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CASTOR, a new instrument for combined
XRR-GIXRF analysis at SOLEIL

Y. Ménesguen,®* B. Boyer,? H. Rotella,® J. Lubeck,’ J. Weser,® B. Beckhoff,”
D. Grotzsch,© B. KanngieBer,© A. Novikova,? E. Nolot® and M.-C. Lépy?®

A new instrument called CASTOR is operated at the SOLEIL synchrotron facility and is dedicated to the characterization of
thin films with thicknesses in the nanometer range. The instrument can combine X-ray reflectivity measurements with flu-
orescence (XRF) acquisitions and especially total reflection X-ray fluorescence-related techniques such as grazing incidence
XRF. The instrument was successfully installed and operated on the two branches of the metrology beamline making possible
experiments over a wide range of photon energies (45 eV to 40 keV). A heating sample holder was developed to allow the sam-
ple temperature to be controlled up to 300° C. Some examples of the first studies are given to illustrate the capabilities of the

setup. Copyright © 2017 John Wiley & Sons, Ltd.

Introduction

The characterization of multilayered thin-film structures with layer
thicknesses in the nanometer range is commonly studied by
X-ray reflectometry (XRR) on synchrotron facilities or with in-lab
sources for years !'l, Reflectivity curves are acquired by vary-
ing the incident angle in the grazing incidence regime while
recording the intensity of the specular-reflected beam. Grazing
incidence X-ray fluorescence (GIXRF) is a total reflection X-ray
fluorescence (XRF) analysis-related technique 21, which uses the
XRF angle-dependent intensity at shallow incidence angles. The
renewed interest for these techniques came from the elaboration
of nanomaterials for applications in power electronics, electric-
ity storage, and microelectronics, which require new means of
characterization. The XRF signal is element-specific and contains
information about the elemental composition, concentration pro-
files, and thicknesses. The combination of XRR, more sensitive to
the atomic density, and GIXRF, sensitive to element density, pro-
duces results of better accuracy compared with one technique
alone. Some experimental facilities have already been developed
to allow GIXRF-XRR combined analysis, using either synchrotron
radiation (34 or laboratory X-ray sources >,

The Laboratoire National Henri Becquerel (LNHB) acquired an
instrument to perform such measurements at the metrology
beamline of the SOLEIL synchrotron source in order to propose
metrological studies of thin-film deposits to support the efforts
of institutes or companies in the fast-developing field of nanolay-
ered structures. The instrument CASTOR (Chambre d’Analyse
Spectrométrique en Transmission ou en Réflexion) is a seven-axis
goniometer based on the model developed at the PTB and TU,
Berlin 1371, Several differences exist with the first designed instru-
ment. In particular, the plane of investigation of the sample is
vertical and cannot be changed to horizontal, which means that
the polarization of investigation is dependent on the source polar-
ization. At the metrology beamline, the polarization is horizontal;
the experiments will therefore be performed with P-polarization.
This work describes the main part of the instrument and addi-
tional equipment, the experimental conditions at the metrology

beamline of the SOLEIL synchrotron facility, and the first results
obtained on selected samples.

Characteristics of the CASTOR apparatus
A compact design for a removable setup

The definition of the goniometer characteristics includes several
aspects, from the number of independent axes, the performance
and range of the motors, and the detectors to practical aspects
related to the room available at the metrology beamline and secu-
rity aspects. The height of the chamber is adjustable to adapt
to the two branches of the metrology beamline (1420 mm on
monochromatized hard X-ray and 1727 mm on the XUV branch).
The chamber is aligned in the horizontal plane by a motorized
translation stage perpendicular to the beam direction. The base
frame has external dimensions of 840 x 840 mm on the floor, and
the high-vacuum chamber has an inner diameter of 500 mm and
an inner height of 700 mm. The chamber is equipped with a tur-
bomolecular pump and the internal pressure can reach 107> Pa.
Even if the internal components could be outgassed, which would
allow even lower pressures, the room available and other prac-
tical aspects did not allow adding a load-lock chamber with a
sample transfer system. Instead, the chamber is equipped with
a fast-entry door on a DNCF160 flange, which would limit the
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Figure 1. External view of the end-station CASTOR installed at the hard
X-ray beamline.

studies to samples that are temporarily exposed to air. As a con-
sequence, the sample preparation conditions in the absence of a
clean room will limit the achievable performance of surface con-
tamination studies. Several flanges allow the motors, detectors,
and vacuum gauges to be connected, and windows are placed to
allow visual inspection of the chamber contents (Fig. 1).

Characteristics of the goniometer

The internal manipulator of CASTOR is composed of seven axes
with five motors for the sample and two dedicated to the detec-
tion arm (Fig. 2). The samples are placed vertically on two perpen-
dicular translation stages (namely Tz and Ts), which are mounted
on a rotation stage (Rx). This three-axis platform is attached on a
horizontal translation stage (Tx), which is on the upper rotation
stage (RA). The detection arm is on a second rotation stage (R62).
The fourth translation (Tz2) allows the detector to be selected. The
RO and RA2 are the most critical axes for the experiments and are
encoded for better accuracy. They can rotate freely except that
collisions are prevented by a limit switch on the R6 arm. This con-
figuration allows the sample manipulator and the detector arm to
rotate freely within the chamber, a basic requirement because the
photon beam may come from either the left or the right of the
chamber. The rotation stage Rx has a range of 350°. The transla-
tion stages have 110 mm ranges except for Tx, which is limited to
102 mm. The performance of the sample motors was tested at PTB
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Figure 2. A schematic representation of the seven-axis goniometer. The
beam may enter from either the right (XUV branch) or from the left (hard
X-ray branch).

and successfully met the specifications. The results are presented
in Table 1.

The detection arm RO2 is equipped with four photodiodes
and includes the possibility to install the front part of an
energy-dispersive detector (e.g. silicon drift detector (SDD)). The
four dedicated slots for the photodiodes accept either 12.5 or
7.5 mm width between their two pins to be compatible with
the most commonly used commercial diodes. The photodiode
holders can be equipped with commutable slits or collimators.
The current configuration is composed of three 100 mm? pho-
todiodes from Opto Diode 8! that have a typical efficiency of
0.27 A/W within the photon energy range available at the beam-
line. Moreover, the AXUV100G photodiode equipped with no slit
was absolutely calibrated using a cryogenic electrical-substitution
radiometer "%, The two other diodes are an AXUV:Ti photo-
diode equipped with a cross slit of 300 um (used for vertical
or horizontal alignment) and an AXUV:Al photodiode equipped
with a 300 um vertical slit (used for alignment or measure-
ments). The Al coating is necessary to prevent the infrared or
visible light degrading the dark current or background, improv-
ing the dynamic range of the reflectivity curves. A spectrom-
eter such as an energy-dispersive detector is needed to per-
form fluorescence-related measurements such as GIXRF. It can
be installed on the chamber facing the sample (i.e. at 90°
with respect to the incoming beam.). Experiments can be per-
formed using either a high-purity germanium spectrometer from
OXFORD Instruments (118 eV resolution at 5.9 keV) already

wileyonlinelibrary.com/journal/xrs
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Table 1. Performance of the stepper motor axes of the manipulator

Axis Max. distance  Resolution Speed Yaw Pitch Roll
Sample Tx 102.68 mm 0.0025mm  02mm-s~"  0.004° — 0.003°
Sample Ts 110.81 mm 0.0025mm  02mm-s~'  0.014° 0.011° 0.001°
Sample Tz 111 mm 0.0025mm  02mm-s~'  0.004° 0.013° 0.002°
Sample RO 190.09° 0.0005° 0.2° 57!

Sample Rx 348.23° 0.0005° 04° 57!

Diode Tz2 110.92 mm 0.0025mm  0.2mm-s™"

Diode RA2 186.24° 0.0005° 0.2°-s7"

available or an SDD from AMPTEK (125 eV resolution), which
will soon be operational. Despite its better resolving power, the
high-purity germanium detector is less practical to use because
of its liquid nitrogen cooling tank and its slow signal processing
that limits the count-rate. Thus, long acquisition times are nec-
essary to obtain spectra with acceptable statistics. Moreover, it
cannot approach very close to the sample (not less than 15 cm),
because of its limited length. This has two consequences. First,
it enlarges the field of view, which limits the accuracy of the
results. Second, the counting statistics is reduced, which lengthen
the experiment. Nevertheless, it has better quantum efficiency at
high-photon energies often required for heavy elements. The SDD
will be mounted on a dedicated translation stage allowing it to
approach as close as possible to the sample.

Heating module

Some materials of interest for microelectronics have
temperature-dependent properties, for example, chalcogenides
that can change between vitreous and crystalline phase at spe-
cific temperatures. For this reason, performing XRR or combined
XRR-GIXRF measurements at different temperature levels will
provide more information. Within the frame of the EMPIR ENG53
ThinErgy program, LNHB initiated a collaboration with the French
metrology institute, the Laboratoire National de Métrologie et
d’Essais, to build a heating sample holder with a temperature
controller. The heating module is capable of heating two samples
of ~ 20 x 40 mm? up to 300° C, and its compactness does not
limit any motion of the goniometer. It is fastened with only one
accessible screw making it easy to install or remove. First tests
have been performed with the heating module, and the temper-
ature was stable to within 1° C. Nevertheless, a small bias may
remain between the temperature probe and the sample because
of weak heat conduction between the holder plate and the sam-
ple. Moreover, another bias is still possible between the sample
front face exposed to the beam and its back attached to the heat-
ing holder. An independent temperature controller might help to
ensure the confidence in the sample surface temperature in the
future. In the frame of a European metrology project, CEA-LETI
provided samples, and first results were encouraging.

Measurement conditions at the metrology
beamline of the SOLEIL synchrotron facility

The metrology beamline

The new French synchrotron SOLEIL, an acronym for ‘Optimized
Source of LURE Intermediary Energy Light, is a research cen-
ter located near Paris. The synchrotron radiation is emitted by
2.75 GeV electrons that circulate in a storage ring of 354 m circum-

ference. Twenty-nine beamlines (over 42 possible) are installed
either on dipoles or insertion devices (undulator or wiggler) and
are now operating. The most frequent mode is the top-up mode
with a current of 450 mA delivered with a stability of better than
0.3%. The metrology beamline is situated on a bending magnet,
and the corresponding photon source has a divergence of 8 mrad.
The incident white beam is shaped by a first cooled diaphragm
with motorized apertures to provide photons to the hard X-ray
and XUV branches. The two branches together cover the energy
range from 45 eV to 40 keV. The goniometer CASTOR can be
installed on both the hard X-ray and the XUV branches.

The hard X-ray branch

The hard X-ray branch selects photons in the 100 eV to 40 keV
energy range, and its main components are presented in Fig. 3.
The acceptance is 1.7 mrad horizontally and 0.153 mrad vertically.
A first collimating slit situated at 12.4 m from the source reduces
the vertical beam divergence to improve the spectral resolution
if necessary. The monochromator is situated at 21 m from the
source and consists of three optical combinations to cover the
whole energy range:

1. Adouble-crystal monochromator with plane Si (111) crystal for
the higher energies: 3-40 keV;

2. ANi-C multilayer mirror plus a variable-line spacing (VLS) plane
grating (1800 lines/mm): 0.5-3 keV;

3. A Ni coated mirror plus a VLS plane grating (800 lines/mm) for
the lower energies: 100-800 eV.

Two slits of four independent lips define the beam to a maxi-
mum of 48 x 4 mm?. The typical flux is around 10'® photons/s for a
photon energy of 10 keV in a 2 x 2 mm? area. The monochromatic
beam is then delivered to the measurement position either in the
so-called unfocused mode or in focused mode using two mirrors:

1. An elliptical mirror M1 vertically focuses the beam to the exit
slits.

2. A bendable mirror M2 allows variation of the vertical focusing
at the measurement position.

Two series of filters can be interposed to reduce the photon flux
and/or to provide reference binding energies for the monochro-
mator energy calibration. Finally, retracting the monochromator
gives an access to the white beam.

The XUV branch

The main components of the XUV branch are presented in Fig. 4.
Its acceptance is 2 mradx0.5 mrad. The energy selection is per-
formed using several VLS gratings (75 300 and 1200 lines/mm) in
combination with an order-sorter filter for photon energies below
900 eV. The order-sorter is composed of three mirrors used in
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Figure 4. Metrology beamline at SOLEIL, the XUV branch.

grazing incidence (from 0.9-6°) with different coatings available
to improve the efficiency of the order-sorter for different photon
energy ranges:

1. The 75 lines/mm VLS plane grating: 45-300 eV;
2. The 300 lines/mm VLS plane grating: 300-1600 eV;
3. The 1200 lines/mm VLS plane grating: 900-1900 eV.

A series of thin filters are also available to help reduce the har-
monics in some configurations. The beam size is approximately
250 um width (full width at half maximum) and 120 um height
(full width at half maximum). At a photon energy of 1 keV, the flux
can reach 10'? photons/s.

Performing data acquisition

A dedicated software for the instrument was developed by the
LNHB. It runs under the LabVIEW® programming environment
and uses the TANGO devices provided by SOLEIL to control
all parameters. The program controls the vacuum, the motors,
and the detectors, according to the SOLEIL command control
requirements. Three measurement modes are possible: ‘free run;
‘reflectivity, and ‘fluorescence’ The free-run mode does not allow
recording any data. The photodiode current is measured repeat-
edly and plotted on a graph until the user stops it. The reflectivity
mode allows the user to scan as many axes as desired with the
possibility to record the photodiode current in an ASCII file. The
fluorescence mode simultaneously acquires the photodiode cur-
rent and a spectrum from the energy-dispersive detector, which
is placed at 90° with respect to the incident beam. The spectra
and the photodiode current are recorded in separate files using
ASCIl formats for both. In reflectivity mode as well as in the fluo-
rescence mode, it is necessary to scan the two rotations R and

R62 simultaneously in a linked mode, that is, 2 = 2 x . A switch
on the user interface binds the R§2 motion to the R6 motion in
order to measure the reflected beam with the photodiode at the
correct position. All the motors can be scanned independently or
in sequence. Some experiments require an energy scan instead of
a position or the angle, and the program also allows scanning the
photon energy provided by the beamline as for any other motor.
This is of particular interest for X-ray absorption fine structure
related techniques.

Examples of GIXRF and XRR as
complementary techniques

Recent studies on a series of high-k materials prepared by
CEA-LETI, which are of great interest for the semiconductor indus-
try, were performed using the CASTOR set-up on the hard X-ray
branch. The samples are ultra thin layer of Al,0; high-k mate-
rial deposited by atomic layer deposition technique on specific
II-N based substrate. This substrate is a multilayered stack com-
posed of GaN/buffer-AlGaN/AIN layers epitaxially grown on a Si
substrate. The purpose of the stacking is to grow a good quality
GaN layer on the Si substrate and thus adapt the crystal lattice
mismatch. The thickness of the GaN top layer is large enough
to be considered as the substrate with respect to grazing inci-
dence fluorescence and reflectivity techniques. Considering the
l1I-N devices, it is necessary to include a thin layer of AlGaN, before
the dielectric layer, in order to produce the active transistor. As a
consequence, the elemental profile of the Al and the Ga atoms,
with respect to the depth, is required in order to assess the qual-
ity of the multilayered structure. XRR, combined with the GIXRF
technique, allows the thickness, density, interface roughness, and

wileyonlinelibrary.com/journal/xrs
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XRR-GIXRF analysis

Al203 nominal thickness 10 nm

Table 2. Results of the best fitting parameters for the two samples, using Leptos® software for XRR and the JGIXA software for the combined

10 nm on AlGaN

Al;03:9.8(8) nm; 3.1(1) g-cm ™3,
roughness: 1.1(3) nm

XRR GaN substrate: 6.1 g-cm™3,
roughness: 0.6(3) nm
Al,0;:9.81 nm; 3.15 g-cm 3,
XRR-GIXRF roughness: 1.1 nm

GaN substrate: 6.1 g-cm™3,
roughness: 0.3 nm

Al;03:10.9(3) nm; 3.0(1) g-cm 3, roughness: 1.0(2) nm
Al,Ga;—xN: 25.2(9)nm; 5.1(2) g-cm—3,roughness: 0.7(3)nm, x=30.0%

GaN substrate: 6.1 g-cm™3, roughness: 0.0(2) nm

Al,03: 11.05 nm; 3.21 g-cm ™3, roughness: 1.2 nm
Al,Ga;—xN: 25.06 nm; 5.11 g-cm—3, roughness: 0.5 nm

GaN substrate: 6.1 g-cm™3, roughness: 0.5 nm

element diffusion to be determined. Here we performed the com-
bined GIXRF-XRR analysis on both sample Al,0s/substrate and
Al,03/AlGaN/substrate. The Al,O; layers are 10-nm thick, and the
AlGaN layer is 25-nm thick. The measured and fitted XRR and
GIXRF data acquired at an excitation energy of 3 keV on both
samples are presented in Figs 5 and 6, respectively. First of all,
we performed a preliminary analysis based only on the XRR data
using the Leptos® software. Then, we performed a second analysis
with the JGIXA software ["" including the fluorescence spectra to
derive the aluminum K, full-energy peak area with respect to the
incident angle. The results of both analyses are shown in Table 2.
Both analyses give similar results in terms of thickness, roughness,
and density; however, the combined analysis provided the infor-
mation that the elemental profile of aluminum is well represented

by a model of two and three layers for both samples, respec-
tively. Thus, we can conclude that the layers seem homogeneous
without significant interfaces atomic diffusion. Nevertheless, we
observe small discrepancies in the fit of the XRR data in Fig. 6 left,
and further analysis is undergoing and will be presented later.

Conclusion

These first results underline the strong interest of the combined
XRR-GIXRF analysis to measure the elemental profile of complex
system with a non-destructive approach. Indeed, in semiconduc-
tor devices, the interface structure and the elemental distribution
over the layers of the stack play a crucial role in the device per-
formance. Thus, it is crucial to have an access to this information

X-Ray Spectrom. 2017, 46, 303-308
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in order to have a better insight of the device. Here we present a
tool to a powerful non-destructive technique, which allows such
characterization. CASTOR is a new instrument developed in col-
laboration between the metrological institutes PTB and LNHB that
is installed on the Metrology beamline at the synchrotron SOLEIL
in order to perform XRR in combination with GIXRF on multilay-
ered thin-film samples that are of interest for a wide range of
applications. The commissioning of the instrument established
the performance of the motors, as well as the installation on
the beamline including the achievement of the dedicated soft-
ware and mechanical parts, customized diodes and spectrometer
holders. The first results of the XRR-GIXRF combined technique
obtained were successful, and optimizing the outcome with a
full assessment of the uncertainties is an ongoing process. In the
future, the LNHB will concentrate on the spectrometer response
function/efficiency characterization, the management of the solid
angle of detection when approaching the spectrometer towards
the sample and data analysis using the dedicated software.
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