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In this work, we report on a highly variable, compact, and light high-vacuum sputter deposition unit
designed for in situ experiments using synchrotron radiation facilities. The chamber can be mounted
at various synchrotron beamlines for scattering experiments in grazing incidence geometry. The
sample position and the large exit window allow to perform x-ray experiments up to large q values.
The sputtering unit is easy to mount on existing experimental setups and can be remote-controlled.
In this paper, we describe in detail the design and the performance of the new sputtering chamber
and present the installation of the apparatus at different 3rd generation light sources. Furthermore, we
describe the different measurement options and present some selected results. The unit has been
successfully commissioned and is now available for users at PETRA III at DESY. C 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4918620]

I. INTRODUCTION

For decades, there has been an increasing demand for
functional thin films in a large range of applications such as
electro-optical devices,1–3 solar cell technology4,5 or storage
devices.6,7 According to Moore’s Law,8 the industrial market
for thin films requires the production of more efficient
layers with better performance, lower energy consumption,
and preferably at lower production cost. Several high-
throughput techniques are available to produce thin films
ranging from chemical solution deposition (CSD)9,10 to
vacuum deposition.11,12 One of the most intensively used
techniques is radio frequency (RF) sputtering13 which in
comparison to direct current (DC) sputtering14 allows to
deposit conducting as well as non-conducting materials. The
actual film characteristics are largely determined by the
deposition parameters such as pressure and gas conditions,
power settings, and deposition temperature.15–18 However,
a general understanding of the underlying physical and
crystallographic mechanisms is yet mostly missing. In this
context, investigating the film formation in situ during the
deposition is particularly useful. Parametric in situ studies of
the influence of different processing parameters and different
substrate materials, with or without buffer layers, on the thin
film evolution are required to develop a general understanding
of the underlying physical and crystallographic mechanisms,
also in the context of understanding the structure of the
interface between the thin film material and the substrate.

Two widely applied in situ techniques to investigate
sputter deposited films are photoelectron spectroscopy19,20 and
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scanning probe microscopy.21 Used in combination, they can
deliver an extensive characterisation of the surface beyond
its morphology. However, these techniques are limited to
only a few nanometres of probing depth and a limitation in
time resolution due to energy confinements, low photon flux,
or long scanning time. Moreover, usually a large ultra high
vacuum (UHV) chamber is necessary to study thin films. By
contrast, synchrotron radiation from 3rd generation sources
such as PETRA III22 offers a broad spectrum of investigation
techniques such as spectroscopy, diffraction, or scattering to
study surfaces, layers, and interfaces. In addition, the high
brilliance of modern synchrotron light sources allows for the
observation of the film growth and structure formation at high
angular resolution in real time. For this purpose, we developed
a highly flexible and compact sputtering chamber to perform
grazing incidence diffraction and scattering experiments as
well as spectroscopy. These techniques can be conducted
simultaneously or subsequently depending on the beamline
and chamber setup. In situ sputtering chambers have been
built by other groups but they are dedicated for the use at one
particular beamline or are specialised for one investigation
technique.23–26 To the best of our knowledge, no light-weight
sputter chambers as presented in this article are reported
otherwise. We will report on the operation and performance
of our chamber and show some selected results.

II. REQUIREMENTS

Most synchrotron radiation beamlines have fixed installed
experiment setups such as diffractometers or goniometers,
with certain limitations with respect to weight load. Further-
more, permanently installed detectors and sample environ-
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ments lead to a restriction in available space. Consequently, an
in situ sputtering chamber has to be minimised in weight and
size without limiting the performance of the sputtering pro-
cess. Generally, in order to allow for sputtering experiments,
UHV conditions, e.g., a pressure of 10−8 hPa is mandatory
to avoid cross contamination or oxidation of the sample or
sputtering target but on the other hand, pressures up to 10−1 hPa
for high pressure sputtering have to be feasible. For many
applications, thin films have to be heat-treated in order to
induce crystallisation. Therefore, the sputtering unit has to be
equipped with a heating stage which can provide temperatures
up to 1300 K. In order to perform grazing incidence diffraction
and scattering experiments, the exit window for the scattered x-
rays has to exhibit a large opening to maximise the observable
range in reciprocal space. To realise scattering experiments,
the sample has to be mounted accurately in the rotation centre
of the setup. Furthermore, the lateral offset between the x-ray
beam and diffractometer has to be bridged by an adjustable
chamber holder. Considering the limitation of beam time at 3rd
generation synchrotron sources, it should be possible to easily
and quickly install and remove the chamber. Consequently, the
chamber should work as a stand-alone offline unit to offer the
possibility to mount the chamber in advance, days before the
start of the beam time to do all the necessary cabling, assem-
bling, and tests. A fast transfer to the beamline is mandatory.

In order to combine the powerful techniques provided by
high-brilliance synchrotron light sources with standard labo-
ratory techniques such as Auger electron spectroscopy (AES)
or low energy electron diffraction (LEED) and reflection high-
energy electron diffraction (RHEED), the chamber needs to
be integrable on existing UHV analysis chambers such as the
MBE chamber of P0827 at PETRA III (see Figure 1).

III. TECHNICAL DESIGN

A. The sputtering chamber

The main chamber (see Figure 2) of the modular system
can be separated into two parts, the large volume upper
part and the bottom part with the support for the sample
holder. Both parts are made out of aluminium with custom
bimetallic flanges manufactured by Atlas Technologies (Atlas
Technologies, 305 Glen Cove Road, Port Townsend, WA
98368). These flanges are made out of a stainless steel sealing
face that is explosion-welded (EXW) to an aluminium body.
The weight saving of an aluminium chamber in contrast to a
chamber fully made out of stainless steel amounts to 7 kg in

FIG. 1. Sketch of the UHV chamber system in the P08 preparation labora-
tory with the following chambers: storage and degassing (A), preparation (B)
and analysis chamber (C), load lock (D), and the sputtering chamber (E).27

FIG. 2. The sputtering chamber with sputter gun and sample holder. The
flanges on top are marked as FT and the flanges at the bottom marked as FB.
Labelled as (FT 1) is the flange for the sputter gun. (FT 2) is the flange for the
incident x-ray beam. Located with an offset of 45◦ to (FT 2) is the flange (FT
3), at the far side is the flange (FT 4). Two CF 16 flanges are labelled with
(FT 5) and (FT 6). A customised blind flange for the bottom part is marked as
(FB 1) with the flange for the sample holder (FB 2) and three concentrically
arranged CF 16 flanges (FB 3-5).

this case. Bake-out procedures are realised at temperatures up
to 393 K over 2 days without vacuum leaks due to thermal
expansion, which can be a problem especially when bolt
connections are realised with different materials. The upper
part of the chamber has a diameter of 100 mm and a height
of 155 mm. Seven flanges can be used as infrastructure
connectors. One CF 63 flange (FT1) hosts the sputtering gun.
If the chamber is used as an advanced vacuum heating stage
without the sputtering capability, the corresponding CF 63
flange for the gun can be used for a fluorescence detector in
90◦ orientation to the sample. The chamber features, moreover,
three CF 40 flanges in different horizontal orientations, all
on the sample level, two CF 16 flanges and one DN 100
ISO-K exit window. For the sputtering gun, the CF 63 flange
is mounted vertically and 28.5 mm off-centre towards the exit
window. The window for the incident x-ray beam is a CF
40 flange (FT2). CF flanges, in comparison to KF or ISO-K
flanges, offer some benefits such as stiffness and stability to
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hold the weight of the whole chamber if needed, e.g., for
installation at existing infrastructures, such as the P08 MBE
chamber. In addition, CF flanges offer the flexibility to insert
different window materials, such as diamond, Kapton® or
beryllium. Another advantage to use a flange is the possibility
to mount the chamber by a bellow to the evacuated flight
tube of the beamline to reduce air scattering. This can be
done directly or separated by one of the mentioned window
materials. The main chamber is equipped with two more CF
40 flanges at the same height as the incidence window and
the sample. One flange (FT3) has a 45◦ offset to the flange
of the incoming beam, which allows to mount a bellow that
exerts minimum shear force when rotating the chamber or
varying the incidence angle ω on the sample. This flange is
usually used to decouple the weight load of the pumping unit
(see Sec. III C) from the chamber via a bellow. The third CF
40 flange (FT4) on this level is orthogonal to the incidence
window and in line with the sample. Therefore, this flange is
in the rotation axis and can be used in different ways, such as
sample changing, infrastructure for feed-through, or to mount
the chamber to other analysis chambers. Two CF 16 flanges
in different orientations are mounted on the chamber. One
(FT5) is regularly used as thermocouple feed-through and for
pressure measurement and the other one (FT6) is oriented at
an angle of 30◦ to the beam direction. Therefore, this flange
can be used in three ways (i) for spectroscopic measurement
equipment (see Sec. VII), (ii) for electrical feed-through
to apply an electrical field for determination of, e.g., the
dielectric and ferroelectric properties, and (iii) for a gas needle
as second gas inlet. The primary gas inlet is located at the gun
close to the target (see Sec. III E). This can cause detrimental
effects when the primary gas inlet is used with different gases,
such as changes in the plasma due to different gas mixtures
and to metallisation28 of the target when oxygen is used. A
second gas inlet is necessary when oxidising conditions are
needed, e.g., to induce crystallisation during heating. With a
flange in this orientation, the gas needle can be close to the
sample without affecting the sputtering process or the x-ray
measurement. An ISO-K 100 flange (FT7) is implemented
as the exit window for the x-ray beam. The exit window
provides the possibility to be equipped with different window
materials. Due to the asymmetric arrangement of the sample
holder and gun in horizontal direction, the window is located
only 40 mm to the centre of the sample. This design provides
an opening angle of 50◦ for the diffracted beam. These large
accessible diffraction angles are especially of interest for pair
distribution function (PDF)29 measurements or diffraction
experiments using low energy x-rays. In addition, a flight
tube can be easily connected to the chamber via the ISO-K
flange.

The bottom part is designed for easy installation of
the sample holder with respect to electrical feed-through,
mounting, and alignment. The top and bottom parts are
connected by DN 100 ISO-K flange (FB 1). In fact, the bottom
part is a customised blind flange which is directly connected
to the sample holder to achieve high precision related to
diffractometer movement. In the vertical axis of the sputter
gun, there is a CF 40 flange (FB 2) to mount the sample holder
which includes the heating stage (Sec. III B). Usually, the

sample holder is mounted to a blind flange or a rotation feed-
through with a stepper motor to enable sample rotation, which
facilitates sample changing when the chamber is mounted
to other analysis chambers or a sample magazine (future
upgrade). As support, there are three concentrically arranged
CF 16 flanges (FB 3-5). By these three CF 16 flanges, the
sample holder including the heating stage is entirely separated
from the upper part of the chamber. This fact simplifies the
handling during assembling and operation of the sputtering
unit.

As a highly flexible apparatus, the weight of the sputtering
chamber depends on its particular application and therefore
on the installed equipment. The lowest reasonable weight is
12 kg, i.e., for running the unit without sample heating or
rotation and no additional feed-through or other equipment.
When fully functional, the sputter unit has a weight of
22 kg. This is a tolerable weight for most diffractometers.
For diffractometers with a lower weight load, a linkage with
a counter weight or a spring as support can be optionally
installed. Those options have been used at P08 at PETRA III
and MS POWDER at SLS without any negative influence on
positioning and rotating.

B. The sample holder and heating stage

The sputtering unit can be equipped with four different
sample holder types. The first, lightest, and simplest solution
is an aluminium stack with clamps to fix the sample. With this
sample holder, the sample to sputtering target distance can be
varied by ±15 mm but heating is not possible.

The second solution is a UHV Boralectric® heating plate.
The maximum substrate size that can be used with this heating
stage is ∅ 25,4 mm (1′′). Boralectric heating plates (tectra
GmbH, D-60323 Frankfurt, Reuterweg 65, Germany) can
reach 1773 K steady state conditions in vacuum and 1273 K
in atmosphere.30 In combination with the PID controller (type
tectra HC3500) and a low-voltage transformer for small
heaters, the heating plate works under stable conditions start-
ing from room temperature (RT) up to maximum temperature.
With this heating stage, one can reach heating rates up to
20 K/s. (All temperature values per second are the mean values
by ramping from RT up to 1073 K or vice versa.)

An electron beam (ebeam) heating device can be installed
as the third solution. Using the ebeam heating, the maximum
wafer size is 13 × 10 mm2. A pressure lower than 5× 10−5 hPa
is required to avoid flash-overs. Therefore, the ebeam heater
cannot be operated at elevated temperatures during sputtering
or post-annealing in oxygen, argon, or any other plasma gas
or mixed atmospheres. The advantage of an ebeam heating is
the maximum temperature of more than 1700 K and heating
rates up to 50 K/s.

As the forth sample holder for annealing purposes, a
passively (non-cooled) or actively cooled version of a halogen
lamp heating device is available (see Figure 3). Heating with
a 150 W halogen lamp, one can reach a substrate temperature
of 1173 K and heating rates up to 3 K/s. In contrast to the
ebeam heating device, this heating solution is completely
independent of the chamber pressure. The actively cooled
version of this heating stage can achieve cooling rates up to
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FIG. 3. View of the sample holder and passively cooled heating stage with
halogen lamp. Marked (1) is the sample changer to enable the connection to
the P08 MBE chamber and the future upgrade of a sample magazine. The
substrate is marked as (2). To realise temperature measurement and sample
changing, the sample holder is equipped with sliding contacts (3) for the
thermocouple. (4) is the heating stage holder with halogen lamp (5), sample
cradle (6), and an optional heating shield (7).

8 K/s and a minimum temperature of 253 K can be reached
by circulating cold nitrogen gas through the cooling lines. By
varying the stack length of the sample holder for the heating
devices, the substrate-to-target distance can be changed to
±10 mm.

For a larger substrate-to-target distance, a spacer can
be implemented at flange (FT7). By doing this, a maximal
distance of 80 mm can be realised this way.

C. The vacuum system

The vacuum system has two main parts, the controllable
gas inlet and the turbo pump station with a pressure sensor
controlled valve. To regulate the gas flow, a commercial gas
flow controller (type MF1) which is configured for argon
(Ar) by the company MKS Instruments (MKS Instruments
Deutschland GmbH, Schatzbogen 43, 81829 München, Ger-
many) is used. This gas flow controller is specially configured
for monatomic gases like Ar and has an accuracy of ±0.5%
with respect to the displayed value. In combination with a
controller (type MKS PR4000B), the gas flow can be adjusted
from 0.5 standard cubic centimetres per minute (SCCM) to
20 SCCM. The gas inlet is a fixed part of the sputter gun.
Therefore, the gas stream ends right beneath the target. This
means that the highest gas concentration is located close to the
plasma. Due to three concentrically arranged gas inlets, the
gas afflux is homogeneous. As a result, an optimised plasma
process and hence a homogeneous deposition process are
facilitated. The aspiration is managed by a Pfeiffer (Pfeiffer
Vacuum GmbH, Berliner Strasse 43, 35614 Asslar, Germany)
pumping station (type High Cube Eco 80). To establish stable
pressure conditions, a butterfly valve (type MKS 253B) is
installed in front of the pumping station in accordance with a
Baratron® (type MKS 627D) to measure the pressure in the
chamber. When combining both options, a pressure stability
of 1% with respect to the displayed value is obtained.

As mentioned in Sec. III A, in order to avoid contam-
ination of the gas line when different gases are used in the
same line or metallisation of the target when oxygen is used,
a second gas inlet can be installed (FT6). The second gas
inlet may be equipped with a needle valve or a gas flow
controller (type MF1) which is configured for oxygen (O2).
With a second installed gas inlet, one can have the gas outlet
close to the sample.

D. The controlling system

The whole sputtering system can be controlled with a self
developed TAURUS control program. TAURUS is a frame-
work for Tango 3D command-line interface (CLIs) and 3D
graphical user interface (GUIs), based on Python and PyQT.
All devices such as the sputter gun controller, the matchbox,
or the MKS vacuum controller are handshake-controlled
via Tango servers. Tango31 is an object oriented distributed
control system using CORBA, it is developed as a collab-
orative effort between ALBA, ANKA, DESY, ELETTRA,
ESRF, FRM II, MAX-IV, SOLARIS, and SOLEIL institutes
(http://www.tango-controls.org/). All controller units are
installed in a single 19′′ electronics rack. This simplifies
the transport and the setup procedures at the beamline or
offline at a laboratory. This rack is placed close to the
chamber; therefore, no cables have to go through a chicane.
The rack can be remotely controlled from the control hutch
via local network access or direct cable connection and it
works independently from the operating system installed on
the host computers. Alternatively, all devices can be operated
manually at the rack. The GUI controls the sputtering process,
the heating stage, and the vacuum system. Beamline controls
such as for stepper motors are not part of the installation in
order to keep the flexibility and implementation possibilities
at different beamlines at different synchrotron sources.

E. The sputtering system

The sputtering chamber can be equipped with conven-
tional CF 40 or CF 60 sputter sources. We use a magnetron
sputtering source (Type ST 10) from AJA (AJA International,
Inc., 809 Country Way, North Scituate, MA 02060, USA).
The sputter gun is water cooled and can work with a power
from 1 W to 300 W in DC and RF mode. The target size
is limited to 1′′. The sputter gun provides a compressed air
guided shutter. Table I denotes the main parameters of the
sputtering chamber.

IV. EXPERIMENTAL METHODS

With the above described sputtering chamber, it is
possible to study the sputter deposition process from the first
interface formation and follow it to the final stage. Therefore,
different in situ x-ray techniques can be performed with this
chamber.

• In situ grazing incidence small angle x-ray scattering
(GISAXS) experiments allow for studies of the sputter
deposition process already from the early stages of
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TABLE I. This table illustrates the main parameter of the sputtering unit.

Parameter Value

Target size (in.) 1
Sputtering power (W) 1-300
Sputtering gas Ar, (Ar, O2) mixture,a N2

Base pressure (hPa)b 1 × 10−6 to 5 × 10−8

Sputtering pressure (hPa) 1 × 101 to 1 × 10−3

Target—substrate distance (mm) 40±10c

Gas flow (SCCM) 0.5–22
Annealing temperature (K) RT-1700

aMixture is continuously adjustable due to two MKS flow controllers.
bDepending on the window material.
cDepending on the sample holder.

deposition.32,33 If heat-treatment is needed to initiate
crystallisation, one can perform GISAXS before, dur-
ing, and after the crystallisation. Therefore, GISAXS
gives a deep understanding of the influence of process
parameters on the grain size, shape, size distribution,
and correlation lengths.

• In situ x-ray powder diffraction (XRPD) provides infor-
mation about phases or phase transitions, crystallinity,
and lattice parameters and can be used for crystal
structure solution and refinement. In addition, in situ

XRPD is the basis to derive the crystallisation pathway
and transformation kinetics during annealing of the
deposited layers. In contrast to GISAXS, this method
is sensitive to atomic distances.

• In situ x-ray reflectivity (XRR) measurements provide
the film thickness, surface and interface roughness, and
electron density as well as their changes due to the
crystallisation process.

These techniques provide the possibility to study many
aspects of thin films in situ and to analyse the dependency of
the film development on the processing parameters.

Furthermore, x-ray absorption spectroscopy measure-
ments are possible in backscattering direction with the CF 16
flange (FT6) in perpendicular direction with the CF 63 flange
(FT1) or under grazing incidence through the exit window
(FT7). Experiments with these techniques are foreseen (see
Sec. VII).

In addition, when the chamber is not used with a
synchrotron beam, the unit can be attached to the MBE
chamber of P08 (see Fig. 1). In this way, surface investigation
by LEED, RHEED, and AES can be performed.

V. INSTALLATION OF THE SPUTTERING UNIT
AT DIFFERENT SYNCHROTRON BEAMLINES

We have proven that this sputtering unit is capable to be
used at different synchrotron beamlines. Our sputtering system
is mainly designed to be installed at the P02.1 high resolution
powder diffraction beamline34 at the PETRA III storage ring.
In addition, it also works at various beamlines at different
synchrotron facilities. Aside from synchrotron beamlines and
the MBE chamber of P08 (see Sec. IV), the chamber can be
used at any laboratory where sufficient free space is available.

The installation at beamlines where the sputtering unit has
successfully been used is described in this section.

A. Beamline P02 at PETRA III, DESY

The chamber was originally designed for the beamline
P02.1 at PETRA III for high resolution and high photon energy
powder diffraction.34 This beamline combines the advantages
of high resolution and high energy provided by one of the
most brilliant synchrotron light sources, PETRA III. These
capabilities make P02.1 a powerful tool for in situ time-
resolved measurements (see, e.g., Refs. 35 and 36). P02.1 has
a fast working (15 frames/s) large area 2D detector (Model
XRD 1621, PerkinElmer, Waltham, MA, USA) mounted on
a precise motorised table. With this detector table, sample to
detector distances from 200 mm up to 3000 mm are available
for use. P02.1 runs at a fixed photon energy of 60 keV
and currently without focusing optics (future upgrade). For
grazing incidence measurements using the sputtering unit, the
detector is positioned in a way that the beam hits the middle of
the lower edge of the active detector area and at a distance that
the full angular range of the powder pattern, which is limited
by the exit window, is observable. This leads to a maximum
utilisation of the active detector area. The chamber is mounted
on the ω circle of the high resolution diffractometer, which
is the inner of three concentric circles (see Figure 4). The
chamber can be tilted in ω with an accuracy on the order
of 10−3 degrees. Based on the high resolution, which is of
special interest for Rietveld refinement, and the high energy
of P02.1, data can be collected up to high q values in reciprocal
space, which are especially needed for PDF. However, with
this setup, the upper q limit in a single powder pattern is
25 Å−1 by using the 2D detector. The maximum load capacity
for the diffractometerω plate is 50 kg, which is reduced by half
when using the pre-installed xyz-stage. As mentioned above,
the remaining capacity of 25 kg is sufficient to implement the
chamber with all heating and sample manipulation options.

FIG. 4. The sputtering chamber installed at the high resolution powder
diffraction beamline P02.1. The photograph shows: (1) x-ray flight tube, (2)
multi-crystal analyser detector, (3) sputtering unit, (4) ω circle and xyz-stage,
(5) high resolution diffractometer and (6) large area detector.
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FIG. 5. The sputtering chamber installed at the high-resolution diffraction
beamline P08. The photograph shows: (1) x-ray flight tube, (2) sputtering
unit, (3) six-circle diffractometer, (4) high precision detector arm, and (5)
strip detector.

B. Beamline P08 at PETRA III, DESY

The second beamline, where we used our sputtering
system, is the high-resolution diffraction beamline P08.27

In contrast to the P02.1 beamline, P08 has a tunable x-
ray energy (5.4-29.4 keV), focusing optics, and a six-circle
diffractometer. This diffractometer is specifically designed to
accommodate the beam level at 900 mm above the floor and
offers extremely high precision. The maximum weight load of
this diffractometer at the sample position is 10 kg. Therefore,
we used a balance weight guided through two deflection
pulleys. With this simple solution, we reduced the weight
load to less than 10 kg without limitation on the chamber
and its performance and without inducing shear forces on the
diffractometer (see Figure 5). Part of the detector standard
equipment is a 1280 × 50 µm2 strip detector (Model Mythen
1k, Dectris, Baden, Switzerland), a single-photon counting
pixel detector with 487 × 619 pixels of 172 µm2 each (Model
Pilatus 300k, Dectris, Baden, Switzerland), and a hybrid
photon counting detector with 1030 × 1065 pixels of 75 µm2

each (Model Eiger 1M, Dectris, Baden, Switzerland). All of
these detectors were used at different beam times with the
sputtering unit. These detectors can either be used mounted
on the movable detector arm of the diffractometer in a sample-
to-detector distance of 1050 mm or fixed mounted on a table
with 2 m distance. With the line detector, it is easy to perform
XRR and XRPD measurements either in time-resolved mode
with limited 2θ range or over the whole possible 2θ range
by scanning with the detector arm of the diffractometer. With
the area detectors (Pilatus/Eiger), one can perform XRPD,
XRR, and GISAXS measurements in situ without any detector
movement. The simultaneous use of an area detector with the
stripe detector is also possible. This combination allows to
do time-resolved in situ GISAXS with the area detector and
time-resolved in situ XRPD at a selected 2θ range above the
GISAXS regime.

C. MS-POWDER at SLS

To use the advantages of a stripe detector over a wide
2θ range, the chamber was installed at the MS-POWDER

FIG. 6. The sputtering chamber installed at the MS-POWDER beamline at
SLS. The photograph shows: (1) x-ray flight tube, (2) VGA camera, (3)
sputtering unit, (4) spring balance connected to the experimental hutch crane,
(5) high resolution diffractometer, and (6) 120◦ strip detector.

beamline37 at the Swiss Light Source (SLS) (see Figure 6). The
line detector (Model Mythen II, Dectris, Baden, Switzerland)
consists of 24 modules and covers an angle of 120◦. In compar-
ison with a commercial Mythen type detector, as the one at
P08, one is able to do time resolved in situ XRPD measure-
ments over the whole 2θ range of interest without moving the
detector. The MS-POWDER beamline offers tunable energy
(5-40 keV), focusing optics, and a two-circle high resolution
diffractometer. The distance from the x-ray beam to theω plate
is 275 mm. To mount the sputtering chamber at the sample
plate, we used two aluminium profiles and a spring balance
connected to the experimental hutch crane to reduce the weight
load on the diffractometer. In this way, we were able to use the
precise ω movement of the diffractometer without inducing
shear forces due to weight overload.

D. PDIFF at ANKA

Another instrument, where we successfully tested the
flexibility of our sputtering system, is the powder diffraction
(PDIFF) beamline at ANKA—the synchrotron radiation
facility at the Karlsruhe Institute for Technology (KIT) (see
Figure 7). This beamline delivers a focused monochromatic
x-ray beam with selectable energy (6-21 keV) and a heavy
duty 3-circle powder diffractometer capable of carrying
sample loads up to approximately 60 kg together with
multiple detector systems. During our beam time, we used
the CCD detector (Model Princeton x-ray camera, Princeton
Instruments, New Jersey, USA). Due to the heavy duty
diffractometer, no weight compensation was necessary.

VI. SELECTED RESULTS

Our first scientific experiments focused on barium titanate
(BaTiO3). BaTiO3 may be considered the “classic” perovskite
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FIG. 7. The sputtering chamber installed at the high-resolution diffraction
beamline PDIFF at ANKA. The photograph shows: (1) x-ray flight tube, (2)
sputtering unit, (3) 90◦ curved PSD detector, (4) Princeton CCD detector, and
(5) high resolution diffractometer.

type ferroelectric material from a historical point of view38–40

since it was the first material of this type in which the B
site cation displacement was discovered to be the origin
of ferroelectricity.41–43 It shows ferroelectric behaviour at
room temperature and has outstanding properties with respect
to ferroelectricity, piezoelectricity, and a high dielectric
constant.44,45 Pure and chemically modified BaTiO3 powders
and thin films have been used as the functional component in
various electrical applications for several decades.46 Recently,
it was found that even single unit cell high BaTiO3 layers
were ferroelectric under appropriate boundary conditions,47,48

which makes BaTiO3 a promising material for minimising
ferroelectric-ferromagnetic storage devices.49 The following
properties make BaTiO3 an ideal material for initial experi-
ments with an in situ sputtering unit: (i) it is a well known

material, which makes it easy to compare the results with
the literature and (ii) the need of tailoring more efficient and
thinner layers makes BaTiO3 a material of continued interest
and ever increasing demands that only can be clarified by in

situ experiments. Independent of the needed application, the
first step of a BaTiO3 thin film is the initial interaction with the
substrate surface and the subsequent growth of an amorphous
layer.

Figure 8 shows a waterfall plot of the scattered x-ray
intensity recorded during the amorphous growth of a BaTiO3

film on a SiO2 wafer by a waterfall plot of XRPD patterns.
The wafer was base cleaned, an Ar/O2 gas mixture of 4:1
was used during sputtering, the gas flow was 1.5 SCCM,
and the deposition pressure was 2 × 10−2 hPa with a power
of P = 0.02 W/cm2. Data were taken at the MS-Powder
beamline at the Swiss Light Source at an incidence angle
of ωi = 5◦ and a sample-to-detector distance of 1372 mm.
By using the 120◦ Mythen detector, we recorded frames
over 10 s each. Depicted is the continuous growth of the
amorphous BaTiO3 with a deposition rate of 1.5 nm/min at a
wafer temperature of 333 K. The broad peaks indicate mostly
diffuse scattering because it is not concentrated into a few
Bragg peaks but equally distributed over a large range of
scattering angles 2θ. This characteristic diffraction pattern
for an amorphous film is caused by its short range order;
the long range order as in a crystalline phase is missing. In
an amorphous solid, only the radii of the first few bonding
spheres are well defined, whereas with increasing distance
from the central atom, both the distance and the symmetric
arrangement of atoms on the spheres become washed out. The
intensity of the amorphous peak is roughly proportional to the
film thickness. We measured the final thickness using XRR at
P08 and obtained 98.5 nm.

The crystallisation of BaTiO3 depends on the film thick-
ness, the film-substrate interface behaviour, and the substrate
temperature. Figure 9 shows the x-ray signal during the

FIG. 8. Time-resolved XRPD patterns collected during the growth of an amorphous BaTiO3 film. It is characterised by only a short range order, the long range
order as in a crystallite is missing. Measured at MS-Powder at SLS.
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FIG. 9. XRPD patterns collected during sputtering at the same deposition parameters as in Figure 8 but at a different substrate temperature. The deposition took
place at 673 K. Measured at PDIFF at ANKA.

growth of a BaTiO3 film at a substrate temperature of 673 K.
We used exactly the same sputtering conditions as for the
experimental data shown in Figure 8, except for the substrate
temperature. The measurements were carried out at the PDIFF
beamline at ANKA. By using the CCD-camera, we recorded
frames with 10 s exposure time each. As reported,50 when
annealing a sputtered layer at the crystallisation temperature,

FIG. 10. XRR data collected at P08 at PETRA III. Each measurement was
carried out after steps of 30 min of deposition. The sputtering power was
8 W, the target-to-substrate distance was 40 mm, the substrate temperature
was 313 K, and the sputtering pressure was 1 × 10−2 hPa.

the perovskite phase of BaTiO3 thick films (>500 nm) started
to nucleate in the bulk of the films simultaneously with the
nucleation of the intermediate phase at the interface. During
annealing of our films, the perovskite structure forms. The
broad Bragg peaks suggest the presence of a nano crystalline
structure in the annealed thin film.

Figure 10 shows examples of XRR measurements during
continuous deposition progress taken at P08 with an x-ray
energy of 25 keV, a sputtering power of 5 W, and a pressure of
2 × 10−2 hPa. Data analysis using Parratt’s formalism51 shows
a constant growth, a slight increase of surface roughness, and
mass density with increasing deposition time (see Table II).
The higher surface roughness after 30 min can be explained
by incomplete surface coverage. For the simulations, the data
were normalised and an illumination correction was done.

To verify the XRR results, we performed cross-sectional
scanning electron microscope (SEM) measurements. Figure 11
shows a SEM image of the cross-section of a 33 nm thick
BaTiO3 layer deposited on a Si wafer with a 450 nm oxide
layer. It shows a BaTiO3 layer thickness of ∼33 nm in in good
agreement with the XRR results from P08.

A detailed analysis is under way and not in the scope of
this paper.

Table III denotes a matrix of deposition rates of BaTiO3

depending on the pressure and the sputtering power. These
two parameters have the largest impact on the deposition rate.

TABLE II. Layer thickness, density, and roughness for BaTiO3 sputtered at
P = 0.02 W/cm2.

Time Layer thickness (nm) Density (g/cm3) Roughness

30 min 13.83 2.96 2.21
60 min 29.65 3.25 1.98
90 min 39.90 3.29 2.00
120 min 52.48 3.31 2.28
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FIG. 11. Scanning electron micrograph of a 33 nm BaTiO3 film on a Si wafer
with a 450 nm oxide layer. The film thickness was also measured via XRR at
P08 and matches with the thickness of 33 nm.

TABLE III. This table illustrates the deposition rate in dependency on the
sputtering power for a 1′′ target and chamber pressure for BatiO3 in nm/min
(mean value over 3 measurements).

1 × 10−3 hPa 1 × 10−2 hPa 1 × 10−1 hPa

5 W 0.4 0.6 0.4
10 W 1.2 1.4 1.3
15 W 1.9 2.1 2.0

VII. CONCLUSIONS AND OUTLOOK

To summarise, we reported on the design and installation
of a highly flexible and compact sputtering unit which can be
used for in situ studies via x-ray scattering and spectroscopy.
The position of the sample in the sputtering chamber allows
for simultaneous deposition and grazing incidence x-ray
scattering. This offers unique possibilities to study in situ

interface formation, cluster formation, and thin film growth.
The sputtering chamber has been successfully integrated
into various beamlines at different synchrotron sources and
generates promising results. Different heating stages for
varying applications are available. The modularity makes
this sputtering unit a versatile tool for in situ investigations
of interface formation and thin film growth at different
synchrotron beamlines, as well as offline as a stand-alone
apparatus or in combination with other laboratory analysis
chambers such as the MBE chamber of P08 at PETRA III.

Future measurements to perform x-ray absorption spec-
troscopy methods during sputtering are planned. In addition,
we foresee to investigate the influence of mechanical stress
induced by an electric field E in situ during the deposition
process. In this way, the permanent dipoles of the room
temperature tetragonal phase of BaTiO3 are aligned while
the material is deposited. Hence, possible stress effects that
are caused by the initial collective alignment of randomly
oriented dipoles during the first polarisation are avoided. In
addition, the growth at the interface between substrate and
film is likely to differ from the bulk, e.g., with respect to
defect density and orientation selection. By structural XRPD
as well as electrical characterisation, we will investigate these

potentially favourable effects on the ferroelectric performance
of the films.
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