentrations of K20 and Ti02 are enhanced. 

In Summary, regarding PIXE fingerprints for stoneware of different provenance, the 
prelirninary results are promising. According to our present knowledge, for two private 
objects, a tankard and a tea pot of uncertain provenance, there was no contradiction between 
the PIXE analytical result and the attributed Böttger authenticity. Nevertheless, further efforts 
are necessary (i) to minimise concentration fluctuations due to low statistics in the PIXE peak 
areas and (ii) to improve the statistical accuracy for a given type of stoneware material by 
both examining a higher number of positions per object and including more authentic objects 
of given provenance. 
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Real-time, in-situ measurement of mechanical stress in BN f i lm 
A system has been set up that dows the mechanical stress in thin films to be 
measured dynamically during processing. Dzerential laser beam deflection 
at a bending carrtilever is employed in combination with reflectometry or 
ellipsometq which enables the film stress tobe calculated fiom curvaaire of 
the cantilever and fiim thickness. 
The instantaneous stress in boron nitride (BN) films has been analyzed dur- 
ing deposition by ion beam assisted deposition (IBAD). It has been found 
that the absolute value and the evolution of the stress as well as its depend- 
ence on deposition parameters in t-BN differs markedly from that in C-BN. 
At a substrate temperature around 500°C and a nitrogen ion energy of 600 
eV the instantaneous stress in t-BN increases continuously during growth, 
whereas in C-BN it remains largely constant at a higher absolute value (121-2 
GPa). An increase in the iodatom e v a l  ratio, which is in the order of 2: 1, 
results in an increase in stress in t-BN whereas it causes a stress reduction in 
C-BN. In the tmnsition region fiom pure t-BN to C-BN growth, as carrelated 
to TEM cross-sectionalmicrographs, the hMantaneous stress increases more 
rapidly as in the t-BN layer underneath. 

Effects of Ti and Al incorporations on the structure of BN thin f i lm 
Boron nitride (BN) based composite thin jilms have been prepared by IBAD 
employing two electron beam evaporators. 3-5 at.% either Ti or Al was 
incorporated into the BN films. FTIR spectxoscopy was used for phase 
identification. It has been found that no cubic BN (C-BN) can be formed for 
Al containing BN films for the used ion-bombardment parameters. However, 
the disturbaace of 3-5 at.% Ti addition depending onthe preparation condi- 
tions for the BN thin films, only shifts the NB-ration threshold of the IBAD 
process which is required for C-BN fonnation to a higher value. In order to 
understand the different behaviours of the Ti and Al incorporations, the 
chemical states of the Ti and Al additions in the BN composite f h w  were 
examjned by XPS, indicating preferential formation of TiB, and AN, respec- 
tively. The fonnation of AlN &&es nitrogen from the system resulkg in a 
boron overstoichiometxy and prevents the C-BN nucleation. 
Collaboration: *Institut iur Festk6rper- und Werkstoffforschung, Dresrden 

A multilayer configuration of TiNlBN deposited by IBAD 
The microstsucture of BN/TiN multilayers prepared by XBaD was investi- 
gated by HRTEM. Special aäention has been paid to the ttvo -es of inter- 
faces, BN On TiN and TiN On BN, vvhich are assoclated with Wo different 
growth seguences. The layer structure in the BN part of the fih Shows no 
interfac'i amorphous layer On the TB, vvhich is commonly observed in BN 
monofithic thin films on Si subsbrates. In certain Case, a fixed cry~td10- 
graphic orientation relation, rather than a disordered comectios. has been 
found between T B B N  interfhm but also bmm TiiN and the mder1ging 
BN. The adhesion and therefore the correhthg lSetmte of the G-BW f i h  0x1 
TiN was drasticaily higher than motk substrates. Lhe deposition of nano- 
scaled TiN/BN multilayer films up to SO nm sirigle film thiclaiess leads only 



to h-BN films caused by the to low BN film thickness for the C-BN nucle- 
ation. With increasing BN film thickness the Spical C-BN nucleation and 
growth was obtained. The practical application of the TiNBN multlayer 

supported by stnicture as superhard coatings needs an optimization of the fiim thickness of 
Humboldt-Sti$ung both film types in the System. 

A. Kolitsch Synthesis and characterization of nitrogen containing carbon films 
CN, films were prepared by IBAD for sample circulation in the TMR net- 
work in order to charactenze the mechanical properties, the film stmcture, 
the stoichiometry and the chernical state. Substrate temperature (ranging 
f?om RT to 1000°C), assisting ion energy (200 to 1200 ev), and ion-to-atom 
transport ratio were varied to maxUnize the nitrogen content in the films. The 
highest nitrogen content of the IBAD films is about 33 at.% at nitrogen to 
carbon transport ratios from 1.2 to 1.3 and substrate temperatures between 
200 and 300°C. The influence ofthe ion energy onthe nitrogen content of the 
iiims is low. TEM investigations with selected area difiaction show graphiti- 
zation with increasing crystal size at increasing deposition temperature from 
600 to 1000°C, and a decreasing nitrogen content of the CN, films. 
Collaboration: University of Stockholm, University of Linköping, University of 
Newcastle, Universite Paris-Sud, CNRS 

supported by 
EU 

E Fukmek 
U. Kre$ig 
R Grötzschel 
K StundZa* 
D. Slavinskci* 
J. & h a n *  
H. Biederman * 

H . 4  Jäger 

Composite Ge1C:H films prepared in an unbalanced magnetron 
Composite films Ge/C:H (Ge doped hard plasma polymer (C:H)) have been 
deposited using an unbalanced planar magnetron equipped with a gema- 
nidgraphite target and operated in an Mn-hexane gas mixture. The com- 
position of the f i h  has been determined by RBS, ERDA and XPS. Ge 
concentrations up to 30 at.% have been confirmed. Ge depth-distributions 
have been found to be rather homogenous or decrease towards the surface 
due to target poisoning effects. TEM investigations revealed that Ge foms 
clusters with a maximum diameter of 2 nrn ernbedded in a C:H and GeC 
alloy matxix. DC electrical properties have been measured in the planar 
electrodes-composite film-configuration. The electrical conductivity has been 
found to be strongly dependent on germanium concentration and on substrate 
temperature during deposition. Current-voltage characteristics are linear at 
low and super-linear at higher electrical fields, respectively. 
Collaboration: * Facuity of Mathematics and Physics, Charles University, h g u e  

Molecular-dynarnics simdations for a steady-state growth of carbon ion 
deposited tetrahedral amorphous carbon films 
Molecular d@cs calculations were performed to simulate ion beam depo- 
sition of diamondlike w b o n  fiims. The number of mbon atom impacts was 
large enough that steady-state film properties could be computed and ana- 
lyzed. Empirical many-body potentials based on TersoEs covalent-bonding 
fomaiism were used. The calculations with Brenner's hydrocarbon poten- 
tials, which uiclude overbinding corrections and nonlocal effects, predict 
films of high density, but with a fraction of fourfold coordinated carbon 
atoms of only a few percent. Such an unreal "compressed grapWt-like 
stnicture is favoured by the small cutoffs for the near-neighbour pair interac- 
tions in the Brenner potentials. If a larger C-C interaction cutoff value is 



chosen, which is still consistent with the bond-order concept, a distinct im- 
provement can be achieved in modeling the sp3 content of 20-90 eV C* ion 
deposited films. 

Semiconductor Materials 

SiC 1 Diamond 

F! Heera Epitaxial aluminium carbide formation in 6H-SiC by high dose Al+ im- 
J Stoemenos* plantation 
B. Pecz** The phase formation &er high dose Al ion implantation into single crystal- 

line 6H-SiC at elevated temperature has been investigated by combined 
planar view and cross-section TEM. Fluences of 1 ~ 1 0 ' ~  cni2 and 3x10'~ 
Alf ions at an energy of 350 keV have been implanted into (000 l)-oriented 
6H-SiC single crystalline substrates at a temperature of 500°C. Aluminium 
carbide and Si precipitates were detected around the maximurn of the Al 
depth distribution at a fluence of 3~10'~crn-~ ions. Precipitation was not 
observed at a fluence of 1~10~'an-~.  This means that Al implantation into 
6H-SiC at 5OO0C leads to the decomposition of SiC into A13C, and Si if the 
Al concentration exceeds a threshold value which is between 5 and 15 at.%. 
Sqrisingly, all of the &C3 and most of the Si precipitates are epltaxially 
aligned with the surrounding SiC matrix. Transition meta1 carbides have a 
high e l d c a l  conductivity and thermal stability. Therefore, epitaxid layers 
of Al&, in SiC could be interesting for contact formation and wirhg. 
Coliaboration: *A$istotle University of Thessaloniki, Greece; **Research Institute 
for Technical Physics and Materials Science Budapest, Hungary 
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Inhomogeneity of arnorphous SiC layers produced by ion implantation 
Amorphous (a) surface layers in SiC produced by ion implantation at room 
temperature arethicker than predicted fkom the critical energy density model. 
Annealing below the recrystallization t- of about 900°C causes an 
interfacial regrowth which stops &er a short distance. This is obviously the 
consequence of a layer substructure. One idea to explain this inhomogeneity 
is that the low-temperature-annealable part of the a-layer was amorphized at 
lower damage energy because it is stabilized by the implanted hnpurity 
atoms. In order to test this idea the regrowth behaviour of the a-layer duruig 
low temperature annealing is investigated as a function of ifiglantation tem- 
perature. Amorphous surface layers were produced in 6H-SiC by 200 keV 
Ge+ implantation with a fluence of 1 ~ 1 0 ' ~  mi2 at temperatures of 100 K, 
200 K and 3 10 K. They were subsequently annealed at 500QC for lh. The 
thicknesses of the a-layers in the as-implanted state as well as in the ameaied 
state were measured by RBSIC. A dramatic effect of the imphatation tem- 
perature is found on the regrowth behavour durulg low temperature anneal- 
ing. The regrowth distance uicreases with decreashg implantation tempern- 
ture. According to this result there is no correlation betrt-een the @Uns. 
profile and the low-temperature-annealable part of the a-layer. 
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Formation of 3C-SiC particles in Si after implantation of C 
Implantation of C ions with an energy of 195 keV into Si wafers heated up to 
800°C results in an elastic distortion of the Si host lattice and in the forma- 
tion of crystalline SiC particles or their prestages depending on implantation 
dose and temperature. Synchrotron XRD at the Rossendorf beamline in 
Grenoble (ROBL) was used to reveal phase fonnation and the correlated 
lattice strain changes. A strong Si lattice deformation was observed if the 
fluence does not exceed 5x10'' ions/cm2. After implantation of C ions up to 
4~10 '~cm-~ at a temperature of 500°C prestages of Si-C and an altered state 
of Si lattice defonnation are found. By implantation of 4x1017 ions/cm2 at 
800°C small particles of the 3C-SiC (P-SiC) phase grow. They are aligned 
in such a way with the Si matrix, that the cubic crystallographic axes of 
matrix and particles coincide within an accuracy of 3". 
Collaboration: ROBL-CRG, ESRF Grenoble 

Damage in 6H-SiC induced by RBS analysis 
Damage in SiC generated by ion irnplantation or irradiation is usually ana- 
lyzed by RBSIC using MeV He+ ions, a technique which is considered to be 
largely nondestructive. Swelling of 6H-SiC induced by Hef irnplantation is 
observed at fluences commensurate with, or lower than those comrnonly used 
for obtaining RBS/C spectra of deskable statistics. The swelling increases by 
about 40% if the He+ ions are implanted in a non-channeling direction. An 
optical damage depth-profile, with distinct optical properiies corresponding 
to the regions of electronic and nuclear stopping, is obtained from a fit to 
PIRR data and compared to TRIM calculation. In addition, the fonnation of 
high concentrations of deep-reaching (p range) defects due to RBSIC is 
confirmed by SPIS measurernents. AES shows that the specific colour of the 
implanted area is not due to the deposition of a thin surface film during HeC 
implantation, and the swelling is not related to chemical reactions in the near- 
surface region. The fonnation of additional disorder from RBSIC rnay cor- 
rupt the respective data obtained subsequently by other analytical techniques. 

Characterization of defects in ion implanted SiC by SPIS and RBS 
methods 
A buried (W)„  (AN), layer has been prepared by ion CO-implantation of 
Nf and Al+ into a 6H-SiC n-type wafer. The substrate temperature during 
implantation was varied from 200°C to 800°C in order to reduce the damage 
created by ion implantation. The obtained sbxctures have been investigated 
by SPIS and RBSIC. Bothmethods are sensitive to different kinds of defects 
and give complementaIy infomtion. D q e  seen by RBSIC after implan- 
tation at 200°C is commonly dehed as 100 % and extends fi-om surface to 
a depth of about 270 nm. By SPIS it is revealed, that the dominating defect 
up to this depth are vacancy agglornerates consisting of about five Si-C 
divacancies. At higher implantationtemperatures, RBS/C reveals a decrease 
of damage in the implanted region to about 80 %, whereas the damage 
between swfbce arid the implanted region drastically decreases to 10 %.Rom 
SPIS it can be seen that now the dominating defect in the impfanted @on is 
the Si-C divacancy, whereas in a narrow layer of about 50 nm close to the 
surface very large aggiomerates are formed consistuig of up to 21 Si-C&- 
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cancies. 
Collaboration: *School of Physics, University of East Anglia, UK 

Deep level traps in the extended tail region of ion implanted n-type 6H- 
SiC 
SPIS has revealed the existence of deep reaching vacancy-type defects, most 
probably mono-vacancies, far beyond the ion implantation range calculated 
by TRIM code in 6H-SiC. This unexpected f i n d q  initiated the search for 
these defects and their description by an independent method, i.e. deep level 
transient spectroscopy (DLTS). DLTS studies have been perfomed in the 
tail region of boron as well as aluminium-implanted n-type 6H-SiC which is 
of technological irnportance. In boron-implanted material DLTS show the 
existence of the D Center consisting of boron-vacancy complexes. In Al- im- 
planted material a more complicated M y  of implantation damages, includ- 
ing the inequivalent occupation of cubic and hexagonal lattice sites by Al 
atoms, is found which probably is vacancy-related. 
Collaboration: *UniversiQ of Hong Kong 

Spreading resistance measurements on 6H-SiC 
SR-measurements at beveiled samples are used as a Standard method to 
detennine charge canier profiles in silicon. However, for wide bandgap 
serniconductors the high contact resistance determines the measured resis- 
tance. With a selective influence on the surface states the contact bamkr can 
be lowered. Therefore, after the beve11ing procedure methods like polishirig 
with diamond emulsion of different grain sizes, vacuum annealing (1300 - 
1400°C, 5- 10 min) or ion sputtering (3 keV Ar ions) have been carried out 
in order to check their influence to surface states. It was found that afbr a 
vacuum anneaiing process (1350°C, 10 min) the barrier resistance decreased 
but fluctuations of the measured resistance increased. Best res& were 
achieved after sputtering with 3 keV Ar ions. A decrease of the: contact 
resistance of up to two orders of magnitude was obtained and fluctuations 
dropped drastidy. A first calibration of the SR-equipment for further mea- 
surements on SiC was achieved using Hall effect data taken at 6H-SiC sam- 
ples . 

Electrical and microstnictural effects in highly boron implanted 6H-SiC 
Bi ions were implanted at 400°C into 6H-SiC EPI layers to form a buned 
(100 nm) 500 nrn thick layer with plateau concentratiom up to 1 SXIO~~CXI~~.  
The eleGtnca1 and rnicrostructural effects were investigated using tempera- 
ture dependent Hall measurements, XTEM and SIMS &yis. After an- 
n- at temperatures between 1550 and 1750°C (10 min) for boron con- 
centrations above the solubility extraordinary boron out-diffusion and Ost- 
wald ripening is observed forming extended boron clusters. For boron con- 
centrations near the solubil&- the out-difhsion is reduced. These effects are 
confkmed by Hall effect measurements showing a stagnation of tbe hole 
concentration with increasing boron concentration above 1 . S X ~ O " ~ ~ .  The 
electtcd activation is fimited by the solubility of boron in SiC at about 
1600°C. Higher boron concentrations as well as higher annealhg tempert%- 
tures, inclusive during short time annealulg at about 2O0O0C, do not lead $0 

higher activation. 
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Self-consistent calculations of the hole concentration in diamond and 
silicon carbide 
In the case of highly doped-highly compensated semiconductors, the widely 
used Boltnian hole-statistics is not able to describe the temperature depend- 
ent hole concentration. With the aim of better understandmg the doping 
properties of p-type diamond and p-type 6H-SiC, we have adapted a model 

, which was originally developed for n-type silicon. The model is based on a 
full Fermi hole-statistics and W e r  takes into account (i) the screened inter- 
action between free holes and ionised acceptors, which leads to the upward 
shift of the valence band-edge; (ii) the local potential fluctuations due to the 
random distsibution of acceptors and donors, which smears out valence states 
into the band-gap; and (iii) the interaction between nearest neighbouring 
acceptors, which spread the acceptor level into an impUnty-band. In dia- 
mond, because the hole effective-mass is not precisely hown, we could only 
compare the calculations with the experimental activation energies. Quantita- 
tive agreement was obtained for acceptor concentrations up to 1 020 cm-3 and 
for compensation ratios up to 64%. In 6H-SiC we could benefit fiom a better 
howledge of the hole effective-mass. The calculations correctly described 
the experimental hole concentrations, even for low dopant concentrations- 
high compensation ratios as well as high dopant concentrations-low compen- 
sation ratios. Finally, we could determine the compensating donor concentra- 
tion in the case of low acceptor concentrations, which was previously not 
possible using other models. 
Coilaboration: *FernUniversität Hagen, Fachbereich Elektrotechnik 
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Ion implantation into diamond at elevated temperatures 
Natural diamond substrates @a-type, DRUKKER) were implanted wit B 
ions at temperatures between RT and 1300°C. RBSIC investigations reveal 
reduced damage above 400°C and no distortion ofthe crystalline order (with- 
in the sensibility of RBS) for implantation temperatures above 800°C. The 
exarnination of the implantation profiles by SIMS and RBS indicates that 
there is no signifi~iillt boron diffusion even for 1300°C implantation tempera- 
ture. Without any further anuealing a doping effect could be observed after 
an implantation at 1300°C. The mob- was measured to be about 90 
cm?Vs. In addition, CVD diamond f'ilms deposited onto Si substrates were 
implanted with B or Li ions at 1000°C. Due to the structure of the CVD 
films (columuar grains separated by conductive grain bomdaries) the electri- 
cal conduction of the diamond film is shunted via the Si substrate and muld 

supporfea by not be measured. 
BMBF und SMPiY Coilaboration: *FernUniversität Hagen, FachbereichEleMrotechnilr; **Institut für 

Festkörper- und Werkstofforschung Dresden 

Defects and Getterinrr in Silicon 

M. Posselt Deveiopment of a novel method to study defect production and evolution 
during and after ion implantation into silicon 
The as-implazited defect stnicture in silicon is stiii not M y  understood. 
However, its precise laiowledge is decisive for the detailed mderstanding of 
the iriterplay between damage accumulation and channeling effects during 
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implantation and of defect-assisted processes at post-implantation annealing. 
State-of-the-art atomistic simulations of these effects ernploy phenomenolo- 
gical models as "substitute" for the lacking infonnation about the as-irn- 
planted damage. In order to estimate the extent of the as-implanted damage 
created by keV ions under realistic implantation conditions time-ordered 
computer simulations based on the binary collision approximation (BCA) 
and classical molecular dynamics (MD) simulations were combined. BCA 
simulations are applied to ballistic processes with energies above several10 
eV. Processes with lower characterisiic energies are treated by MD simula- 
tions. They yield the a s - i m p l d  defect stnicture formed several10 ps after 
ion impact. The combined method guarantees realistic initial conditions for 
MD calculations. It becomes practicable since statistical considerations are 
used enabling that MD simulations need to be performed only in regions 
which are smaller than the entire volurne of the collision cascade of a keV 
ion. First results on the type and amount of defects created on average per 
incident ion were obtauied for 30 keV P+, 15 keV M, and 15 keV Bi im- 
plants. 

Simulations for impurity gettering in silicon by ion implantation induced 
defects 
Irnpurities in ion implanted and annealed silicon may be trapped at ion beam 
induced defects. In general, gettering has been observed in two regions, (i) 
near the projected ion range, %, where interstitial-type defects have been 
identified, and (ii) at approximately RJ2, where no extended defects have 
been identified so k. In recent publications indications for a vacancy-type 
nature of RJ2 defects are given, whereas other authors have found inter- 
stitial-type defects for gettering in the %/2 region. Our modeling of Centers 
for impurity gettering has been separated into three stages. At first, fuli- 
cascade TRIM simulations have been perlFormed to calculate depth profiles 
of implanted atoms, recoils andvawicies. Then, assumuig l d  annihilation 
of interstitials with vacancies at the initial stage of anneaiing, depth profiles 
of excess interstitials and vacancies have been dcdated. Finally, takuig 
these profiles as irY,ut, point defect migration and reactions during annealing 
have been studied. Comparisons with experiments show that the two get- 
tering regions can be directly correlated to two profiles calculated for the 
excess vacancies and interstitiais. The term "V-getterjng" is shown to be 
rnisleading, the so-called RJ2 getter peak shifts for very high ion energies 
close to %. Using default point defect parameters of the process simulator 
TESIM, the time evolution of getter centers during RTA arid fumace anneai- 
ing can be reproduced. 

Meta1 gettering in MeV-ion-implanted and anneded Si beneath the 
projected ion range, (Rp):"Trms-Rf-effect" 
Damaged layers in Si remauiing after MeV ion Unpbtatio~~ and annealing 
can be detected by means of meta1 g&rhg. R m t l y  a damaged layer at 
about half of the projected ion range (RplS) las been dekckd beside the csell 
known damage layer at &. Now a W e r  damage region is discoverd welf. 
beneath R, which is d l e d  the "Tm-&-layer". For an ion iiplanSa,t?on of 
3 -5 MeV, 1x1 0'' Pari2 with Rp=2.7 pm intD n-type si3icon the "Tm-%- 
layer", observed &r annealing at 9OO0C, is sitmtd at about 4 p. Due to 
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its high trapping ability for metal impurities this layer could be detected by 
SIMS profiling of intentionally introduced Cu. The formation of this layer 
cannot be sirnply explained by ion chamelling efFects. Point defect diffusion 
and agglomeration play a key role. The mobility of the point defects seems to 
be enhanced by a field drift during annealing because the "Trans-R,-effect" 
is not observed for implantation of Sii ions instead of the P+ ions which act 
as a dopant in Si. 
Collaboration: *CM Moskau 

Meta1 gettering at the borders of a buried amorphous layer in Si 
Gettering of metal i m p d e s  is known to be a powerful tool for the detection 
of point defects remaining in ion-implanted and annealed Si. In this study a 
buried amorphous layer, created by Ge+ ion implantation, has been inved- 
gated by means of Cu gettering before and &er recrystallization. Cu atoms 
have been subsequently introduced, arid their depth distribution was mea- 
sured by SIMS. The results show an accumulation of Cu atorns in a very 
narrow layer at the crystalline side of the two amorphous-to-crystdline @/C) 
interfaces. Atter recrystallization ofthe amorphous layer Cu gettering occurs 
as well outside of the fomer amorphous layer, rnainly at the interfaces. Si 
lattice expansion has been observed by XRD just in this region in which the 
Cu is trapped. Such regiom, containing a high concentration of self-interd- 
tials, have a much higher gettering capability for Cu atoms tban extended 
defects formed for higher annealing temperatures (T>800°C). Cu getteriug 
can be taken as an indication of a high supersaturation of self-interstitials in 
the corresponding region. 
Coliaboration: *CAS Moskau 
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Cavities in He implanted and annealed Si wafers characterized by spec- 
troscopic ellipsometry 
The f o d o n  of He induced cavities in silicon during rapid thennal anneal- 
ing is analyzed. Specimm implanted with 40 keV He+ ions to a fluence of 
5x1016 cni2 are heat treated at 800°C for times of 1 s to 1200 s. Spectro- 
scopic ellipsometry (SE) is employed to obtain quantitative infionnation On 
the fiee volume depth profiles. A newly developed formula is used to model 
the optical multilayer depth profiles. The free volume is found to increase du- 
ring annealing for about 300 s and to decrease for longer anneaijng times. 
Over this characte&tic time a marked change in the He loss occurs which 
has been reported only recently. Swelling of the He implanted and aunealed 
silicon is analyzed using an AFM. Step heights are consistent with the free 
volume per ur& a e a  obtained from SE data analysis. The number density of 
cavities is found to be independent of depth in the central patt of the cavity 
layer. The density of cavities aRer annealing for 600 s is calculated to be 
1.2~10'~ about 50 % higher than previously estimated based on TEM 

supported by analysis. 
DAAD Coliaboration: *Insiituto de FWca, UFRGS, Porio Alegre, B& 

A. Peeva Ifijection of Si self-interstitials during ion milling for TEM sample prepa- 
R K ö g b  ration 
P. Werner* Ion millity: is the final step of TF,M sample preparation. In conventional ion 
W: Skorupa rniliing the pafameters (ion energy and current, incidence angle) are optimi- 
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zed to achieve high sputtering rate and to minimize the depth of radiation 
damage. However, recent experiments showed that ion bombardrnent of Si 
during ion rnilling can infiuence the defect state of the sample. Inthe present 
investigation we t q  to observe the defects responsible for the so d e d  "W2 
effect". Using "Gatan Duo Mi11 600" with 4 keV Ar+ ions (1 mA) under 13" 
incidence angle we observe small interstitial loops (20-30 nm) located only in 
the RJ2 region. The size and the density of these loops are controlled by the 
rnilling parameters. This is taken as evidence that self-interstitiais are mjected 
far beyondthe s&ce duruig ion rnillq. The presence of injected Si intersti- 
tials may trigger the modification of the existing point defects and small 
defect clusters to bigger defects which can be observed by XTEM. 
Collaboration: * M P I  für Mikrostnikturphysik, Haile 

Positron afihities and deformation potentials in cubic semiconductors 
Positron affrnities and defonnation potentials are calculated in cubic bulk 
semiconducto~s using the density functional theory. The electron energies are 
calculated in the first principles pseudopotential rnethod where the exehange- 
correlation energy functional is treated in both local density approx&nation 
(LDA) and generalized gradient approximation (GGA). In order to refer the 
electron and positron energies to the same average of the Coulomb potential, 
the electron energies are corrected by the pseudo-core factor and the positron 
ion-core potential is treated in the point-core approximation. The positron 
correlation energies are also treated using both the LDA and GGA schemes. 
While the GGA correction onthe positron energy is found to be quite sigdi- 
cant, the GGA correction On the electron energies is negligibly small. 
Our calculated affrniS in SiC -3 -92 eV inthe positron GGA scheme Ys found 
to be close to the measured value of (-3.83 + 0.45) eV whereas the linear- 
muffin-tin orbital method predicts -5.6 1 eV in disagreement with measure- 
ment. The calculated positron affinity in diarnond -2.20 eV is found to be 
higher than the measured value of -1.2 eV as the effect of the boron i m p w  
on the positron energy is not considered in the calculation. The positron 
affrnity in BM is found to be close to diamond which suggests that it can be 
tested as a positronmoderator. The calculated positron defonnation potential 
in Si -6.51 eV is in good agreement with -6.19 eV obtained inthe previous 
LMTO-ASA method and experimental value of (-6.2 2 0.3) eV. 
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The mechanism of photoluminescence of ion implanted siliwn dioxide 
layers 
PL studies were performed at 500 nm thick SiO? film thennally g r m  On 
[lOOI-onented, n-type Si substrates, implanted with Si*-, Ge*- or Sn"-ions 
and azl~lealed inthe temperature range of400°C to 1200°C. The PL spxtra 
of the implanted SO,, layers consist of an W peak around 4.3 eV and a 
blue-violet peak between 2.7 eV and 3.3 eV depending on the implanted 
element. These peaks were found to be due to the radiative ddeecitation from 
the first excM shglet (UV peak) and first excited triplet state (bhe-Molet 
peak) to the ground mate of a rnolecule-like lumhescence centre. For the 
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substitution of one atom by an isoelectronic but heavier atom the heavy- 
atom-effect predicts a strong increase in the PL intensity, a slight increase of 
the ernission energy and a decrease of the decay time of the triplet-to-singlet 
transition. These predictions are in excellent correspondence with the experi- 
mental results. In the order of Si, Ge and Sn the PL intensity of the blue- 
violet PL peak increases and its position is shifted to higher energies. Fur- 
thermore, first measurements of time dependent PL reveal a decay time in the 
order of 100 ys for Ge and of 8 ys for Sn. We suggest that the observed PL 
is due to the neutral oxygen vacancy typical for Si-rich SiO, and similar Ge- 
and Sn-related defects in Ge+- and Sn+-implanted silicon dioxide, respec- 
tively. 
Collaboration: *Institute of Semiconductor Physics, Novosibirsk, Russia; 
**Institut für Angewandte Photophysik, TU Dresden 

First integrated optical coupler in silicon technology 
First prototypes of monolithically integrated optical couplers consisting of an 
emitter b a d  on ion beam synthesized Ge nanoclusters in a SiO, layer and a 
pin-diode for light detection were realized. Thennally grown SiO, of 500 nm 
thickness was subsequently implanted with 200.. .35O keV Ge-ions to 
fluences of 1.8 ... 2 .8~1  016cni2, respectively. After funiace mealing (500° C, 
30 min) rapid thermal processing at 1000°C, 1 s was carried out. Ontop of 
the luminescence element an ITO contact was formed, followed by a plasma 
based deposition of amorphous Si with 680 nm layer thickness characterized 
by an in-situ doped pin-structme. The sensitivity of this diode at a wave- 
length of 400 nm is 0.2 A/W. The dark current is in the range of some PA. 
The couplers show alinear dependence between the current for EL excitation 
(I,) and the photocurrent of the pin-diode. For typical EL Parameters (IFN - 
0.1-1 PA) the photocurrent is in the range of 1-20 nA. To overcome the 
bandwidth and power dissipation limitations of elechical interconnects inte- 
grated optical interconnects are expected to belong to the main stnictures of 
future microelectronic circuits. 
Collaboration: * Fern-Universität Hagen, Fakuität für Elektrotechnik 

Electrical characterization of Si- and Ge- implanted Si0,-layers for 
memory applications 
Ion beam synthsized Ge or Si nanoclusters in SiOz layers have recently 
attracted much attention because of their possible use for non-volatile merno- 
ry a pplications. MOS-capacitors were prepared using thennaUy g r o m  
SiO, of 20 nmthickness and subsequently implanted with 20 keV Ge' ions or 
12 keV Si+ ions to fiuences in the range of 1-5~10 '~mi~.  RTA processing at 
950°C, 30s, N, was applied for annealing. The contacts were formed by 
pattemed n+- doped poly-Si dots of 300 nm thickness. Current-voltage mea- 
surements showed that the conductivity mechanism of the iniplanted oxides 
is mainly determined by Fowler-Nordheirn tunnehg. The effect of charge 
trapping inside the clusters has been derived fkom high fieqiiency capaci- 
tance-vowe (CV) characteristics. After charging and discharging by apply- 
ing positive or negative Stress voltage pulses the CV curve was shifted to 
positive and negative voltages, respdvely. A fluence of 3~lO'~cm-~ &eady 
shows a remarkable shift in the CV curve. For the highest implanted fluence 



(5x1 015cm-,) a programming window size of 2.0 V (Ge implant) and 180 mV 
supported by (Si implant) was found (6V/100 ms voltage pulses). 
SMWK und IS2MWA Collaboration: * Zentrum Mikroelektronik Dresden 

B. Schmidt Control of the annealing ambient impact on Ge-cluster evolution 
K. -H. Heinig The anneahg behaviour of Ge implanted SiO, strongly depends on the in- 
A. Markwitz difision of different species (0, or a few ppm of moisture) fiomthe meal- 

ing ambient (N, or Ar) due to their reaction with dissolved andlor clustered 
Ge. The resulting multimodal Ge redistribution observed after mealing 
could be largely suppressed by the deposition of a 20 nm thick film of 
LPCVD-Si& (diffision barrier) on top of the SiO, layer before implanta- 
tion. Up to annealing temperatures of 1000°C in N, the Ge nanocluster 
distribution follows the implanted Gaussian profile of Ge as measured by 
RBS and TEM. Only at Tt 1100°C near the SiO, surface a smaU amount of 
oxidized Ge was observed. Furthermore, the accumulation of Ge at the 
Si02/Si interfäce was substantially lowered probably due to the absence of 
hydrogen from the moisture. The lower Ge concentration at the SiO,/Si 
interface was observed also &er annealing in pure 0,. This effect can be 
explained by the high concentration of 02, which decreases the concentration 
of free hydrogen within the SiO,. 
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PVD preparation of Si-nanocluster monolayers within a SiOz matrix 
Si or Ge nanocrystals embedded into thin Si02 film exhibit superior charge- 
Storage properties and may be favoured for fbture nonvolatile EEPROM 
memory devices. Besides LPCVD and ion beam synthesis the fabrication of 
such nanocluster layers by sputtering is a promising preparation method. 
First experiments have shown that 5 nm thick SiO, layers ( X s 1) can be 
deposited between thin SiO, f i h  by reactive sputtering. The asdeposited 
SiO, layers with X < 2 are amorphous with a random mixture of Si-Si,,O„ 
tetrahedra, which distnbution depends on X and n (n = 1.. .4). During subse- 
quent mealing at T=lOOO°C for l h  in N2 atmosphere, the exceeding Si of 
the SiO, layer forms a Si nanocrystal monolayer in the smounding SiOz 
network. The lattice stnicture of the Si nanocrystals have been observed by 
HRTEM. 

Formation of As nanoclusters in a therrnally grown SiOz layer 
In order to understand the conditions for the formaton of semiconductor and 
metallic nanoclusters embedded in a dielectnc matrix different elements as 
Si, Ge, Sn, Au and others are investigated. In anew experiment we have 
synthesized As nanoclusters near the Si02/Si interface in thefmauy grown 
thin (65 nm) SiO, films. The creation of nanoclusters was performled using 
implantation of As+ ions at 50 keV, lxl~'~As+/cm~ fluence and subsequent 
atl~lealing at 1300 K during 30 min Hi N,. The XTEM examination reveah a 
line of clusters with average size of 6 nm in a distance of 9 nm from SiO,/Si 
interfäce. The duster density was estimated to 2x10"mi2. HRTEM anddark 
field micrographs give no suggestiom on a crystailine order of fhese nano- 
clusters. Additionally, the formation of smali clusters of about 3 m size in 
the v o i .  of the SiO, film has been obtained, which are hardly to detect due 
to the very week Z-mntrast. The STEM-EDX line-scan across the Si@ 
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film show quite homogeneous As distnbution from 20 nm depth to interface 
with a 30% higher As concentration near interface. The latter is correlated 
with the line of bigger clusters while the flat distribution supports the ess- 
tence of srnall cluster observed in HRTEM measurements. 

Formation of 6layers of Ge nanocrystals in SiO, 
Under specific conditions XTEM images of Ge+ implanted and subsequently 
annealed SiO, films (30 ... 500 nmthick) on Si show a "0-like" nanocluster 
layer of a few nm thichess which is located close to but well-separated (-5 
nrn) fiom the Si02/Si interface. Guided by theoretical predictions, systematic 
series of experiments have been designed and perfomed (i) because this 
phenomenon seerns to be based on an interesting interplay between irradia- 
tion effects and thermodynamics, and (ii) the properties of this self-organiz- 
ing nanocluster 0-layer fulfil the requirements for new nanocluster memory 
devices. It has been confinned that controlled Ge ion implantation with about 
one displacement per atom at the Si02/Si interface results in the formation of 
a nanocluster 6-layer during annealing. STEM-EDX measurements of as- 
implanted samples have confirmed that the nanocluster 0-layer evolves fiom 
a thin interface-layer of sub-stoichiometric SiO„. It should be emphasized 
that during annealing the formation of nanocluster 0-layers is a transient 
Stage. However, the 0-layers can be fiozen in by finishing the annealing at an 
appropnate time. 

Non-local mean-field modeling of Ge nanocluster evolution in ion im- 
planted SiO, layers 
An analytical model has been developed for the microstructural evolution in 
ion implanted layers dunng high-temperature arinealuig in an ambient W& 

reactive components. The model has been applied to Ge redistxibution in a 
500 nmthick silicon dioxide layer during annealuig at 950°C in dry oxygen, 
which allowed to reproduce the main features found experimentally for the 
Ge nanocluster evolution kinetics. It has been found that the kinetics of 
impurity redistribution accompanied by chernical reactions in the annealed 
layer is quite sensitive to the choice of parameters. Hence, the comparison of 
simulation predictions with experimental date allowed to estimate a nurnber 
of currently unceriain thermodynamic parameters of diffusing species, in 
particular of oxygen and gerrnanium in SiO,. Moreover, the application of 
this theoretical approach to the choice of appropriate experimental parame- 
ters cannoticeably facilitate nanoscaie engineering during ion-beam synthesis 
of nanocluster structures. 
ColIaboration: T(urchatov Institute, Moscow, Russia 

Modeling and computer simulation of precipitation at 2D sinks applied 
to self-orgaaization of Ge nanoclusters 
A model has been developed which can be applied to the formation of void 
layers parallel to graul boundaries or of nanow nanocluster layers parallel to 
htefices. Baed on that model computer simulations have been pdormed 
which have bieen proven to have siifficient predictive power to support the 
design of expehents for a controlled fabrication of narrow layers of Ge 
nazloclusters in Si02 atthe SiiSiO, interface. The model requires an ophum 
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ion implantation darnage of Si02 in the region of the Si/Si02 interface (-1 
dpa), resulting in free oxygen which diffuses towards the SiISiO, interface 
leaving behind a thin Si02 layer with silicon excess. The: silicon excess has 
been calculated by TRIM and rate-equation calculations. For the subsequent 
annealing step the model considers the diffusion and nucleation of both, the 
implanted Ge as well as of the superstoichiometric Si which has been accu- 
mulated due to oxygen out-diffusion during ion implantation. Starbng with 
such initial conditions and talung into account Si-Si, Si-Ge and Ge-Ge bond 
strengths fiom literature, kinetic 3D Monte Carlo simulations show the 
evolution of a narrow nanocluster band close to but well-separated from the 
interface, which is in excellent agreement with TEM images. 

Crystallisation of nanoclusters under electron irradiation in TEM 
Nanoclusters were created in very thin (20 nrn) thermally grown SiO, film 
using ion implantation of Ge at 12 keV and a fluence of 7x1 O'5m-2 followed 
by a thermal treatment at 1230 K for 30 s in N2 atmosphere. =M exami- 
nation shows a Ge cluster band aroundthe middle of the oxide. The observed 
cluster densm was estimated to 8x1 01'cm-2 with an average cluster size of 
4 nm. As the clusters are in the amorphous stak it is not possible to decide 
whether the clusters consist of elementary Ge or Ge-oxide. Thermal emis- 
sion guns used in this T'EM study have an estimated beam current density of 
1-2x107A/cm2 in the HRTEM regime. This current density has no rnajor 
innuence on the clusters. In additional studies of the Same sample in a TEM 
equipped with a field electron emitter (electron beam density 1-2x10*A1cm2) 
in-siiu crystallisation of clusters during T'EM investigation has been ob- 
tained. The explanation of the crystallisation as a thermal effect or an i d u -  
ence of electronic interaction remains an open question. The detected lattice 
planes have a distance of 0.324 nm which is in good agreement to e1emen.V 
Ge(ll1) (0.326 m). Further electron irradiationleads to no additional chan- 
ges in the systern after crystallisation. The formation of crystalline Ge clus- 
ters under irradiation favours the model that the firstly observed amorphous 
clusters are fiom pure Ge rather than from GeO,. 

CoSi, nanocrystal evolution in silicon during Co' ion implantation 
It has been found that under Co+ ion implantation the growth mode of CoSi2 
nanocrystals ernbedded in a silicon matrix depends striongly on the ion im- 
plantation temperature. At low temperatures (e.g. 4OO0C) the crystal slze 
mcreases with time as tl", whereas at high T (e.g. 650°C) a tln behaviour has 
been observed. At intermediate temperatures the growth starts initially (for 
small mean crystal radii) with tl" and switches at a certaifi crystal size to a 
tm behaviour- The growth speed of the CoSiz nanocrystals obeys an Arrhe- 
nius-type temperahire dependence with E,= 1 eV at lower T, wherw for 
higher temperatures E,s4 eV have been found. This carq,1ex behaviour could 
be understood by an unifiedlIhmdcal modeling of ion deposition, ion beam 
mixing and diffusion processes. It has been shown that the groWh eqonen- 
tials In arid 112 cannot be used as a ptoof for diffision and reaction cnrtrolled 
Ostwdd ripening, as it is usually done. A much more sopfiisticated mdua- 
tion of the experimental data was required. With a fundamental modehg 
taking into account a l l  processes involved it became possible to extract i%om 
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the experimental data the SiKoSi, interface energy, a very important physi- 
cal parameter for nanocluster evolution which has not been measured pre- 
cisely up to now. 
Collaboration: *CSNSM, Paris-Orsay, France 

Nanostructured arrays formed by finely focused ion beams 
In conventional ion beam synthesis colloids are formed by blanket implanta- 
tion and, ifnecessary, by a subsequent thermal annealing. Due to the gover- 
ning physical processes like nucleation and in particular Ostwald ripening, 
the colloids are not uniform in size, resulting in diminution of the size de- 
pendent optical properties. Using kinetic 3D lattice Monte Carlo simulations 
it has been predicted theoretically that more uniform size particles arranged 
in a 2dimensional lattice can be fomed by using a W y  focused ion beam 
to implant i ddca l  ion doses only into nanometer size regions located at each 
point of a rectanguiar lattice. Initial work has been done with a 30 keV Ga 
beam implanted into Si. Particle fonnation as a function of implant condi- 
tions as analyzed by RBS, XRD, AFM, SEM and TEM shows that aggrega- 
tion of the roughly Gaussian implanted profile into a single particle at each 
lathce site has not been achieved. However, it is clear that Ga is retained in 
the substrate and does form srnall crystaliine colloids. For Ga the dose -arid 
energy of implanted ions appear to be critical in fomiation of larger single 
particles, since the Ga ions must be implanted into a relatively undisturbed 
region of the substrate in order to form a Single colloid. However, high doses 
drill holes into the substrate surface, leaving Ga spread around the wall and 
bottom of the hole, which produces an unsuitable geometry from which to 
diffuse the Ga into a suigle particle. Based on the current work an optimiza- 
tion in the dose region of 1016 ions/cm2 is required. 
Collaboration: *Solid State Division, Oak Ridge National Laboratory, Oak Ridge, 
USA; **Vanderbilt University, Nashville; USA 

Films of CdS nanocrystals 
Nanometer-sized CdS has potential applications in optoelectronics and 
photucatalysk. Cd" and S+ were implanted into a 100 nm thick SiOz layer 
followed by a h a t  treatment process at 500°C in N2 for 10-80 min to form 
CdS nanocrystals. The formation of CdS depending on the annealing time 
was studied by XRD and XPS. The starbg as-implanted surface preserrts a 
mixed phase comprising CdS, CdO, Cd, and S embedded within the Si02 
matrix. The 10 min annealuig results in a substantial conversion inio CdS. 
The completion in t e m  of crystallinity and crystallite size falls in the range 
between 20 and 40 min. In this time range, the depth pronles rernain un- 
changed, indicating the immobility of the compound CdS . Shorter annealing 
times produce a CdS phase rnixed with unreacted Cd and S. A l o s  of CdS is 
evident upon a long-iasting anneaiing. 
Coliaboration: *Institut für Festkörper- und Werkstoffo~schung, Dresden 



Biotechnoloecal Materials 

M T. Pham Ca0  - P20, - containing titanium and titanium oxide surfaces 
J.  Schöneich Ca+ (1.5~1O'~mi~ at 25 - 55 kev) and P' (1.5~10" or 7x1Ol6 cmm2 at 20 - 
W- Matz 40 kev) were implanted in pure Ti and TiO, substrates (200 nrn TiO, 
H. Reuther sputter de-posited on an oxidized Si substrate). A subsequent oxidation was 
E. Richter conducted at 400,600, and 800°C for 40 min in an oxygen atmosphere. The 
E. Wieser conversion of Ca and P uito their oxides was studied by XPS and XRD 
S. Oswald* measurernents. In the as-implanted state, Ca and P are d o r m l y  distnbuted 

over a dominant implantation depth in a CalP-ratio of about 2 for TiO, 
substrate and about 1 for Ti substrate consistent with t .  nominal applied 
ion fluence. Ca is present as Ca2' in CaO, while P remaining predominantly 
as elernental P. The 600°C oxidation converts nearly completely P into P*. 
The further oxidation at 800°C does not produce significant alterations in 
terms of the distribution and P oxidation. The conformal distribution of Ca 
and P, with a slight broadening toward bulk suggests (i) an oxygen uptake 
responsible for the P oxidation and, (ii) some degree of undergoing reactions 
between Ca0 and P205. There are no crystalline Ca and P containing 
phases. With pure Ti substrates, the oxidation occurs for both P and the 
matrix Ti. TiO, crystaJlizes to rutile with increasing temperatures. 
Collaboration: *Institut für Festkörper- und Werkstofforschnng, Dresden 
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Surface bioreactivity of ion implanted Ti 
Ion implanted Ti was examifled for its surface bioreactivity by mineralh- 
tion, to form bone-like hydroxyapatite precipitates, in a simulated body fluid 
containing soluble Calcium and phosphate ions. The experiments were car- 
ried out in a fluid cell at 37OC by exposing samples to the solution and in 
situ recording the surface with an optical rnicroscope. Samgles under test 
were pure Ti (control sample) and Ti implanted either with Ca or P or Ca 
and P. The camparison reveals a drastically different behaviour of two w e s  
of surface, showing the active involvernent of implantation incorporated 
species in interfacial reactions. All ion implanted surlaces exhibit enhanced 
apatite formation, evidently reflected in the early stages of exposure to 
solution. The rate of rnineralization increases withthe implantation fluence. 
The precipitates on jmplarited surfaces are populated laterally more homoge- 
neously than On the control sample. The prevalent inteficial process is the 
hydroxyapatite precipitation while no surface degradation is obsenred. The 
surhce reactivity is related to surface-incorporated Ca0 and P105 supplyhg 
mineral-fonning precursors CaZ+ and P043-. 
Collaboration: *Institut fiir Festkörper- und Werkstofforschung, Dresden; 
**Institut für Analytische Chemie, TU Dresden 

Phase formation and mechanical properties in AI-implanted Ti 
Within a Programme to iTngrove the surEace properties of Ti for medical 
applications Al was implanted into pure Ti at 195 keV with doses from 
l ~ l O * ~  Al/cm2 to 1 ~ 1 0 ' ~  ~ l l c m ~  resulting in Al depth distribution~ with ma- 
ximum concentrations k m  about 10 'to 55 at.% Al. ;BI- double hqiantation 
with 100 and 195 keV of 1x10'~ Nm*, for both energies a layer eirten- 
frcHnthe surface to about 500 nm with axnmknum wnmtration SO at.% Al 
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was formed. XRD shows that for Al concentrations < 50 at.% only precipi- 
tates of Ti&l are formed. For a maximum Al wntent of 50-55 at.% up to an 
annealing temperature of 500°C only Ti3& is found, however, after anneal- 
ing at 700°C also TiAl is observed. The Al double implantation results 
already in the as-implanted state in a disordered fcc (TiAl) phase beside 
Ti& which transforms by annealing 600°C into tetragonal TiA1. The haxd- 
ness of the implanted layer increases with increasing Al dose up to a factor 
2 for the double implantation. For samples with Ti& precipitates only by 
annealing at 500°C a hardness decrease is observed. This hardness decrease 
becomes negligible if TiAl is fomed during annealing. 
Collaboration: *Lipetsk State Technical University, Russia 

Corrosion behaviour of high-dose Al-implanted Ti 
Surface alloying of Ti was prepared by consecutively implanting 1 x1018 
Al+/cm2 at 200 and 100 keV in pure Ti or with pre-implanted V (2 X 1 O17cni2 
at 200 k m .  The implanted surfaces were examined for their corrosion 
behaviour in 5 M HC1 by recording the corrosion-time curves and potentio- 
dynamic polarization curves. Before corrosion test the surfaces were charac- 
terized by XRD and AES. The corrosion rate is about 8 times lower, and the 
process occurs at a moderately unnoble potential, compared with a control 
sample ofpure Ti with its natural passivatmg oxide barrier. These character- 
istics are also different from those of a pure Al surface. At anodic potentials 
greater than 20 mV (NHE) an increase of the current density due to dissolu- 
tion of surface Al is observed. Both the corrosion and the anodic dissolution 
occur on the barrier-fixe surface. Our observations suggest that the corrosion 
is determined by titanium aluminides, the intermetallic compounds generated 
by ion implantation. Two such compounds were revealed by XRD: the hcp 
Ti3& and a disordered fcc TiAl at the as-implanted state. The surface Al 
concentrations of 25-65 at.% determined by AES fall within the compositio- 
nal ranges of the specified compounds. 
Collaboration: *Lipids State Technical University, Russia 

Focused Ion Beam 

S. Hausmann Dwell-time effects in focused ion beam synthesis of CoSi,: Reflectivity 
L. Bischofl measurements 
J.  Teichert CoSi, layers were produced by 70 keV Co2+ FIB ;"Plantation into Si(l11) 
H. Fuhrmann * at temperatures of about 4OO0C and subsequent atlfleaiing. The CoSi, 

layer q u w  depends On pixel dwell-time and substrate temperature. Only 
properly chosen parameters result in a continuous layer. The dwell-time 
(1-250 PS) and substrate temperature (355-40O0C) dependence was inves- 
tigakd by SEM, reflectivily measurements and RBSIC. The r ed t s  show 
that the i~adiation damage increases with dwell-time and decreases with 
temperature, hdicating an interaction between the damage creation rate 
and the dynamic annealing rate. Already &er implantation of less than a 
tenth part of the dose required for continuous layer fomiation, the ~LE&Q 

of the resultuig CoSi2 layer is predetermuled. 
Collaboration: *PauI-Scherrer-Institut, Zürich, Switzerland 
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Micro-Ramm spectroscopy and ion channeling anaiysis of crystai dam- 
age in Si due to FIB Co implantation 
The damage produced by Co ions in Si were investigated since layer and 
interface quahty of the CoSi, formed by ion beam synthesis strongly depend 
On the degree of irradiation damage. Implantation was performed with Co2+ 
ions of 70 keV in n-type Si(ll1) with fluences of 6.7x1015mi2 and 
1.2x10'~cm-~ varyingthe dwell-time (1-250 PS) and the target tempera- 
ture (RT, 355415°C). The irradiation damage was measured by means of 
Micro-Ramm spectroscopy and RBSIC. Althoughthe fluence was constant, 
a higher degree of damage was found for longer dwell-times. Above a criti- 
cal dwell-time which increases with implantation tempera'hire the Si becomes 
amorphous. The dwell-time dependence of the damage can only be under- 
stood if an interaction of disordered zones occurs during FIB implantation. 
From the critical dwell-time the typical time for dynarnic anueahg can be 
estimated to be in the order of 10"s. The study of the temperature depen- 
dence provides an activation energy of 3 eV. 
Collaboration: *Fri&ch-Schiller-Univenität, Institut für Physikalische Chemie, 
Jena 

Local color centers in synthetic diamond produced by FIB and high- 
energy electron irradiation 
Localized color centres were produced by electron and ion beam irradiation 
of synthetic diamonds of type Ib (substitutional nitrogen hpunties). Irradia- 
tions were &ed out with 400 keV electron beams md with focused ion 
beams of Ge (70 keV), Co (35 keV), and Ga (30 kew. In a subsequent 
annealing process the color &es were formed by vacancy defect migration 
to the substititional nitrogen atoms. Light emission mainly appears at 575 
mn and 637 nm, correspondmg to the neirtral and negative charged nitrogen 
vacancy complex. The point defect production with eleetra beams requires 
sufficient high eledron energies. Consequently the large penetration depth 
and the lateral straggling of the electrons prevents a sharp localisation of 
light emitting areas. In contrast, point light sources of mometer dimension 
could be formed by means of focused ion implantation and proper annding 
conditions. Light emitting h e s  and pokt asrays were produced. Local 
photoluminescence and crystal damage were measured by confocal micros- 
copy and Raman spectroscopy, respectively. Furthermore, diamond cantile- 
ver tips were irradiated on their tops with the focused ion beam. The pokt 
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, **W- 
Planck-Institut für Metallphysik, Stuttgart, ***Fraunhofer-Institut für 
zerstomgsfreie PrüfVerfahren, AAußensteUe EADQ, Dresden 

Direct FIB patteming of electrostatic trap structures for the handling of 
biologicai cells 
The handling of living biologkal cells (i.e. Virus or bacteria) in an opticd 
microscope is possible by applying an electrostatic potential at microstnic- 
tures with dimensions of the cell size. A four layer device was designed 
consistmg of a nrst metal film (10 nm Ti + 100 nm Pt), a 1 ptn PECVD- 
Si& layer, a second metal fiim and a 1 p polymer-insulator. Test struc- 
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ture pattem has been realized using a thin TiPt metal film deposited on a 
glass substrate by means of Standard optical lithography up to a level of 5 
p feature size. The fuial structuring was done by writing focused ion bearn 
milling down to the sub-j.un level using the FIB System MSA-100. The gap 
size as well as the shape of the electrodes were varied using an Auto CAD 
aided pattem design. 
ColIaboration: *GeSiM mbH Rossendorf; **HumboldtüUniversität Berlin, 
Institut für Biologie 

FIB preparation and characterization of SEM and TEM samples 
FIB sputtering represents a promising preparation technique for microstruc- 
tural charactektion. Cross-section cuts for SEM inspection can be per- 
fomed and TEM lamellas can be prepared. Compared to conventional 
methods there are some advantages as improved position accuracy, less time 
consuming, and applicability to very hard or very sensitive materials. The 
preparation has been W e d  out withthe Orsay Physics Dual Beam System 
applying a Ga ion source. XTEM samples of stainless steel were prepared 
in two steps: fabrication of a T-shape sample with a wafer saw and FIB 
rnilling of the TEM larnella. Cross-section cuts were canied out from a 
variety of metallic multilayer Systems. Tnspection were done with the s w -  
ning electron or ion beam. The ion irnages with lateral resolution of about 
10 nm were found to be fuller in contrast and more informative with respect 
to the grain structure of the layers. 
Collaboration: *Fraunhofer-Institut für zerstömgsfreie Prüfverfahren, 
Außenstelle EADQ, Dresden 

Investigation of the emission characteristics of alloy LMISs as a function 
the source temperature 
Liquid metal ion sources (LMIS) are very important components in FIB 
technology. Thetemperature behaviour ofthe sources is essential to know in 
order to operate the LMIS in a stable emission regime with a 10% life time. 
LMIS's wett& withAu„Gq7, Au,Ge„Si, and Co3&d64 alloys were investi- 
gated. The tmperatures of the needle tip, the droplet and the füament tung- 
sten wire wexe measued with an optical pyrometer through a window of the 
vacuum chamber as a function of the heating current in the range of 650°C 
to 1200°C. The calibration at the melting points (TAu„,~u„»3650C, 
Td566OC)  was perfomed visually by microscopy. For the AuGe and 
CoNd d e r s  the extraction voltage decreases with temperature according 
to theoretical predictions with the Square root of the surface tension. In the 
case ofthe AuGeSi emitter, a completely drfferentbehaviour was found. The 
extraction voltage increases with temperature up to 800°C and then de- 
creases slowly caused by a phase transition of the dloy in -this temperature 
range. 
Collaboration: *UniveIsity of Athens, Department of PIrysics, Greece 

Energy and mass distribution of aUoy LMiSs depending on the emission 
current 
The mass-resolved retarding field energy anaiyser was used for the investi- 
g a h  of dloy liquid metal ion sources (LMIS). The energy resolution ofthe 
Wpment was determüjied to be about 1 eV1 using a Ga-LMIS from which 
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the energy spread is well known. The mass resolution mlAm was estimated 
fiom the separation of the isotopes of the single charged Ge and amounts to 
more than 75. Then the energy spread and the mass spectra of Au,Gq7, 
AunGeMSi, and Co3.&& alloy LMISs were analysed as a function of emis- 
sion current in the range of 1 to 50 p4. In general, the energy spread is 
increasing withinaeasing emission cment due to Coulomb interactions. For 
the Co+-line an energy spread of A w 7 . 6  eV was measured and for the 
Co2+-line a value of 8.8 eV at an ernission current of 1 pA. Thenthe inten- 
sities of all emitted species were measured as a function of emission current. 
In the case of the AuGe alloy LMS the results were compared with those 
obtained with a TOF equipment where a reasonable agreernent was found. 
Collaboration: *ETH Zürich, Institut für Teilchenphysik 

Investigation of solidified alloy LMIS as a regenerative electron emitter 
Solidified liquid meta1 ion sources (LMIS) can be used as high intensity 
regenerative electron point sources for UHV applications. Au,G%, and 
AunGel,Si, alloy LMISs were operated at first inthe ion emissionmode and 
quenched abruptly by switching off the heating current. During this process 
a micro-emitter is formed on top of the needle tip. The radii of the rnicro- 
emitter tips were in the range oftens of nmmeasured by SEM (i.e. r520n~t-1 
for 10 pA quench current). The solidifed LMIS was used as an electron 
source by switching over the voltage poterrtials. The I-V characteristics were 
analyzed using the Fowler-Nordheim plot. It was found that by lowering the 
quenching cments an improvernent of the electron emission characteristic 
can be obtained due to the reduction of the supertip radius. From 0,2 to 3 
pA a stable electron field emission was found limited at higher cwents by 
space charge effects. An in-situ regeneration of the electron emissionproper- 
ties under vacuum conditions is given by the formation of a new tip after 
operating the LMIS in the ion-emission mode. 
Collaboration: *Otto-von-Guericke Universität Magdeburg, Abt. V m W s i k  
und -technik 

Plasma-Immersion-Ion-Implantation/Low-Er Ion Im~lantation 

S. Parascandola Nitrogen retention and loss during ion nitriding of austenitic stainless 
0. Kruse steel 
M. Betd Nitrogen transpor~nxxhkms relevant for the understanding of ionnitriding 
E. Richter of austenitic d e s s  -1 were investigated. During 1owenerg-y nitrogen 

implantation time- and depth-resolved quantitative compositional analysis 
was performed by ERDA. Molecular nitrogen fiom the residual gas does not 
contribute to the nitriding even if no oxide laya is present on the 9urface of 
the samples. At a temperature of 320°C no signifi~nt nitrogen loss due to 
out-diffision could be detected. The influence ofthe surEace oxide layx on 
the amount of retaked nitrogen was systematicall- examined at a tmpeta- 
ture of 320°C, an ion energy of 2 keV and an Ion duu of 0.2 d c m 2  by 
mryhg the oxygen partial presmire of the residual gas. Gianchg ang2e X W  
r e ~ d e d  the fomiation of expanded austenite. ?%e amount of nitragen re 
taked was meac;ued by and shows a mcuslmurn at an oxygen partial- 
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pressure of 3x104 Pa. At this oxygen partial pressure during the nitriding 
process a stationary oxygen areal density is observed corresponding to a few 
monolayers assuming a stoichiometric FqO, layer. This result sustains the 
assumption that the nitsogen retention can be optimized by implanting nitro- 
gen behind a surface oxide layer. 

An investigation on the ion nitriding kinetics of aiuminium by means of 
in-situ red time elastic recoiI detection anaiysis 
Samples of pure polycrystalline Al have been ion nitrided from a hot filament 
broad beam ion source under well defined process Parameters. The ion cur- 
rent density (0.05 mA/cm2 1 1.0 mA/cm2), the sample temperature (300°C 1 
500°C) and the oxygen partial pressure (3 X 10" Pa - 3 X lO-, Pa) have been 
varied systematicilly. Before and during the ion nitnding treatment the time 
evolution of the nitrogen and oxygen profiles were obtained by means of in- 
situ Real Time ERDA. The oxygen partial pressure is a critical parameter for 
the successfid ion nitriding of Al. It strongly affects the existence of a surface 
oxide layer that acts as a bmier for the diffusional nitrogen transport. At a 
low oxygen partial pressure and 300°C a nitrogen retention rate depending 
on time is observed. At 400 "C and 5 00 "C a layer with a NI&-ratio of about 
1 grows. The nitrogen retention rates are constant, both about two-thirds of 
the nitrogen h v a l  rate. The existence range of the surface oxide layer can 
be predicted by serni-quantitative considerations onthe oxygentransport. The 
interplay of sputterhg of the surface oxide and its reoxidation from the 
residual gas emerges as a key parameter for the ion nitriding of Al. At a 
temperature higher than 400 "C the AlN-layer growth is limited by the rate of 
nitrogen supply. 

Experimental investigation of the thermal transport during ion nitriding 
of aluminium 
The thennal transport during ion nitsding of aluminium has been studied by 
subsequent implantation of '% and '%J. The implantations have been perfor- 
med from a broad beam ion source with an energy of 1 keV and fluence of 
2.8 X 10" at/cm2 for each isotope. The temperature was kept at 500°C d i c h  
ailows fast diffusion. The oxygen partial pressure was below 3x109 Pa 
throughout the treatment. 
X-ray diffraction at 0.5 " grazing incidence indicates the formation of hexag- 
onal AlN. By applying the Scherrer f o d a  a grain size of about 5 nrn is 
estimated. NRA has been applied to determine the depth profiles of '% and 
"N usiug the reaciions '% (d, al)12C and "N (d, a,)l3C at an incident deute- 
rium energy of 1.2 MeV. The preimplarrted '% is found only in the buik, 
whilethe posthplanted 15N is locatednear the smfhce. The observed '% and 
15N depth profiies ob& rectangular like shape which are weii separated 
from each other. Tbis indicates a layer by layer growth of the AIN phase, 
while the new layer is formed near the surface. On the base of this results we 
conclude h t  chiring nitnding of aluminium the Al atoms diffuse from the 
bullc towards the suriCace. Considering the grain size of the AlN-precipitafes, 
this diffusion may occur via a grain boundary mechanism. 
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Improvement of the mechanical properties of AISI M2 steel after nitro- 
gen PI11 treatment 
The influence of nitrogen PIII onthe mechanid properties of AISI M2 steel 
was investigated. An implantation voltage of 40 kV was applied in the fluen- 
ce range of 2-8x1018 ions/cm2, at a sarrgle temperaime of 380°C. The maxi- 
mum hardness of M2 steel &er PILI treatment is observed for irnplan-tation 
fluences of 4 and 8x1018 ions/cm2. The hardness reaches the value of 
-25 GPa which is more than 2 times larger than the hardness of untreated 
steel, while the friction coefficient is reduced by 50 %. CEMS analysis 
indicate that nitrogen implantation signifcantly changes the local iron envi- 
ronment, with an implantation-induced parafnagnetic phase being dominant. 
This phase is most probably attnbuted to a y -Fe(C, N) fcc stsucture with 
nitrogen at interstitial sites. CEMS and AES investigations reveal that the 
phase trmition into highly doped (up to 40 at.% N+C) austente occurs in a 
shallow surface layer of about 0.1 pm thickness. 
Collaboration: *Mir& State University, Belarus 

Nitrogen PI11 into high speed steel 
High speed steel (HSS) is a standard material for cutting tools with operation 
temperatures up to 500°C. Pm is a technique suitable for surface modifica- 
tions at moderate temperatures around 300400°C. The difhion behaviour 
of nitrogen during PI11 and subsequent anniealing was investigated to see 
whether low temperature implantation's are suitable for HSS tools. Nitrogen 
implantation using PIII into M3 HSS at 400°C at fluences between 1 and 
6 ~ 1 0 ' ~  atoms/cm2 was perfomed. The depth profiles were determined using 
GDOS-technique. Additionally depth-resolved micro-hardness measurements 
were perfomed. The hardness increased fkom 10 GPa for untreated HSS to 
18 GPa &er nitrogen PIII treatment. During PIII treatment a Iiitrogen diffi- 
sion constarit of 1 .75xlO" cm2s-', well within the range reported for nitrogen 
in b.c.c. Fe, was observed fi-omthe concentration profiles. Atter annealing at 
400°C for 1 h, neither a change in the diffusion length nor in the retained 
dose is observed. The quality of the Ms was considerably increased when the 
free carbon, not trapped in carbide precipitates is additionally included inthe 
fits. Possibly, the implanted nitrogen is bound inthe diffusion layer in micro- 
precipitates at grain boundanes and dislocations, This view is corroborated 
by the enhanced contrast Seen in the SEM cross-sectiom, whereas these 
precipitates would not contribute to an XRD Signal as the size is too s d l .  

Wear resistant coatings for high precision tools by Plasma immersion ion 
implantation 
The ever increasing demands for high precision machullsg md increased 
cuüing performance, in terms of cutiing speed and Hktime, require wear 
resistant tools of large dimensional acmracy that have vexy sharp CU- 

edges. All these requirements can not be fülfilled by the classical PVD and 
CVD technologies since they result in overby coatings of several itm 
thickness on the cutting edge. Plasma immersion ion lrnplantation (Pm) W 

used to proCLuce TiN coatings for high precision toois rvhich meet the above 
rquirements. A tItanium plasma was generated by a dc metarZ vsysour arc 
plasma source. Adding nitrogen feed gas to the plasma and -pplyhg negative 
high voltage pulses to &e t d s  to be treatwi, thin TiN coatings codd be 
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produced on the tool surface. As the thickness of this coating was less than 
lpm, no loss of sharpness of cutting edges was obtained. The tool life of 
hard meta1 gun drills could be increased nearly threefold by this new coating 
technology. 
Collaboration: MTU Lewen, Gühring company and Cerametal 

Nitrogen and boron double implantation into austenitic stainless steel 
Nitrogen and boron double implantation into austenitic stainless steel ( S S -  
3 16L) were perfomedto enhance further the beneficial properties of nitrogen 
implantation, especiaily to reduce the brittleness of the near surface region. 
Nitrogen was implanted at first using PiIi at a temperature below 400°C. 
The fomtion of a solid Solution of nitrogen in the stauiless steel ("expanded 
austenite" or "S-phase") has been characterized by XRD measurernents. Bo- 
ron was subsequently implanted in this first experiment using a conventional 
ion implanter. The effects of the boron implantation were compared withthe 
expanded austenite samples annealed for the same duration as the boron 
implantation. No significant diffision of the boron is observed, whereas the 
pre-implatrted nitrogen shows additional diffusion during the boron implanta- 
tion. The boron implanted specimens exhibit an even higher wear resistance 
(factor of 2) correlated with a slightly decreased surface hardness, than the 
already excellent values for expanded austenite. 

TOF-ERDA, RBS and TEM studies of corrosion barrier film formation 
on Al-4.5Mg-0.05Cu aiioy 
TOF-ERDA has been used to determine the distribution of B, 0 and Mg in 
corrosion barrier films formed by anodic oxidation on an electropolished Al- 
4.5Mg-0.05Cu alloy. The results are in reasonable agreement with those of 
RBS and EDX analysis in TEM. Magnesium are incorporated into the film 
at the alloylfilm interface, migrate outwards in the film at approximately 
twice the rate of f l  ions, and are ejected into the ammonium penta-borate 
electrolyte. As a consequence of the faster migration rate of Mg, its concen- 
tration in the alumina layer is less than that in the ailoy. Boron originating 
fiom the electrolyte was found to be limited to the outer 40% of the film 
thichess. A copper enrichrnent of 1.3x10'~Cu atoms/rm2 at the doylfilm 
interface could be found by RBS as a result of the electropoliskg pretreat- 
ment of the alloy. During the formation of the anodic film, voids develop at 
the alloylfilm interface, which are attributed to the 30% lower oxide volume 
of Mg0 compared to 40,. 
Collaboration: * C o d o n  and Protection Centre, University of Manchester 
Institute of Science and Technology, Manchester, UK 

Andysis of Al,O, surfaces modified by puised pIasma beam modification 
Single cqstatline sapphire and polyciystalline 4 0 ,  ceramics were irradiated 
-4th intense plasma pulses generated in a rod plasma injector (RPI) to obtain 
elernental mixing of surface near layers, The RPI works in a regime referred 



2. Werner* 
E. Christalle 

supported by 
EU 

St. Jankuhn* 
D. Grambole 
F. Herrmann 
T. Reinert* 

supported by 
BMBF 

U. Reibetanz* 
D. Grambole 
F. Herrmann 
T. Reinert * 

to as deposition by pulsed erosion (DPE) providing plasrna beams consisting 
of gaseous (nitxogen, argon, xenon) and metal ions (-um or molybdenum) 
in controlled fractions. Sequences of single pulses with energy densities of 
about 6 J/& and d d o n s  in the p-range were applied to melt a thin layer 
of the substrate and get a deep mixing. RBS, AES and SEM were used to 
study the depth profiles of the metals. The investigations revealed a peculari- 
ty of the mechanism of the DPE. The metal ions are hardly accelerated and 
reach the sample only after resolidification of the surface, causing a deposi- 
tion of a thui layer, which is molten by the following pulse. In this mode it is 
possible to obtain mixing with Ti. No mixing, but surface droplet formation 
was observed for Mo, probably due to the large differente in surface tension 
between Mo and substrate. 
Collaboration: * Soltan Institute for Nuclear Problems, Swierk, Poland 

Nuclear microprobe analyses of ancient human bone 
In order to get more information about the relationship between biological 
development, health staais, and living conditions of our ancestors, osteoden- 
sitometrical methods are coupled with ion beam techniques. Femoral cross 
sections of ancient human bones of the Merowingian period (6-8* century 
AD) were analysed by lateral-resolved micro-PIXE at the Rossendorfnuclear 
microprobe using a 3 MeV proton beam of (3x3)pm2 at 200 PA. The cross 
sections were s~aflfled radially fkom the outer edge (Periost) in the direction 
to the middle of the bone (Endost) over a distance of 1.55 mm at I1IaXIII1um. 
A different behaviour of the radial distributions of the main and trace ele- 
ments like P, Ca, Mn, Fe, Zn, Br, and Sr was observed. In the Gase of Zn, a 
possible explanation for these characteristic profiles is that Zn dchmen t  in 
the centres of bone formation is superim-posed onto a diffusion profile of Zn 
fiom the environment into the bone. These results indicate post mortem mi- 
neral exchange processes and dia-genetic alteration during burial of bone 
tissue in soil. However, these processes are lunited to the region near the 
surface (up to a maximum of 1 mm). 
Collaboration: *Institut für Experimentelle Physik 11, Universität Leipzig 

Element distribution analysis in articular cartilage by means of micro- 
P m  
The investigation of structure and mechanical properties of the articular 
cartilage is important to the understanding of abnormal and pathological 
changes of the joirtts. The elemental distsibutions of P, S, Cl, K and Ca over 
an area of (1~1.5) mrn2 fkom the bone-cartilage-interface to the arlicular 
surface were measured withmicro-PIXE by means of the Rossendorfnuclear 
microprobe. The samples were freeze-dried sagiäal sections of a knee joht 
from a juvenile domestic pig. Parlicuiarly, we f w e d  on differentes in 
elemental distributions of mechanically loaded and udoaded cartilage s m -  
ples. The distribiztions of S and K are not affected by mechanical loading. 
Due to the excretion with the cartiiage water C1 suEerred a loss of 25% with- 
out loading. The most iriteresting results could be found in the distnbutions 
of P and Ca. The loaded samples revealed an increase of 35% of the mntents 
of Ca and P slightly below the articular surEace in a 25 pn tangential nbbon. 
The reason is probably the fiux of d l a g e  water slue to uie loading- that 
brings Calciumphosphates to the surface region %kre they are trapped in the 
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narrower tangential collagenous netwark. This enrichment of Ca and P could 
be the reason for increased formation of microcrystals that effect destmctive 
arthrotic changes of the cartilage. 
Collaboration: *Institut für Experimentelle Physik 11, Universität Leipzig 

Investigation of the hydrogen content in Ti alloys 
Titanium and its alloys show good biocompatibility and are therefore in- 
creasingly used as biomaterials. Using electrochemical processes grow 
mechanism and thickness of the oxide can be controlled over a wide range 
because the oxide has n-semiconducting properties and the ion charge num- 
ber of the cation (Ti4+) and anion (0'-) are very different. A two layer model 
can be used for descnbing electrochemicaliy formed oxide layers (inner 
banier layer, outer gel-like porous layer). The airn of this investigation is to 
get more information about the structure and composition (water content) of 
the oxide layer. 
Specimens of T i 6 W  were oxidized in neutral phosphate bufEer solution at 
37°C under galvanostatic and potentiostatic conditions. The water content 
was investigated as a function of time at constant current density and as a 
function of the anodisation conditions by measuring the hydrogen content 
using the resonant nuclear reaction 1H('SN,oly)'2~. Due to the observed 
strong hydrogen loss during the measurements the Y-yield was measured in 
dependence on the lSN ion fluence and than i3ied by an exponential function 
to get the yield value at the begitining of the analysis. First results for thick 
oxide layers (160 nm) show that the water content, as judged by the H-im- 
pulses, depends strongly on the electro~hemically conditions. The oxide for- 
med under potentiostatic conditions contains only a small amount of water, 
which was found in the 118 of the oxide, whereas the galvanostatic formed 
oxide contains water throughout the whole outer porous layer (80-100 m). 
Collaboration: *TU Dresden, Institut für WerkstoaYissenschaft 

M Fnednch Tritium detection by accelerator mass spectrometry (AMS) 
K Pilz The activities for tritium depth profiling by AMS at the 3 MV Tandetron 
N. Bekris* have been restarted on the base of a contract between the FZ Rossendorf and 
Ru. Penzhorn * the FZ Karlsruhe/Germany. Sarrgles from the wall material of the fusion 
R HelZborg** experiment JET Culham/UK have been prepared in the tritium laboratory of 
S. 1Maffssonn ** the FZ Karlsruhe. The tritium contents of the investigated sarnples were one 
R. Vesanen *** to two orders higher in conq,asison to the fomer measured samples fiom the 

fusion experiment ASDEX-upgrade of the Max-Planck-Institut ftir Plasma- 
physik GarchingIGemiany. The problem ofthe detector overloading has been 
solved by ulstallation of the detector at the end ofthe iuplantation beamline, 
which dies defined swining of the tri t im beam over an aperture in front 
ofthe detector. Additiody, nrst measu~ements have been made in collabo- 
ration with the Universities of Lund and Göteborg for the tntium detection by 
AMS for biomedical applications. 
Collaboration: *Forschmgsze.ntnun IbZsnzhe, **University of Lund/Sweden, 
***UniVers@ of GöteborgEweden 
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Composition analysis of medievai glass using P m  
The resistivity of potash-lime-silica glass to mvironmental attacks is mainly 
determined by the contents of silicon oxide. Hence, the determination of the 
S m C a  atomic ratios in the bulk of medieval glass objects of art helps to 
decide on the necessIty of preventive atmospheric conditions for Storage in 
the museurn. Nondestnictive PIXE studies of the glass bulk, however, are 
possibly modified by the presence of a leached surface layer pretending high 
concentrations of Si and low concentrations of K and Ca. To evaluate those 
effects PIXE measurements were carried out On synthetic glass sarnples of 
medieval composition covered by leached coatings of differentthickness. The 
compositions of the leached layers obtained from the PIXE spectra were 
simulated using the GUPM code. In the case of thin altered surface layers, 
knowledge about the layer stnicture gained by artificial leaching or natural 
glass corrosion plus the individual GUPM model calculations allow to cor- 
rect the measured values to get the real composition of the glass b u k  
Collaboration: *Institut für Farbenchemie, Akademie der Bildenden Künste 
Wien, Österreich; Bundesanstalt fiir Materialforschung und -prüfung Berlin, 
Fraunhofer-Institut für Silicat€orschung Bronnbach 

Surface layer destniction during ion beam analysis 
A mathernatical evaluation for the signal decrease in ion beam analyses has 
shown that the decrease depends cntically on the lateral distribirtion of the 

** analysing ion beam. We will assume a single step distraction process and no 
dependence on the current density. For a nearly uniform current distribution 
an exponential decrease of the analysing signal is expected, while for a "bell 
shaped" or Gaussian current distributionthe measured signal should decrease 
withthe total nmnber of incidence ions Qf as (R2/p2i0)l 1 -exp(-i0(~ßR)~]. Here 
np2 is the destniction cross section and 2R the half width of the cun:ent 
distribution. The decrease of the Au PIXE signal as measured during the 
analysis of an Au layer of 75 nrn on graphite using 10 MeV Si ions could be 
well fitted to the above dose dependence giMng a W d o n  cross section of 
0.012 nm2 and indicatjng a Gaussian current distrrbution. With this distrac- 
tion cross section a erosion yield of about Y= 53 Au-atoms/Si-ion can be 
deduced. In a micro-ERDA analysis of the hydrogen in a carbon sampie 
using also 10 MeV Si ions the measured s i e  decrease could be described 
by a simple exponential function, indicating that the current didistnbution used 
was very uniform on the beam spot. The decrease gave a desorption cross 
section of about np- I&. 
Collaboration: *Mau Plan& Institut für Plasmaphysiky EURATOM Association, 
Garching bei München; **Instim für Theoretische Physik. Universität G m ,  
Österreich 
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Co/Cu solid solution prepared by ion implantation 
Granular samples of the irnmiscible system CoICu attracted large research 
activity because of their giant magneto resistance (GMR) behaviour. To get 
a sample with high GMR one has to prepare a solid solution of Co in Cu, 
which is difncult due to the positive heat of mixing of the system. After- 
wards, one uses the spinodal decomposition of ColCu upon annealing. in this 
project, Co is directly implanted into Cu at 200 keV with a maximum 
fluence of 2x10'' cm-'. AES shows a nearly rectangular depth distribution of 
Co in Cu. The maximum Co concentration is about 25 at.%. The formation 
of a solid solution without Co clusters is shown by XRD, TEM and mag- 
netic measurements. XRD shows only fcc-Cu-peaks that are slightly shifled 
towards fcc-Co for low angles of incidence. No clusters could be found by 
TEM investigations and an EDX mapping showed a homogeneous Co distri- 
bution in the implanted area. SQUID measurements of the rnagnetic moment 
at low temperatures and low extemal fields &=5 mT) confrrmed a 
spinglass behaviour, indicating that ferro- and antiferro-rnagnetic interac- 
tions exist in random distnbution. The presence of Co clusters would lead to 
superparamagnetic properties. 
Collaboration: * Institut für Festkörper- und Werkstofforschung Dresden 

Influence of Si ion-implantation on the microstructure and oxidation 
kinetics of TiSOAI 
The application of intennetallic Ti504 above 700°C fails due to low oxida- 
tion resistance. Inthis mvestigation Si was implanted at 1 MeV to reduce the 
high temperature oxidation. The fluence was varied fiom 2 .5~10 '~  to 
8 x 1 0 ' ~ ~ ~  redting in a local concentration of Si between 1 at.% and 
35 at.% at a projected range of 1 p. After implantation an increase of the 
a,-Ti&l phase is found. Isochronal annealing in Ar and in air for different 
temperatures was performed. For the highest fluence AES depth profiiing 
shows that titanum Starts to diffuse at 650°C into the implanted regiog 
whereas the Si- proiiie remains unchanged. XRD proves the formation of 
Ti5%,. After 750°C a pronounced oxidation stark The depth profile for 
850°C shows an aImost constant oxygen distribution up to the Si profile, 
which acts as a diffusion barrier. XRD shows the existente of a mixed 
Ti02/A2,03 scale, the Ti5Si, phase is stiU detectable. Long t em TGA oxida- 
tion tests at 900°C in air show a positive effect in the beginning of oxidation 
for the fluence of 8x10~' Si/cm2. After a few hours the oxidation kinetic is 
shilar to unimplanted T i 5 0 4  but the mass gain &er 100 h is still 30 % 
d e r .  
Collaboration: *Karl-Winuacker-Institut der DECHEMA e.V., Frankfwt a.M. 

Protection of y-based TiAl against high temperature oxidation using 
plasma immersion ion implantation of chlorine 
The effect of plasma immersion ion implantation of chlorine onthe high tem- 
perature oxidation oftitanium aluminides above 800°C in air was investi- 
gated. 
Beam Iine implantation of chlorine irito a binary Ti50AI alloy has a very 
good protective effect even at a ion energy of oniy 15 keV. Due to fast dif- 
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diffusive processes at elevated temperature, the protective effect is indepen- 
dent of the resulting depth distribution of Cl. This energy appears to be the 
lower limit, since the projected rage  falls into the natural oxide layer. Con- 
sequently, plasrna immersion ion implantation can be employed in order to 
treat non planar surfaces and to use the C1 effect for potential application. 
First experiments with Cl, plasma irnmersion ion implantation were per- 
formed. Oxidationtests show that a short time PI3 treatment for protedion of 
TiAl alloys against hightemperature oxidation is possible using the C1 effect. 
Ion enhanced etching leads to an increased surIace roughness, which may be 
positive for the adherence of the scale. The C1 depth distribution afker im- 
plantation is very close to the surface and is limited by the balance between 
etching and implantation. Nevertheless, a sufficient amount of C1 c m  be in- 
corporated. 
Collaboration: *Karl-Winnacker-Institut der DECHEMA e.V., FranlGurt a.M. 

ing &as substantially suppressed at low tempraNeS. Egli mergy ion 

Modification of Ta-based thin film barriers by ion implantation of nitro- 
gen and oxygen 
For copper metallization schemes for microelectronic devices tantalum is a 
promising candidate as a difksion 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 stabiiity. The irnplan- 
tation alters the composition and the microstructure of the films. Above a 
threshold dose of lx1017 N+/cm2 and 3x1017 Oi/cm2, respectively, in 100 nm 
Ta the original Ta structure is destroyed. Oxygen implantation leads to 
amorphization. In the high dose W-implanted samples (2 3x1 017 N+/crn2 into 
100 nm Ta) nitride fonnation is detected. These changes of the microstxuctu- 
re have to increase the barrier stability considerably. The layers amosphized 
by oxygen implantation remain amorphous also after annealing at 65Q°Cllh. 
Plasma source ion implantation has been successfully tested to modifv very 
thin Ta films (15 nm). 
Collaboration: * %G Institut für Zerstömgsfreie Prüfverfahren Dresden 
(EADQ), ** TU Dresden, Institut für Halbleiter- und MikTosystzemtechnPk 

Ion Beam Mixing of the ZrOzlFe System 
Stabilised zirconia (SZ) layers (ZrO, stabilised with 12 mol-% Y&) were 
deposited by sputtering on 200 m thick Fe layers on SiO$Si substrates. The 
thickness of the SZ layers ranges fiom 35 to 100 nm. Ion bearn mixing of 
these shuctures by Kr ions of 300 keV and 1.5 MeV was studied for implan- 
tation temperatures ranging fiom 100 K to 300 K. Accordhg to the XRD 
analysis the asdeposited SZ and Fe layers were characteked by very s d  
grains (10-20 nm). Upon ion bombardment at RT no crystallite growith was 
observed. Butthe tetragonal crystalluie stnicture of asdeposited SZ layers 
transforms into the cubic one with the lattice constant of4% larger than the 
Standard value. Ion bombardrnent with 300 keV Kr ions produces continuous 
decrease of the XRD Fe signat Yvith increasing ion dose indicating the p d d  
amorphization of Xhe Fe layer. At fluences exceeding 1x1 OX6 atkm2 the fm- 
mation of the rare Fe0 phase (wuestite) was observed. RBJ analysis re- 
vealed imuortant atomictraamort across the SZEe uitefice. fculetics of the 
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bombarhent produces only transformations of the crystalline structure 
without any visible atomic transport. 
Collaboration: *Institute of Electronic Materiais Technology, Warsaw, Poland 

Electrocatalytic activity of Ni-implanted Ti surfaces 
There is a great interest in obtaming model smfäces for a systernatic study of 
the electrocatalytic a&&y of Ni. Ni+ ions were implanted into a polished Ti 
surface at 40-55 keV to fluences ranging from 5 X 1 016 to 3.2 X 1 O17cm2. The 
surfaces were characterized by AES / XPS, XRD, and optical rnicroscopy. 
The electrocatalytic activity was examined by oxidation of glucose in 0.1 M 
NaOH using cyclic voltammetry measurernents. The Ni concentration 
reaches a ItliuUmum value of ca. 60 at.% at 50 nm from surface, with Ni2+ 
present on the outermost d a c e  and elemental Ni incorporated undemeath 
the surface. The Ni phase is finely dispersed or amorphous. The matrix sub- 
strate composes a TiO, surface film gradually replaced by pure Ti toward 
b u k  For Ni+ fluences > 1x1017cmcm27 the suface becomes textured and rug- 
ged. The catalytic activity shows (i) a variation over 3 orders of magnitude 
by changing the Ni" fluence between 5x 1016 and 3 . 2 ~ 1 0 ' ~ ~ ~ ~  (ii) a greater 
efficiency, and (iii) greater stability compared with a polished pure Ni sur- 
face. 
Collaboration: *Institut für Festkörper- und Werkstofforschung, Dresden 

G. Brauer 
E-M Nicht 
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Study of the alloy Al-2024 by positron annihilation spectroscopy 
These investigations were part of a larger program established by AIRBUS 
Industries to characterize the ageing behaviour of the alloy Al-2024 used in 
the fabrication of the aircraft 'Airbus'. The ageing properties of samples 
taken from an aircraft 'Airbus A3001, being in operation for 18 years, have 
been cornpared to a reference material which was artificially aged. 
The results of positron annihilation spectroscopy show that there are no 
significant dif%erences in bothmaterials. Tais finding is in agreernent with the 
results obtained frorn other methods within the scope of the general research 
program mentioned above which points to a materials behaviour as predicted 

supported by for a safe operation of this type of aircraft. 
W K  and Collaboration: *Fraunhofer-Institnt für Angewandte Materialforschung Dresden, 
ALRBUS Bremen **AlRBUS Bremen 

F. Eichhorn Characterization of highly rough surfaces by X-ray refiectometry 
F. Prokerf Wafers with a controlled highly rough surface allow to grow quasi-epitaxial 
J; Sass* layers with only small stsain values in comparison to their growth on flat 
X M i r *  surfaces. The growth conditions for mismatched layers are weakened so that 

a greater variety of layer material can be grown on wafers treated in such 
~ay. TWO differeni surEace profiles were studieck (i) The surface of a Si 
wafer consists of mesas with a man distance of 2 pm and vdeys of 2 pn 
depth between them. The top surfaces of all the mesas are flat and in the 
same height. The s p d a r  reflectivLty shows a clear range of total reflection 
and from the critical angle foliows a density value of 46 % of the Si bulk 
dertsity. The rms-roughness of the top layer was fomd to be srnalI, com- 
parable with the qudity of a flat Si d e r  surface (0.01 nm r.m.s.). (ii) By 
anXsatropic etching a üaAs d e r  a M y  stmcture with moderate gradients 



is fomed. The distance between the bottom to the top of the profile is ap- 
proximately 2.5 W. The mean surface misonentation varies in the range of 
1.4". The X-ray reflectivity cwve dmsn't show any totai reflection range; it 
can be described by a model assuming a material with a monotonic increas- 
ing mass density from the surface to the bulk of the sample. 
Collaboration: *Institute of Electronic Materials Technology, Warsaw 

M. Dobler Ion beam induced epitaxial crystallization of FeSi, studied by CEMS 
H. Reuther The fomation of different FeSi, phases was investigated using the IBIEC 
A. Mücklich process. Si (1 11) substrates were implanted with 200 keV Fe ions at RT and 

fluences ranging from 7~1O'~cni~ to l x l~ '~cm-~ .  The concentration profiles 
have maximum iron concentrations from 0.7 at.% for the lowest fluence up 
to 14.2 at.% for the highest fluence at around 100 nm depth as d e t e d e d  by 
AES sputter proWi.  After implantation completely amorphized Si top 
layers with thicknesses of about 300 nm are found by TEM. The CEMS 
spectra of all samples show a similar broad electnc quadmpole doublet 
which could not be atbnbuted to any known amorphous or crystalline iron 
silicide phases. The subsequent irradiation with 1~10 '~cm-~ Si ions with an 
energy of 500 keV at 350°C induce the f o d o n  of different FeSi, phases 
due to the IBIEC process. For the samples implanted within the low fluence 
range of (0.7-5)xlO'~cm-~ the metastable y-FeSi, is present whereas for the 
fluence of l x l ~ ' ~ c m - ~  the formation of a- and P-FeSi, phase mixture is 
found. 
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Depth selective Mössbauer studies of FeSi, layers produced by ion beam 
synthesis 
For the ion beam synthesis of FeSi, a fluence of 3 ~ 1 0 ' ' ~ ~  Fe ions were 
implanted with an energy 200 keV into Si(ll1) at 350°C. The sample was 
subsequeat rapid thermal annealed at 9OO0C for 30 s. The depth distributions 
of the a- and P-FeSi, phases were investigated nondestnictively by depth- 
selective CEMS. In the as-implanted case an equal-distributedmixture of 
a- and P-FeSi, is found and the total amount is correlated to the Fe depth 
profile determined by AES sputter profiling. The subsequent annealing leads 
to a structured Fe profile correlated to the formation of different Fes& 
phases. In a fkst layer between 20 nm and 130 nm precipitates of a- and ß- 
FeSi, are formed. In the region around the previous Implantation maximum 
from 130 nm to 240 nm pure P-FeSi, is obtaified. 
Collaboration: Wniversity of Duisburg 

Study of interatornic potentials in zinc sulfide 
At the high-flux reactor in Grenoble Crystal-GRiD experimmts have been 
perfomed with three ZnS single-cqsials whose <100>, 4 10>, and €1 11> 
crystal axes have been aligned with respect to the spectrometer a6s. This 
method allows to get uiformation about the kteratomic solid state p o t e n w ~  
andnuclear level lifetimes by fittjng pafameters of adal@cal potential energu 
functions to experimental Doppler broadened y-line shapes. Molecular dy- 
namics (MD) simulations have been perfonned for thr: special situation 0f 
GRID eXpenments where, due to rteutron captrire and a first photon emh- 
sion, the recoil'i atom starts with a h & c  ehergy of about 500 eV within 
the crystal. 



For the first time the theoretically predicted asymmetry of y-line shapes 
could be verified experimentally for an ZnS crystal aligned with its 4 1 1 >  
direction towards the spectrometer axis. The nuclear lifetime ofthe 322 1 keV 
level in 33S has been determuied to be (49k 1) fs, which is consistent with the 
previously reported value (40112 fs). Due to bad statistics, the spectra of 
independent measurements differ substantially from each other. The im- 
proved statistics due to multiple measurements allowed to find by the analy- 
sis more accurate results for both, the interatornic potential for the Zn-S 
interaction and the deexitation lifetime of the nuclear level of sulfur. In the 
studied energy range of 10 to 500 eV, the newly obtained Crystal-GRID 
potential differs significantly from the screened Coulomb potentials, gener- 
ally used in Computer simulations. 
Collaboration: *ILL Grenoble, Frame 
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Operation and development of the electrostatic accelerators 
All three electrostatic MeV accelerators have been operatmg very reliably. 
The 2 W VdG has been applied exclusively for RBS measurements. A new 
charging belt fiomthe IPPE ObninskRussia has been tested. It has shown a 
high electric stabiiay, but &er 300 and 600 h of operationthe belt had to be 
repaired due to discharge tracks. 
The 5 W Tandem has been applied to ion beam analysis, high energy im- 
plantation, basic ion-solid interaction research and detector development. 
Two openings ofthe pressure vessel were necessary for maintenance (voltage 
divider and belt recharging system in the terminal). At the injector an addi- 
tional duoplasnaIron (NiIEFA St. Petersburg/Russia) has been installed for 
generation and acceleration of He ions. 
The 3 MV Tandetron has been used for high energy ion implantation, ion 
beam synthesis and ion beam analysis. Only one opening of the pressure 
vessel was necessary due to some destroyed needle bearings. A new precise 
digital control unit for the acceleration voltage has improved the control and 
stability of the acceleration voltage. 

Extended beamline network 
The e x p e r i m d  possibilities ofthe InstmTte of Ion Beam Physics and Mate- 
rials Research have been signifcantly enlarged by an extended beamline 
networkcombining of different accelerators. The systern allows to usethe ion 
beams delivered bythe 500 kV ion implaTlter andthe 3 MV Tandetron accel- 
e r a r  simultaneously in two different experimental stations, enabling real- 
time in-situ ion beam analysis during implantation or simultaneous ir-radia- 
tion using different ion species or energies. 
The beam guiding system has been optimised by ion optical caiculatim for 
highly efficient transntission to the experimental stations, amounting to 80% 
at least for the upper energy region. The beams can be superimposed with 
adjusrable divergentes or spot sizes. At one ofthe expe rUnd  stations, both 
beams can be scanned simuItaneously across the target surläce. The whole 
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facility is decentrally and hierarchically controlled using comrnerciaily avai- 
lable programmable controllers and a client server stnicture based on per- 
sonal Computers, which are ernployed for control and status visualisation. 
Collaboration: Centrai Department of Experimental Facilities and Information 
Technology 

Double Implantation Chamber 
The Double Implantation Chamber combining two beamlines fiom the 3MV 
Tandetron andthe 500 kV implanter is inthe final stage of constniction. This 
equipment will be used for a novel type of experiments using simultaneous 
ion irradiation with keV- and MeV-energies. The samples can be cooled or 
heated inthe temperature range 100-870 K. The maximum irradiated sarnple 
area is 1.4x1.4 cm2. First experiments will concentrate on ion beam synthesis 
of SiC layers in silicon. The synthesis will be performed with kev-energies 
and the simultaneous MeV irradiation shall support the enhanced grain 
growih within the textured polycryställine SiC layers. Further experiments 
are planned concemhg the advanced defect engineering of dopant implants 
in silicon. 

High-resolution magnetic spectrometer for near-surface analysis using 
RBS and ERD 
A high resolution rnagnetic spectrometer for MeV ions has been cornmissio- 
ned recently. It will be used for the investigation of surfaces and near-surface 
layers of solids by high resolution Rutherford Backscattering Spectrometry 
(HRJ3S) and high resolution Elastic Recoil Detection (HERD). Presently, the 
spectrometer provides a relative energy resolution of 2.5-1 Om3 corresponding 
to a depth resolution of less then 2 nrn in copper (using 3 MeV Li ions at 
normal incidence and a scattering angle of 145 "). 
The spectrometer is designed to investigate both fundamental problems and 
questions concerning practical applications: (i) The correlation between the 
stopping power of an ion passing through matter and its fluctuating charge 
state will be studied. (ii) Using HERD, shallow implantation profiles of 
boron in silicon will be analysed accurately, with direct relevance to the 
fomation of shallow junctions in microelectronics. 

J: von Borany New beamline for high energy ion implantation for industrial Service 
M. Friedrich purposes 
W. Bürger For high-energy ion irnplantation into semicondu~tor wafers, in particular for 
S. Tumc high-power devices, a new bearnline has been constmcted and commissioned 

atthe 5 MV Tandem accelerator. The two dimensional electrostatic scannuig 
system (20 kV plate to plate voltage, scannjng frequencies of about 1 w.lz) 
enables a homogeneous implantation up to 15 cm x 15 cm arm for suigl'; 
charged Protons and alphas up to 8.5 MeV energy. The hplantation 
chamber has volume of about 150 1 containing 14 inadation positions for Si 
wafers with a diameter up to 5". Due to a large ro- pump (65 m3/h3 aTld a 
very effective combination of a 1500 Ils turbomo1eclilar pump and the MG 
Cryogenics Aqua TrapC system the emcuation .time doun to operation 92- 
cuum conditions (< lxlOd mbar) is below 10 min. Different lon beam sow- 
ces (sputter source, duoplasmafron) supply a typical ion beam dens i~of  





toring and silicon electron detectors, which are used for the diagnostics of the 
electron beam in electron beam iithography equipment for the ULSI 
technology. 
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Analvtical Methods 

AES 
AFM 
AMS 

CEMS 

EDX 
ERDA 

J?rrR 

GRlD 
GDOS 

HRTEM 

NRA 

PAS 
P m  
P m  

RBS 
RBSIC 

SE 
SEM 
SIMS 
S Q D  
SPIS 
STEM-EDX 

TENl 

XPS 
XRD 
XlIlEM 

Auger electron spectroscopy 
Atomic force microscopy 
Accelerator mass spectroscopy 

Conversion electron Mössbauer spectroscopy 

Energy dispersive X-ray spectroscopy 
Elastic recoil detection analysis 

Fourier transform infrared spectroscopy 

Garmna-ray induced Doppler-broadening 
Glow discharge optical spectroscopy 

High resolution transmission electron microscopy 

Nuclear reaction analysis 

Positron annihilation spectroscopy 
Polarized infrared reflection spectroscopy 
Proton induced X-ray emission 

Rutherford backsattering spectroscopy 
Rutherford backsattering spectroscopy under channeling conditions 

Spectroscopic eliipsometry 
Scanning electron microscopy 
Secondaq ion mass spectroscopy 
Superconductive quantum interference detection 
Slow positron implantation spectroscopy 
Scanning TEM with EDX-analysis 

Transmission electroa microscopy 

X-ray excited photoelectron spectroscopy 
X-ray d3lYaction 
Cross-section transmission eleciron microscopypy 

Preparation Techniaues 

CVD Chemical vapour deposition 
F?lB Focused ion beam 
BAD Ion beam assisted deposition 
LPCVD Low pressure chemical vapour deposition 
MOS Metal-oxide-semiconductor 
PECVD Plasma enhanced chemical vapm deposition 
P m  Plasma immersion ion implantation 
RTA Rapid thennal annealing 

S u ~ ~ o r t i n ~  Institutions 

BMBF Bundesmiaisterium fiir Bildung und Forschung 
DAAD Deutscher Akademischer Austauschdienst 
DFG Deutsche Fomhungsgemeinschaft 
EU European Union 
SMWA Sächsisches Staatsministe- für Wirtschaft und Arbeit 
SMWK Sächsisches Staatsministerium füL Wissenschaft und Kiuist 
TMR Eurapean Programm "Training and Mobility of Researchers" 
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Untersuchung der Bildung der Eisendisilizide während der Ionenstrahlsynthese und der 
ionenstrahlinduzierten Phasenbildung, 
TU Dresden, 23.01. 1998 



Weber, R., 
Präzipitation von SiO, in Silicium nach einer Sauerstoff-Hochdosisimplantation 
TU Dresden, 26.4.1999 

Wirth, H., 
Elektrische und mikrostrukturelle Effekte in hochdotiertem 6H-SiC nach Ionenimplantation, 
TU Dresden, 28.9.98 

Diploma Thesis 

Gebel, T, 
Spreading Resistance Messungen an Siliziumkarbid (6H-SiC) 
TU Dresden, 29.9.98 

Awards 

Albe, K., 
Doktorandenpreis des FZ-Rossendorf 1998 

Hauschild, T., 
Best poster contribution at HERCULES 1999, Grenoble, France, March, 1999 

Matz, W., Betzl, M., Eichhorn, F., Prokert, F., Reichel, P., Schell, N. with others 
Preis des FZR für wissenschaftlich-technische Arbeiten 1998 (RQBL) 

Parascandola, S., 
ICMCTF'99 Student Scholarship, 
ICMCTF'99, Sm Diego, Ca, USA, April 12 - 15,1999 

Strobel, M., 
Graduate Student Award of the European Materials Research Society, 
EMRS'98, Strasbourg, France, June 16-19,1998 

Meetings Organized by the Institute 

2nd Summer Schoof 'Wuclear Probes and Ion Beams", Bad Blankenburg, Thuringia, Sept. 1998 
(FZ RossendorflHMI BerIin) 

14th International Conference on Ion Beam Analysisf6th European Conference on Accelerators in 
Applied Research and Technology, Dresden, July 26 - 30,1999 

C. Allen, 
Argonne National Lab., Gfiicago, USA, April 16-20, 1998 

W. Arnoldbik, 
Debye Institute, Utrecht, Netheriands, Nov. 14-15, 199% 



N. Barradas, 
Univ. of Surrey, UK, Jan. 5 - 16, 1998 

M. Behar, 
Dept. of Physics, Univ. of Rio Grande dol Sul, Porto Allegge, Brazil, Aug. 17-22, 1998; 
July 1 1 -August 7, 1999 

V.I. Belko, 
Belorussian State University, Minsk, Belanis, Sept. 1- Nov. 30, 1998; March 14 - June 12, 1999 

H. Bemas, 
CSNSM, Paris-Orsay, France, Nov. 7 - 13, 1998 

V.A. Borodin, 
RRC Kurchatov Institute, Moscow, Russia, May 16 -July 18 

G. Catchen, 
Pennsylvania State University, USA, May 20-21, 1999 

S. Coffa, 
IMETEM Catania, Italy, Jan.3 1-Feb.3, 1998 

A. Danilin, 
Centre for Analysis of Substances, Moskau, Oct. 5-7, 1998 

A. A. Deshkovskaya, 
Belarussian State University for Informatics and Radio Electronics, Minsk (Belanis), 
Nov. 25- Dec. 1 1,1998 

S. E1 Sayed Soliman Mohamed, 
Ain Shams University Cairo, Egypt, Jan 1 - Jul30, 1998 

J. Engeldinger, 
Univ. des Saarlandes, July 20 - 24, 1998 

P. Fichtner, 
Dept. of Physics, Univ. of Rio Grande dol Sul, Porto Allegre, Brazil, July 25-August 14.1999 

C. Fischer, 
Wits University Johannesburg, South Africa, Jul9-26,1998 

H. Fuhrmann, 
Paul-Scherrer-Institut Zürich, March 25-26, 1998 

T. Ganetsos, 
The University of Athens, Department of Physics, April 12-24,1998 

B. Groß, 
Univ. des Saarlandes, July 20 - 24,1998 

R. Hellborg, 
University of Lund, Dept. of Physics, Sweden, Dec. 8-11, 1998 



W. Jiang, 
PNNL , USA, Sept. 7 - 18,1998 

J. Kaschny, 
Dept. of Physics, Univ. of Rio Grande dol Sul, Porto Allegre, Brazil, July 15 - Sept. 30, 1998 

R.U.A. Khan, 
University of Surrey, Guildford, UK, May 1- July 3 1, 1999 

W. Knapp, 
Otto-von-Guericke-Universität Magdeburg, Abt. Vakuumphysik und -technik, 
24.2.98,26.-28.3.98, 24.-25.4.98 

J. Krynicki, 
Insitute for Nuclear Chemistry and Technology, Warsaw, Poland, Nov. 11- 13, 1998 

G. Lövestarn, 
Chalmers University of Technology, Göteborg, Sweden, July 14 -17, 1998 

X. Luo, 
Institute of Physics, Chinese Academy of Sciences, Beijing, China, June 21- September 20, 1999 

K.N. Madhusoodanan, 
Univ. Cochin, India, May 5-July 28,1999 

K. Maier, 
Universität Bonn, Jan.21-22.1999 

V.V. Makarov, 
Gentre for Analysis of Substances, Moskau, March 24-26, 1999 

A. Malygin, 
IPPE Obninsk, Accelerator Laboratoq, Russia, April 1 - May 31, 1998 

K. Mazur, 
Institute of EIectronic Materials Technology, Warsaw, Poland, Nov. 16 - 20, 1998 

P. Meheust, 
Universitk de Potitiers, Dec. 6 - 19, 1998 

K. Meyer, 
K., NAC Faure, RSA, May 30 - June 13,1998 

R. Mühle, 
ETH Zürich, Institut für Teilchenphysik, March 25-26, 1998 

T. Müller, 
Technical University Dresden, March 23-24,1999 

S. Nikiforcrv, 
Beamex Ltd., St. Petersburg, Russia, Nov. 23 - 27,1998 

K. Nofl, 
Univ. Bem, CH, May 1 8 - Jurie 19,1998 



A. Osipowicz, 
Fachhochschule Fulda, Jul20-22, 1998 

J. Padayachee, 
NAC Faure, RSA, May 10 - June 13,1998 

B.K. Panda, 
Alexander-von-Humboldt-Stipendiat, Indien, April 29, 1998 -April 30, 1999 

J. Peisl, 
Ludwig-Maximillian-Universität München, Feb. 18 - 19, 19% 

J. Piekoszewski, 
Insitute for Nuclear Chemistry and Technology, Warsaw, Poland, 
Feb. 25 - March 6,  May 6 - 15, July 22 - 31, Nov. 25 - Dec. 5,1998 

F. Priolo, 
Univ. of Catania, Italy, July 21-25, 1999 

T. S. Pugatscheva, 
Technical State University of Tashkent, Uzbekistan, May 12 - April 15, 1998 

U. Reibetanz, 
Univ. Leipzig, Aug. 5 - 8, 1998 

T. Reinert, 
Univ. Leipzig, Aug. 5 - 8, 1998 

A. Revesz, 
Revesz Associates, Bethseda,MD & Naval Research Lab., Washington, D.C., USA, 
April 15-20, 1998 

A. G. Revesz, 
Revesz Associates and Naval Research Laboratories, Washington D.C., USA, 
June 19-23, 1999 

R. Riehn, 
Universität Kapstadt, South Africa, Feb. 1-March 26, 1999 

J.-P. Riviere, 
Universite de Poitiers, France, Oct. 26 - 30, 1998 

A.I. Rogozin , 
Budker Institute of Nuclear Physics, Novosibirsk, Russia, Jan. 22 - May 23, 1999 

M.-0. Ruault, 
CSNSM, Paris-Orsay, France, Nov. 7 - 13,1998 

B. K. Saikia, 
Centre of Plasma Physics, Guwahati, India, Sept. 7 - Oct. 12, 1998 and Nov. 6, 1998 - Jan. 06, 1999 

J. Sass, 
Institute of Electronic Materials Technology, Warsaw, Poland, Nov. 16 - 20, 1998 



S. Scharnholz, 
RWTH Aachen, April 23-24,1998 

E. Sendezera, 
Wits University Johannesburg, South Afiica, May 31 - April 30, 1999 

C. Serre, 
Dept. Appl.Phys. and Electronics, Universität Barcelona, Spain, April 19-25, 1999 

A. Ster, 
MTA-KFKI, Research Institute for Technical and Materials Science, Budapest, Hungary, 
Sept. 1-12,1998; February 21 - March 13,1999 

J. Stoemenos, 
Univ. Thessaloniki, Greece, May 17-2 1, 1999 

V. Stundzia, 
University of Vilnius, Lithuania, March 1 - May 3 1, 1998 

T. A. Telbizova, 
University of Sofia, Bulgary, Feb. 15 - June 30,1998 

P. Tikkanen, 
University of Helsinki, Dept. of Physics, Finland, Dec. 8-12, 1998 

A. Turos, 
Institute of Electronic Materials Technology, Warsaw, Poland, Feb. 25 - 28, 1998; 
March 4-7, 1999 

G. Voronin, 
Efremov Institute, Accelerator Dept., St. Petersburg, Russia, Nov. 23 - 27, 1998 

A. M. Vredenberg, 
Debye Institute, Utrecht, Netherlands, Nov. l4.-15.,1998 

K. Wahlstrom, 
University of Helsinki, Dept. of Physics, FinIand, Dec. 8-12, 1998 

X. Wang, 
Shanghai Institute of Metallurgy, Chinese Academy of Sciences, Shanghai, PR China, 
Jan. 1 - June 24,1998 

S. Warchol, 
Insitute for Nuclear Chemistry and Technology, Warsaw, PoIand, Nov. 11 - 13, 1998 

W.J. Weber, 
PNNL, USA,  AU^. 7- 9,1998 

P. Werner, 
MPX Er Mikrostntkturphysik, Halle, May 18 - 20,1998 

Z Wemer, 
Sohn  Institute for Nuclear Studies, Swierk-Orwock, Poland, Nov. 28 - Dec, 3, 1998 



R. A.Yankov, 
TU Ilmenau and Bulg.Acad. of Sciences., Sofia, Jan.1-May 31, 1998 

E. Zhurkin, 
St. Petersburg State University, Russia, April 14 - May 13, 1998 

I. Zyganov, 
Lipetsk State University, Lipetsk, Russia, April 27- July 25, 1998 

Seminar of the Institute 

K. Albe 
FZ Rossendorf, IIM 
Computersimulation zu Struktur und Wachstum von Borniltsid 
Jan. 15,1998 

Dr. G. Henne 
DLR Stuttgart 
Neue Entwicklungen bei und Anwendungen von Gleichstrom- unc 
thermischen Beschichten 
Jan. 29,1998 

lbrennem zum 

Prof. X. Wang 
FZ Rossendorf, IIM 
Multilayer formation by ion beam assisted deposition 
Feb. 12,1998 

M. Dobler 
FZ Rossendorf, IIM 
Phasenbildung der Eisensilizide während der Ionenstrahlsynthese 
Feb. 26,1998 

Dr. S. Howitz 
GESIM, Rossendorf 
~ikrofluidische Komponenten und Systeme fur die Molekularbiologie 
April 16,1998 

Dr. G. Schiwietz 
HMI Berlin 
Quantenmechanische Berechnung des Energieverlustes leichter Ionen in Gasen und Festkörpern 
April 23, 1998 

Dr. A. Markwitz 
FZ Rossendorf, IIM 
Cross section TEM-Analyse von Germanium-Nanoclustern in Si0,-Schichten 
April 30,1998 

Dr. J. Lindner 
Universität Augsburg 
Ionenstrahlsynthese und Ionenstrah1modifikation von vergrabenen SiC-Schichten 
May 7,1998 



Dr. A. Vredenberg 
Utrecht University, The Netherlands 
Low-temperature nitridation and oxidation of iron 
June 11,1998 

Prof. E. Pernicka 
TU BA Freiberg 
Physikalische Methoden in der Archäologie 
June 18,1998 

M. Strobel 
FZ Rossendorf, IlM 
Computersimulationen zur Evolution von Nanostmkturen bei der Ionenstrahlsynthese 
July 7, 1998 

Dr. G. Kroesen 
Eindhoven University, The Netherlands 
Stability and surface chemistry of silicon Substrates etched in a high density tool studied by in-situ 
spectroscopic IR ellipsometry 
July 9, 1998 

M. Mäder 
FZ Rossendofi IlM 
Spätmittelalterliche Buchmalerei - Pigmente erzählen 
Nov. 5,1998 

Prof. A. Benninghoven 
Universität Münster 
Neue Entwicklungen in der Sekundärionen-Massenspektrometrie (SIMS) 
Dec. 17,1998 

Dr. P. Schaaf 
Universität Göttingen 
Laser-Nitrieren: Superschnelles Nitrieren von Eisen, untersucht mit schnellen Ionen und erganzenden 
Methoden 
Jan. 28,1999 

Dr. C. A. Straede 
DTI Tribology Centre Aarhus 
Development of advanced sudace treatment with the aim of industrial use 
Feb. 25,1999 

Dr. D. Fey 
Architekturen für ein Photonisches VLSI 
Gesamthochschule Siegen/ Univ. Jena 
April 16,1999 

Prof S. Nepijko 
FHI Berlin 
Emissionseigenschaften von kleinen Teilchen (Schwerpunkt: Lichtemission) 
April 22, 1999 



Dr. H. Sachdev 
Uni Saarbrücken 
Die Gasphasenabscheidung von C-BN mittels CVD-Methoden 
April 29, 1999 

Prof. H. Stoeri 
TU Wien 
Dynamik gepulster Gleichstromentladungen 
May 6,1999 

Dr. J. Meijer 
Ruhr-Universität Bochum 
Beschleuniger-Mikrostrahlanlage zur Materialmodifikation 
June 10,1999 

Prof. W. Richter 
TU Berlin 
Real-Time-Kontrolle von Oberfiächenmodifikationen 
June 17,1999 

Dr. A.G. Revesz 
Revesz Associates, Bethesda, MD, USA arid Naval Research Lab., Washington, D.C., USA 
Effects of heat treatrnents in inert ambients on SiISiO, structures 
June 21,1999 

Dr. A. Ohl 
Institut für Niedertemperatur-Plasmaphysik, Greifswald 
Plasmainduzierte chemische Mikrostrukturierungvon Polyrneroberflächen 
July 15, 1999 

Prof. F. Priolo 
Univ. of Catania, Italy 
Rare earth doped Si-nanocrystals for silicon-based optoelectronics 
July 22, 1999 



Projects based on External Funds 

The following overview about the actual projects is listed according to the starting dates and infonns 
about the topic, the local project leader and the supporting institution. Additional projects with industrid 
Partners are not included because of confidentid agreements. 

1. 
1011994 - 1211998 Bundesrninisterium für Forschung und Technologie 
Quantitative detection of tritium by means of accelerator rnass spectrometxy 
Dr. Manfred Friedrich; Tel.: (0351) 260-3284; m.friedrich@fz-r0ssendorf.de 

2. - 
0711995 - 0311998 Bundesministerium für Bildung und Forschung 
Ion beam analysis at the Rossendorf accelerators by extemal groups 
Dr. Rainer Grötzschel; Tel.: (035 1) 260-3294; r.groetzschel@fz-rossendorf.de 

3. - 
1111995 - 0311998 Deutsche Forschungsgemeinschaft 
Permeable base transistor with cobalt disilicide gate produced by focused ion beam 
implantation 
Dr. Jochen Teichert; Tel.: (0351) 260-3445; j.teichea@fi-rossendorf.de 

4. - 
0411996 - 0211998 Deutsche Forschungsgemeinschaft 
Preparation and characterization of ion implanted oxygen ion conductors 
Dr. Edgar Richter; Tel.: (0351) 260-3326; e.richter@fz-rossendorf.de 

5. - 
0411996 - 1011998 Sächsisches Staatsministerium für Wissenschaft und Kunst 
Nitriding of stainless steel and aluminium doys by low energy ion implantation 
Dr. Edgar Richter; Tel.: (035 1) 260-3326; e.richter@fi-rossendorf.de 

6. 
0411996 - 0311999 Bundesministerium für Bildung und Forschung 
Ion beam based characteniation of siIicatic materials for nondestructive analytical 
work on objects of historic glass and enamel 
Dr. ChRstian Neelmeijer; Tel.: (035 1) 260-3254; c.neeheijer@fi-rossendorf.de 

7. - 
0811996 - 1011999 Deutsche Forschungsgemeinschaft 
Investigation of the corrosion behaviour of magnesium and magnesium alioys by 
oxygen ion implantation 
Dr. Edgar Richter; Tel.: (0351) 260-3326; e.richter@fz-rossendorf.de 

8. 
0911996 - 0711999 Deutsche Forschungsgemeinschaft 
Depth selective analysis of the metallurgical phase fomation and phase 
composition in ion irnplanted iron-silicon surface layers by Mössbauer spectroscopy 
Dr. Helfned Reuther; Tel.: (0351) 260-2898; h.rder@fz-rossendorf.de 

BMFT 

BMBF 

DFG 

DFG 

SMWK 

BMBF 

DFG 

DFG 

9. - 
0111997 - 0911998 Sächsisches Staakmkistentim für Wirtschaft und Arbeit SMWA 
Diffiision and electncal activation for low temperature budget anneaIing for submicron 
silicoa dopuig 
Dr. Hans-Urich Jäger; Tel.: (035 1) 260-3373; h.u.jaeger@fz-rossendorf.de 



10. - 
0111997 - 1211998 Bundesministerium für Bildung und Forschung 
Doping of diamond and diamond films by ion implantation for microsystem applications 
Dr. Johannes von Borany; Tel.: (03 5 1) 260-3378; j .v.borany@fz-rossendorf.de 

11. 
0111997 - 1211998 Sächsisches Staatsminktrium fur Wissenschaft und Kunst 
Doped and undoped diamond films 
Dr. Viton Heera; Tel.: (035 1) 260-3343; v.heer@fz-rossendorf.de 

12. - 
0111997 - 1211999 Deutsche Forschungsgemeinschaft (SFB 422) 
Nanostructures in ion irradiated interfaces of multilayers prepared by pulsed laser deposition 
Prof. Dr. Egbert Wieser; Tel.: (035 1) 260-3096; e.wieser@fz-rossendorf.de 

13. - 
0311997 - 0611998 Sächsisches Staatsmuiisterium für Wirtschaft und Arbeit 
Physical modeling of diffusion and electrical activation of dopands for silicon doping 
Dr. Hans-Ulrich Jäger; Tel.: (035 1) 260-3373; h.u.jaeger@fi-rossendorf.de 

14. - 
0311997 - 0211999 Deutsche Forschungsgemeinschaft 
Plasma immersion ion implantation: experiments and simulation of the sheet layer dynamics 
Prof. Dr. Wolfhard Möller; Tel.: (0351) 260-2245; w.moeller@fz-rossendorf.de 

15. - 
0311997 - 0212000 Deutsche Forschungsgemeinschaft 
Modification of the electrical and optical properiies of implanted SiC layers by ion beam 
induced epitaxial crystallization, annealing and activation 
Dr. Viton Heera; Tel.: (035 1) 260-3343; v.heera@fz-rossendorf.de 

16. 
0511997 - 0412001 European Union, withinthe BRITE-EURAM Project 
Plasma immersion ion implantation for enhancing high precision machining with took of 
complex geometry 
Dr. Reinhard Günzel; Tel.: (035 1) 260-2462; r.guenzel@fz-rossendorf.de 

17. 
0711997 - 0612000 Volkswagen-Stifhuig 
Improvement of the high-temperature oxidation behaviour of TiAl-based alloys by ion 
implantation 
Prof. Dr. Egbert Wieser; Tel.: (0351) 260-3096; e.wieser@fz-rossendorf.de 

18. - 
0711997 - 1212000 Sächsisches Staatsministerium für Wissenschaft und Kunst 
Surface analysis of steels and silicon by positron arinihilation spectroscopy 
Dr. Gerhard Brauer; Tel.: (035 1) 260-21 17; g.brauer@fz-rossendorf.de 

19. - 
OS11997 - 0711999 European Union, withinthe Copemicus Research Program 
Development of heavy duty reactor windows for industrial scale removal of NO, and SO2 
fiom flue gas by electson beam treatment 
Prof. Dr. Egbert Wieser; Tel.: (0351) 260-3096; e.wieser@fi-rossendorF.de 

BMBF 

SMWK 

DFG 

SMWA 

DFG 

DFG 

EU 

VWSt. 

SMWK 



20. - 
0911997 - 0612000 Sächsisches Staatsministerium für Wirtschaft und Arbeit 
Hardening of stainiess steel using plasma irnrnersion ion implantation 
Dr. Edgar Richter; Tel.: (035 1) 260-3326; e.richter@fz-rossendorf.de 

SMWA 

21. - 
1011997 - 1011999 Deutsche Forschungsgemeinschaft DPG 
Deposition of c-BN layers with thickness inthe micrometer scale: Diagnostics and modeluig 
of the film growth processes 
Dr. Wolfgang Fukarek; Tel.: (035 1) 260-2277; w.fukarek@fz-rossendorf.de 

22. 
7 

1111997 - 1012001 European Union, within the TMR Network 
Synthesis, structure and properiies of new carbon based hard materials 
Dr. Andreas Kolitschj Tel.: (0351) 260-3348; a.kolitsch@fz-rossendorf.de 

23. - 
0111998 - 1211999 Deutscher Akademischer Austauschdienst 
Nb/NbN-layers on Ti produced by plasma immersion ion irnplantation 
Dr. Edgar Richter; Tel.: (0351) 260-3326; e.richter@fz-rossendorf.de 

24. - 
0111998 - 1211999 Deutsche Forschungsgemeinschaft 
Invesiigation of defects of the vacancy-Spe in ion beam tseated silicon carbide 
by means of positron annihilation spectroscopy 
Dr. Gerhard Brauer; Tel.: (0351) 260-21 17; g.brauer@fi-rossendorf.de 

25. - 
0111998 - 1211999 Deutscher Akademischer Austauschdienst 
Nucleation, growth and gettering behavior of heliurn induced cavities in silicon 
Dr. Wolfgang Skorupa; Tel.: (0351) 260-3612; w.skompa@fz-rossendorf.de 

26. - 
0111998 - 1211999 Deutscher Akademischer Austauschdienst 
Implementation of a negative h e b  ion source for the operation at the Rossendorf 
Tandem accelerator 
Dr. Manfred Friednch; Tel.: (035 1) 260-3612; m.f%edrich@fz-rossendorf.de 

27. - 
0311998 - 0212000 European Union, vriithin the TMR Program 

DAAD 

DFG 

DAAD 

DAAD 

European nebvork in defect enguieering of advanced semiconductor devices 
Dr. Karl-Heim Heinig; Tel.: (035 1) 260-3288; k.h.heinig@&-rossendorf.de 

28. 
0711998 - 0512000 Sächsisches Staatsministerium für Wissenschaft und Kunst SMWK 
Physical and technological fundarnenxals for the engineering of nafl~clustersfor nonvolatile 
memories 
Dr. Johannes von Bor=; Tel.: (035 1) 260-3378; j.v.bomy@fZ-rossendorf.de 

29, - 
0711998 - 1212000 Sächsisches S taa tsminis th  für WissenschaR und Kumt 
Blue ele&oIuminescmce from nanoscaIed semicondixctor stmstsuchires 
Dr. WoEgang Skorupa; Tel.: (0351) 260-3612; .rv.skompa@fz-rossend~~de 



30. - 
0711998 - 1212000 Sächsisches Staatsrninisterium für Wissenschaft und Kunst 
Surface layers with structures in nanometer scales used for medical implants 
Dr. Edgar Richter; Tel.: (0351) 260-3326; e.richter@fi-rossendorf.de 

31. 
0711998 - 1212000 Sächsisches Staatsministerium für Wissenschaft und Kunst 
Preparation of TEM samples by meam of focused ion beam miliing 
Dr. Jochen Teichert; Tel.: (035 1) 260-3445; j.teichert@£z-rossendorf.de 

32. 
0711998 - 1212000 Sächsisches Staatsrninisterium für Wissenschaft und Kunst 
Optimization of Ta barrier layers for copper metallization of microelecctronic devices 
Prof. Dr. Egbert Wieser; Tel.: (0351) 260-3096; e.wieser@fz-rossendorf.de 

33. - 
1011998 - 0412000 European Union, within the LSF Program EU 
Center of application of ion beams in materials research 
Prof. Dr. Wolfhard Möller; Tel.: (0351) 260-2245; w.moeller@£z-rossendorf.de 

34. 
1011998 - 1212000 Deutsche Forschungsgemeinschaft DFG 
Ion-acoustic microscopy using focused ion beams 
Dr. Lothar Bischoff; Tel.: (035 1) 260-2963; l.bischoff@fi-rossendorf'.de 

35. - 
1111998 - 1212000 Deutsche Forschungsgerneinschaft 
Modeling and computer simulation of amorphous hard carbon film growth by energetic 
particle impact 
Dr. Hans-Ulrich Jäger; Tel.: (035 1) 260-3373; h.u.jaeger@fz-rossendoTf.de 

36. - 
0111999 - 1211999 Deutscher Akademischer Austauschdienst 
DLTS- and PAS-studies 
Dr. Gerhard Brauer; Tel.: (035 1) 260-21 17; g.brauer@fz-rossendorf.de 

DFG 



Forschungszentrum Rossendorf 

Institute of Ion Beam Physics 
and Materials Research 0 

Postfach 51 0 1 19 
D-0 1 3 14 Dresden 

Tel.: 035 1 260 2245 
Fax: 0351 260 3285 

DIRECTOR. Prof. Dr. W. Möller 2245 
DEPUTY: Prof. Dr. E. Wieser 3096 

I NEW MATERIALS (FWIM) I 

I Dr. W. Skorupa 
Semiconductors 
Optical Applications 
Defect Engineering 
Submicron Ion Beam 

ION IMPLANTATION (Fm) l 
Dr. E. Richter 
Surface Properties 3326 L 
Ion Beam Assisted Deposition 

ION BEAM ANALYSIS ( F m )  I 
Dr. R. Grötzschel 

2802 I 
High Energy Ion Beam Analysis 
Elementary Processes of 
1on-Surface Interaction 

I Dr. M. Posselt 
Computer Simulation 

INDUSTRIAL CONTACTS (FWIK) 
Dr. J. von Borany 

MEV ACCELERATORS (FWIB) 
Dr. M. Friedrich 3284 

Operation of MeV Accelerators 
Accelerator Mass Spectrometry 

STRUCTURAL DIAGNOSTICS 
Dr. W. Matz 3122 (FWIS) 
Transmission Electron Microscopy 
X-ray Diagnostics 
EIectron Spectroscopies 
Rossendorf Beamline at ESW 

PREPARATION wfm 
Dr. B. Schmidt 2726 
PVD Coatings 
Reactive Ion Etching 
Wet Chemical Processing 
Annealing 



Experimental Equipment 

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

D van de Graaf accelerator 
D Tandem accelerator 
CL Tandetron accelerator 
D Ionimplanter 
D Ion implanter 
D High current ion implanter 
P High energy ion implanter 
D Plasma-immersion ion implantation 
D Fine focused ion beam 

1,8 MeV 
5MV Russian 
3MV HIGH VOLTAGE, NL 
80 kV Own constniction 
180 kV, medium current SCXNZBAL, FL 
200 kV, high current DANMSIK, DK 
500 kV HIGH VOLTAGE, NL 
5-60 keV 
50 keV, 100 nm, 10 A/cm2 

D Ion beam assisted deposition 
D Plasma enhanced chemical vapour deposition 

2. Particle and Photon Based Analytical Techniques 

RBS 
ERDA 
PIXE 

NRA 
TEM 
STM 
AES 
CEMS 
XRD 
SE 
FTIR 

Rutherford backscattering 
Elastic recoil detection analysis 
Proton induced X-ray analysis 
Nuclear microprobe 
Nuclear reaction analysis 
Transmission electron microscope 
Scanning turmeiing microscope 
Auger electron spectroscopy 
Mössbauer spectroscopy 
X-ray diffraction 
Spectroscopic ellipsometry 
Fourier transform infrared spectrometry 

3. Other Analytical and Measuring Techniques 

D Dektak surface profilometer 
D Micro indenter 
D Scratch tester 
D Spreading resistance measuring station 
D Hall-effect equipment 
D I-U and C-U- analyzer 

p,a: 1-6 MeV 
35 MeV, 35C1 
+ PIGEsption, external beam 
MeV, > 2 p 
'H (15N,~y) 12C 

300 kV PHIUPS, NL 
+ AFM-option DME, DK 
+ XPS-option HSONS, GB 

250-1700 nm WOOLLAM; USA 
600-7000 cnil NICOLET, USA 

VEECO, USA 
S H M T S U ,  J 
SHLMATSU. J 
SENTECH, D 
BIO-RAD, G3 
KEZiXLEi: USA 

4. Preparation Techniques 

D Wet chemical etching and cleaning including anisotropic selective KOH4nUng 
D Photolahographic patteniing 5 pn-level 
D Thermal treatment Rwm Temperature - 20OO0C 

Furnace, Flash larnp mit, 
Rapid thermal arinealing? RF-Heating Wacuiun) 

D Physical deposition Sputte* DC I W, Evaporation 
D Dry etching Plasma and RIE mode 
D Bonding technigues Anodiq Si-Si and Wire Bonciing 



List of Personnel 

Director: Prof. W. Möller 

Permanent: 

Dr. M. Betzl 
Dr. L. BischoE 
Dr. J. von Borany 
Dr. W. Bürger 
Dr. F. Eichhorn 
Dr. M. Fnednch 
Dr. W. Fukarek 
Dr. D. Grambole 
Dr. R Grötzschel 
Dr. R. Günzel 
Dr. V. Heera 
Dr. K.-H. Heinig 
Dr. H.-U. Jäger 
Dr. A. Kolitsch 
Dr. R. Kögler 
Dr. U. Kreißig 
Dr. W. Matz 
Dr. A. Mücklich 
Dr. C. Neelmeijer 
Dr. D. Panknin 
Br. M.T. Pham 
Dr. M. Pos& 
Dr. F. Prokert 
Dr. W. Reuther 
Dr. E. Richter 
Dr. B. Schmidt 
Dr. J. Schöneich 
Dr. H. Seifarth 
Dr. W. Skontpa 
Dr. J. Seichert 
Dr. H. T'proff 
Dr. hrZ Il0eIsic.o~ 

Deputy Director: Prof. E. Wieser 

Projects: 

W. A n m d  
R Beutner 
Dr. G. Brauer 
Dr. U. Bmsky 
Dr. M. Dobler 
Dr. S. Hengst 
Dr. 0. Knise 
M. Mäder 
E.-M. Nicht 
Dr. M. Seidel 

PhD Sfudents: 

K. Albe 
F. Berbench 
E. Chagarov 
C. Fitz 
T. Gebe1 
T. Hauschild 
S. Hausmann 
A. Höfgen 
U. Homuer 
C. Klein 
1. Mrotschek 
J. Noetzel 
S. Paraswndola 
A. Peeva 
L. Rebhle 
Br. Schmidt 
M. Strobel 
T. Teibizwa 

Post Docs: 

J. AI- 
R M o l  
G Anwand 
T. Batuc 
T. B& 
W. W e  
K.-D. Butter 

E. Christale 
K. Fukarek 
W. Gäßner 
B. Gebauer 
H.-J. CTTahl 
P. Hartmann 
F. Herrmann 
G. Hokann 
M. Iseke 
S. Klare 
R KIiemann 
J. Kreher 
L. Kumpf 
A. Kunz 
G. Küster 
D. Maul 
M. Mißbach 
K. Müller 
F. Nötzold 
W. Probst 
E. Quaritsch 
P. Reiche1 
B. Richter 
M. Roch 
B. Scheumann 
H. Scbiutiig 
E. Schmidt 
G. Schnabel 
J. Schneider 
A. Scholz 
C. Schulenberg 
?L Thiemig 
S. Tunic 
k Vetter 
A. Weise 
I. Winkler 

Projects: 

H. Felsmann 
G. GnuieIt 
k Schneider 
H. S e m  
G Winkler 
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