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Preface

The Rossendorf Beamline at the European Synchrotron Radiation Facility (ESRF) is
now in operation since 1998. This 4™ report covers the period from January 2003 to
December 2004. In these two years, more than 40 peer-reviewed papers have been
published based on work done at the beamline. 43 different in-house experiments were
performed for the FZR and its collaborators, and 16 experiments were performed for the
ESRF and its users. Six exemplary highlight reports on pages 3 to 38 should demonstrate
the scientific strength and diversity of the experiments performed on the two end-stations of
the beamline, dedicated to Materials Research and Radiochemistry. We are proud to have
been invited now for three years in a row to contribute highlight articles to the ESRF annual
reports.

In May 2003, i.e. after five years of operation, the beamline took the first international
review by the ESRF scientific advisory committee quite successfully: the review committee
confirmed that both technical and scientific performance are state-of-the-art, and
recommended to the ESRF the extension of the CRG contract with the Forschungszentrum
Rossendorf for another five-year period (which is the usual contract duration).

A range of technical improvements have been made in the last two years. For the
Radiochemistry end-station, the main goal was to lower the detection limit for actinides in
environmental samples. A major investment was the new 13-element Ge detector with
advanced digital electronics for higher count rates and better energy resolution. At the
Materials Research end-station, the pool of sample environment chambers with its control
software had continually been up-graded to allow now multiple and fast in-situ diagnostics
during data collection. The design of a new sputter deposition chamber together with a
100 um beam focussing optics has been finished and brought into commissioning.

In July 2004 the beamline became a member of the pooled facilities of ACTINET —
European Network of Excellence, thus facilitating access to EXAFS experiments involving
actinides. The Rossendorf Beamline is still the only beamline in Europe where elaborate
safety features make such experiments routinely possible. Up to 25 % of the in-house
beamtime will be provided in the next years for collaborations between the FZR and external
user groups within this network.

The beamline staff would like to thank all partners, research groups, review panel
members and organizations who supported the beamline during the last 24 months. Special
thanks to the FZR management, the CRG office of the ESRF with Axel Kaprolat as liaison
officer, and to the ESRF safety group headed by Paul Berkvens.

Andreas Scheinost and Norbert Schell
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Introduction

The chemistry of the actinide family is surprisingly rich because of the large atomic
numbers (from Z = 90 for Th) and the relative availability of the valence electrons of these
elements. In order to better understand the affinity of “smart” chelates as for ionic selective
recognition or uptake by specific biomolecules, it is essential to better understand the
intramolecular interactions. Although this has long been done for widely investigated
transition metals, very few studies have been devoted to complexation mechanisms of
radionuclides by active chelation sites. As a result, the intramolecular interactions of actinide
elements with chelation sites that can be encountered either in coordination chemistry or in
bioinorganic chemistry are relatively unknown. For instance, the stability of the uranyl cation
(UO,%") under atmospheric conditions and its ubiquity in the geosphere defines it as a major
potential contaminant. Although many studies have been focussing on the complexation
mechanisms of uranyl by organic or mineral systems as humic acids, clays or minerals [1-6],
few of them have focussed on the sub-molecular level understanding of uptake by
metalloproteins of major interests. Oxidation state IV of neptunium has been of particular
concern for its relative stability in physiological conditions and reactivity similarities with both
Pu(lV), Th(IV) and Fe(lll) [7-9].

Fig. 1la: Structure of the Equine Fig. 1b : Structure of bacterioferritin from E.
Apolactoferrin (PDB reference 116B [15]). Coli (PDB reference 1BFR [16]).

Recently, our group has undertaken the investigation of uranyl, neptunium(lV) and
plutonium(lV) uptake by ferritin (F) and transferrin (Tf), two metalloproteins that are
responsible in advanced eukaryote cell of 15-20% (with haemosiderin) and 10% of iron
storage and transport, respectively. Transferrins (Figure 1a) is a regulator of Fe(lll) carriage
in blood [10]. It is a glycoprotein of 670 amino acids (81 000 Da) with a tertiary structure
made of two equivalent lobes (C and N) with one possible complexation site each. The iron
metal binding site is made of a distorted octahedron with two tyrosyl phenolates, one histidyl
imidazole and one aspartate carboxyl. The requirement of a synergistic anion carbonate has



been confirmed. This anion could coordinate to iron in a bidentate mode. It can bind a wide
variety of d-block transition metals, as well as actinides and lanthanides [11]. For instance
Taylor et al. have suggested that the protein is able to stabilize the tetravalent state and form
stable M**-Tf complexes [12]. This is why transferrin contamination by actinide cations is a
critical issue of nuclear human toxicology. Pu(lV) as well as most of the transition metal
cations reported to be complexed by transferrin are assumed to be located in the iron
sites.[13] Ferritin (Figure 1b) is generally speaking responsible for iron storage inside the cell
[14]. The metalloprotein is constituted of a protein coat of 24 elliptic subunits linked by
symmetry axis of order 2,3 and 4 which form an inner cavity of 7-8 nm (450 000 Da)
containing an iron oxyhydroxyde core associated to phosphate groups (up to 4500 iron
atoms).

X ray Absorption Spectroscopy has been extensively used as a structural and
electronic metal cation probe. Combination with more traditional spectroscopic techniques as
spectrophotometry or vibrational spectroscopy is an ideal tool for the understanding of the
chelation mechanism. On the one hand spectrophotometric data provide a fingerprint of the
specific complexation mechanism and on the other hand, in the EXAFS regime of XAS, a
quantitative description of the cation coordination sphere can be achieved.

Results and discussion

The present experimental report focuses on our work on the Np(lV) cation. To avoid
hydrolysis at physiological pH, Np(lV) in initial stock solution was complexed by the
synergistic NTA anion as described in the experimental section. Further uptake by apo
serum transferrin on the one hand and horse ferritin on the other hand was achieved by total
or partial displacement of the NTA ligand.

Spectrophotometric Near InfraRed spectra in Figure 2a show the fingerprint of the
complexation of Np(IV) by NTA in the Np(IV)(NTA) and Np(IV)(NTA), complexes. The two
characteristic aborption bands of Np(IV) in hydrochloric acid (724 nm, not shown and 960
nm) are red shifted upon NTA coordination (731 and 973 for Np(IV)(NTA); 740 and 980 for
Np(IV)(NTA),). In the molecular structure of Nd(III)(NTA)(H-,O) [17], the two NTA chelates
encapsulate the neodymium cation in a tetradentate fashion : 3 oxygen atoms and 1 nitrogen
atom. Based on this model, the adjustment of the Np EXAFS spectrum of Np(IV)(NTA), lead
to a similar conclusion with two tetradentate NTA molecules per Np cation (R factor = 0.10,
Fourier transformed of the EXAFS spectrum displayed in Figure 3). Note that in all the
following adjustments a typical coordination number of 8 was assumed for Np(lIV). The 6
oxygen atoms are positioned at 2.35 A (o2 = 0.008 A?) from the cation and the two additional
nitrogen atoms are located at 2.63 A (o2 = 0.044 A?). In the adjustment, contributions from
the carbon atoms adjacent to the donor atoms were considered and linked to the first
coordination shell. Tentative to add multiple scattering contributions did not lead to an
improvement of the fit quality. These distances are slightly shorter (c.a. 0.06 A) than in the
neodymium case. Although both cations have a similar ionic radius (CN = 8), shrinking of the
Np coordination sphere is expected considering electrostatic interactions because of the
larger charge bared by Np(IV) compared to Nd(llI).

The evolution of the Tf(Np(IV)NTA), complex with the increasing concentration of
transferrin is shown in Figure 2b. Upon transferrin titration, both 980 and 740 nm peak
decrease and new peaks appear at 995, 747, 732 and 727 nm. This result is a clear
fingerprint of the formation of a new Np(IV) complex with both transferrin and NTA. An a
priori putative model based on the coordination mode of Fe in Fe(llI)(NTA)(Tf) [18] with Np in
the transferrin iron binding site with one synergistic tetradentate NTA and additional water
molecules was tested [19]. The localization of Np in the iron binding site with conccomittant
binding by synergistic NTA is a reasonable starting assumption based on previous studies
[9,18]. Because the data resolution is large (0.2 A) and the complexity of the chelation site is
high, the model is only indicative of a possible coordination mode. Note also that distinction



between each coordination site of each lobe is impossible to achieve with EXAFS given their
structural similarity, as is the exact conformation of the site because the technique averages
the signal over all the contributors of similar backscattering factor (i.e. O, N, C). Within this
model, a satisfactory adjustment (R factor = 0.05) was achieved with single scattering
contributions from a first shell with both NTA and Tf (5 O at 2.35 A, 0* = 0.007 A®plus 1 N at
2.63 A, 62 =0.004 A?. Note that the nitrogen contribution has been linked to the oxygen one
based on the crystal structure of Nd(III)(NTA)2(H20)), a second shell with water molecules (2
O at 2.50 A, 62 = 0.019 A% and a third shell with carbon atoms (8 C at 3.36 A, 0% = 0.008
A?). In the crystal structure of Fe(lIl)(NTA)(Tf), the two tyrosine residues are the only side
chain functions available because NTA forces the transferrin lobe to be locked in the open
form. Although the site is highly distorted in this structure, the distance of the two tyrosines is
on the average 0.1 A shorter than the one of the oxygen atoms of NTA. In the fit of
Tf(Np(IV)NTA),, only one distance was considered and the average NTA,Tyr-Np(IV)
distance is slightly shorter than the one of Nd(lII)-NTA in the crystal structure of
Nd(II(NTA)x(H,0) (6 O at 2.42 A and 2 N at 2.67 A) [17]. Although both cations have
comparable ionic radii at coordination number 8, the net electrostatic effect should result in a
shorter distance for Np** than for Nd**. This short distance is also in agreement with the
strong basicity of the phenolate group present in the coordination sphere and agrees with
the average value of 2.3 A displayed in the crystal structure of Ce,(Tf) [20]. The second shell
with water molecules is at a larger distance as it is in Nd(II)(NTA)(H2O). Finally the third
shell of carbon atoms (only one Debye Waller factor was used for all the carbon scattering
paths) is also consistent with the previous structures. Note that the probable distortion of this
shell due to the presence of two types of coordinating groups in the first shell is not
accounted in the fit.

Complexation of Np(IV)(NTA). by horse ferritin is complicated by the intrinsic intricacy
of the ferritin structure made of 12 bundles of four-helical units [13]. Many studies and
EXAFS measurements have been devoted to the characterization of the iron oxyhydroxyde
core [20-23]; however very little has been done in the field of actinide contamination. Kinetic
studies of ?*’Am incorporation in the hepatopancreas of Homarus gammarus [24,25], have
shown that ferritin was the first protein to be contaminated and the last to decorporate the
americium ion. Ferritin extracted from digestive mass of ostrea showed similar accumulation
[26]. Three fixation sites are possible : sorption onto the iron oxyhydroxy or phosphate
groups or binding to the carboxylic groups from the amino acids of the protein, in particular
glutamic and aspartic acids. No a priori definite chelation or sorption structural model is
available. In Figure 3, the FT of the EXAFS spectrum of Np(IV)(NTA)(F) exhibits similar
features as for Np(IV)(NTA), and Np(IV)(NTA)(Tf). Attempts to fit the second coordination
sphere with Np-Fe parameters failed, suggesting that there is no sorption of Np(IV) onto the
oxyhydroxy iron core of the protein. A three shell fit (R factor = 0.05) with two oxygen shells
for the first sphere and a carbon shell for the second sphere was carried out (with a total Np
coordination number fixed to 8) with 5.1 oxygens at 2.35 A (o2 = 0.012 A?), 3.9 oxygens at
2.76 A (02 =10.028 A% and 8.3 carbons at 3.28 A (02 = 0.025 A?). These results suggest, as
in the case of transferrin, that neptunium is partially bounded via carboxylate functions to the
protein. Concomitant ligation by a NTA ligand is not demonstrated.
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Neptunium uptake by two major iron regulation proteins has been investigated by
combined X-ray Absorption Spectroscopy and Spectrophotometry. Although definite
conclusions on the neptunium coordination sphere are difficult due to the intricacy of the
possible metal binding sites, putative models can be tested when available. In both
transferrin and ferritin cases, the neptunium cation is partially bounded to carboxylate
functions. Additional phenolate functions or water molecules may also enter the coordination
sphere as two shells of oxygen atoms were necessary in both adjustments. Further
investigation with vibrational spectroscopy should yield a better understanding of the
chelation site. Finally, other synergistic or protecting anion than NTA shall be used in order

to evaluate their influence on the protein metal binding site.



Experimental

Np(IV):NTA sample preparation

The stock solution of Np(IV) ([Np] = 25 mM) was prepared by hydroxylamine
reduction (60°C) of Np(V) obtained by dissolution of Np(V)O,OHxH,O in hydrochloric acidic
solution. NTA complexation was achieved with 2.8 equivalents of ligand at pH = 4. For
spectrophotometric measurements, the Np(IV)(NTA). concentration (physiological pH fixed
by HEPES buffer) was set to 1.2 mM and increasing amount of free serum transferrin
(Sigma-Aldrich, 97 % purity) was added from 0.2 to 2.5 mM. For EXAFS measurements
(physiological pH) the Np(IV)(NTA), concentration was fixed at 0.28 mM. Transferrin was
added with a final concentration of 0.14 mM. Ferritin was added with a final concentration of
0.03 mM.

Near InfraRed Absorption Spectrophotometry

Data acquisition was carried out at room temperature with a Shimadzu 3101
spectrophotometer with a 10 mm path length. In Figure 2a : measurements in HCI. [Np] =
1.5 mM, [NTA] = 20 mM. For Np(lV) aqua, pH = 0; for Np(IV)(NTA), pH = 0; for
Np(IV)(NTA),, pH = 1. In Figure 2b : Transferrin increasing concentration was monitored as
follows ([Np]=1.2 mM, [NTA] = 3.4 mM, [HEPES] = 0.4 M, physiological pH) : [Tf] = 0.0; 0.2;
0.4;0.6; 0.8; 1.0; 1.4; 2.3 mM.

X-ray Absorption Spectroscopy

Neptunium L, -edge EXAFS spectra were recorded at the ROBL beamline (BM20) of
the European Synchrotron Radiation Facility. The ring was operated at 6 GeV with a nominal
current of 200 mA. The beam line is equipped with a water cooled double crystal Si(111)
monochromator. Higher harmonics were rejected by two Pt coated mirrors. A 4-element Ge
solid state detector was used for data collection in the fluorescence mode. Dead time
corrections were not necessary because of the sample low concentration. Monochromator
energy calibration was carried out with yttrium K-edge at 17052 eV. All measurements were
recorded at room temperature.

Data treatment was carried out using EXAFS98 code [27]. Background removal was
performed using a pre-edge linear function. Atomic absorption was simulated with a cubic
spline function. The extracted EXAFS signal was fitted in k®*CHI(k) without any additional
filtering using ARTEMIS code [28]. Due to the low signal to noise ratio above 10 A" and a
glitch at 9 A fitting was carried out between 2.0 and 8.1 A, in R space (Kaiser window).
Theoretical phases, amplitudes and electron mean free path were calculated with FEFF82
code [29] from the crystal structures of Nd(NTA).H,O and Ce,(Tf). First sphere oxygen atom
contributions and second sphere carbon atom contributions were included in the fit.
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In situ speciation of actinides with a newly developed spectro-
electrochemical cell
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Introduction

Natural aquatic and terrestrial environments exert large variations in redox state due
to oxygen diffusion on one hand and microbial processes on the other hand. Actinides with
their large number of oxidation states are especially susceptible to these redox changes,
forming different aqueous complexes which may greatly differ by solubility and mobility.
These complexes are often difficult to investigate due to their thermodynamic meta-stability.
Therefore, we developed a new spectro-electrochemical cell, which allows to study the
structure and speciation of aqueous actinide complexes in situ by X-ray absorption
spectroscopy, while applying and maintaining a constant potential. Due to the specific safety
requirements for handling of radioactive materials the electrochemical cell is gas tight. The
spectro-electrochemical cell comprises two safety compartments and a special electrode
arrangement. First U L -edge X-ray absorption spectra have been obtained from aqueous
solutions of U(VI) and U(IV) in highly concentrated chloride solutions.

Electrochemistry

A drawing of the spectro-electrochemical cell is shown in Figure 1. The cell body
consists of chemically resistant material (polytetrafluorethylene or polyvinylidenfluoride) and
is sealed by two independent cover plates using rubber gaskets. These cover plates serve
as double confinement against radionuclide release.

Fig. 1. Drawing of the spectro-
electrochemical cell.

1 — Cell body of chemically resistant material
2 — Stainless steel housing

3 — Space for the sample solution

4 — X-ray window

5 — Inner cover plate (first compartment)

6 — Electrode

7 — Outer cover plate (second compartment)
8 — Electrical connector

Each cover plate contains six gas-tight connectors for cables and electrodes. Two X-
ray windows were machined directly into the cell walls to avoid additional sealing. The
windows are 20 mm apart from each other to allow sufficient X-ray transmission through the
chloride solution and to achieve an edge jump of 0.3 at the U L, edge.



The liquid volume of 10 ml was agitated by a magnetic stirrer. All miniaturized
electrodes and sensors were machined by KSI Mainsberg and were used in combination
with a potentiostat (model PGU 20V-100mA). The working electrode (cathode) was a Pt
gauze and the counter electrode (anode) was an Ag wire.

The electrochemical reduction of U(VI) to U(IV) involves an electron transfer and a
chemical reaction transforming the trans-dioxo cation. The reaction at the cathode is:

UO,?* + 2™ + 2H" — U*" + 2H,0. (1)
At the anode silver is dissolved and precipitates as silver chloride:
2Ag + 2CI" — 2AgCl| + 2e". (2)

The dissolved Ag” ions are in equilibrium with solid AgCl and the equilibrium potential
of the electrode is then determined by the solubility constant of the precipitate. At the
experimental conditions chosen, the electrochemical potential was always far away from the
decomposition potential of water. In order to avoid a high polarization of the cell, no
diaphragm was used. The reduction of 0.01 moles of U(VI) to U(IV) at the cathode is
accompanied by a decrease in the chloride concentration due to the precipitation of 0.02
moles of AgCl. The resulting reduction of the chloride concentration is small in comparison to
the chloride concentration of the 3, 6 and 9 M CI” samples (see next paragraph). In order to
enforce the anode reaction in the nominally 0 M CI” solution, 0.02 moles of LiCl were added.
For both we did not expect an influence on speciation due to the low complex stability of
uranium chloride ions. The Ag/AgCl potential was used as reference. Current-potential
measurements were applied in order to gain redox potentials of the U(VI):U(IV) couple and
appropriate potentials for the reduction process. XANES measurements were performed
during the reduction process in situ to monitor the actual oxidation state. An example for the
in situ XANES measurement comprising subsequent factor analysis is shown in Figure 2.

0.5
o 1.0 o\ ././o)o/o-o
.4 - \ —
\\\\ ./.
\
084 \ o«
®
. \ -
0.3
= % o o/
= 3 061 \
c B °>< —o— U(VI)
0.2 ) o —e— u(V)
® 04 / .
s . .
S AN
0.1 w 02l 8 N
/ \°\’
00 - T T : T T T T T T 00 L 7 T T T T T |. ° 7.77;7.7 7?
17130 17160 17190 17220 0 1 2 3 4 5
Energy [eV] Time [h]

Fig. 2. In situ XANES measurements and species distribution in the solution. Left side: U L, edge
XANES spectra obtained during the reduction of 0.01M U(VI) in 0.2 M formic acid. The reduction was

performed at a constant potential of —350 mV vs. Ag/AgCl. Right side: Distribution of U(VI):U(IV)
species extracted by factor analysis.
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Experimental

Two stock solutions of 0.1 M U were prepared by dissolving UO; either in 0.3 M
HCIOQ, for the chloride-free sample or in 0.3 M HCI for the chloride-containing samples. Four
0.01 M U(VI) aqueous solutions with chloride concentration of 0, 3, 6 and 9 M were
prepared. LiCl was dissolved in 2.5 mL U stock solution and 2.5 mL of 1 M HCI obtaining
25 mL of 0.01 M U solutions.

Results and discussion

Comprehensive reviews of thermodynamic data have been reported on U(VI)
complexes: a weighted linear regression, using experimental values from different
references, yields stability constants of log 4° = 0.17 £0.02 and log 3" = -1.1 +0.02 for the
reaction UO,%* + nCI- == UO,CI,>" [1]. Formation constants log .’ for species with n > 2
have not been published so far. UV-Vis spectroscopy shows significant spectral features
which allowed to discriminate the species UO,**, UO,CI* and UO,CI,° quantitatively [2]. Allen
et al. observed the species UO,(H,0)s%*, UO,(H,0),Cl*, UO,(H,0),Cl,°, and UO,(H,0)Cl5
recently by EXAFS spectroscopy [3].

In contrast to U(VI), little is known on chloride complexation by U(IV). The formation
constant according to the reaction U** + nCI” == UCI,*" extrapolated to an ionic strength
| = 0 yields log $.° = 1.72 +0.13 [1]. Only one experimental value is obtained for n = 2 with a
log 5 =0.06 (I =2 M) [4].

25F 6
- C e
~ f 5.
g 20— 2
= r s
B = 4
15~ E,
: =
10 I LL 3
C Flg 3. U L|||-edge k3
- weighted EXAFS data (left)
5 and corresponding Fourier
B transforms (right) taken over
N k=3.2-12.7 A" for UO,” as a
O function of CI™ concentration,
C experimental data (line) and
5L, theoretical curve fit (dots).

U Ly-edge k*weighted EXAFS spectra and the corresponding Fourier transforms
(FT) of U(VI) samples are shown in Figure 3. The FT of all samples shows two peaks which
arise from two axial oxygen atoms (O,,) at 1.76 +0.02 A. The UO,** aquo ion (sample
0 M CI") shows 5 equatorial oxygen atoms (Oe,) at 2.41 +0.02 A. The FTs of the CI
solutions show an additional peak at a distance of 2.73 +0.02 A indicative of CI” in the first
coordination sphere. The intensity of this Cl peak increases with increasing CI°
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concentration. Ng, increases from 1.0 to 2.7 in subsequent EXAFS fits. With increasing CI
concentration the dominant FT peak shifts to higher R values indicating a systematic
replacement of H,O by CI” in the first coordination sphere.

Possible solution species comprising UOz(H20)52+ and UOg(Hzo)s_nCInz'” are
averaged to a common radial distribution. However, the structural parameters extracted by
EXAFS suggest the species UO,(H,0),Cl*, UO,(H,0)sCl,° and UO,(H,0),Cl5~ according to
Figure 4.
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e
2
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o, o o Fig. 4. U(VI) aquo
1, o e At OH, chloro species.
Cl <
- 1~ ~~
cl ” cl 4 cl
5 H,0

We assume, that in all aquo chloro species the equatorial coordination number
remains 5, because in a fourfold coordination as in UO,Cl,%>" the U-Cl bond length would be
reduced to 2.671 A [5]. With increasing CI” concentration the coordination number of Cl
increases stepwise. The ligands are coordinated in an inner-sphere fashion. A possible
additional outer-sphere coordination could not be verified since EXAFS measurement is not
sensitive for the backscattering signals at R+A > 3 A under the used experimental conditions
and the outer sphere coordination would most likely be too disordered to be detected.
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10 L Fig. 5. U Ly-edge k®
C weighted EXAFS data (left)
C and corresponding Fourier
5+ transforms (right) taken over
C k =3.2-9.6 A" for U(IV) as a
C function of CI” concentration,
Uy experimental data (line) and
C theoretical curve fit (dots).
5
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Figure 5 shows the U Lj-edge k3-weighted EXAFS spectra of U(IV). In non-
complexing perchloric acid the U(IV) aquo ion shows 8.7 spherically arranged oxygen atoms
at a distance of 2.41 A.

With increasing CI” concentration the dominant FT peak shifts to higher R values
indicating a systematic replacement of H,O by CI” in a distance of 2.71 A. During the fits, the
o? value of the U-O shell was fixed to 0.0070 A, obtained from the U(IV) aquo ion, and that
of the U-CI shell was fixed to 0.0050 A? following the value obtained for U(VI). The
coordination number N¢ increases from 0.3 to 2.1 and the coordination number Ng
decreases from 8.5 to 6.1. The aquo chloro species derived from EXAFS measurements are
identified as U(H20)8C|3+, U(H20)6_7CI22+ and U(H,O)sCl;* as shown in Figure 6. The
extraction of principal components by factor analysis shows that the coordination number
Nosc decreases from 9 in U(H,0)sCI** to 8 in U(H,0)sCls".

Cl H0 2
A N2
Hzo//,)‘  \ OH, H20011,,,\ 4\\ OHy, ——= "0y, \\\\\\\ OH,

IIIII

//\\ TN T

H,0
H,0  OH c OH

c _IZ* C|_|
\/ <o cl ///k \\\\\\ OH,

Fig. 6. U(IV) aquo

Chawy Uy 10" \ .
/ \ HiO OHZ chloro species.

The structure of U(IV) chloride complexes was not investigated up to now. Allen et al.
[3] found clear evidence for inner-sphere formation of Np(IV) aquo chloride complexes. Due
to the chemical similarity of U(IV) and Np(lV) an equivalent coordination was assumed for
U(IV). A comparison of the CI” concentrations necessary to reach a coordination number of
Ng < 1, which is higher for U(IV) than for Np(IV), confirms that log s follows the trend U(IV)
> Np(lV). The similar bond lengths for U-O and U-CI for the U(VI) and U(IV) aquo chloro
species suggests that, despite the difference in formal oxidation state, the effective ionic radii
of U(VI) and U(IV) are similar, as has been pointed out in the literature [5].
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Introduction

Antimony has been used since ancient times, and with 150’000 tons being mined
each year, it is the 5th mostly exploited metal. Thus, more Sb is mined and used than As,
which has a similar toxicity. Antimony is used for non-metal and metal products in about
equal proportions. The non-metal products encompass antimony trioxide (Sb,0O3) for the
fining of glassware and ceramics, and as pigment in paints and lacquers. Non-metal Sb is
increasingly used for flame retardants in plastics, textiles and car break pads, as vulcanizing
agent in tires, and in semiconductors. Metallic Sb is used to harden Pb alloys for the
manufacture of bearings, tubes and ammunition, and is an essential part of lead batteries [1,
2].

Global emission of Sb to the atmosphere from both natural and anthropogenic
sources are estimated to 6000 tons per year [3]. High concentrations of Sb have been found
in bottom and filter ashes of municipal solid waste incinerator plants. Important sources of
uncontrolled release of Sb into the environment are road traffic (dust from break linings and
tires), older battery producing plants and shooting ranges. Antimony concentrations up to
several thousand mg kg™ have been reported for soils influenced by mining activities [3 and
references therein]. In the soils of shooting ranges, Sb concentrations of up to 100 g kg™
have been found, which is 6 orders of magnitude above the natural background of 0.1 mg
kg™ [4-7]. Since the Pb cores of bullets contain 1-2 % of Sb and approximately 100,000 tons
of bullets are deposited on shooting ranges per year, 1,000-2,000 tons of Sb are deposited,
constituting a major emission path.

Fig. 1. Coordination of Sb(lll) and Sb(V) in oxide minerals. Antimony-oxygen
distances vary within similar ranges for both oxidation states (1.92-2.04 A for Sb**
and 1.98-2.10 A for Sb°*) [8].

In spite of the common usage and potentially high toxicity, little is known on the
geochemical fate of Sb in soils. Superficially deposited Sb seems to be retained in the
topsoils, since concentrations rapidly decline with soil depth [4, 9, 10]. Antimony is expected
to occur in either trivalent or pentavalent oxidation state in aqueous surface environments,

15



being coordinated to 3 or 6 oxygen atoms, respectively (Fig. 1). The most important
pentavalent aqueous species is Sb(OH)s", which prevails above pH 2.5. Below pH 7, this
oxyanion may be bound by ubiquitous Fe oxides. In neutral soils, however, i.e. above the
point of zero charge of Fe oxides, many soils do not have substantial anion sorption
capacity, hence one may expect high susceptibility to leaching. The trivalent aqueous
species, Sb(OH); sorbs to Fe oxide over a wider pH range, hence is expected to be rather
immobile even in neutral soils [11]. Besides the difference in sorption behavior and mobility,
a discrimination of both oxidation is important from an ecotoxicological point of view, since
Sb(lll) is 10 times more toxic than Sb(V). Both oxidation states are discriminated by their
oxygen coordination, which can be determined by EXAFS spectroscopy. Furthermore, at
sufficiently high Sb concentrations EXAFS can be used to identify the complete short range
structure, and hence identify aqueous, sorbed and solid species. Finally, newly developed
statistically methods should make it possible to decipher the Sb speciation quantitatively [12,
13]. We selected shooting range soils, because Sb concentrations are sufficiently high for
EXAFS analysis, and because shooting activities are an important emitter of Sb into the
environment.

Materials and methods

Samples were collected at six shooting ranges in Switzerland, representing a wide
range of geochemical conditions including pH, organic and inorganic carbon content and
mineralogy, and representing a range of Sb (and Pb) pollution levels (Table 1). The
predominant ammunition used at these sites are two calibers of rifle bullets, 6.5 mm (GP11)
and 7.5 mm (GW Pat 90), consisting of a metallic core of Pb hardened with 2 to 4 % Sb,
encased in a cupronickel-clad steel jacket. Soil samples were collected at the stop butts in
various depths, air dried and sieved (< 2 mm). The elemental composition was determined
by energy-dispersive X-ray fluorescence spectrometry (Spectro X-LAB 2000).

Antimony K-edge EXAFS spectra were collected at the Rossendorf Beamline (BM20)
at the ESRF in fluorescence mode. Sample cooling to 20 K using a He cryostat greatly
improved spectra quality due to reduction of the thermal contributions to the Debye-Waller
factors, and was applied to all samples. Quantitative speciation was performed by applying
iterative target transformation factor analysis (ITFA) to the set of k>-weighted chi spectra [12,
13]. To determine the short-range structure of extracted species, shell fitting was performed
with FEFF 7 and WinXAS.

Table 1. Sample properties.

Sample Depth pH CaCO3 Corg Sb Pb Cu
cm o/kg mg/kg

Goldau B 0-5 8.2 335 29 6000 111000 3050
Zuchwil AhnB 0-5 5.8 0 50 1600 21000 2750
Oberuzwil 0-5 0-5 6.9 0 300 8000 171000 2720
Oberuzwil 5-15 5-15 71 13 220 3400 76000 2080
Oberuzwil nB 25-45 7.1 53 220 8600 175000 5100
Quartino A 0-5 94 73 72 17500 (516000) 4450
Davos E 0-5 7.8 133 6 1900 35000 920
Losone J-1 1 3.2 0 330 4000 80900 189
Losone N4 16 3.6 0 150 1300 21300 43
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Fig. 2. Antimony K-edge EXAFS spectra of soil samples from 6 different shooting
ranges (black lines), and their reconstruction with 2 principal components (red lines).
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sample spectra in Fig. 2 by iterative target transformation factor analysis. Selected
reference species are shown for comparison.
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Results and discussion

Antimony and Pb concentrations of the samples are closely correlated (R*=0.988***),
revealing their common deposition history (Table 1). The regression line has a slope of
0.0462 which is above the range of 0.02-0.04 expected from the bullet composition. This
slight enrichment of Sb may suggest a higher mobility of Pb as compared to Sb. Note that
the highest Pb concentration of 516 g kg’ was omitted from the regression, since this
concentration exceeded the calibration range of the fluorescence analysis.

Due to the use of a cryostat for sample cooling to 20 K, high quality EXAFS spectra
to > 15 A" could be collected out to 14.5 A" (Fig. 2, black lines). The spectra were treated
with iterative transformation factor analysis. All spectra are reconstructed with only 2 factors
(Fig. 2, red lines), suggesting that Sb speciation is dominated by only two species. The
spectral components of these species are shown in Fig. 3 along with the measured spectra
of selected references. The short range structure of the two spectral components was
determined by multi-shell fitting using paths calculated by FEFF7 (Table 2).

Table 2. Local structure of species 1 and 2 and of selected references.

Coordination shell Further shells
CN and t 2 .a2¢ | CNand 2 2 §| .2 -
Sample clement R[A] o [A7] clement RIA] 0 [A7] | AEp [eVE ]| 1 res %
Species 2.1Sb 3.35 0.0027
] 2.1Sb 2.90 0.0013 6.7 Sb 4.30 0.0045 6.6 75
6.1 Sb 4.51 0.0039
Species 1.1 Fe 3.10 0.0026
5 530 1.98 0.0033 1.4 Sb 335 0.0053 8.1 3.3
Sb 1.8 Sb 3.34 0.0021
metal 2.2Sb 2.91 0.0013 6.9 Sb 4.29 0.0047 9.5 13.0
6.3 Sb 4.49 0.0056
Sbh(V)
sorbed 6.10 1.99 0.0042 1.0 Fe 3.08 0.0030 7.7 9.2
goethite
Sb(V) 2.4 Fe 3.08 0.0080
antimo- 6.10 1.98 0.0043 2.9Sb 3.37 0.0070 5.6 7.4
nate 2.3Sb 3.62 0.0070

In species 1, each Sb is surrounded solely by other Sb atoms at distances, which are
consistent with Sb metal (Table 2). Furthermore, the spectral component is almost identical
with the low-temperature spectrum of Sb foil (Fig. 3). Hence there is no doubt that species 1
is metallic Sb.

" Coordination number
T Radial distance
* Debye-Waller factor
i Phase shift

Fit error
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In species 2, Sb is octahedrally coordinated to O, indicative of the pentavalent
oxidation state (Fig. 1, Table 2). Small backscattering peaks in the Fourier transform at
distances above 2 A (Fig. 3, uncorrected for phase shift) were fit with one Fe (or Mn) atom at
3.10 A and one Sb atom at 3.35 A. Such an arrangement could indicate that Sb(V) is bound
to the surface of Fe (or Mn) oxides as polynuclear inner-sphere surface complex. For
comparison, we investigated the spectrum of a Sb(V) sorbed goethite (Fig. 3), which was fit
with one Fe atom at a distance of 3.08 A. While the Fe distance is similar, no Sb atom was
observed. An alternative interpretation would be formation of an Fe antimonate. The
spectrum of a crystalline Fe antimonate reference phase is shown in Fig. 3. It was fit with 2.4
Fe atoms at 3.08 A, 2.9 Sb atoms at 3.37 A and 2.3 Sb atoms at 3.62 A. The distances of
the Fe shell and of the first Sb shell are in line with that of species 2; however, the
coordination numbers of species 2 are significantly smaller, and the second Sb shell is
missing. These differences may be explained by formation of small Fe antimonate-like
clusters with incomplete coordination within 3.37 A, and the lack of any structure beyond
3.37 A. Therefore, the most consistent interpretation of species 2 is formation of an
amorphous Fe antimonate phase, which may have formed as surface-induced precipitate on
Fe oxides.
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The relative concentration of the two species as derived by iterative target
transformation factor analysis is shown in Figure 4. The highest fraction of Sb metal occurs
in the Losone samples. The soil of this site is very acidic, organic matter-rich, and has very
low density. Only one bullet was found in the topsoil of a 2 x 2 m? area, which had Pb
concentrations as high as 80.9 g kg™ [7]. The surface of this bullet was bright-metallic from
surface dissolution, and it did not show a weathering crust. No other bullets were found in
spite of the high total Pb content of the soil. Furthermore, Pb L;-edge EXAFS spectroscopy
showed only Pb?, but no Pb(0) at this site (data not shown). Hence soil chemical
characteristics, the lack of bullet residues and Pb L; EXAFS spectroscopy all strongly
suggest that bullet weathering is rapid and complete in this soil. Therefore, the metallic Sb(0)
either must have remained unoxidized during Pb oxidative dissolution, or the Sb(0) has
formed by reduction from oxidized species.
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The general trend from a high amount of Sb(0) in the Losone samples to the
prevalence of Sb(V) species in the Zuchwil sample with neutral pH and sandy texture is not
related to any of the monitored parameters (pH, texture, concentration of Corg, CaCQOs;, Pb,
Sb, Cu, history of the shooting ranges, etc.). Hence no explanation for the variable
speciation can be given.

At some of the sites, Sb(lll) was found in soil solution [6]. However, we did not find
any evidence for Sb(lll) in the bulk soil samples. Since the lower detection limit of the
employed combination of EXAFS spectroscopy and factor analysis is about 5 %, trivalent
species represent less than 5 %. This indicates that Sb(lll) is rapidly oxidized to Sb(V), a
process most likely taking place at the surface of Fe or Mn (hydr) oxides.

Conclusion

In spite of a wide variation of geochemical parameters, only two Sb species were
found in soils of shooting ranges: Sb metal and Fe antimonate-like clusters. Species with the
most toxic trivalent oxidation state were not found. No causal relationship between the
speciation and geochemical parameters or shooting range history can be offered. To the
best of our knowledge, this is the first time that Sb species have been determined in situ in
environmental samples.
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Introduction

Tin-doped indium oxide (ITO) films are highly degenerate wide band gap semiconductors
with high conductivity and transparency in the visible region of the spectrum. The
preparation of low-resistivity ITO films by reactive magnetron sputtering normally requires
deposition on heated substrates or post-deposition annealing.

So far, the annealing processes for reactively sputtered ITO [1, 2] have only been
studied for metal-rich films, in contrast to studies after magnetron sputtering from ceramic
targets [3-8]. Moreover, mainly isothermal heat treatment is considered in the literature,
although annealing using a temperature ramp is of more relevance for practical application.
Several investigations report on real-time in-situ monitoring of the ITO film resistivity and
reflectivity [7, 8], which is used for an indirect characterisation of the crystalline structure of
the films. This approach requires simplifying assumptions on the linear dependence of the
resistivity or light reflectivity on the crystalline fraction, and the stability of the film roughness
during annealing. Direct investigations of the influence of heat treatment on the ITO film
structure are so far limited to post-annealing studies by x-ray diffraction (XRD) and scanning
or transmission electron microscopy [1-3, 5, 6, 9].

Annealing of ITO is known to be very efficient in increasing the carrier concentration. It
can be quite reasonably explained by the Frank—Kd&stlin model [10], which accounts for tin
donor activation at elevated temperatures. However, this model is valid only for crystalline
ITO. The amorphous-to-crystalline transition in ITO during annealing is often assumed as the
reason for this activation, but the physics behind the experimental observation is not clear.
Here we report the results of a real-time in-situ investigation of the film properties and the
structure evolution during annealing in vacuum.

Experimental

The films are produced by reactive pulsed middle frequency magnetron sputtering using
the facility and procedure described in Ref. 11. The films are grown on Si(100) substrates
covered with SiO,, which were not heated intentionally during deposition. The average
thickness of the deposited films is 130 nm. The as-deposited films show no crystalline peaks
in the XRD patterns and are considered as amorphous.

The post-deposition annealing of identical ITO samples was carried out at two different
experimental setups, the materials research station of ROBL at ESRF in Grenoble [12], and
the ITO deposition facility at FZR [11]. In both cases the total pressure of the residual gas
was below 6 10* Pa. The annealing temperature T, was gradually increased from 20 to
330°C at a constant rate of approximately 5 °C/min. In both experimental setups, the
resistivity of the ITO films was monitored in situ by the four point probe technique.
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In order to study the evolution of the ITO film structure in real time, a UHV annealing
chamber, equipped with an x-ray transparent beryllium dome, was mounted on a six-circle
goniometer. The x-ray diffraction experiment was performed in Bragg—Brentano geometry
within the range of scattering angles of 27-37°. The incident x-ray beam was mono-
chromatized to 8.048 keV (A = 0.154 nm). A multi-channel linear position sensitive detector
(PSD) allowed a fast scan acquisition time of 100 s. A spectroscopic rotating compensator
ellipsometer (M-2000, J.A Wollam Inc., USA) was used at FZR for in-situ monitoring of the
film optical properties. The ellipsometer is installed at the deposition chamber which is
equipped with fused silica windows at an angle of light incidence of 70.7° with respect to the
sample surface normal.

Results and discussion

After increasing the annealing temperature T, up to 250 + 10°C, the XRD patterns show
only a broad amorphous peak around 32°, indicating the absence of any structural changes
below this temperature. The evolution of the XRD patterns with annealing temperature within
the range 200-320°C is shown in Fig. 1. At T,=250°C, the (222) and (400) peaks of
crystalline In,O3; phase start to appear. Their intensity increases strongly as T, increases by
approximately 30°C, pointing to a rapid crystallization of the ITO film. The film becomes
completely crystalline at T, > 280°C with a stable structure above. The calculation of the
texture coefficient by known equations shows that the film exhibits a weak (222) fiber texture
in this state. The size of coherently diffracting domains was estimated by the Scherrer
formula to be 65 £ 4 nm.
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Fig. 1: Evolution of XRD patterns during annealing in vacuum.

The observed temperature of crystallization of 250°C is significantly larger than
published values ranging from 150 to 200°C, which are often cited [7, 8]. However, the latter
are deduced from post-deposition XRD studies of ITO layers produced on heated substrates
[13]. During deposition, additional activation may occur due to plasma-surface interaction
including fast ion bombardment, which might promote the crystallization at lower
temperatures.

The temperature dependence of XRD integral intensity of the In,Oz (222) peak [l222)]
[Fig. 2(a)] has the typical S-like shape, being characteristic for the enhancement of the
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crystalline fraction during the amorphous-to-crystalline transition. The observed EMA
roughness enhancement can be mainly related to the film crystallization because it occurs
within the identical temperature range of 250-280°C.
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Fig. 2: Temperature dependence during annealing of XRD integral intensity
of the In,O5 (222) peak [li222] along with the roughness (a), resistivity and
free electron density N, (b), and refractive index at two wavelengths (c).

Defining the degree of crystallization by f = l222)/Ic222), Where Ic222) is the integral intensity
measured at complete crystallization, its time dependence is analyzed by using the
Kolmogorov—Johnson—Mehl-Avrami equation [14-16]

f =1—exp(-K t" (1)

where n is a kinetic exponent and K is a rate constant. A linear fit of the function -In(1-f)
plotted versus the acquisition time on a double-logarithmic scale, yields n=2.99 + 0.23.
Under the condition that the coherently diffracting domain size is smaller than the film
thickness, this kinetic exponent indicates a 3-dimensional crystallization process.

The observed temperature dependence of the resistivity in Fig. 2(b) indicates several
stages with features at T, = 110, 150, 280 and 310°C, in contrast to the more simple two-
stage behavior of the resistivity and single-stage behavior of the reflectivity observed during
isothermal annealing [7, 8]. The temperature behavior of the free electron density N in
Fig. 2(b) qualitatively agrees with a decrease of the resistivity, excepting the temperature
range of 280-310°C. The refractive index in Fig. 2(c) decreases at increasing annealing
temperature that relates to the free electron density behavior. From the stability of the film
resistivity and refractive index at a temperature below T, ~ 120°C it can be concluded that
neither the free electron density nor the structure of the ITO films change during the first
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annealing period. At higher temperatures (120-240°C) the free electron density increase in
the amorphous ITO can be attributed to the creation of oxygen vacancies due to relaxation
of distorted In-O bonds in the amorphous phase. As the resistivity decreases faster than Ne
increases, the free electron mobility can be assumed to be enhanced.

The fast enhancement of the free electron density, N. after the beginning of
crystallization (T, ~ 250°C) can be explained by the onset of Sn donor activation [7, 8, 17] in
a growing crystalline phase. However, the spectroscopic ellipsometry is sensitive to the free
electron density enhancement even in crystalline grains which are electrically insulated or
have bad contact to each other [18]. These grains do not contribute to resistivity decrease
until they are electrically connected. Possibly such connections are a reason for the drop of
resistivity (T, > 310 °C) after a plateau observed at increasing N within the temperature
range 280-310°C.

The comparison of the graphs in Fig. 2 clearly shows that at constant heating rate the
resistivity and optical properties depend non-linearly on the crystalline fraction. This is in
contrast to the linearity which is often assumed in the literature. A reason for this
discrepancy might be the change of surface roughness in this particular case, which renders
reliable monitoring of the film structure evolution by indirect techniques extremely difficult.

Summary

The structure and properties of ITO films deposited by reactive magnetron sputtering
have been monitored in real time during annealing in vacuum, using three complementary
in-situ techniques. The direct observation of the structure yields a crystallization temperature
of 250°C. Even in the amorphous state the film resistivity decreases significantly at
increasing temperature, probably due to relaxation of distorted In-O bonds in the amorphous
phase, which leads to a free electron density enhancement by the creation of oxygen
vacancies. The rapid crystallization is accompanied by film roughening and leads to a further
decrease of the resistivity due to Sn donor activation.
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Introduction

High Ge composition Si/SiyxGex (x = 80%) superlattices are important for design flexibility
of SiGe based quantum cascade lasers (QCL). To realize a QCL device based on Si and Ge
is quite difficult since the 4 % lattice mismatch between Si and Ge produces a high lattice
strain. This strain may induce interface roughness, undulations at the growth front [1] and
finally misfit dislocations. That is why the growth of SiGe based QCL structures needs highly
stable growth conditions and comparatively low growth temperatures. Moreover, the
conditions for electroluminescence and the proper band structure for cascade emitters
require a rather complex design of adjacent Si barriers and SiGe quantum wells and a very
good control of the layer compositions and thicknesses.

SiGe/Si electroluminescent cascade structures with Ge contents up to 40 %, grown by
molecular beam epitaxy (MBE), which exhibited well-resolved electroluminescence in the
10 um wavelength range with a quite narrow line width of 22 meV were already successfully
realized [2]. The structural investigation of these samples was performed by x-ray scattering
[3] and demonstrated a very good structural quality of the interfaces. Despite of the large
lattice mismatch between the SiGe (40 %) and Si layers, the growth was still pseudomorphic
with respect to the Si(001) substrate.

However, in principle, a higher Ge composition in the quantum wells allows a higher
design flexibility of SiGe/Si structures but as a drawback induces a lower structural stability
due to the extremely high strain values. In order to compensate for the high strain in the
system, such structures have to be grown on SiGe relaxed pseudo-substrates. Furthermore,
the constituent layers have to be strain-symmetrized with additional cap layers. The strain
symmetrization is determined both by the Ge content in the pseudo-substrate and in the
layers on top of the structure, grown in reversed order [4]. Dislocations and high interface
roughness limit the quality of the strained layers. Furthermore, at elevated temperatures,
which might occur during device processing steps, metastable Si/SiGe structures may suffer
strain relaxation via dislocation formation and the interface roughness might change as well.

Experimental method and results
In this experiment, we focused on the annealing behavior of strain compensated multiple
quantum well (MQW) structures Si/Si;«Gey with high Ge composition (x = 80%), grown on

Sip5Geg 5 pseudo-substrates. Such structures are much more suitable for the analysis of x-
ray data and investigations of diffusion processes than QCL devices. These structures have
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been investigated by x-ray small angle scattering and high resolution x-ray diffraction (XRD)
in a coplanar setup. XRD is sensitive mainly to the strain and x-ray small angle scattering,
e.g. x-ray reflectivity (XRR), is only sensitive to the morphology of the interfaces. The
superlattices, which are originally designed for their photoluminescence and tunneling
properties, remain enormously strained, and they are in a metastable regime. Thus, a study
on the temperature dependence of the Ge interdiffusion via XRR measurements is desirable.

The investigated samples contained MBE-grown (300°C) MQW’s with 30 periods of
Sip2Geps (83.3 A)/ Si (50 A) grown on a SiysGegs graded relaxed pseudo-substrate (Fig. 1).
The superlattices were strain-symmetrized by the system of layers graded up to Siyp,Geos
situated below and above the MQW (in reversed order), in order to avoid the formation of
misfit dislocations in the MQW. Details on the MBE growth can be found in Refs 5 and 6.

Substr. + SiGe Is.+ grading + MQW + grading + SiGe Is. +3i top layer

—>50nm i
I —> 5,0nm SiGe (50%)

—> 200nm §1Ge (50%)

6.670m SGe (60% 50%) s
6,67 SiGe (70%-60%) e I_—
6.65nm SiGe (80%-70%) «—

3,00 SGe (30%) 7 £_

5.0nm §i 130K

399.9nm
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T50mmS
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~100.0nm 56 (50%)
B> 50.00m §iGe (50%)
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Fig. 1: Scheme of the nominal structure of the investigated SiGe sample K089
(K098ref1, KO98ref2 and K098ref3) grown on the Si;Ge, (x =50 %) pseudo-
buffer, which was deposited on Si(001).

We have performed a series of XRR and diffraction reciprocal space maps (RSM) at room
temperature and during in-situ annealing for temperatures ranging from 600°C up to 830°C
for different annealing periods in order to follow the evolution of interfaces during annealing
and to find the temperature limit, at which the strain and interdiffusion start to affect the
structure. In previous studies, we already found that around a temperature of 810°C the
SiGe MQW structure is strongly affected by interdiffusion [6]. In the present, more detailed
experiment, we have performed three annealing procedures at different temperatures using
three pieces of the same sample structure, taken from the same grown wafer (Fig. 2).
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Fig. 2: Temperature versus time of the investigated pieces of sample KO89 during annealing.

XRR and RSM have been obtained using a wavelength A = 1.5405 A. For the annealing
experiments we used the small ROBL furnace with a hemispherical Be dome, which allowed
to perform the in-situ annealing studies both in low and high incidence angle geometry. The
annealing itself was performed in vacuum at a pressure of 2.7 x 10° Pa. Two temperature
sensors were used during the experiment to control the sample temperature: one
thermocouple measured the temperature at the sample surface and the other one measured
the temperature of the heater below the sample. The temperature of the heater was usually
about 5-9 % higher than the temperature of the sample surface. The temperature sensors
were calibrated before the measurements. A position sensitive detector (PSD) was used to
record the scattering signal in a reasonable short data-collection-time (~30 min per RSM).
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Fig. 3: Series of examples of XRR RSMs during annealing at 600°C (a), 800°C (b), 830°C
(c) and 830°C after 35 min (c). The measurement interval between (b) and (c) was about 50

min.

We found that significant changes in reflectivity RSMs start to appear around a
temperature of 790°C. At lower temperatures (< 700°C), we did not observe very significant
changes in the reflectivity for 4 hrs. However, the change in scattered intensity in RSM was
so fast when the temperature was reaching 830°C, that only two maps could be measured.
Fig. 3 shows a set of reflectivity RSMs from sample KO089ref1 corresponding to different
annealing temperatures and time, i.e. 600°C (a), 800°C (b), 830°C (c), and 830°C for 35 min
(d), where the periodical structures in the XRR data had vanished.

The annealing and reflectivity measurement of the second piece of the sample K089
(KO89ref2) was started immediately at 750°C and continued at the constant temperature of
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790°C for more than 6 hrs until the MQW structure disappeared. Thus, the temporal
evolution of the MQW structure at the constant temperature was obtained. Examples of
RSMs obtained with the PSD at room temperature and at various phases of annealing at
790°C are shown in Fig. 4. At this temperature, the intensity of the superlattice (SL) peaks in
XRR RSMs was slowly decreasing in time and the MQW structure disappeared after 6 hrs of
annealing at 790°C. Thus, we could record about nine reflectivity maps at different periods
after the start of the annealing experiment, in which the clear SL multilayer peaks in RSMs
are still observable.
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Fig. 4. Series of examples of XRR RSMs obtained for room temperature and
during annealing at 790°C (a), after 75 min (b), 190 min (c) and 330 min (d).

Discussion

Since the diffusion processes which are responsible for the stability of the structures
occur mainly across the Si/SiGe interfaces, the most important information is included in the
specular reflectivity, which is sensitive only to the vertical structure averaged across the
horizontal plane parallel to the sample surface. Thus, we have extracted Q, scans from all
RSMs at position Q4 = 0 and performed simulations of these specular reflectivity curves. The
temporal evolution of specular reflectivity measurements during annealing of sample
K089ref2 together with the simulations and the corresponding model of electron density is
depicted in Fig. 5.

From the specular reflectivity curves in Fig. 5 (left panel), one can clearly see the slow
gradual decrease of the SL multilayer peaks with increasing time. This corresponds to the
slow but observable decrease of the relative electron density contrast Ap, as can be seen
from the plots in Fig. 5 (right panel). The profile of the relative electron density was obtained
from the specular reflectivity simulations. Since the value Ap becomes very small towards
the end of annealing, some of the relative electron density profiles for larger annealing
periods were plotted in the insets of Fig. 5 (right panel). It is evident from these insets that
the MQW structure can still be detected after 5 hrs of annealing. However, the results of Ap
for the last two measurements have a rather large error since the SL multilayer peaks cannot
be clearly observed in the measurement. The relative electron density was normalized to the
electron density of the substrate.
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Fig. 5: Evolution of the specular reflectivity curves (left panel) and the corresponding relative
electron density obtained from simulations (right panel) of sample K089ref2 during the second
annealing experiment reaching the temperature 790°C. The results show the slow disappearance
of the SL structure at 790°C. Neighboring reflectivity curves are shifted with respect to each other
by a factor 0.1, the shift between neighboring electron density profiles is 0.42.

In the specular reflectivity simulations, we have used a standard matrix optical formalism
[7] with modified Fresnel coefficients for ideal interfaces; multiplied by an exponential factor
exp(-2cjk,K;+1), see Ref. [8], where o; is the roughness of the j-th interface and k, are the z-
components of the wave vectors in the layers. For the roughness replication model we have
used the following assumptions [6]: a maximum replication and non-zero intrinsic roughness,
a different and independent roughness profile at the Si/SiGe and SiGe/Si interfaces in the
MQW and also in the graded regions below and above the MQW. The interface rms
roughness o was increasing within the interval from 0.4 to 2.1 nm from the bottom to the top
of the structure for the reference sample, measured at room temperature.

Since the temporal evolution of the MQW structure KO89ref2 was very slow with respect
to the data collection time of one reflectivity RSM, we could carefully monitor the interface
changes occurring in the MQW structure during annealing. The temporal evolution of the
electron density contrast Ap, obtained from Fig. 5 (right panel) as an averaged value of
contrasts Ap from the top 15 layers of the MQW, is plotted in a logarithmic scale in Fig. 6
(right panel). It is clearly evident that the changes of Ap at 790°C fulfill very well an Arrhenius
dependence. In Fig. 6 (right panel), we have plotted only the first 9 points corresponding to
the temperature 790°C since only these represent the remaining periodicity in MQW with a
sufficiently good precision. The Ap values were used for the exponential fit of the Arrhenius
function Ap = poexp(-t/ty) in order to obtain the interdiffusion coefficient D = d%/4r%,, where &
denotes the muliilayer period. We found for the interdiffusion coefficient
D = (1.01+0.03) x 10" m?/s for Si/Si;,Geo s at the temperature 790°C.
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Fig. 6: Temporal evolution of (a) the SiGe layer thickness normalized to the period of the
MQW during annealing of sample K089ref2, and inset (b) the SiGe/Si period of MQW, likely
caused only by thermal expansion of the material. (c) shows the determination of the diffusion
coefficient D at the temperature of 790°C, where the points of the electron density contrast Ap
taken from the average of the top 15 layers, were fitted by an Arrhenius dependence. The
obtained interdiffusion coefficient was D = (1.01+0.03) x 10%' m?s. The data were obtained
from the specular reflectivity simulations, shown in Fig. 5.

From the specular reflectivity simulations, we have also detected a small change of the
multilayer period during the annealing, which is only due to the thermal expansion of the
multilayer. Thus, the MQW period can be considered as being constant during the
annealing. Actually, the thickness of the SiGe layer was found to increase during annealing,
see Fig. 6 (left panel). We observed this effect both for the sample K089ref2 at 790°C as
well as for the annealing experiment of sample KO89ref1. This implies that Si/Ge intermixing
plays an important role at a temperature of 790°C and that indeed the Si diffusion into the
SiGe layers is more important than the out-diffusion of Ge into the Si layers.
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Fig. 7: Temporal evolution of the diffuse scattering within the Q, scans during annealing of
sample K089ref2 at the temperature 790°C. Dot-lines show the measurements and solid-lines
show the simulations, assuming only fractal roughness. h is the fractal scaling exponent, L is
the lateral correlation length, L. is the vertical correlation length of the interfaces.
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To get information on the lateral morphology of the interfaces from the x-ray data, an
analysis of non-specular reflectivity is necessary. Thus, we have performed simulations of
diffusely scattered intensity along Qy scans at the position of the second SL peak using a
DWBA theory [9, 10] and assuming the simple fractal interface roughness in the MQW. From
the measurements and also from the simulations (Fig.7), it follows that the lateral
morphology of the interfaces in the MQW stays statistically preserved and only the
roughness is changing during annealing. A lateral correlation length L, = (60£20) nm and a
fractal scaling exponent h = 0.5 with a correlation function C(x) = czexp(-(|x|/L||)2h) of the
interfaces were assumed for all Q, scans. Since the intensity decreases almost by a
constant factor only, the correlation properties of the interfaces are preserved during
annealing.

We have also performed a series of XRD RSMs at the reciprocal lattice points (004) and
(224) at different temperatures. The evolution of the diffraction signals around (224) is
depicted in Fig. 8. It is evident that significant changes in the diffraction RSMs already start
to appear at a temperature of 735°C, but the MQW structure stays pseudomorphic during
annealing. This means that changes in the strain status precede the interdiffusion
processes, considering the fact that the structure has almost disappeared in diffraction after
2 hrs at 780°C, while in XRR the signal from the periodical structure is still observable. From
the RSMs in Fig. 8, one also notices that a new diffraction peak from the interdiffused
multilayer appears around the position Q, = 4.49 A" at 780°C (marked by a red arrow). The
position of this peak is continuously shifting towards the SLO peak, while the position is the
same as the one of the maximum of the envelope curve from MQW peaks in the Q, direction.
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Fig. 8: Series of (224) XRD RSMs: (a) at room temperature, (b) during annealing at 735°C, (c) at
780°C, and (d) at 780°C after 125 min. Around Q, = 4.49 A" one notices the appearance of new
diffraction peaks from the interdiffused multilayer, marked by an arrow, starting at 780°C and
following within the increase and shift towards the SLO peak for longer annealing periods. The
position of this peak is identical with the envelope maximum of MQW peaks in the Q, direction.
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Summary

We have investigated the structural properties of Si/Sip.Gegs multiple quantum wells
during in-situ annealing. For the investigation of interdiffusion we used x-ray specular and
non-specular reflectivity. From the in-situ annealing experiments, we determined the
interdiffusion coefficient for Si/Sip,Gegs at the temperature of 790°C for a multilayer period
13.33 nm. lts value of D = (1.01£0.03) x 10?' m%s is in agreement with the one obtained by
Liu et.al [11], who used Raman scattering for ex-situ investigations of Si/SiGe MQW
structures with x = 0.5, and also with the interdiffusion coefficient obtained by extrapolation
of data from Hollander et. al [12], who used Rutherford backscattering for investigations of
strain-symmetrized Si/SiGe MQW structures with x = 0.68. Our observed increase of the
SiGe layer thickness during annealing was also detected in previous measurements [6] and
seems to be in qualitative agreement with previously published results [13, 14]. The results
of this experiment and interdiffusion in cascade structures are discussed in more detail in
[15].
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Introduction

The continuous increase of transistor density on microelectronic devices requires a
proportional shrinking of the on-chip interconnect structures. Modern copper interconnect
structures have line widths of less than 150 nm and are built on more than seven different
levels (Fig. 1). The complex structure and the small dimensions result in very strict
requirements for the mechanical stability of the system. Metal structures that are exposed to
mechanical stress may show deformation if the stress increases above a certain level. Under
normal production and operation conditions this level is globally not exceeded. However,
locally stress gradients may build up and copper migration phenomena can be observed.
This migration can lead to void formation and, in the case of thin lines, to interrupted lines,
which will cause device failures. Current interpretations and simulations [1] of stress
formation and stress driven migration are based on bulk properties and often do not
implement parameters that are important for nanoscale structures, e.g. a split of the diffusion
rate in grains, grain boundaries and interfaces. Therefore, new models have to be developed
and verified with experimental data. Mechanical stress measurements for nanoscale
microelectronic devices are mostly unpractical and destructive, like the drill hole method, or
not locally sensitive, like the wafer bow method. XRD stress measurements are non-
destructive and offer a good spatial resolution below 100 pum.

Fig. 1: FIB-Cut of a copper interconnect structure on a modern
microprocessor device. The structure scales vary between several um
for power planes and less than 150 nm for high-speed interconnects
(courtesy of MALab, AMD Saxony, Dresden).
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Experimental

The illuminated area even in y-XRD is much larger than a single structure, which gives a
good averaging of the stress distribution, but also requires specially designed samples. A
test mask set allowed the production of large arrays of parallel copper lines with different
widths. The different samples were mounted onto a miniaturised heating stage (Anton Paar),
that was fixed to the ROBL six-circle diffractometer [2] (Fig. 2). Exact sample positioning was
enabled by a newly installed microscope video camera pointing at the diffractometer centre.
The small dimensions of the heating stage allow a large degree of freedom for sample
rotation in ¢ (azimutal angle around the sample surface) and y (Eulerian cradle angle around
the incoming beam). For the stress evaluation the Cu(311) reflection at 26 = 89.943° (for Cu-
Ko radiation) was chosen, as the shadowing of the incoming beam by the Eulerian cradle
prevents the measurement of higher reflections.

B

Fig. 2: Experimental set-up for in-situ high temperature y-beam
synchrotron radiation stress measurements.

The stress calculations from the experimental data were done with the GADDS software
(Bruker-AXS) stress evaluation option. In general, the fundamental stress equation in a 3-
dimensional approach has six unknown variables and can be resolved by six independent
measurements. XRD stress measurements often try to reduce the necessary data amount
by a limitation to a 2-dimensional approach. With the use of synchrotron radiation and the
benefits of an area detector, data collection can be extended to a wide range in diffraction
space. Instead of a simple solving of the equation, a full fit with 480 data points is used, and
gives a representative high precision 3-dimensional stress state. The sample was aligned in
a way, that Sy represents the stress along the line, Sy, is the stress across the line and S3;
stands for out-of-plane stress. Two different arrays with parallel lines were measured, small
lines with 0.18 pym line width and wide lines with 1.8 um line width, respectively. Additionally,
two different low-k dielectrics were examined as references.
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Results and discussion

At first, the general form of a stress-temperature-curve for the in-plane stress S41 and Sy,
is discussed: All curves can be divided into three different regions (Fig. 3). In the low
temperature regime, the copper structures show tensile stress in the range of 200-350 MPa.
With rising temperature the stress decreases nearly linearly and reaches zero-stress at a
certain temperature.
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Fig. 3: Stress-temperature curve of an array with 0.18 pm
lines in low-k copper inlaid interconnect technology.

One point to remark in this first region is the decrease of the error with increasing
temperature. This effect is caused by two special conditions unique to this kind of
measurements. First, the used method of data evaluation determines that the error is mainly
effected by the quality of the experimental data fit, and second, the small spot size of 100 p-
XRD gives a less averaged signal. Strain variations between grains are normally averaged
by a wide and higher divergent beam and will only result in peak broadening without any
effect on the peak centre. The synchrotron beam has a very low divergence and only grains,
that fulfil the Bragg conditions exactly, contribute to the diffraction signal. Also within the p-
beam, the number of grains illuminated is limited and so a variant stress state of some
grains can shift the peak centre. The variance of the peak position is then interpreted as a fit
error, but in fact gives additional information on the homogeneity of the stress distribution in
the sample. This means, that with rising temperature not only the value of the overall stress
decreases, but also the differences between the grains is levelling out.

Those effects of the low divergence p-beam also have a large impact on the
measurement set-up. Performing the measurements with a conventional point detector,
symbolised in Fig. 4, will only give the strain values of very discrete portions of the sample.
In this case, although the resulting stress values are correct, they are certainly not
representative for the sample as a whole.
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Fig. 4: Raw data from a 2-dimensional detector (left): Small intensity spots (bright spots in
the left frame) can show large variations in the scattering angle 26 when measured by a
point detector (symbolised by a vertical cut, right top and bottom) compared to the total
signal overviewed by an area detector. Thus, stress evaluation from point detectors may
not be representative for a sample as a whole.

The point of zero stress is a parameter characteristic for the material's properties and the
process parameters applied to the sample. If a simple mechanical model is used, where a
layer is deposited stress free at a specific temperature and then cooled down, the point-of-
zero stress should be equivalent to the deposition temperature. A shift of this parameter
indicates stress relaxation processes that were induced e.g. by grain growth during an
annealing step. Materials properties of the surrounding environment can have a direct
influence, like a degradation with volume shrinking, or an indirect influence, like a change of
the copper grain size and texture.

At temperatures above the point-of-zero stress, the stress inside the structures becomes
compressive. This second region (i.e. region 2 in Fig. 3) seems to be very appealing with
respect to stress migration reliability, as every void formed should be automatically filled
under compressive stress and line failures should be impossible. Unfortunately, the
compressive stress also has a negative effect. Any weak point in the barrier or cap layer can
lead to copper extrusions and can cause a line short-circuit. This is especially a problem for
copper lines with current flow, as the current additionally increases the compressive stress
locally. For this reason, tensile stress in the copper structures is generally preferred under
operating temperatures.

The error-bars of the stress start to increase again in this second region. Inspection of the
raw diffraction data shows, that the reason for this increase is different from the first low
temperature region. The peaks are broadening significantly with rising temperature as it is
expected, but an increase of stress inhomogeneity with clearly separated variations in 20 for
the centre of the Bragg-spots as it is the case for low temperatures was not observed.
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At high temperatures (region 3), the slope of the curve starts to flatten out, until finally a
constant (compressive) level is reached. In this region, the diffusion of the Cu atoms is fast
enough to start stress relaxation processes. As already mentioned, the compressive stress
together with the high Cu diffusion can lead to extrusions at those temperatures. Another
critical point under these conditions is the stability of the dielectric. Low-k materials are
organo-silicate glasses and the organic content can degrade at high temperatures leading to
shrinking. This will have a very negative impact on the mechanical stability and might corrupt
the whole structure.

The out-of-plane stress S33 shows a special behaviour: it reaches a point of zero stress
much earlier and stops to decrease further. Furthermore, the values start floating around
zero and increase again at higher temperatures. There are two main explanations to be
considered. First, the measurement geometry and the high degree of texture result in a
much lower number of peaks available for the measurements in the Ss; direction. The error
of these values within 60-100 MPa is twice or three times higher. If this high error is taken
into account, the slope of the stress-temperature-curve between 50°C and 300°C can be
considered to be normal. The high tensile stress at 350°C, however, cannot be explained by
a higher error: in this case degradations of the structure seem to cause this effect. The out-
of-plane stress S33 is most sensitive for degradation phenomena, as the upper interface of
the line is covered with SiN/SiO, only. This interface shows a lower adhesion strength
compared to the Cu/Ta interface on the bottom and sidewalls and has already been
identified as a weak point for electromigration [3].
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Fig. 5: Stress-temperature curve of an array with 1.8 ym
lines in low-k copper inlaid interconnect technology.

The line widths have an effect on the room temperature stress state: Wide lines show no
significant difference in stress for the in-plane directions S11 and S,, (Fig. 5). In small lines,
however, the value across the line is always lower than along the line (Fig. 3). The
measurement of stress-temperature-curves showed, that, additionally, the slope of stress is
also lower across small lines, and that in fact the point of zero stress is not affected by the
geometry. It also turned out, that at low or only slightly higher temperatures the stress is not
identical for the different directions, and that stress gradients due to geometry are present
and have to be considered for device reliability.
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The effect of different interlayer dielectrics, liner and etch stop layers on the room
temperature stress state has already been evaluated [4]. For temperature dependent
measurements two different low-k materials with slightly different Young's modulus and
hardness were available. The measurements showed differences between the samples in
the low temperature regime, but the effect was too small for a clear interpretation. In general,
in low-k structures the liner and capping layer materials have a higher influence on the
copper stress state than the low-k materials properties themselves. In the high temperature
regime one sample showed less variation in S33, which means less degradation, but for an
unambiguous interpretation the number of measured samples was too low.

Summary and conclusion

A new set-up for in-situ high temperature stress measurements was tested and
successfully used for low-k copper inlaid structures. The use of a synchrotron p-beam
(approximately 100 ym) together with a 2-dimensional detector enables in-situ
measurements of small structures at a reasonable time, which is impossible in any
laboratory set-up, and can even be extended to very fast, time dependent experiments in the
future. The experimental set-up at ROBL Materials Research with an area detector is ideal
for small spot measurements of highly textured samples, as errors due to the lack of proper
grain statistics can easily be avoided. The measurements give very important information on
the mechanical properties of the device system and processes of stress relaxation or sample
degradation at elevated temperatures.
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2.1. Technical status and developments

Overview and optical characteristics

ROBL at BM20

Optics Hutch

Radiochemistry
Hutch (RCH)

Materials Research

-~ %Q’E L Hutch (MRH)

The optics with two mirrors and a double-crystal monochromator in fixed-exit mode provide
both a high flux at high angular resolution (for diffraction) and a high flux over a wide energy
range with high energy resolution (for EXAFS spectroscopy).
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Technical characteristics of the Radiochemistry station

The Radiochemistry experimental station is a highly specialized unique radiochemical
laboratory designed for radioecological research (chemical speciation of radionuclides
interacting with geological material, organics, and micro-organisms) using x-ray absorption
spectroscopy (XAS) in transmission and fluorescence mode for solid and liquid samples
with an activity of up to 185 MBq (5 mCi). A multi-barrier safety concept with separate
ventilation, constant radiation monitoring and redundancy of all essential components was
developed to satisfy legal requirements.

Tc-99 Po-208 Po0-209 Ra-226 Th-nat Pa-231 . .
List of permitted

30,000 0.008 0.3 5 10° 106 radionuclides and their
U-nat Np-237 Pu-238 Pu-239 Pu-240 Pu-241 | Mmaximum amountin mg
. (shown in blue).
10 7000 0.3 80 22 0.049
Pu-242 Am-241 Am-243 Cm-244 Cm-246 Cm-248
124 1.4 25 0.062 17 1,156

Spectroscopic glove box with closed-cycle He Sample holders fulfilling the necessary safety
cryostat (in blue) for sample temperatures >15 K.  requirements exist in a wide variety to match
Sample cooling improves EXAFS quality, reduces  different sample states.

beam damage of biological samples and reduces

beam-induced changes of oxidation state.

13 element LEGe detector with high-rate digital =~ Spectro-electrochemical cell for in-situ redox
multi-channel analysis spectrometer at the back modifications of aqueous and ionic liquids.
side of the glove box for high count rates and

reasonable energy resolution.
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Technical characteristics of the Materials Research station

The materials research hutch MRH is designed for the structural identification and
characterisation of modifications of surfaces and interfaces produced by ion beam
techniques (e.g. hard covers, biocompatible materials, or for semiconductor technology)
and the study of interfaces in thin films and nanometer multilayers using various x-ray
diffraction techniques (XRD, GIXS) and reflectometry (XRR). A specific reference can be

found in [1] and at the website http://www.esrf.fr/lUsersAndScience/Experiments/
CRG/BM20/.
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[1] N. Schell, W. Matz, F. Prokert, F. Eichhorn, and F. Berberich, Synchrotron radiation studies of thin films and
implanted layers with the materials research endstation of ROBL. J. Alloys & Comp., 328 (2001) 105-111.
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Improving the detection limit of the Radiochemistry end-station
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EXAFS spectroscopy is the method of choice for chemical speciation in environmental
samples, which are typically characterized by multi-elemental matrices and the presence of
aqueous, sorbed and mineral species at the same time. Especially for elements like the
actinides, which are toxic at even extremely low concentrations, one demand can never be
fulfilled by EXAFS with full satisfaction: lower detection limits. Up to know, we could investi-
gate uranium speciation in simple laboratory samples like kaolinite at concentrations below
100 mg/kg. However, first tests showed that uranium in a soil matrix needed to be present at
concentrations above 1000 mg/kg to provide spectral quality sufficient for uranium
speciation. The major problem was that the U-L3 fluorescence line in such samples was
hidden behind the - often stronger - neighboring K-lines of Rb and Sr. Since many samples
of interest contain uranium at maximum concentrations of 50 to 500 mg/kg, EXAFS spectro-
scopy could not be performed with the existing experimental setup. At this point, it was
necessary to acquire a new multi-element detector with higher energy resolution without
cutting down on count rate. The installation of this new detector involved not only electronic
instrumentation and software development, but - due to the complex radiochemical safety
installations at the Radiochemistry end-station - also mechanical engineering. This work
which is described in the following has been performed by the Department of Research
Technology at the FZR in collaboration with the Institute of Radiochemistry.

The new detector and its electronics

We acquired an advanced hard X-ray, 13-element LEGe detector (Canberra) [3]. Each of
the elements has an active thickness of 10 mm and an area of 100 mm2. We have
measured average energy resolutions of 156 and 311 eV at shaping times of 3 and 0.25 pus,
respectively. The reset periods of the pre-amplifiers are in the range of 250 to 850 ms. The
detector is equipped with a custom-designed, small multi-attitude cryostat to allow for
multiple detector orientations in the narrow Radiochemistry hutch. The detector is equipped
with an automatic LN2 filling station.

The detector is instrumented with a high-rate digital multi-channel analysis spectrometer
from X-ray Instrumentation Associates (XIA) [6] which is particularly well suited for EXAFS
with multi-element detectors. Each channel operates with a digitally-based X-ray processor
(DXP). The DXP offers complete computer control over all amplifier and spectrometer
controls including gains, shaping times, and pile-up inspection criteria. The DXP digital filter
typically increases throughput by a factor of two over the available analog system at
comparable energy resolution but at lower cost per channel.

Software development

The new 13-element Ge detector has been integrated in the measurement program
XATROS [5] using the device server XIADS [7] developed at the ESRF. XATROS imports
the functionality of this device server. XATROS provides functionality to perform scans and
to check these detectors. Checks and settings of the SCAs (single channel analyzer) are
supported by visualizations of the statistics parameters and the SCA limits and their
contents/counts as text widgets (Fig. 1). Additionally there are mini views of the spectra of
each of the thirteen channels. There is also the possibility to get a detailed graphical
presentation of each of the thirteen channels. The SCA limits can be set both in the text
widgets and in the graphical representation. XATROS is also able to switch easily between
the new detector and its electronics and the older one which can be used alternatively.
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Fig. 1. Online visualization of the output of each of the 13 detector channels by the application
software XATROS.

Upgrade of glovebox and positioning systems

The beamline’s central glovebox with its negative air pressure gradient towards the
Radiochemistry hutch has to present a safe sample confinement during the EXAFS
measurements. This is realized by a bay-window extension of the box, which protrudes into
the beam path (pink in Fig. 2). Beam transmission from the first ionization chamber (10) to
the sample inside the glove box, and then from the sample to the second and third ionization
chambers again outside of the glove box is realized with Kapton windows. A third Kapton
window behind the sample position and normal to the beam enables fluorescence detection
by the fluorescence detector.

L Fluorescence Detector
lonisation Chambers

| ‘ v Sample position

Fig. 2. New glove box design.

Lock

=N\ L
Gamma Detector Sample positioners

The new design had to fulfill several demands. First, simplification of the box interior to
ease decontamination in case of a radioactive spill. Second, a larger fluorescence window to
allow for an unrestricted, even illumination of all 13 detector elements. Third, a unification of
the sample positioning system to ease exchange of the various sample holders,
electrochemical cell and the cryostat, and to ease a potential decontamination of the box.

Point 1 was realized by creating a new box extension with a simpler cubic shape and
without any further protruding parts. For point 2, we enlarged the diameter of all windows,
not only to improve illumination of the fluorescence detector, but also to be able to have the
beam and the sample as close as possible to the fluorescence detector for ultra-dilute
samples. For point 3, we have extended and unified the control units for the positioning
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systems (sample holders and detectors) inside and outside of the glove box. Generally,
PEGASUS control units of the MICOS company [1] are now applied. By developing a new
software (Device Server PEGASUS [2]) we ensured that these new systems could also be
used inside of the existing software systems without the need to change them. A new
sample positioning holder is still under development, which will avoid the use of two
independent systems, and will be installed in 2005.

Gas flow controllers for the transmission detectors

To improve the sensitivity of the ionization chambers, a new panel with gas flow
controllers for the automated and precise adjustment of gas compositions was installed [4].
Using He, N, and Ar gas, gas mixtures can be adjusted to have 15-20 % beam absorption in
lo and 30-40 % beam absorption in I, and I,.

First results

Figure 3 shows typical energy-dispersive XRF spectra of a uranium mine sample
collected with the new detector. The uranium L3-line overlaps strongly with the K-line of Rb,
and may be even influenced by a strong Sr K-line. Such a situation is quite typical for
geological samples where feldspar and other K and Ca-rich minerals contribute to Rb and Sr
concentrations in the low g/kg range. The XRF collected at an extended time of 60 s shows
that that the U-L; line can be separated from the Rb and Sr K-lines using a relatively narrow
SCA window. The shoulder can also be separated at a common EXAFS data collection time
of 5 s. This is quite remarkable insofar as the shaping time of 0.25 us represents the
condition for optimum count rate, but the worst case in terms of energy resolution.

] AS Fig. 3. Typical XRF of Freital mine tailing
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The Experimental Report 20-01-626 in this volume demonstrates that EXAFS spectra of several
samples from mine tailings and contaminated soils could be successfully collected within a
reasonable data collection time (5-8 hours). In such difficult sample matrices we now routinely achieve
a lower detection limit of 200 mg/kg uranium.
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Technical development at the Materials Research end-station

W. Oehme?!, S. Dienel', U. Strauch?, F. Eichhorn®, N. Schell®
! Department of Research Technology
? Project Group Rossendorf Beamline at ESRF
® Institute of lon Beam Physics and Materials Research
Forschungszentrum Rossendorf, P.O. Box 510119, 01314 Dresden, Germany

Introduction

This report summarizes the most important technical development realized during the last
two years in the field of experimental automation at the materials research end-station of
ROBL. It has been carried out by members of the Department for Research Technology at
the FZR in collaboration with the scientists in Grenoble and comprises special tasks in the
fields of mechanical construction, electronic instrumentation and engineering, and
particularly, software development. The main goals of these developments were:

e to increase the reliability of the components

« tointegrate new equipment into the common experimental concept

« to contribute to a high degree of automation for unattended beamline mode
« toimprove the visualization of results in real time.

General infrastructure

The previously used two independent workstations for optics and experimental control in
the control cabin E2C were replaced by 2 SunRay-1 terminals each equipped with 18-inch
LCD monitors connected to a new centralized workgroup server for the whole beamline
(Sun-E250). This increased the reliability of the total system and reduced both noise and
necessary space inside the cabin.

Software development

Using the PSD (linear position sensitive detector) a large amount of data is generated
(up to 500 * 8k - 32 Bit per scan). This data is stored in a spec-typical format [1] which in this
form is not easy to analyze after and practically impossible to evaluate during the
experiment. This, however, is important in order to correct any spurious effects for
optimization of the experiments in real time. For this reason the following three programs
were developed in collaboration with scientists of the Institute of lon Beam Physics and
Materials Research:

1. mcaView [2]: This program is based on a professional XRT/3d-Widget [3] and presents
the measured data in a hardware-like manner. The angles of the scan and the channel
numbers of the MCA (multi channel analyzer) are taken as the X- and Y-axes. The counts
of the MCA channels are drawn in Z direction. The data can be presented in different
modes according to the predefined facilities of the XRT/3d-Widget. The most preferable
mode is the contour plot in a 2D manner with the Z values presented in a color scale (see
Fig. 1). Since presenting the data in a 3D manner can be very time-consuming, an
automatic binning is performed depending on the amount of data to be presented. The
program can be used in a quasi-online mode and also offline (for later data analysis and
representation). Quasi-online means: The measurement performed by the program spec
and mcaView are two completely different processes. They only share the same data file.
At every time the length of this data file changes, mcaView would perform a new
presentation.
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Fig. 1: Example of mcaView's output in contour mode.

2. psdView [4]: Based on the application mcaView, a second application was developed
that performs a reciprocal space mapping (RSM). In this way the data can be presented
angle-independent often better comparable to literature representations. The data had to
be represented as pixel graphics in reciprocal space co-ordinates calculated from the
diffractometer scattering angle and predefined calibration parameters of the PSD via

tthPSD = tthGON + ( PSDchannel - PSDcentre ) / PSDslope and

Qx =2n/ A * (COS thGON — COS (tthpSD - thGON ) ) [1/nm]
QZ =2n /1 * (Sin thgon + Sin (tthpSD — thgon ) ) [1/nm]

with the zero point PSDcenye, the resolution PSDgppe, and the wavelength A taken from a
selection dialogue box. Each measured value belonging to such a Q.-Q.tuple is
transformed into a scale of 100 colors either in a linear or in a logarithmic manner.
Depending on the size of the window on the screen and the chosen clipping, the Q4 and
Q. co-ordinates have to be mapped into pixel positions (since this mapping can lead to
some measured values being shown at the same pixel, always the color belonging to the
highest measured value is set). The program can be used in a quasi-online mode.

An example is shown in Fig.2. The data come from measurements of a
semiconductor superlattice of 100 double layers, each of which consists of 5 nm GaAs
and 7 nm A 3Gag7As, deposited by MOCVD (Metal Organic Chemical Vapor Deposition)
on GaAs and measured in the neighbourhood of the GaAs(002) reflection. The nearly
equidistant points (stripes, respectively) are the SL peaks of increasing interference order
(counted from the centre).

3. psdConv is a Windows program which converts measured data stored in the spec
dedicated format into text files by performing the same RSM as for psdView. It produces
3D-tuples in reciprocal space which can be used as input for a professional 3D program).
Additionally, the generated data can be reduced by selecting a low limit value below
which the data are not converted.
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Fig. 2: Run visualization (left) of a rocking curve with the PSD of a GaAs/AlGaAs ML in the
neighbourhood of the GaAs(002) reflection. The red and yellow points are SL peaks, the
blue stripes are low-intensity artifacts. The zoomed presentation (right) uses 'large’ pixels.

Electronic stepper motor controller switch

An example of electronic engineering is shown in Fig. 3. The 6-circle HUBER-diffracto-
meter is controlled via dedicated electronics in spec™. But with the 2-dim. CCD detector
SMART with its electronics from Bruker, the two systems use different types of stepper
motor controllers. As some experiments are easier performed when directly programming
the movement of the diffractometer via the SMART software, we have realized an
alternative access to four of the axes of the diffractometer (required for the SMART system).
We developed a special module drive in a control unit which can be switched between the
two types of stepper motor controllers. The four modules offer switchable inputs which
provide electronically compatibility to either SMART CONTROL or the VPAP-module in the
VME-system and serve the drives of the diffractometer axes at their output. The main

difficulty in was to keep the original compatibility to separate communication.
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2.2. Beamline personnel

Head of the beamline

Responsible for MRH:

Responsible for RCH:

Responsible for Radiochemical Safety:

/ CRG spokesperson: Andreas Scheinost (-2462)
Norbert Schell (-2367)
Andreas Scheinost (-2462)
Christoph Hennig (-2005)

Name (phone)

Position/Education/Research Interests

Manuela Strauch
(-2463)

Secretary (since 01.02.04)

Radiochemistry

Udo Strauch Beamline Technician

(-2372)

Harald Funke Beamline Scientist

(-2339) Ph.D. in Physics (1974), University of Moscow (Russia)

Christoph Hennig
(-2005)

Andre Rossberg
(-2847)

Andreas Scheinost
(-2462)

application of wavelet analysis to EXAFS

Beamline Scientist

Ph.D. in Crystallography (1995), Universitat Leipzig
structure of uranyl complexes by XRD and EXAFS
aqueous chemistry and electrochemistry of actinides

Postdoc

Ph.D. in Chemistry (2002), TU Dresden

new methods for EXAFS analysis

aqueous chemistry and sorption processes of actinides

Beamline Scientist

Ph.D. in Agricultural Engineering (1994), TU Minchen

actinide speciation in soils, sediments and aquifers using XAS and
complimentary methods

Materials Research

Valentina Cantelli
(-2849)

Ana Cardoso
(-2463)

David Dekadjevi

Rui Martins
(-2872)

Norbert Schell
(-2367)

Beamline Scientist (since 01.10.03)
Masters in Physics (1995), University of Turin (Italy)
characterizing of in-situ structurally modified thin magnetic materials

Postgraduate student (01.07.04 to 31.12.04)

Masters in Materials Engineering (2004), New University of Lisbon
(Portugal)

characterization of sputter deposited NiTi SMAs during annealing

Postdoc (01.02.03 to 31.08.03)

Ph.D. in Physics of Condensed Matter (2001), University of Leeds
(UK)

HRXRD at semiconductor multilayers and quantum dot structures

Ph.D. student (since 01.11.03)

Masters in Materials Engineering (2004), New University of Lisbon
(Portugal)

characterization of the growth process of sputter deposited thin films
(TIiAIN hard coatings and NiTi shape memory alloys)

Beamline Scientist (CRG spokesperson 01.04.02 to 31.03.04)
Ph.D. in Physics (1994), LMU Minchen

XRD in-situ film growth characterisation for magnetron sputter
deposition
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Postal address Rossendorf Beamline
(ROBL-CRG, BM20)

ESRF / sector 21 Phone: +33 (476) 88 xxxx
BP 220 Fax: +33(476) 88 2505
F-38043 Grenoble cedex France E-mail: surname@esrf.fr

FZR personnel involved in the scientific and technical programme

Department of Research Technology
Siegfried Dienel Winfried Oehme Jurgen Claussner

Institute of lon Beam Physics and Materials Research

Manfred Beckers Johannes von Borany Frank Eichhorn
Jorg Grenzer Ines Heidel Joachim Kreher
Friedrich Prokert Andrea Scholz Natasha Shevchenko

Institute of Radiochemistry

Thuro Arnold Gerd Bernhard Heidemarie Friedrich
Gerhard Geipel Alix Gilinther Astrid Koban
Mandy Leckelt Mohamed Merroun Henry Moll
Cordula Nebelung Johannes Raff Anette Rumpel
Jorg Tutschku Markus Walter Kai-Uwe Ulrich
%7 line Staff
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1
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3 1 3 59 beamline personnel
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2.3. Beamtime allocation and user groups

In the past two years, a total of 74 experiments have been performed at the beamline
(Table 4.1). For those experiments, a total of 1092 shifts have been delivered. About 76 % of
the beamtime has been used for FZR in-house experiments, 24 % for ESRF experiments. In
addition to the experimental shifts, 209 shifts have been used for the commissioning of new
equipment and the development of new techniques. A total of 134 different users, including
users from the FZR but excluding the beamline staff, have worked at the beamline in the
past two years.

Table 4.1. Use of beamtime at the Rossendorf Beamline.

Year FZR shifts ESRF shifts Technical Experiments Users
shifts FZR / ESRF
MRH 2003 195 72 53 9/6=15 24 8 =32
2004 172 69 90 10/5=15 22/13=35
RCH 2003 227 60 18 17/5=22 14 /18 =32
2004 231 66 48 16/6 =22 15/20=35
sum 825 267 209 52/122=74 75/59 =134

Figure 4.1 shows the development of shift allocation from the last year of the construction
period (1998) up to December 2004. Since 2000, beamtime usage has reached a plateau
with the beamline running at full capacity. A higher fluctuation of in-house beamtime at MRH
is counterbalanced by the number of technical shifts used for the development of new
techniques and short staff experiments. Both end-stations used about the same amount of
shifts, in accordance with the agreement between the Institute of Radiochemistry and the
Institute of lon Beam Physics and Materials Research at the FZR, which are the main
supporters of the beamline.

267 shifts have been provided for ESRF experiments and 18 more will be provided in
February 2005, i.e. within the ESRF scheduling period 2004/Il. Thus, ROBL delivered the full
maximum of 142 shifts per year agreed upon between the ESRF and the CRG beamlines.
The ESRF had assigned three more experiments in 2003 and 2004 to the Radiochemistry
end-station, which could not be performed because users were not able to prepare their
samples in time for the experiments, or because samples contained traces of such
radionuclides, which are not permitted at the beamline (usually strong gamma emitters).

Shifts in Materials Research Shifts in Radiochemistry

B FZR O technical O ESRF B FZR O technical O ESRF
350 4 350
60

300 - 49 72 69

250

200

150 -

100 -

50

1998 1999 2000 2001 2002 2003 2004 1998 1999 2000 2001 2002 2003 2004
Year Year

Fig. 4.1. Development of shift allocation for Materials Research and Radiochemistry since 1998.
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The figure below shows the beamtime delivery of all CRG beamlines in 2003. The
Rossendorf Beamline has delivered the greatest number of shifts per independent
experimental station of all CRG beamlines. In the past years it has always been among the

top three in terms of shift delivery.

Shifts of CRG Beamlines in 2003

700 -
600 | 0 ESRF shifts
B CRG shifts

SNBL-A
SNBL-B
D2AM
GILDA

PXSAXWAX
ROBL
DUBBLE-A
DUBBLE-B

User Group Institutions

Germany

Advanced Micro Devices (AMD) Saxony, Dresden
Geoforschungszentrum Potsdam, Potsdam

Institut fUr lonenstrahlphysik und Materialforschung, FZR, Dresden
Institut fir Kernchemie, Universitat Mainz, Mainz

Institut flr Materialwissenschaft und Technologie der TU Berlin

Fig. 4.2. Delivery of shifts for
in-house (CRG) and ESRF
experiments by the CRG
beamlines of the ESRF
(Courtesy ESRF User Office).

Institut fir Optik und Quantenelektronik, Friedrich-Schiller-Universitat Jena, Jena

Institut flr Radiochemie, FZR, Dresden

France

CEA Marcoule, Bagnols sur Céze

CEA Valduc, Is sur Tille

Institut de Physique Nucléaire, Université Paris XI, Orsay
Institut Laue Langevin (ILL), Grenoble

IRES Strasbourg

Laboratoire GERMETRAD-CEA SMAB, Faculté des Sciences et des Techniques, Nantes

Laboratoire Subatech, Nantes

Other European Countries

CENIMAT F.C.T./Universidade Nova de Lisboa, Monte da Caparica, Portugal
Departement Interfasechemie, Katholieke Universiteit Leuven, Heverlee, Belgium
Department of Mechanical and Materials Engineering, Universidad Politecnica de Valencia, Spain

Institute of Inorganic Chemistry, KTH Stockholm, Sweden
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Institute of Electronic Materials Technology, Warsaw, Poland

Institut fur Halbleiterphysik, Johannes Kepler Universitat, Linz, Austria

Institute for Materials Sciences, University of Leoben, Austria

Institute of Condensed Matter Physics, Masaryk University, Brno, Czech Republic
Institute of Materials Science and Engineering, Technical Univeristy of Szczecin, Poland
Institute of Physics and Astronomy, University of Aarhus, Aarhus, Denmark

Institute for Terrestrial Ecology, ETH Zuerich, Schlieren, Switzerland

Swiss Federal Institute of Environmental Science and Technology, Dibendorf, Switzerland
Institut fir Werkstoffkunde der TU Wien, Austria

Laboratory for Micro- and Nanotechnology, Paul Scherrer Institute, Villigen, Switzerland
Nuclear Physics Institute, Rez, Czech Republic

Polytechnical University of Catalonia, Barcelona, Spain

QuantiSci, Avda Universitat Autonoma, Cerdanyola, Spain

Waste Management Laboratory, PSI, Villigen, Switzerland

Japan
Faculty of Environmental Engineering, Kitakyushu Univ., Japan

Fig. 4.3. Country spe-
cific distribution of the
different experiments
done at ROBL (in red
color for RCH and in
yellow for MRH). Only
external user groups or
FZR collaborations are
listed, i.e. no pure FZR
in-house experiments.
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2.4. Publications

This section lists publications which are based on experiments at the Rossendorf
Beamline, independent of whether they have been performed using in-house or ESRF
allocated shifts. Only peer-reviewed articles and publications have been taken into
consideration. Figure 5.1 gives an overview on the publication activities during the last 6
years, i.e. since the commissioning of the beamline.
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Fig. 5.1. Peer-reviewed
publications in Materials
Research (MRH) and
Radiochemistry (RCH)
since 1999, the first year
of operation.



2.4.1. Publications in Radiochemistry
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Grazing incidence XAFS spectroscopy of uranyl sorbed onto TiO, rutile surfaces
New Journal of Chemistry 27 (2003) 648-655

Gunther, A., Bernhard, G., Geipel, G., Reich, T., Rossberg, A., and Nitsche, H.
Uranium speciation in plants
Radiochimica Acta 91 (2003) 319-328

Hennig, C., Reck, G., Reich, T., Rossberg, A., Kraus, W., and Sieler, J.
EXAFS and XRD investigations of zeunerite and meta-zeunerite
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Colloids and Interface Science 261 (2003) 221-232
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Characterization of U(VI)-Acidithiobacillus ferrooxidans complexes using EXAFS, transmission
electron microscopy, and energy-dispersive X-ray analysis

Radiochimica Acta 91 (2003) 583-591
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Uranyl(VI) complexes with alpha-substituted carboxylic acids in agueous solution
Radiochimica Acta 91 (2003) 11-20
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Vaughan, D.J., and Pattrick, R.A.D.
Reactions of neptunium with mackinawite
ESRF Highlights 2002 (2003) 39-41

RoRberg, A., Reich, T., and Bernhard, G.

Complexation of uranium(VI) with protocatechuic acid - application of iterative transformation factor
analysis to EXAFS spectroscopy

Analytical and Bioanalytical Chemistry 376 (2003) 631-638

Schmeide, K., Sachs, S., Bubner, M., Reich, T., Heise, K.H., and Bernhard, G.

Interaction of uranium(VI) with various modified and unmodified natural and synthetic humic
substances studied by EXAFS and FTIR spectroscopy

Inorganica Chimica Acta 351 (2003) 133-140

Walter, M., Arnold, T., Reich, T., and Bernhard, G.
Sorption of uranium(VI) onto ferric oxides in sulfate-rich acid waters
Environmental Science & Technology 37 (2003) 2898-2904

Chukalina, M., Funke, H., and Dubrovskii, Y.
Wavelet analysis: application to tunnel- and x-ray spectroscopy
Low Temperature Physics 30 (2004) 1235-1243

Chukalina, M., Golosio, B., Simonovici, A., and Funke, H.

A study of the accuracy problem in x-ray fluorescence tomography
Spectrochim. Acta B 59 (2004) 1755-1758
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Koban, A., Geipel, G., Rossberg, A., and Bernhard, G.
Uranyl(VI) complexes with sugar phosphates in aqueous solution
Radiochimica Acta 92 (2004) 903-908
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Zinc speciation in an artificially contaminated soil: Formation of a new mineral phase within 3 years
Geochimica et Cosmochimica Acta 68 (2004) A361-A361

Livens, F.R., Jones, M.J., Hynes, A.J., Charnock, J.M., Mosselmans, J.F.W., Hennig, C., Steele, H.,
Collison, D., Vaughan, D.J., Pattrick, R.A.D., Reed, W.A., and Moyes, L.N.

X-ray absorption spectroscopy studies of reactions of technetium, uranium and neptunium with
mackinawite

Journal of Environmental Radioactivity 74 (2004) 211-219
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microscopic studies
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Time-resolved laser fluorescence spectroscopy study on the interaction of curium(lll) with
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Environmental Science & Technology 38 (2004) 1455-1459

Scheinost, A.C., Bernhard, G., and Selenska-Pobell, S.
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2.4.2. Publications in Materials Research

Berberich, F., Matz, W., Krei8ig, U., Schell, N., and Mucklich, A.

Mechanism of degradation of surface hardening at elevated temperature in TiAlV-alloys by in situ
synchrotron radiation diffraction

Nuclear Instruments and Methods B 199 (2003) 54-58

Eichhorn, F., Schell, N., Mucklich, A., Metzger, H., Matz, W., and Kdgler, R.
Structure of ion beam synthesized SiC nanocrystals in Si
ESRF Highlights 2002 (2003) 30-32

Linss, V., Halm, T., Hoyer, W., Richter, F., and Schell, N.

Analysis of the biaxial strain state of Al-doped c-BN films using diffraction experiments with
synchrotron radiation

Vacuum 70X (2003) 1-9

Martins, Rui M.S., Braz Fernandes, F.M., Silva, Rui J.C., Pereira, L., Marques, A., Gordo, P.R.,
Maneira, M.J.P., and Schell, N.

DSC and in-situ XRD annealing of shape memory nickel titanium sputtered thin films

Analele Universitatii “Dunarea de Jos” Galati — Fascicula IX Metalurgie si Stiinta Materialelor (May
2003) 26-30

Prokert, F., Schell, N., and Gorbunov, A.

Use of anomalous scattering for synchrotron x-ray reflectivity studies of Fe-Cr and Co-Cu double
layers

Nuclear Instruments and Methods B 199 (2003) 123-127

Rinderknecht, J., Prinz, H., Kammler, T., Schell, N., Zschech, E., Wetzig, K., and Gessner, T.

In situ high temperature synchrotron radiation diffraction studies of silicidation processes in nanoscale
Ni layers

Microelectronic Engineering 70 (2003) 226-232

Schell, N., Battiger, J., Matz, W., and Chevallier, J.

Growth mode and texture development in TiN films during magnetron sputtering — an in situ
synchrotron radiation study

Nuclear Instruments and Methods B 199 (2003) 133-138

Schell, N., Jensen, T., Petersen, J.H., Andreasen, K.P., Battiger, J., and Chevallier, J.
The nanostructure evolution during and after magnetron deposition of Au films
Thin Solid Films 441 (2003) 96-103

Schell, N., Petersen, J.H., Battiger, J., Mlcklich, A., Chevallier, J., Andreasen, K.P., and Eichhorn, F.
On the development of texture during growth of magnetron-sputtered CrN
Thin Solid Films 426 (2003) 100-110

Sztucki, M., Metzger, T.H., Milita, S., Berberich, F., Schell, N., Rouviére, J.L., and Patel, J.
Depth resolved investigations of boron implanted silicon
Nuclear Instruments and Methods B 200 (2003) 52-59

Abendroth, B., Gago, R., Eichhorn, F., and Méller, W.

X-ray diffraction study of stress relaxation in cubic boron nitride films grown with simultaneous
medium-energy ion bombardment

Applied Physics Letters 85 (2004) 5905-5907

Andreasen, K.P., Jensen, T., Petersen, J.H., Chevallier, J., Bgttiger, J., and Schell, N.
The structure and the corresponding mechanical properties of magnetron sputteed TiN-Cu
nanocomposites

Surface and Coating Technology 182 (2004) 268-275

58



Andreasen, K.P., Schell, N., Jensen, T., Petersen, J.H., Jensen, M.S., Chevallier, J., and Bgttiger, J.
On the development of the <111> fiber texture in nanocrystalline gold during growth and annealing
Materials Research Society Symposium Proceedings 788 (2004) 49-54

Dieter, S., Pyzalla, A., Bauer, A., Schell, N., McCord, J., Seemann, K., Wanderka, N., and Reimers,
W.

Correlation between magnetic properties of CoFe single and CoFe/SiO, multi-layer thin films and their
microstructure, texture and internal stress state

Zeitschrift fir Metallkunde 95 (2004) 164-175

Grosse, M., Kalkhof, D., Keller, L., and Schell, N.
Influence parameters of martensitic transformation during low cycle fatigue for steel AlSI 321
Physica B 350 (2004) 102-106

Martins, Rui M.S.
Master thesis, Produgéo e Caracterizagdo de Peliculas Finas de Ni-Ti com Memoria de Forma
Universidade Nova de Lisboa — Faculdade de Ciéncias e Tecnologia (2004)

Martins, Rui M.S., Silva, Rui J.C., Braz Fernandes, F.M., Pereira, L., Gordo Paulo, R., Maneira,
Manuel J.P., and Schell, N.

In-situ GIXRD characterization of the crystallization of Ni-Ti sputtered thin films

Materials Science Forum 455-456 (2004) 342-345

Paula, A.S., Canejo, J.P.H.G., Martins R.M.S., and Braz Fernandes, F.M.
Effect of thermal cycling on the transformation temperature ranges of a Ni-Ti shape memory alloy
Materials Science and Engineering A 378 (2004) 92-96

Petka, J.B., Andrejczuk, A., Reniewicz, H., Schell, N., Krzywinski, J., Sobierajski, R., Wawro, A.,
Zytkiewicz, Z., Klinger, D., and Juha, L. *

Structure modifications in silicon irradiated by ultra-short pulses of XUV free electron laser
Journal of Alloys and Compounds 382 (2004) 264-270

Rogozin, A., Shevchenko, N., Vinnichenko, M., Prokert, F., Cantelli, V., Kolitsch, A., and Mdller, W.
Real-time evolution of the indium tin oxide film properties and structure during annealing in vacuum
Applied Physics Letters 85(2) (2004) 212-214

Schell, N., Andreasen, K.P., Battiger, J., and Chevallier, J.
On the structural evolution of nanocrystalline Cu films during thermal annealing
Thin Solid Films XX (2004) in press, online available

Schell, N., Jensen, T., Petersen, J.H., Andreasen, K.P., Battiger, J., and Chevallier, J.
The nanostructure evolution during and after magnetron deposition of Au films
ESRF Highlights 2003 (2004) 39-40

Turos, A., Gaca, J., Wojcik, M., Nowicki, L., Ratajczak, R., Groetzschel, R., Eichhorn, F., and Schell,
N.

Virtues and pitfalls in structural analysis of compound semiconductors by the complementary use of
RBS/channeling and high resolution x-ray diffraction

Nuclear Instruments and Methods in Physics Research B 219-220 (2004) 618-625

Thiele, E., Klemm, R., Hollang, L., Holste, C., Schell, N., Natter, H., and Hempelmann, R.
An approach to cyclic plasticity and deformation-induced structure changes of electrodeposited nickel
Materials Science and Engineering A 390 (2005) 42-51
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2.5. Experiments

The following tables list all experiments which have been performed at the beamline,
separated by end-station (Radiochemistry, Materials Research) and by type of experiment
(CRG, ESREF, technical shifts). Experiments with more than 18 shifts indicate that these
experiments have been performed during several experimental runs and are part of long-
term research programs.

2.5.1. List of Radiochemistry Experiments

In-house Experiments

\ number \title |proposer institution |experimenters | shifts \
20-01-024 |Polarized EXAFS C. Hennig, FZR T. Reich, 3
measurements at uranyl sorbed | T, Reich, A. Scheinost,
R0O2 montmorillonite A. Rossberg E. Marosits,
H. Funke ’ A. Rossberg,
: H. Funke,
C. Hennig,
J. Drebert
20-01-030 |EXAFS investigation on A. Guenther, FZR H. Moll, 9
uranium uptake by plants G. Bernhard, M. Walter,
G. Geipel, A. Rossberg,
T. Reich H. Funke
20-01-038 |Structural studies of uranyl C. Hennig, FZR C. Hennig, 6
phosphates including adenosine | G. Geipel, H. Funke,
phosphates using EXAFS G. Bernhard, A. Rossberg
A. Guenther
20-01-060 |EXAFS investigation of uranium |A. Guenther, FZR A. Koban, 39
complexation by sugar T. Reich, H. Funke,
phosphates A. Rossberg, C. Hennig,
A. Koban A. Rossberg,
A. Scheinost
20-01-065 |Interaction between M. Merroun, FZR M. Merroun, 32
Pseudomonas sp. and uranium |S. Selenska- A. Rossberg,
using EXAFS Pobell, H. Funke,
T. Reich C. Hennig,
A. Scheinost,
H. Moll, M. Walter
20-01-069 |Uranium binding of sol-gel J. Raff, FZR M. Merroun, 20
immobilized cells and S-layers |S. Selenska- A. Rossberg,
of Bacillus sphaericus JG-A12 | pPopell, H. Funke
and NCTC 9602 H. Funke, C. Hennig,
T. Reich, A. Scheinost,
C. Hennig, H. Moll,
A. Rossberg M. Walter
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number title proposer institution |[experimenters |shifts
20-01-611 |Interaction of actinides with H. Moll, FZR A. Koban, 9
predominant bacteria isolated at [, Hennig, H. Moll,
nuclear waste_ repositories using A. Rossberg, M. Walter,
X-ray absorption spectroscopy H. Funke, H. Funke,
M. Merroun C. Hennig,
A. Rossberg,
A. Scheinost
20-01-617 | Study of the surface complexes |L. Duro, UPC M. Grive, 12
formed between uranium and M. Grive, Barcelona F. Seco,
thorium and iron corrosion ;
products. Effect of hydroxo- - _II=_ I\S/I‘ia;:e,ma L I\:Eizga’
apatite on the uptake of uranium
20-01-618 |Spectro-electrochemical cell for |C. Hennig, FZR C. Hennig, 60
in situ XAS measurements of J. Tutschku, J. Tutschku,
uranium solution species G. Geipel, A. Rossberg,
A. Rossberg, A. Scheinost
G. Bernhard
20-01-619 |EXAFS study of uranium(VI) T. Reich, Uni Mainz A. Rossberg, 6
complexation with dicarboxylic ||. Cuesta T. Reich,
acids Hernandez |. Cuesta
Hernandez,
A. Soldati
20-01-621 |Uranium(VI) sorption on M. Walter, FZR H. Funke, 5
clinochlore surfaces T. Arnold, M. Merroun,
E. Krawczyk- A. Scheinost,
Baersch, A. Rossberg,
C. Hennig, C. Hennig
A. Rossberg,
H. Funke
20-01-622 |Chemical speciation of metals in|A. Scheinost, FZR, ETHZ |A. Scheinost, 18
shooting-range soils C. Hennig, C. Hennig,
D. Vantelon, D. Vantelon
l. Xifra
20-01-623 |Low-temperature phase- C. Hennig FZR C. Hennig, 18
transition of HHUO,AsO4]x4H,0 H. Funke
20-01-624 |Speciation of Zn in rhizosphere |A. Scheinost, FZR, ETHZ |A. Scheinost, 26
soil C. Hennig, D. Vantelon,
A. Rossberg, I. Xifra, H. Funke,
H. Funke, S. Pfister,
A. Voegelin, A. Voeglin,
S. Pfister 0. Jacquat,
C. Hennig
20-01-625 |Interaction between M. Merroun, FZR M. Merroun, 32
microorganisms and metals S. Selenska- A. Scheinost,
using EXAFS Pobell, J. Raff, C. Hennig,
C. Hennig A. Rossberg,
H. Funke
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number [title proposer institution |experimenters | shifts |
20-01-626 |Oxidation state and local|A. Scheinost FZR A. Scheinost, 56
structure of uranium in soils and H. Funke,
sediments C. Hennig,
A. Rossberg
20-01-629 |Polarization dependency of x-|C. Hennig FZR C. Hennig 9
ray absorption fine structure on
the uranyl unit
20-01-630 |The structure of organic A. Rossberg, FZR A. Rossberg, 30
uranium complexes at low A. Scheinost, A. Scheinost,
temperature G. Geipel H. Funke,
C. Hennig
20-01-632 |Uranium sorption onto natural K.-U. Ulrich, FZR K.-U. Ulrich, 30
iron colloids in mine waters A. Scheinost, A. Scheinost,
H. Zaenker H. Funke,
A. Rossberg,
C. Hennig
20-01-637 |Feasibility EXAFS experiment | T. Reich, Uni Mainz T. Reich, 6
for neptunium sorption on S. Amayri, J. Drebert,
kaolinite S. Sachs T. Reich,
A. Jermolajev,
C. Hennig,
A. Scheinost
20-01-638 |X-ray absorption spectroscopy | M. Merroun, FZR M. Merroun, 15
studies on gold nanoparticles S. Selenska- A. Rossberg,
formed by bacteria and their Pobell, C. Hennig,
surface layer proteins A. Scheinost, H. Funke,
C. Hennig A. Scheinost
20-01-639 |Investigation of U(VI)/U(V) C. Hennig, FZR/Uni C. Hennig, 9
carbonato complexes in I. Grenthe, Stockholm | A. Scheinost,
aqueous solution by spectro- G. Palladino, H. Funke,
electrochemistry A. Scheinost A. Rossberg
20-01-640 |Study of the influence of humic |A. Krepelova, FZR A. Krepelova, 9
acid on the U(VI) sorption onto |S. Sachs, C. Hennig,
kaolinite A. Scheinost A. Scheinost,
H. Funke,
A. Rossberg
20-01-641 |Uranyl(VI1) sorption on gibbsite |T. Arnold, FZR C. Hennig, 6
and quartz N. Baumann, A. Scheinost,
V. Brendler, H. Funke,
A. Scheinost A. Rossberg
20-01-642 |Local structure of U(IV) and A. Scheinost, FZR A. Scheinost, 14
U(VI) in natural and synthetic A. Rossberg, A. Rossberg,
minerals C. Hennig, C. Hennig,
H. Funke, H. Funke
T. Arnold
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ESRF Experiments

\ number \title proposer institution |experimentator | shifts \
HE-1393 |Delta-phase stabilization in|B. Ravat, CEA Valduc |B. Ravat, L. Jolly, 15
Pu(x)Am(1-x) alloys studied by|N. Baclet, C. Vallot,
EXAFS L. Jolly, L. Gogolusko,
C. Vallot E. Aubert,
F. Coulon,
B. Oudot,
H. Funke,
C. Hennig
CH-1454 |EXAFS/XANES studies on the|A. Maes, KU Leuven,|A. Rossberg, 12
interaction  of  Tc(lIV) with|K. Geraedts, PSI A. Maes,
selected chemical componen’gs C. Bruggeman, K. Geraedts,
as a referepce f0|f Tc(IV)-humic L Van Loon C. Bruggeman
substance interaction 4 ’
C. Hennig,
H. Funke,
A. Scheinost
CH-1455 | Speciation of Tc(VIIl), Tc(IV) and | F. Poineau, Subatech, F. Poineau, 12
Tc(lll) by in situ coupled XAS-|M. Fattahi, Nantes P. Frenoy,
electrochemistry B. Grambow C. Hennig,
J. Tutschku,
H. Funke
SC-1349 | Americium speciation in ferritin | C. Barbot, CEA Nantes |C. Den Auwer, 9
protein C. Den Auwer, C. Hennig,
F. Goudard, H. Funke,
J. Pieri, A. Rossberg,
E. Simoni, A. Scheinost
P. Germain
CH-1567 |Uranium(Vl) complexation with|l. Billard, IRES C. Hennig, 12
tri-butyl-phosphate  (TBP) in|C. Gaillard Strasbourg  |H. Funke,
room temperature ionic liquid A. Rossberg,
A. Scheinost
ME-815 | Study of the surface complexes |L. Duro, ENVIROS L. Duro, M. Grive, 6
formed between thorium and M. Grive, Barcelona C. Hennig,
iron corrosion products J. Bruno H. Funke,
A. Rossberg
CH-1671 |EXAFS/XANES studies on the |A. Maes, KU Leuven [A. Maes, 12
speciation of Tc(IV) in the C. Bruggeman, C. Bruggeman,
presence of complexing E. Breynaert E. Breynaert,
organics and fulvic acids H. Funke,
A. Rossberg,
C. Hennig
ME-817 |EXAFS study of uranium(VI) T. Reich, Uni Mainz T. Reich, 12
uptake by kaolinite E. Marosits S. Amayri,
J.
H.
C
A
A

Drebert,
Funke,
. Hennig,
. Rossberg,
. Scheinost
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number |[title proposer institution [experimentator | Shifts |
ME-740 |Determination of Th(IV) and R. Daehn, PSI Villigen |R. Dahn,D. Kunz, 15
U(VI) uptake mechanisms onto |A.M. B. Baeyens,
hectorite using polarized EXAFS | Scheidegger, F. Gonzalez,
B. Baeyens C. Hennig,
A. Scheinost
CH-1766 |Study of complexation behavior |G. Geipel, FZR T. Suzuki, 9
of Bispidone derivates towards |H. Stephan, C. Hennig,
europium, neptunium and T. Suzuki, A. Rossberg,
copper A. Rossberg H. Funke,
M. Leckelt,
A. Scheinost
CH-1764 |Interaction of iron metalloprotein | C. DenAuwer, |CEA C. DenAuwer, 12
with actinide (IV): the transferrin |P. Moisy, Marcoul C. Bresson,
and ferritin case C. Barbot, B. Caniffi,
F. Goudard A. Ruas,
X. Deschanel,
D. Guillaumont,
H. Funke,
C. Hennig,
A. Rossberg,
A. Scheinost
2.5.2. List of Materials Research Experiments
In-house Experiments
number [title proposer institution experimentator | shifts
20_02_606 | Influence of TiN cap layer, J. Rinder- AMD Saxony |Rinderknecht, 8
dopant and metal film thickness |knecht, Manufactur- | Prinz,
on phase formation processes |T. Kammler, |ing Dresden,
in nanoscale nickel layers H. Prinz
during heat treatment on ' ROBL-CRG .
different silicon substrates Schell, Dekadjevi
20_02_607 | Characterization of InGaAs J. Sass, ITME Sass, Mazur, 39
/GaAs and InGaAs/InP hetero- |J. Gaca, Warsaw, Gaca, Wojcik,
structures by x-ray scattering K. Mazur Eichhorn,
M. Wojcik, FWIS, ROBL-|Dekadjevi, Schell,
F. Eichhorn CRG Cantelli
20_02_608 |In-situ x-ray diffraction during M. Beckers, FWIS, FWII, |Beckers, Gago, 54
sputter deposition of TiAIN N. Schell ROBL-CRG Schell,
ME-584 |In-situ XRD study of sputtered |Braz- CENIMAT, Martins, Canejo,
Ni-Ti SMA thin films Fernandes, Campus
C. Silva, FCT/UNL,
N. Schell FZR, FWIS  |Schell
20_02_609 [ The evolution of texture in thin- |J. Battiger University of |Bgttiger, Pakh 18
film copper during growth and Aarhus, Andreasen,
long term | annealing ROBL-CRG |Schell, Martins
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number [title proposer institution experimentator | shifts
20_02_610 | X-ray diffraction and reflectivity |G. Bauer, University of [Meduna, Falub, 18
studies of Si/SiGe based M. Meduna, Linz, Chen,
quantum cascade structures N. Schell
D. Dekadjevi |ROBL-CRG Dekadjevi, Schell
20_02_612 | Gracing incidence x-ray D. Dekadjevi, [ROBL-CRG, |Dekadjevi, 26
techniques applied to nano- N. Schell, Schell,
structured materials H. Prinz, J. AMD
Rinderknecht,
F. Eichhorn,
J.v. Borany FWIS Borany
20 _02_613 | Characterization of structure N. FWIS, Shevchenko, 17
and morphology of buried layers | Shevchenko Scholz,
of transition metal oxides ROBL-CRG Schell
20_02_617 | SR-u-XRD stress measure- J. Rinder- AMD Saxony |Rinderknecht, 6
ments of dual damascene inlaid |knecht, Manufactur-  |Prinz, Zienert
copper interconnect structures | H. Prinz ing Dresden,
at temperatures between RT ROBL-CRG  |Schell,
and 500°C (CENIMAT) | (P. Andersan)
20_02_618 [Influence of substrate F. Prokert, N. [FWIS, Prokert, Scholz, 9
temperature at the MBE Shevchenko, Shevchenko,
process on the interface E. Kravtsov ILL
structure of Fe/Cr multilayers ROBL-CRG | Schell, Cantelli
20_02_609 [ The evolution of texture in thin- |J. Battiger University of |Bgttiger, Pakh 18
film silver during growth and Aarhus, Andreasen,
long term | annealing ROBL-CRG |Schell, Martins
(in 2004)
20_02_617 | SR-u-XRD stress mea- J. Rinder- AMD Saxony |Rinderknecht, 36
surements of dual damascene |knecht, Manufactur- | Prinz,
long term inlaid copper interconnect H. Prinz ing Dresden, | Zienert,
(in 2004) structures at tempera-tures
between RT and 500°C ROBL-CRG | Schell
20_02_619 |lon-beam synthesis of wide F. Eichhorn, |FWIS, Eichhorn, 9
band-gap semi-conductor nano- |R. Koegler, FWIM,
crystals: structural studies H. Weishart ROBL-CRG Schell
20_02_620 | In-situ XRD during magnetron |N. Schell FWIS, Schell, Martins, 18
deposition and subsequent ROBL-CRG Beckers
annealing for nc metals and
two-component alloys
20_02_621 | Study of Au-Ge nanoalloy F. Prokert, FWIS Prokert, 8
formation by grazing incidence |T. Som Som,
x-ray diffraction ROBL-CRG [Cantelli
20 02 622 | Structural studies of J. Sass, ITME Sass, Eichhorn, 35
semiconductor materials for F. Eichhorn, |Warsaw, Gaca, Mazur,
optoelectronic applications J. Gaca Woijcik,
K. Mazur, FWIS, Cantelli, Schell
M. Wojcik ROBL-CRG
20_02_623 |Investigation of the nanocluster [J.v. Borany, [FWIS, Borany, 9
formation and phase transition |v. Cantelli, ROBL-CRG [Cantelli, Schell
of nanoparticles embedded ina |\ Schell

dielectric matrix
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number [title proposer institution experimentator | shifts
20_02_624 |Investigation of structural J.v. Borany, [FWIS, Borany, Schell, 21
ordering in thin metal alloy films |v. Cantelli, ROBL-CRG Cantelli
designed for future magnetic N. Schell
memory materials
20_02_625 | Investigation of the thermal D. Busquets, |U. Politécnica|Busquets, 9
stability of the phases formed Valencia, Baranowska,
dgr_ing low temperg_ture gas J. Baranowska, |TU Szczecin,
nitriding of austenitic steel V. Cantell, FWIS, Cantelli, Schell,
N. Schell ROBL-CRG  |Strauch
20_02_626 | In-situ XRD during thermal F. Braz- CENIMAT, Andersan, 9
cycling of Ni-Ti Shape Memory |Fernandes, Campus Mahesh,
Alloy P. Andersan |FCT/UNL,
ROBL-CRG | Martins, Cardosa,
Schell
Technical Shifts
test no. topic institute responsible |experimentator | shifts
031 DCM commissioning ROBL-CRG, [N. Schell Schell, Cantelli, 21
20_02_IH8 |[In-situ study of the phase stability of | FWIS Prokert,
carbonitrided austenitic stainless _
steel samples at heating from RT to Abd El-Rahman
800°C
03/2 DCM commissioning ROBL-CRG, [N. Schell Schell, 18
20_02_IH9 |lon beam synthesis of 3C-SiC FWIS Eichhorn
nanocrystals buried in diamond
single crystals: structural study
03/3 DCM commissioning FWIS N. Schell Schell, Cantelli 14
04/1 Real-time studies of the ITO film [ FWIS, V. Cantelli Cantelli, Schell, 18
structure and resistivity behavior Shevchenko,
IH-SI-142  |during annealing FWII N. Shevchenko |Rogozin
04/2 Investigation of ordering in thin |FWIS V. Cantelli Cantelli, Martins 21
metal (multi)layers designed as
IH-SI-166 | future magnetic memory
materials / 4 x 10 mA/20_02_624
04/3 XRD and GID characterisation |FWIS N. Schell Schell, Martins 15
of hard covers
IH-SI-176
04/4 Monochromator setup and FWR, A. Scheinost |Hennig, Scheinost 21
testing FWE, Strauch,
IH-BLC-1736 FWIS Cantelli
04/5 XRD, GID and GIXS test FWIS N. Schell Schell, Martins, 15
measurements Cardoso
IH-MI-329
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ESRF Experiments

number |tit|e | proposer institution experimentator | shifts |
ME-474 | Crystallisation of Ni-Ti thin film | F.M. Braz CENIMAT, Braz Fernandes, 12
Shape Memory Alloy (SMA) Fernandes, Campus Cordeiro Silva,
R.J. Cordeiro | FCT/UNL, Martins,
Silva Monte da
Caparica Schell
ME-587 | Texture and strain K. Walther, Geo.-for.zent. | Walther, 9
measurements of quartzite P. Mikula Potsdam, Scheffziik,
Nuc. Phys.
Inst. (Prague) | gchell
ME-586 | Chalcopyrite thin films on J. KrauBlich, |FSU Jena Kraullich, 9
silicon substrates B. Wunderlich, Wunderlich,
T. Hahn Schell
ME-584 | In situ XRD study of sputtered |F.M. Braz CENIMAT, Braz Fernandes, 18
Ni-Ti SMA thin films Fernandes, Campus Cordeiro Silva,
R.J. Cordeiro | FCT/UNL, Martins,
Silva, Monte da
Caparica,
N. Schell ROBL-CRG | gcpell
ME-706 | X-ray diffraction studies on R. Gago, FZR, FWII Gago, Abend- 9
stress-released cubic boron B. Abendroth roth, Schell,
nitride thin films Cantelli
ME-705 |In situ stress state analysis F.M. Braz CENIMAT, Braz-Fernandes, 15
during thermal cycling of Ni-Ti [ Fernandes, P. | Monte da Canejo,
Shape Memory Alloy Andersan, Caparica, Andersan,
J. Canejo, ROBL-CRG
N. Schell Schell
ME-708 | Strain and texture investigation |K. Walther, A. | Geo.-for.zent. | Walther, 9
across a crack in an experimen- | Frischbutter, | Potsdam, Scheffzlik,
tal deformed granite sample P. Mikula Nuc. Phys.
Inst. (Prague) | Schell
ME-814 | In-situ XRD study of sputtered |F.M. Braz CENIMAT, Braz Fernandes, 18
Ni-Ti SMA thin films Fernandes, R. | Campus Martins, Cordeiro
Martins, FCT/UNL, Silva, Silva,
R.J.C. Silva, |Monte da Schell
M. Silva Caparica
ME-816 | Oxide growth on iron single A. Pyzalla, TU Wien, Pyzalla, Da Silva, 15
crystals W. Reimers TU Berlin Skorina, Schell
SI-1031 | Characterization of Cu(In, J. KrauBlich, [FSU Jena Kraullich, 12
Ga)S2 thin films using GID J. Cieslak, Wunderlich,
B. Wunderlich Cantelli
SI-1125 | Structural investigation of G. Bauer, University of | Meduna, 15
Si/SiGe-based cascade M. Meduna, Linz, Gruetzmacher,
emitters in the far-infrared D. Gruetzmacher | ROBL-CRG Schell
N. Schell
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3. Experimental Reports
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Below is a compilation of Experimental Reports, as far as they have been provided by the users
until December 2004. The responsibility for the communicated results lies with the users. An
updated list of experimental reports can also be downloaded from our web-site, which is
accessible through the ESRF at http://www.esrf.fr/lUsersAndScience/Experiments/CRG/BM20/
or directly at http://www.fz-rossendorf.de/FWE.

3.1. Experimental Reports Radiochemistry

Due to the inevitable delay between the experimental work and the Experimental Report, this
compilation lacks some of the late experiments (20-01-639, 20-01-640, 20-01-642) and a report
of work already performed in 2002 has been added (20-01-600).
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