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A compact UHV deposition system for in situ study of ultrathin films
via hard x-ray scattering and spectroscopy
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We report on a compact ultrahigh vacuum deposition system developed for in sifu experiments using
hard x rays. The chamber can be mounted on various synchrotron beamlines for spectroscopic as
well as scattering experiments in grazing incidence geometry. The deposition process is completely
remotely controlled and an ellipsometer is available for online monitoring of the layer growth
process. The unique sample position in the chamber allows one to perform deposition, grazing
incidence x-ray experiments, and ellipsometry measurements at the same time, enabling to correlate
the x-ray analysis with parameters of the growth process. Additionally, the setup can be used to
study in situ chemical and structural changes in an element specific manner by x-ray absorption
spectroscopy. The flexibility and versatility of the system brings new possibilities to study the
chemistry and structure of surfaces and interfaces in thin films systems during their formation.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2982059]

I. INTRODUCTION

Nowadays, thin films and multilayer structures are used
in a large range of applications such as optical coating,
microelectronics,’ solar cell technology,2 or magnetic
recording.3 Physical vapor deposition techniques such as mo-
lecular beam epitaxy or sputter deposition allow for a con-
trolled deposition process and are widely used to grow thin
films or multilayer structures. Generally, the properties of the
complete system are largely influenced by the quality (struc-
ture, chemistry, thickness) of the different interfaces. The
study of the growth process during the interface formation is
therefore mandatory to tailor the properties of the final de-
vice. Usually, an ultrahigh vacuum (UHV) environment is
required to study free surfaces, interface formation, or more
generally, for any type of in situ study where analysis has to
be carried out at selected steps of the preparation procedure.
A large variety of analysis technique based on electron
probes (Auger spectroscopy, x-ray photoelectron spectros-
copy, low energy electron diffraction, etc.) as well as scan-
ning probe microscopy techniques are readily available in
common UHYV systems. While a combination of these tech-
niques can bring a complete characterization of the chemis-
try and morphology of thin film surfaces, their probing depth
is usually restricted to a few nanometers.

On the other hand, hard x-ray scattering techniques are
usually used to probe the structure of bulk material on vari-
ous length scales in a noninvasive way. The possibility to
tune the energy (or wavelength) of the x-ray photons to a
particular absorption edge can be used to study chemical and
structural parameters of the sample in an element specific
manner.” The case of grazing incidence scattering is particu-
larly interesting for the study of thin films and multilayers
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because this geometry allows to control the penetration depth
of the x rays. Scattering and spectroscopy techniques can
therefore be used in a depth resolved manner to study buried
layers and interfaces.

Specular x-ray reflectivity can be used to obtain depth
resolved density profiles with subnanometer resolution.”®
The analysis of the diffusely scattered radiation at small
angles of incidence allows one to obtain information on the
lateral ordering of layers or clusters on various length
scales.” Resonant techniques such as nuclear forward scatter-
ing combined with the use of isotopic probe layers can be
used to obtain magnetic depth profiles with sub nm
resolution.®

The high intensity provided by modern synchrotron ra-
diation sources enables one to collect data sufficiently fast to
perform time resolved studies. In the last decade, the appli-
cations of x-ray scattering techniques to follow thin film
growth in situ have attracted an increasing interest. In par-
ticular, in situ x-ray reflectivity was often used to follow the
evolution of the film morphology (roughness, thickness) in
real time during glrowth.()_13 In order to perform reflectivity
as well as other x-ray scattering experiments, several por-
table deposition systems have been developed.mf15 They
usually feature a compact design with large x-ray windows
which allows to perform different x-ray scattering experi-
ments such as reflectivity and small angle scattering. They
usually accommodate space for Knudsen cells, e-beam
evaporators, or sputter guns and have high (sometimes ultra-
high) vacuum capabilities.

In this paper, we describe a compact UHV deposition
chamber that was developed to perform grazing incidence
scattering and spectroscopy experiments in sifu using hard
x rays. The primary goal of this device is to study the growth
and the interface formation of transition metal elements (Fe,
Co, and Ni), as well as oxidation processes on such metallic
surfaces. This requires particular care regarding vacuum
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FIG. 1. (Color online) Sketch of the UHV deposition system. The sample is located in the center of the deposition/scattering chamber. Three sputter guns are
implemented for deposition of different materials. An ellipsometer attached to the chamber allows one to monitor the growth process during deposition. The
sample is in the center of rotation of a two-circle goniometer, allowing for precise angular adjustment with respect to the incoming x-ray beam. A load lock
attached to the system is used for fast sample transfer without breaking the main chamber vacuum. The relatively compact dimensions of the system allows
one to install it in many experimental stations of present synchrotron radiation sources.

quality and surface modification monitoring. The system has
been kept compact to fit in most synchrotron experimental
hutches without compromising the experimental flexibility.
In particular it is equipped with a load/lock system for fast
sample exchange and an ellipsometer for online monitoring
of the growth process. The ellipsometry, together with a
complete remote control of the deposition process, allows
one to precisely follow the evolution of the sample surface
during the x-ray scattering experiments. In the first part, the
technical design and the general possibilities of the setup are
discussed. As an example and a first application of this sys-
tem, we will present two techniques which were combined to
resolve the magnetic and chemical structure of free and bur-
ied native iron oxide layers. First, an in situ nuclear forward
scattering experiment will demonstrate the possibilities to
study magnetic thin film’s growth in grazing incidence ge-
ometry. The second part is devoted to in situ X-ray absorption
spectroscopy (XAS) experiments on ultrathin transition
metal layers.

Il. TECHNICAL DESIGN

One of the main goals was to build a system that is small
enough to fit in most of the synchrotron experimental sta-
tions yet having enough freedom to keep flexibility in the
sample preparation. The main concept relies on the sample
position in the center of the chamber which is the same for
deposition, grazing incidence x-ray scattering, and ellipsom-
etry measurements, as depicted in Fig. 1. As will be de-
scribed later, this geometry allows one to perform real-time
studies where the deposition takes place at the same time as
x-ray scattering data are collected.

The system is composed of a main UHV chamber that is
used for the film preparation and the analysis using x rays,
and a load-lock system for fast sample transfer without
breaking the main chamber vacuum. As can be seen in Fig.
2, the system is surrounded by a rigid aluminum cradle
(made of aluminum profile Rose-Krieger F50), which can be
mounted on a heavy duty two-circle goniometer (maximum
load 200 kg, HUBER Diffraktionstechnik GmbH, model

5202.8). This goniometer is equipped with step motors which
achieve an angular precision of 107 deg. The center of ro-
tation of this double tilt stage is located at the sample posi-
tion, 390 mm above the goniometer plate. As will be de-
scribed later, precise sample alignment with respect to the
x-ray beam is achieved by moving the complete system
placed on heavy duty horizontal and vertical (X-Z) transla-
tion tables commonly available at synchrotron facilities.
This scheme leads to sample positioning precision of few
microns with respect to the beam, without affecting the
sample position in the chamber. With total dimensions of
222X 80 cm?, the system is still compact enough to be
mounted on various synchrotron experimental stations.

UHYV conditions are reached using a two stage turbomo-
lecular pumping scheme coupled to a membrane pump. This
is an oil-free pumping system that can easily reach UHV
conditions (<5 X 107! mbar routinely achieved) and sustain
gas injection at moderate pressure (10—10"2 mbar). The
pressure in the main chamber is read out by a hot cathode
pressure gauge ITR100 from Leybold (pressure range of
1.0X107'9-3 X 1072 mbar). In addition to the flanges used
for sputter sources, ellipsometry and gas inlets, 3 CF40 and 1
CF63 flange can be used to connect other equipments such as
additional gas inlet or a mass spectrometer.

'
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FIG. 2. (Color online) Picture of the deposition system at the BW4 beamline
of HASYLAB. The beam enters and exits the chamber in grazing incidence
geometry. A protection cap is placed on the Be exit window.
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The load lock is equipped with a turbopump connected
to another membrane pump. When high vacuum is reached
in the load-lock chamber (p <1 X 10~ mbar), the membrane
pump is disconnected to allow the load/lock turbopump to be
connected to the second turbomolecular pumping stage. This
way, pressures below 1X 107® mbar can be reached in the
load lock without the need for a baking out procedure. A
sample magazine containing a maximum of four samples is
available and transfer to the main chamber is done through a
large CF100 gate valve. The details of the sample transfer
system are given in Sec. I A. Two entrance and exit beryl-
lium (PF-1 grade, Brush Wellman Inc.) windows for hard
x rays can be used. They are 3.5 cm in diameter (placed on a
CF40 flange) and have a thickness of 120 wm. This small
thickness, together with the high purity grade, is chosen to
avoid parasitic signal from eventual traces of heavy ele-
ments. In particular, the low concentration in Fe is particu-
larly suited for nuclear forward scattering experiments on
"Fe nuclei where any traces of Fe along the path of the x-ray
beam lead to background signal. The transmission through
this type of window is as high as 70% for energies above 3.5
keV. Moreover, the windows do not modify the beam profile
significantly, as evidenced in a recent grazing incidence
small angle x-ray spectroscopy (GISAXS) experiment.16

The system can be mounted on the beamline in 1 day
while proper bakeout and cool down procedure requires an-
other 3 days. For that reason, the setup is usually mounted in
an unused experimental hutch while other experiments can
be carried out in another experimental hutch of the beamline.
If this scheme is not applicable, mounting the system during
a longer shutdown period of the synchrotron (such as main-
tenance week) is usually preferred to maximize the use of the
photon beam.

A. Sample environment

The main specifications for the sample holder system are
imposed by the grazing incidence geometry used. The x-ray
beam usually exhibits a vertical beam size in the range of
30-60 um. Because the beam impinges on the surface at
grazing angles (usually below 1°), this leads to a beam foot-
print size on the sample of 10-20 mm. In order to collect the
full signal and avoid parasitic scattering from the sample
edges, this requires samples of similar dimensions. The
sample holder was therefore designed to accommodate rela-
tively large samples and provide a completely free pathway
for the x-ray beam in grazing incidence.

Three different types of sample holders are available.
The first one is designed to fit samples as large as 25
X 40 mm?. It can be used in any case where parasitic scat-
tering from the sample holder edges has to be avoided, like
in GISAXS. The second type of sample holder was devel-
oped to perform magnetic studies. It provides a permanent
magnetic field of 70 mT in the plane of the sample. As
shown on Fig. 3(a), it consists of hard (NdFeB) and soft (Fe)
magnetic material and the design was optimized to provide
better than 3% field homogeneity over the sample surface
(20X 15 mm?). Finally, a sample holder equipped with a
specially designed heater stage was developed to perform
temperature dependent studies. As depicted in Fig. 3(b), the

Rev. Sci. Instrum. 79, 093908 (2008)

Si wafer/

Sample
500nm Ta

Al plate

Current
—_—

A

FIG. 3. (Color online) (a) Picture of the magnetic sample holder. The right
part displays a schematic of the magnet configuration leading to an in-plane
permanent magnetic field of 70 mT. (b) Picture and principle diagram of the
heater. The sample is resistively heated via current flow through a 500 nm
thick Ta layer on a Si wafer. The temperature is measured by a PT100
temperature sensor placed on the backside of the Si wafer.

Ceramic plate

sample is placed on a Si wafer coated with a 500 nm thick Ta
layer. Heating is achieved by feeding a current of a few
amperes through the Ta layer. This particular design allows
for fast heating (up to 600 K/min) and cooling of the sample.
The temperature is measured by a UHV compatible PT100
temperature sensor placed on the backside of the Si wafer.
Temperature stability better than 0.1 K is achieved by pro-
portional integral derivative regulation of the heating current.
In situ temperature dependent x-ray experiments have not yet
been carried out, but it is expected that the temperature sta-
bility achieved here should ensure stable experimental con-
ditions once thermal equilibrium is reached.

In all cases, the holder is placed on a three axis rotary
manipulator that allows a positioning of the sample in the
center of the chamber with 0.1 mm accuracy. The position of
the sample surface with respect to the center of rotation was
determined by placing the sample in the center of the en-
trance window. This position can be easily reproduced upon
sample change by controlling the position of the reflected
laser beam of the ellipsometer from the sample surface. The
position of the center of the window above the goniometer
plate is then calculated to be in the center of rotation of the
goniometer. The rotation of the sample enables one to per-
form scattering experiments along different in-plane orienta-
tions of the sample.

Two different sample transfers are available. In both
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FIG. 4. (Color online) (a) Picture of the sample transfer system for room
temperature sample holder. The sample is attached to the manipulator from
the backside using a bayonet locking system. (b) Schematic drawing of the
transfer system for the heater stage. The two clamps provide electrical con-
tact for the heating plate and the PT100.

cases, the sample is slid horizontally from the load lock us-
ing a transfer stick. For the room temperature holders, the
manipulator attaches to the backside of the holder using a
bayonet system, as shown on Fig. 4(a). For the heater stage,
a two fork clamping system is used on the manipulator. The
two forks are used to provide electric contact to the heating
plate as well as for the PT100, as shown on Fig. 4(b). Typical
time needed to transfer a sample from the load lock to the
main chamber is 1 min while the load lock can be pumped to
sufficiently low pressure to allow sample transfer in less than
an hour.

B. Deposition system

The basic setup of the chamber provides three conflat
flanges (one CF100 at the bottom and two CF40 on the sides)
centered on the sample position. While several different
deposition systems can be implemented (such as Knudsen
cells or electron beam evaporators), dc magnetron sputter
deposition is usually preferred here for its pronounced ad-
vantages. For a given material, the deposition rate is a func-
tion of the argon gas pressure and of the power set point of
the source only. The growth rate and the energy distribution
of the sputtered atoms can be adjusted by controlling those
parameters.17 This gives the opportunity to adjust the mor-
phology of the deposited films. For example, at high Ar pres-
sure the sputtered atoms are thermalized and cluster growth
is promoted. Second, the layers produced are homogeneous
over areas of several square centimeters (10% thickness
variation on a 50 mm diameter film). These are necessary
conditions in view of the x-ray grazing incidence experi-
ments. The deposition process is fast: a complete deposition
cycle can be achieved in less than 1 min, and allows maxi-
mizing the measuring time during the experiment. This type
of system can be easily computer controlled, as will be
shown in Sec. IID. Finally, dc magnetron sputter deposition
is a widely used deposition process in the industry. This
setup can therefore be used to mimic industrial processes.
The chamber is usually equipped with three dc magnetron
sputter sources. The main deposition source is placed below
the sample (normal incidence) at a distance of 63 mm from
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the sample and fits a 33 mm diameter target. At this target-
sample distance, the homogeneity of the film is better than
10% on a 50 mm diameter sample. Two other sources (25.4
mm target) are placed on both sides of the sample with an
incidence angle of 35° relative to the sample plane. While
the oblique incidence prevents the formation of homoge-
neous layer, it can be used, for example, to imprint magnetic
anisotropies in transition metal layers18 or to deposit a pro-
tection layer before bringing the sample back to atmosphere.
The deposition of a wedge layer can also provide a means to
produce a thickness gradient in the sample. The three sputter
guns are equipped with motorized shutters to precisely con-
trol the deposition time (opening time<<0.5 s). Argon gas
(99.9999% purity) is admitted using a mass flow controller
which ensures stability and reproducibility of the Ar pressure
better than 1% over a pressure range from 3X 1073 to
3X 1072 mbar.

Additionally, a step motor driven leak valve is mounted
on the chamber to admit various gases in the pressure range
from 5% 1078 to 5X 10~ mbar. As will be shown later, it
can be used to perform defined oxidation processes by pre-
cisely controlling the total oxygen exposure.

C. Ellipsometry

As described above, the chamber is equipped with an
ellipsometer used here to monitor the layer growth online.
Ellipsometry is based on the measurement of the change in
polarization state of visible light upon reflection from a me-
dium. The fundamental ellipsometry parameters (that are
measured) are A (intensity ratio) and W (phase shift) and can
be directly related to the ratio of R and R’, the reflection
coefficients for s and p polarized light, respectively,19

R? )
E=tan el (1)

Since the reflection coefficients depend on the thickness and
refractive index of the layer, measuring the change in A and
W during the deposition allows one to evaluate the thickness
and composition of the layer being grown. We use an ELX-1
ellipsometer (Dr. Riss Ellipsometer Bau GmbH, Germany)
equipped with a He—Ne laser emitting at 632.8 nm. The laser
and detector are attached to the chamber symmetric to the
sample position and perpendicular to the x-ray scattering
plane, as shown on Fig. 1. The incidence and exit angle is
fixed to 65° with respect to the sample surface. The determi-
nation of A and W is performed by rotation of a quarter wave
plate and an analyzer (placed in front of the detection diode)
to minimize the transmitted intensity. A measurement cycle
can be performed at 1 Hz repetition rate.

Figure 5 shows the ellipsometry curve for a typical
multilayer structure grown during our experiments. In this
case, a 2.5 nm thick Fe layer is sputter deposited at a growth
rate of 0.1 nm/s. The layer is subsequently oxidized by con-
trolled exposure to oxygen. A second Fe layer and an Al
capping layer are subsequently deposited. Ellipsometry data
are acquired continuously during the deposition. The growth
of each layer corresponds to characteristic variation of A and
W in the ellipsometry curve. Modeling of the multilayer
a posteriori allows one to relate the change in A and W to the
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FIG. 5. (Color online) Ellipsometry curve of the growth of a
Si/Fe (2.2 nm)/*’Fe—O (1.5 nm)/Fe (2.2 nm)/Al (3 nm) multilayer.
The growth of each different layer shows a distinct evolution of the ellip-
sometry parameters A and W. The simulation allows one to estimate the
refractive index and the thickness of each layer.

refractive index and the thickness of each layer. This model
can subsequently be used to monitor the growth process and
determine when a certain layer thickness has been deposited.
In the case of films below 5 nm, the precision is sufficient to
measure monolayer coverage. Above that thickness the sen-
sitivity progressively decreases due to the limited probing
depth of light in metals. Furthermore, the technique is highly
sensitive to oxidation processes on the surface and can be
used to monitor eventual surface chemistry changes during
an ongoing x-ray analysis. This is an important aspect either
to monitor beam damage in the case of soft substrate (poly-
mer), or to monitor adsorption of molecules due to the rest
gas pressure on reactive surfaces.

As mentioned earlier, the ellipsometer is also used to
check the position of the sample in the center of the chamber.
Because the photodiode as a small entrance window of 2 mm
diameter only, the position of the reflected beam is highly
sensitive to the height of the sample in the chamber. Check-
ing the reflection, one can easily reproduce the same sample
position upon sample change.

D. Remote control system

For an x-ray experiment, the UHV system will be
mounted inside the experimental hutch which will not be
accessible during the measurement. To provide maximum
flexibility and allow for real-time (deposition plus analysis)
experiments to be performed, the deposition is completely
remote controlled from outside the experimental hutch.

The different equipments operate using different com-
munication protocols (analog signals for the sputter sources,
RS232 for mass flow controller and pressure gauge, etc.). An
interface box containing all the necessary converters (analog
to digital and digital to analog converters, digital input out-
put, relays, etc.) has therefore been designed to merge all the
required connections to one single input/output USB port.
The complete setup is then controlled using a LABVIEW pro-
gram running on a remote laptop computer. This flexible
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solution is easily transportable and completely independent
of the different computer systems used at the various syn-
chrotron facilities. The control program presents itself as a
single window graphical user interface (GUI), as shown in
Fig. 6. Each instrument can be operated independently or at
the same time with a continuous monitoring of all the rel-
evant parameters such as pressure, mass flow controller set
point, current, voltage, and power of the sputter sources. This
gives full flexibility and security over the preparation proce-
dure. Additionally, special procedures have been imple-
mented to perform automatized tasks. The “oxidation cycle”
routine can, for example, be used to perform a controlled
oxidation of the deposited layer. In that case, the gas pressure
is recorded as a function of time (10 Hz sampling rate). The
pressure is then integrated over time, which allows one to
calculate and precisely control the total exposure (pressure
X time) of the sample to the gas. This can be used to perform
oxidation cycles with exposure reproducibility better than
1%. The two parameters that have to be provided are there-
fore the gas pressure and total exposure desired. Addition-
ally, a deposition sequence can be programed to grow com-
plex multilayer or superlattice structures.

lll. X-RAY SCATTERING TECHNIQUES TO STUDY THE
GROWTH OF THIN METAL AND OXIDE FILMS

The general geometry for grazing incidence experiments
is depicted on the right side of Fig. 1. This is a vertical
scattering geometry where the x-ray beam is reflected down-
ward. The two Be windows are placed on each side of
the chamber to let the x-ray beam in and out in grazing
incidence geometry. The distance from the center of the
sample to the entrance or exit window is fixed to 17.5 cm
which therefore allows measurements up to incident angles
of 6=4° (26=8°).

In the following, we describe an experiment that aimed
at the determination of the evolution of the magnetic struc-
ture of buried native iron oxide layers during their formation.
This type of ultrathin oxide layers (produced by exposure of
a metal substrate to molecular oxygen) embedded in its metal
counterpart are expected to exhibit structural and magnetic
properties that deviate strongly from any bulk iron oxide
phases. In particular, an anomalously high magnetic moment
per atom” as well as an antiferromagnetic ordering at room
temperature21 were reported recently. In order to unravel how
such magnetic properties evolve in buried native oxide lay-
ers, we studied the formation of these layers in situ by
nuclear forward scattering. For an overview of the experi-
mental technique, see Ref. 22 and references therein. The
sensitivity of the method to the magnetic structure of buried
layers combined with the possibility to completely isolate the
oxide signal from the surrounding metallic Fe by using iso-
topic probe layers render this technique an ideal candidate
for this type of investigations. This experiment is a stepwise
experiment where x-ray scattering is performed after each
deposition/oxidation and was for the first time made possible
thanks to this setup.

The experiment was performed at the nuclear resonance
beamline ID18 of the European Synchrotron Radiation
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FIG. 6. (Color online) GUI of the LABVIEW based control program for the deposition process. Separate control and monitoring is available for each sputter
sources and gas inlets. A sequence of deposition and gas exposure step can be programed to grow multilayer structures consisting of metal and oxide films.

Facility (ESRF).” The UHV system was placed on the
double tilt stage referenced in Fig. 1. To precisely position
the sample relative to the incoming x-ray beam, the
whole system was placed on an X-Z table (lateral
+vertical movement which allowed alignment of the sample
with respect to the X-ray beam with a few micron accuracy).
The beam was focused to 30 um in the vertical direction
using a Kirkpatrick—-Baez mirror to match the sample cross
section in grazing incidence geometry. The substrate [super-
polished Si(100) wafer] was placed on a magnetic sample
holder to fix the magnetization direction. In order to study
exclusively the magnetic properties of the native oxide, we
deposited an ultrathin (0.6 nm) >’Fe probe layer on top of a
2 nm thick Fe layer. The layer was then oxidized to satura-
tion and stepwise covered with Fe. The experiment was per-
formed at a fixed incidence angle 6 of 0.24°, which is well
above the critical angle of Fe (0.21°) at 14.4 keV. At each
preparation step, nuclear time spectra (the temporal evolu-
tion of the nuclear decay after pulsed excitation) were re-
corded to follow the evolution of the magnetic structure.
Figure 7(a) shows the time spectra corresponding to the

pure 0.6 nm thick >’Fe layer deposited on top of the 2 nm
thick "Fe layer. The fast beating pattern corresponds to a
hyperfine field Byg of 32 T, a typical value for ferromagnetic
a-Fe at room temperature. The shape of the spectra indicates
that the magnetization is oriented in the plane of the sample
parallel to the incoming photon wavevector and the external
field. After exposure to 6500 L (1 L=107% Torr s) of oxy-
gen, the >’Fe probe layer is completely oxidized and the fast
beating is replaced by a long period oscillation [Fig. 7(b)]
due to residual quadrupole interactions in the oxide. The
small hyperfine field associated with this beating indicates
that the free native oxide is in a superparamagnetic or non-
magnetic state. Subsequent deposition of Fe [Figs. 7(c)-7(e)]
leads to a reappearance of a fast beating, indicating a pro-
gressive magnetic ordering of the oxide layer. While chemi-
cal changes in the oxide are expected upon deposition of Fe,
the progressive magnetic transition suggests that the magne-
tism in the buried native oxide is supported and stabilized by
the surrounding metallic Fe. Complementary results can be
found in Ref. 21.

The experiment shows the potential to perform in situ
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FIG. 7. (Color online) Results of a nuclear forward scattering experiment
where an ultrathin 3’Fe probe layer is used to resolve the magnetic structure
of a buried native oxide layer at different steps of the growth. (a) Time
spectra of the pure 0.6 nm thick >’Fe probe layer placed on top of a 2 nm
NalEe layer. The fast beating is related to the ferromagnetic ordering of a-Fe.
(b) Oxidized *"Fe oxide. The large period beating indicates a nonmagnetic
state. [(c)—(e)] Progressive reappearance of the beating pattern with increas-
ing Fe coverage, sign of a recovery of the magnetic order.

X-ray scattering experiments, as it is the only way to observe
changes in buried layers during the deposition. In this case,
the use of isotopic probe layers allows one to access the
magnetic properties of the sample in a layer specific manner.
Because of its relation with oxidation process on Fe surfaces,
it requires a sufficiently clean environment to avoid contami-
nation during the x-ray analysis (typically 30 min acquisition
time). The continuous ellipsometer analysis confirms that the
surfaces do not suffer from the long x-ray exposure or from
the residual gas pressure. This experiment was made possible
for the first time with this setup.

The ability to measure GISAXS was also demonstrated
recently. The experiment, performed at the beamline BW4 of
the DORIS IIT storage ring (Hamburg, Germany), showed
the possibility to use in situ GISAXS to study metal growth
on polymer surfaces.'® In that case, gold was stepwise de-
posited on a mixed diblock-triblock copolymer and GISAXS
patterns were taken at selected gold coverages. This allowed
evidencing a progressive diffusion of the gold particles into
the polymer matrix and a preferred agglomeration of gold
clusters around one of the two polymer chains. This type of
experiments can also be coupled with the ellipsometry mea-
surement, providing a unique picture of the optical properties
as well as the microscopic structure of the film in real time.

Another possible approach is to record GISAXS patterns
during the growth. Preliminary experiments carried out at the
BW4 beamline® have shown that GISAXS patterns with
sufficiently high statistics can be acquired within 1 s with
this setup. The development of fast read-out large area
single photon counting detectors based on hybrid pixel
technology25 opens the possibility to record GISAXS pattern
in only a few ten ms.

IV. X-RAY SPECTROSCOPY OF ULTRATHIN FILMS

Soft XAS is already a widely used technique to probe
chemistry and magnetism of thin films in situ. In this energy

Rev. Sci. Instrum. 79, 093908 (2008)

Fluorescence
detector
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To the loadflock

FIG. 8. (Color online) Sketch of the setup for x-ray absorption experiment.
Compared to the setup presented in Fig. 1, the manipulator is placed in
horizontal position. The incidence angle is therefore adjusted manually. The
load lock is connected to the main chamber through a smaller CF40 gate
valve. This allows placing the fluorescence detector in vertical geometry
4 cm above the sample. The TEY is recorded by measuring the drain current
on the sample using a low current electrometer (Keithley 4517A).

range however, the resonant absorption usually leads to a
strong reduction in the probing depth. This results in com-
plicated data analysis in the case of depth sensitive experi-
ments. In addition, when the fluorescence signal is measured,
it is often integrated over the energy. This prevents, for ex-
ample, to isolate the extended fine structure part of the signal
(which usually extents up to 800 eV above the edge). These
problems are overcome in the case of hard XAS where
energy dispersive fluorescence detectors are generally
available.

A classical hard x-ray absorption experiment takes place
in transmission geometry where the intensity of the incident
and transmitted x-ray beam is measured as a function of the
photon energy. However, thin films are usually grown on
thick, absorbing substrates (such as silicon or glass) and the
transmission geometry is not applicable.

Two other detection schemes can be used for thin film
studies: the fluorescence yield (FY) and the total electron
yield (TEY). The FY measures the fluorescent photons re-
emitted by the absorbing atoms. This is an energy dispersive
single photon counting measurement which allows one to
isolate the contributions from different elements. The tech-
nique has a large probing depth (limited only by the attenu-
ation of x ray in matter) but suffers from self-absorption
effects®® in concentrated samples. On the other hand, the
measure of the TEY provides an energy integrated signal that
is intrinsically surface sensitive. It is based on the measure of
the drain current on the sample which is induced by the
photoabsorption. The usual probing depth of the method is
determined by the average mean free path of the electrons in
the sample and is estimated to be around 50-100 nm for
excitation with hard x rays.27

These two systems are therefore complementary: FY can
be element selective while TEY provides the desired surface
sensitivity. Both detection schemes were implemented on the
chamber. As the fluorescent photons are emitted isotropi-
cally, the detector has to be placed as close as possible to the
sample to cover a sufficiently large solid angle. As shown in
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FIG. 9. (Color online) Comparison of the TEY and FY signals of a 30 nm
thick Fe layer. The incidence angle was 20°. (a) Normalized XANES spec-
tra. (b) Weighted EXAFS spectra. [(c) and (d)] Results after correction of
the FY for self absorption: the two signals match almost perfectly.

Fig. 8, the geometry of the experiment has to be changed
compared to the grazing incidence case. The sample manipu-
lator is now placed horizontally, the incidence angle of the
x rays with respect to the sample will therefore be adjusted
manually. The load lock is now connected to the chamber
through a CF40 gate valve. The sample holding system has
been modified to accommodate for the new geometry. In
particular only one sample can be placed in the sample
magazine. The free CF100 flanges on the top of the chamber
enables the use of a special tube equipped with a Be window
which allows to bring the external Ge detector (Canberra) as
close as 40 mm to the sample surface. The TEY is measured
by isolating the sample from the ground and connecting it to
a Keithley low current electrometer (Keithley 4517A) using
shielded cables and standard safe high voltage feedthrough.

We tested the performance of the two detection systems
at the A1 beamline of the DORIS III storage ring (Hamburg,
Germany). As a reference layer, we deposited a 30 nm Fe
layer onto a Pd coated Si wafer. Both the x-ray appearance
near edge structure (XANES) and extended x-ray absorption
fine structure (EXAFS) of the Fe K-edge (7112 eV) were
recorded up to 700 eV above the edge. The normalized spec-
tra are shown in Figs. 9(a) and 9(b). It is directly seen that
the TEY provides a much better signal to noise ratio. The
result for TEY is remarkable with respect to the small current
measured: the background current is around 30 pA and the
edge jump is around 300% of this value (5% for a 0.4 nm
thick layer). The observed noise in the EXAFS oscillation
accounts for a signal stability of few tens of femtoampere. It
is a remarkable result in regards of the relatively simple de-
tection scheme used. However, the TEY and FY spectra do
not exhibit the same shape. This is especially seen in the
EXAFS signal where the oscillation amplitude of the FY is
reduced. This behavior is typical for self-absorption effects
which seem to be significant even in the case of thin (but
dense) films. Proper corrections for self-absorption were
done using the algorithm developed by Booth and Bridges28
which was implemented in the ATHENA analysis software.”
As can be seen in Figs. 9(c) and 9(d), correction for self-
absorption leads to an almost perfect matching of the two
signals. This means that both the energy resolved (FY) and
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FIG. 10. (Color online) (a) XANES spectra at selected step of the oxidation
of a 0.4 nm thick Fe layer. The shift of the edge toward higher energy
indicates an increase in the oxidation stage. (b) Relative concentration of the
different oxide species as a function of the oxygen exposure. The growth
law for Fe?* differs from the general growth law for oxide.

energy integrated (TEY) signals provide the same informa-
tion in the case of thin films. A comparison of both signals
should lead to proper correction of self-absorption effect in
FY. Due to better statistical quality, the TEY signal should be
used whenever energy discrimination is not required.

As a first experiment with this setup, we followed the
initial stages of the oxidation process of an ultrathin Fe layer.
We deposited a 0.4 nm thick Fe layer onto a Pd coated Si
substrate and performed a stepwise oxidation at an oxygen
pressure of 1 X 107 mbar. The corresponding XANES spec-
tra are shown in Fig. 10(a). Starting with the pure Fe layer,
we observe a gradual shift of the edge toward higher energies
with increasing oxygen exposure, indicating an increase in
the overall oxidation state of the Fe atoms up to saturation at
6500 L. Using a linear combination of reference spectra of
the pure oxide compounds, it is possible to extract the rela-
tive concentration of each chemical sites. The results are
shown in Fig. 10(b). One observes that the growth differs
for Fe** and Fe* type of sites, especially that Fe?* is created
only at the early stage of the oxidation, when the Fe supply
is sufficient. A more detailed study of these results will be
published elsewhere.”

We see that the extreme stability of the TEY signal al-
lows one to record hard x-ray XAS spectra in the monolayer
regime, which would become even more advantageous at
third generation synchrotron sources. In particular, this opens
interesting perspectives for time resolved x-ray absorption
studies on thin films growth or interface formation in hetero-
structures and multilayers.

V. CONCLUSIONS AND PERSPECTIVES

We have described a compact UHV setup which can be
used for in situ studies via x-ray scattering and spectroscopy.
The sample position in the main chamber allows simulta-
neously performing deposition, ellipsometry measurement,
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and grazing incidence x-ray scattering. This offers unique
possibilities to study in situ thin film growth, magnetic tran-
sitions in thin films, cluster growth on surfaces, and interface
formation. The instrument described here has enabled us to
gain insight into thin film growth processes that would not
have been possible otherwise. The possibility to perform
XAS with the same deposition setup allows one to look at
different aspects of the same system. In the case of the XAS
experiment, the development of an efficient TEY detection
scheme capable of measuring ultrathin films with good sig-
nal stability opens interesting possibilities to perform time
resolved XAS studies. The examples presented here demon-
strate that both grazing incidence scattering and absorption
spectroscopy can be performed in separate experiments. A
unique application of this setup would be to combine these
techniques in a single experiment on a beamline that com-
bines both techniques. This scheme would, for example, al-
low direct correlation between density depth profile and
chemistry at selected steps of the growth of a multilayer
structure. Together with ellipsometry, this scheme can pro-
vide a link between optical properties and microscopic prop-
erties of surfaces and buried layers, a key role in the devel-
opment of polymer/metal systems. A future development of
the experimental setup will include a complete temperature
control of the sample from the frontend GUI, allowing con-
trolled deposition process at elevated temperature.
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