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A compact portable vacuum-compatible chamber designed for surface X-ray
scattering measurements on beamline ID01 of the European Synchrotron
Radiation Facility, Grenoble, is described. The chamber is versatile and can be
used for in situ investigation of various systems, such as surfaces, nanostructures,
thin films efc., using a variety of X-ray-based techniques such as reflectivity,
grazing-incidence small-angle scattering and diffraction. It has been conceived
for the study of morphology and structure of semiconductor surfaces during ion
beam erosion, but it is also used for the study of surface oxidation or thin film
growth under ultra-high-vacuum conditions. Coherent X-ray beam experiments
are also possible. The chamber is described in detail, and examples of its use

are given.
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1. Introduction

Surface-sensitive X-ray scattering techniques such as grazing-
incidence small-angle X-ray scattering (GISAXS) and
grazing-incidence diffraction (GID) are widely used to
investigate structure and morphology of surfaces and near-
surface layers (Stangl et al., 2000). Typical examples include
absorption (Ackermann et al., 2005), reconstruction (Joumard
et al., 2006), thin films (Pietsch et al., 2004) and mesoscopic
structures (Schmidbauer, 2004). These characterization
methods can also be used to follow the growth or the evolution
of the surfaces in situ (Valvidares et al., 2004), and this requires
the use of an appropriate sample environment. Often surface
studies demand ultra-high-vacuum (UHV) conditions, for
example, to avoid contamination. There are several examples
of UHV chambers designed for this purpose (Nicklin et al.,
1998; Bernard et al., 1999). Examples of chambers designed for
high-pressure studies can also be found in the literature
(Bernard et al., 1999).

Here we present a compact vacuum-compatible chamber
designed for in situ X-ray scattering studies over a wide
pressure range, bridging the ambient pressure and the UHV
regime. Originally it was conceived for the study of nano-
structure formation on semiconductor surfaces by ion beam
sputtering (IBS). IBS in the low-energy range (E = 0.1-
10 keV) is a technique recently exploited for the self-orga-
nized production of ordered uniform structures on the surface
of different materials like semiconductors (e.g. Si, GaSb),
metals and insulators, with size down to 10 nm (Valbusa et al.,
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2002; Facsko et al., 1999; Ziberi et al., 2005; Gago et al., 2001).
The use of in situ X-ray scattering to study the formation and
stabilization of the different nanostructures during the sput-
tering process is an innovative approach to understanding the
IBS process. Structural characterization of the nanopatterned
surfaces is generally carried out by use of ex sifu imaging
techniques (such as atomic force microscopy or transmission
electron microscopy) after the ion erosion process. Our
approach combines the characteristics of non-destructiveness
and high statistical sampling typical of X-rays with the
capability of performing real-time studies, with a resolution of
a few seconds not achievable by ex situ techniques.

The chamber is optimized to work at a medium-range
pressure (107°-10"7 mbar). However, with small modifica-
tions of its configuration and with appropriate preparation (i.e.
long baking, use of UHV-compatible components efc.), the
base pressure can be lowered in the 10™'” mbar regime and
the chamber can easily be used for UHV experiments. We
describe the design of the chamber and its use on the
diffractometer for in situ studies, or off-line for preparation/
optimization of the samples and experimental conditions.
Making use of the modularity of the chamber’s components
and the different arrangements of the ports, the chamber can
be used for various kinds of experiments.

2. Description

The compact design of the chamber, shown in Fig. 1, allows the
use of different scattering geometries and experimental set-
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Figure 1
Schematics of the portable chamber. See text for details. Inset:
manipulator for IBS experiments. Sample rotation and cooling pipe are
indicated.

ups. The chamber has a stainless steel body; it is about 56 cm in
height, has a volume of ~31 and weighs around 12 kg. The
lower part of the body has two CF38 and one CF63 flanges, the
latter being used to introduce the sample holder. The central
part of the chamber consists of a 2 mm-thick cylindrical Be
window that surrounds the sample. This window, with accep-
tance angles of 360° and 40° in the horizontal and vertical
direction, respectively, allows for flexible scattering geome-
tries using X-rays in the hard X-ray regime.' Four removable
support rods secure the Be window during transport or
mounting/dismounting of the chamber. During the X-ray
scattering experiments, these rods can be put in different
positions around the Be window to avoid shadowing that
would result in inaccessible areas in angular space. The top
part of the chamber presents one US 4%” flange foreseen for
the ion gun mount. Four more CF38 flanges are used for
introducing other equipment, such as evaporation sources, gas
inlets, vacuum gauges, viewports etc.

The vacuum is provided by a turbo-molecular pump (Varian
V70-LP2) with a pumping speed of ~451s~'. A Leybold
Inficon (IR090) pressure gauge, using a hot cathode and a
Pirani system, reads the pressure in the range 10~'°-10° mbar.

2.1. lon beam sputtering configuration

For the study of semiconductor surface modification during
IBS, the chamber is equipped with a 3 cm-diameter Kaufman
ion source (Veeco Instruments). Mounted on the top flange of
the chamber, it delivers ion current densities up to 1 mA cm™>
in the energy range 100-1200 eV using different gases (Ar,

! The transmission through this window falls below 50% for X-ray energies
lower than 7 keV, and it is higher than 80% above 10 keV.

Xe, Kr). A collimating graphite double-grid set reduces the
divergence of the ion beam down to a minimum of ~10°.

One of the main characteristics of IBS on semiconductor
surfaces is the dependence of nanostructure morphologies and
lateral order on the angle of incidence of the ion beam (Facsko
et al., 1999; Ziberi et al., 2005). Therefore, a fundamental
aspect of the set-up for this type of in situ study is the
capability of orienting the sample surface with respect to the
direction of incidence of both the ion beam and the X-ray
beam. For this purpose, a special sample holder has been
designed, which allows the rotation of the sample surface with
respect to the ion gun over a wide angular range (0°-90°) with
40.7° accuracy, while keeping the sample in the centre of the
chamber (therefore in the centre of rotation of the diffract-
ometer), at ~10 cm from the ion source. Further adjustments
of the sample with respect to the X-ray beam can be carried
out using the tilt angles of the diffractometer, as described in
more detail in §3.

A schematic diagram of the sample holder is shown in the
inset of Fig. 1. The manipulator flange has feedthroughs for a
set of cooling pipes, two sets of electrical connections for the
heater and the thermocouple cables. The cooling system,
necessary to dissipate the heat produced on the sample during
IBS, owing to the large current delivered by the ion gun, uses
chilled water (60% water and 40% glycerol) at a base
temperature 7 =253 K. The thermal contact between the rigid
cooling pipe and the sample holder is assured by a flexible
copper braid. A commercially available ceramic heating plate
allows the control of the substrate temperature with £1 K
accuracy in the range between room temperature and
~1000 K. The base pressure achievable in this configuration is
1077 mbar.

Recent publications based on the use of this chamber are by
Plantevin et al. (2007) and Carbone et al. (2008).

2.2. UHV surface diffraction configuration

The configuration of the chamber can be modified for thin
film growth and other surface-sensitive studies requiring UHV
(e.g. studies of surfaces and interfaces in a controlled atmo-
sphere). With proper cleaning of the components and bake-
out of the chamber, pressure in the low 10~°-10"'° mbar
regime can be achieved, even without the use of an ion pump
(this is mostly due to the small volume of the chamber). Still, a
small ion pump can be placed on one of the free lateral ports, if
needed. The main modification to the set-up of the chamber is
the re-location of the turbo pump, that replaces the Veeco ion
gun on the top of the chamber. Side ports are then used for
evaporation sources, gas inlets, ion sputter gun for cleaning
surfaces efc. The chamber can be used to prepare samples
off-line prior to the X-ray experiments. Afterwards, using a
portable power supply, the chamber can be brought from
the preparation laboratory to the diffractometer without
switching off the electric equipment, therefore preserving the
optimized conditions for the experiment.

For thin film deposition, an electron bombarded evapora-
tion source (Omicron EFM-3 or EFM-4) can be mounted on
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one of the side ports on the top of the chamber. The source
material is shaped as a rod of diameter 2 mm and up to 50 mm
in length that can be translated within the evaporation device
such that the electron beam impinges on one end and
evaporates the material locally. This allows the source to be
used in different geometries including the vertical case.> The
distance between source and substrate is about 15cm. It
allows the deposition of a wide range of materials,® e.g. metals
and semiconductors, with typical deposition rates in the range
0.1-1 A min™". Such a low evaporation rate makes the in situ
studies easily feasible, during the growth process. The use of
multi-target evaporation sources, or separate sources on
different ports, allows the growth of layered or composite
systems. A standard Ar" sputter gun for cleaning surfaces is
also available. Thin film growth can be carried out in a
controlled atmosphere (Ar, O, or gas mixtures); the simulta-
neous use of two gases is possible.

The ceramic sample holder used in this configuration has a
similar design as the one described in Fig. 1, without the
rotation stage for better mechanical stability. This allows a
better control of the sample alignment with respect to the
incident X-ray beam, necessary for surface diffraction in
grazing-incidence geometry where sample rotation over large
azimuth angles is required. As in the previous case, a ceramic
heating plate is available for in situ UHV studies in the
temperature range from room temperature to ~1000 K.

2.3. Coherent X-ray scattering

The chamber has also been implemented for coherent X-ray
scattering experiments. For this purpose, it must preserve as
much as possible the coherence properties of the X-ray beam.
In our case, the 360° beryllium window, machined and non-
polished, is inadequate because, owing to its micro-crystal-
linity and roughness of the order of several micrometres,
spurious speckles are produced when using a coherent beam.
This is illustrated in Fig. 2, where an example of a coherent
diffraction experiment from a set of narrow slits is shown. For
these measurements we used a set of polished cylindrical
blades (Le Bolloc’h et al., 2002), with 2 pm aperture and an
X-ray beam energy of 8 keV. Measurements were performed
in the horizontal plane. The distance between the slits and
detector is about 2 m. The continuous and the dashed line
represent the Fraunhofer fringes measured through the
cylindrical Be window (i.e. 4 mm total thickness) and the
kapton windows (250 pm of thickness), respectively. The clear
signal measured through the kapton is deteriorated in the case
of the beryllium. Therefore, for experiments using a coherent
X-ray beam, the Be window is replaced by a stainless steel
flange with four kapton windows at right angles, shown sche-
matically in the inset of Fig. 2. The 125 pm kapton windows,
easily replaceable, are pressed against the chamber by flanges,
and viton O-rings are used to seal the vacuum. The angular
aperture of each window is 10° in the horizontal plane and 5°

2 For more details see http:/www.omicron-instruments.com/products/mbe_
deposition/e_beam_evaporators.
3 With the exception of those which cannot be shaped into a compact rod.
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Figure 2

Diffraction from a pair of slits measured through 4 mm of unpolished Be
(continuous line) and 250 pm of kapton (dashed line). The curves are
vertically shifted for clarity. Note that the asymmetry of the Fraunhofer
pattern is due to the longitudinal offset of the slit blades (see Le Bolloc’h
et al., 2002). The kapton window preserves the wavefront of the coherent
X-ray beam, while spurious speckles are produced by the Be window.
Inset: design of the flange with kapton windows.

in the vertical, which allows for GISAXS measurements. The
base pressure of the chamber in this configuration is ~1 x
107° mbar.

3. Use on diffractometer

The heavy-load 4 + 2-circle diffractometer on beamline D01
at the European Synchrotron Radiation Facility (ESRF)
allows for scattering experiments both in the vertical or
horizontal scattering planes. In its standard configuration,
which includes a Eulerian cradle, the 26, 0, x and ¢ circles form
a conventional four-circle diffractometer for vertical plane
scattering geometry (cf. lower panel of Fig. 3). Two additional
arcs, 1 and y, rotate, respectively, the sample and the detector
arm around the vertical axis and are used for scattering in the
horizontal plane.4

For in situ X-ray scattering measurements, a heavy-duty
sample stage suitable for z-axis scattering geometry (Bloch,
1985) is mounted at the centre of the IDO01 diffractometer,
instead of the Eulerian cradle (cf. Fig. 3), to hold the chamber.
It allows the use of heavy and/or large sample environments
such as a cryostat, furnace, vacuum chamber, multi-sample
holder etc. It has been designed and produced in a colla-
boration between ID01 at ESRF and the company Huber
(Rimsting, Germany), and is commercially available. It can
hold weights up to 120 kg. Fig. 3 shows the three translations
that move the chamber along the incident X-ray beam (x) and
perpendicular to it in the horizontal (y) and vertical plane (z)
with submicrometre precision. Two perpendicular tilt angles
with 0.001° precision (indicated as Alignment cradles in the
figure) allow the chamber adjustment. These are used to
compensate the tilt of the sample surface in its interior, in
order to preserve the optimal scattering geometry for surface-
sensitive studies. The azimuthal angle allows a rotation in the

4 For more details see http://www.esrf.fr/exp_facilities/ID1/user_guide/.
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Figure 3

Top: schematics of the heavy-duty sample stage on the diffractometer of
IDO01 and its degrees of freedom; the translation and rotation stages are
highlighted. Bottom: IDO01 diffractometer with z-axis geometry config-
uration and Eulerian cradle out.

360° range. The tilt angle at the bottom of the stage inclines
the whole tower in a range +5° along the direction of the
incident beam, and is used in grazing-incidence experiments.
It keeps the X-ray incident angle constant while rotating the
sample around its azimuth.

The functionality of this sample stage can be completed
using a vertical sample goniometer (cf. Fig. 4) that provides a
rotation of the sample around a horizontal axis y perpendi-
cular to the incident X-ray beam, and a translation with
micrometre precision along its rotation axis. This unit is used
for coplanar diffraction at large Bragg angles, or for grazing-
incidence diffraction in vertical geometry for small sample
environments. It can be mounted and unmounted easily and
reproducibly, depending on the need. The diffractometer in

Figure 4
Scheme of the ‘vertical sample stage’. The direction of the X-ray beam (x)
of the sample rotation axis (y) and the rotation angle (®) are indicated.

all different configurations works in a pseudo six-circle mode.
All the described motors, as well as the Eulerian cradle, are
implemented for the use of the standard HKL-mode of SPEC?

4. Experimental examples
4.1. Nanostructuration of surfaces by IBS

For the study of the kinetics of the nanostructuration
process during IBS, we characterize in situ the surface
morphology, crystalline structure and correlation of nano-
structures (dot or ripples) using a combination of different
X-ray scattering techniques such as GID, GISAXS and
reflectivity. The IBS parameters for the production of surface
nanostructures are optimized off-line, prior to the X-ray
experiment. During the in situ measurements, the input and
output values for substrate temperature, and ion beam para-
meters (current, acceleration voltage, energy) are handled via
an interface software controlled by SPEC. This allows remote
control of the experiment and the synchronization between
the nanopatterning process and X-ray measurements.

One example of such an in situ experiment is the study of
the formation and evolution of dot patterns on GaSb surfaces
during Ar" IBS at normal incidence. Fig. 5 illustrates the
results obtained for different ion energies (Plantevin et al.,
2007). The GISAXS profiles measured at different times
during the sputtering process show correlation peaks that
correspond to the lateral ordering of the dot pattern. The
variation of their position in time can be directly related to the
variation of the mean inter-dot distance A during the IBS
process (cf. Fig. 5b). This has been found to follow the theo-

5 SPEC scientific software, http://www.certif.com/spec_manual/.
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Figure 5

In situ GISAXS measurements showing the temporal evolution of the
nanodot pattern created on GaSb(001) surfaces by Ar* IBS, using an Ar*
partial pressure of ~107> mbar, and an ion current density at the sample
of ~100 pA cm™2. (a) GISAXS scans at different times during 700 eV
Ar" IBS. Q, is the component of the momentum transfer parallel to the
sample surface and perpendicular to the impinging X-ray beam. (b) Time
evolution of the lateral periodicity A of the patterns for different Ar®
energies. (From Plantevin et al., 2007.)

retical predictions. More details can be found in Plantevin et
al. (2007).

4.2. GID studies of oxide surfaces and metal/oxide interfaces

For the characterization and preparation of various thin
films and surfaces, including metals on semiconductors, such as
silicates (C. Mocuta, unpublished), oxides on metals (Stanescu
et al., 2008) and metals on oxides (Bezencenet et al., 2008), the
chamber is used under UHV conditions. In addition to in situ
growth studies, the chamber is suitable for the preparation and
characterization of the initial surfaces (including surface
reconstruction) before deposition. As an example, we show
here the investigation of a-Fe,03(0001) (hematite) films on
Pt(111) (Barbier et al., 2007). The samples were grown ex situ
and transferred in air. The hematite surface had been regen-
erated inside the chamber by a 30 min outgas at 600 K
in 107> mbar oxygen partial pressure. GID measurements
have revealed a dislocation network at the interface between
a 20 nm-thick hematite film and the Pt(111) substrate
(cf. Fig. 6). The real-space distance of this network is found to
be ~51 A, in good agreement with the coincidence network
expected at the a-Fe,05(0001)/Pt(111) interface. More details
can be found in Barbier et al. (2007).
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Figure 6

Dislocation network on a 20 nm-thick «-Fe,05(0001) film deposited on
Pt(111). Top: (hhL) scans as a function the incidence angle. The
coordinates are expressed in reciprocal lattice units (r.lL.u.) of Fe,Os.
Emergence is kept equal to incidence. The curves are shifted for clarity.
Bottom: reciprocal space map around the (110) peak of a-Fe,05(0001),
showing a two-dimensional ordered dislocation network around the
hematite Bragg peak (marked by the cross). (From Barbier et al., 2007.)

5. Conclusions

We have presented a portable vacuum chamber, designed for
real-time X-ray scattering studies of nanopatterning of semi-
conductor surfaces by ion beam erosion. Optimized for
working in a middle-pressure regime, also with the use of a
coherent X-ray beam, it is also adaptable to UHV conditions.
Its compact design and its modularity are highlighted. These
characteristics make it a very versatile piece of equipment,
useful for in situ X-ray scattering studies of various systems
under different conditions.
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