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HASE (Highly Automated Sputter Equipment) is a new mobile setup developed to investigate deposi-
tion processes with synchrotron radiation. HASE is based on an ultra-high vacuum sputter deposition
chamber equipped with an in-vacuum sample pick-and-place robot. This enables a fast and reliable
sample change without breaking the vacuum conditions and helps to save valuable measurement time,
which is required for experiments at synchrotron sources like PETRA III at DESY. An advantageous
arrangement of several sputter guns, mounted on a rotative flange, gives the possibility to sputter un-
der different deposition angles or to sputter different materials on the same substrate. The chamber
is also equipped with a modular sample stage, which allows for the integration of different sam-
ple environments, such as a sample heating and cooling device. The design of HASE is unique in the
flexibility. The combination of several different sputtering methods like standard deposition, glancing
angle deposition, and high pressure sputter deposition combined with heating and cooling possibil-
ities of the sample, the large exit windows, and the degree of automation facilitate many different
grazing incidence X-ray scattering experiments, such as grazing incidence small and wide angle
X-ray scattering, in one setup. In this paper we describe in detail the design and the performance of
the new equipment and present the installation of the HASE apparatus at the Micro and Nano focus
X-ray Scattering beamline (MiNaXS) at PETRA III. Furthermore, we describe the measurement op-
tions and present some selected results. The HASE setup has been successfully commissioned and is
now available for users. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4798544]

I. INTRODUCTION

In process technology the deposition of thin films is of-
ten a crucial step for tailoring devices, micro- and nanostruc-
tures, and their final properties. During the different process-
ing steps, several high-throughput techniques are used, rang-
ing from liquid deposition, such as spray or dip coating,1, 2

to vacuum deposition.3, 4 For large scale and roll-to-roll ap-
plications the latter is especially useful and widely used.
It allows bottom-up fabrication of designed compounds and
morphologies with tailored catalytic, optical, or magnetic
properties.5–13

Radio Frequency (RF) sputter deposition is an industrial
process extensively used to deposit thin films and, comple-
mentary to Direct Current (DC) sputter deposition, it allows
to deposit both conducting and non-conducting materials.14

In order to better control and optimize the deposition pro-
cess, it is essential to understand the kinetic phenomena in-
volved in the thin film formation.15 For this kind of inves-
tigations, synchrotron radiation is a powerful tool enabling
in situ and real-time experiments of kinetic processes.5, 6, 16–19

Moreover, grazing incidence X-ray scattering (GIXS) based
techniques enable retrieving details of the nanostructure de-
veloped during the growth of thin films. The P03-beamline at
PETRA III, also called Micro and Nano focus X-ray Scatter-

ing beamline (MiNaXS), has been optimized for performing
small, ultra-small, and wide angle X-ray scattering in both
transmission and grazing incidence geometries.20, 21 Due to
the excellent photon beam properties of the low emittance
source PETRA III, the photon flux available at MiNaXS al-
lows to perform brilliance demanding investigations such as
in situ time-resolved experiments.20, 21

To use the full high-throughput capacity of the beamline
for the study of kinetic processes, a highly automated sputter
equipment (HASE) has been designed and built. Compared to
commercially available sputter deposition devices, the HASE
apparatus is extremely compact and flexible and must fulfill
special requirements in order to be used at synchrotron beam-
lines. This apparatus can be integrated, for example, to the
MiNaXS beamline, to carry out in situ investigations, with
a temporal resolution on the order of milliseconds, on thin
film formation during sputter deposition under variable ex-
perimental conditions.

The wide range of feasible deposition conditions such as
deposition rate, orientation of deposition relative to the sam-
ple surface, co-sputter deposition, or to tune working gas pres-
sure from low to high pressure (to tune kinetic energy of the
sputter deposited atoms) enables to tune the material specific
properties and those induces by the shape and crystallinity
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of the deposited thin films and nanostructures. These exper-
iments can provide very valuable information to better con-
trol and optimize the deposition process and thus, to better
tailor the desired final properties of the deposited thin films.
Anisotropic shapes of nanostructures and nanocrystals which
are tilted with respect to the surface plane allow, for example,
to tune the optical properties of asymmetrically shaped noble
metals22–24 (surface plasmon resonance effect) or to induce a
magneto crystalline anisotropy.

In this paper we describe in detail the requirements, op-
erating options, and layout of the HASE deposition chamber,
which is already in user operation, as well as the configuration
of the HASE setup at the MiNaXS beamline. Selected results,
illustrating the performance of the setup, are also presented.

II. TECHNICAL LAYOUT OF THE HASE APPARATUS

A. Design requirements

In order to perform in situ investigations during sputter
deposition with the required flexibility, the apparatus not only
has to fulfill the requirements of the sputter deposition pro-
cess but also the additional demands for combining this pro-
cess technology with the scattering geometries of GIXS, such
as grazing incidence small and wide angle X-ray scattering
(GISAXS and GIWAXS).

For the sputter processes an ultra-high vacuum (UHV)
is essential to protect the deposited material from oxidation
and contamination. Concurrently, the vacuum system should
be able to handle high pressure sputtering conditions (larger
than 10−1 mbar) which might be required during sputter de-
position. Different sputter geometries such as glancing angle
deposition (GLAD)25, 26 and co-sputter experiments27 should
be feasible as well as heating and cooling of the sample sub-
strate. Since the apparatus has been implemented in the P03
beamline to use GIXS methods, the sputter direction is down-
wards. A schematic drawing of the deposition chamber and of
different sputtering processes in combination with GISAXS
and GIWAXS is shown in Figure 1. Furthermore, the sput-
ter chamber and the sample stage require precise and repro-
ducible positioning. A safe and fast sample change, a modular
concept with expandability and fully remote controlled oper-
ation is also required.

B. Mechanical design of the sputtering device

The apparatus is an independent and expandable equip-
ment (Figure 2). On the one hand it can be used in the labo-
ratory to deposit thin films and run tests. On the other hand
it can be integrated at a beamline (particularly the MiNaXS
beamline), to perform in situ investigations during sputter de-
position. The modular construction of HASE facilitates in-
stallation at beamlines. The main components of the setup are
described in this section.

1. Vacuum system

The HASE device consists of two independent vacuum
chambers. The first chamber, which is actually the sputter de-

FIG. 1. Schematic drawing of the in situ GISAXS and GIWAXS measure-
ments during different sputter deposition technologies with: (1) rotatable
flange, (2) sputter guns, (3) vacuum deposition chamber, (4) sample stage,
(5) X-ray detector, (6) plasma, (7) beam defining slit system, (8) sample posi-
tioning device, (9) additional sputter gun for GLAD sputter experiments, (10)
sample change robot, (11) sample container, (12) exit window, (13) mask,
and (14) position of the upper sputter flange. (a) Principle of standard sput-
ter deposition. The components placed on the green background belong to
the HASE-device. (VDD) variable distance to detector (0.1–10 m), (α) angle
between sputter gun and sample surface the angle can be varied from 46◦
to 90◦) by turning the upper rotatable flange (1). (b) Principle of co-sputter
experiments. (c) Schematic sketch to show the possibility to install masks.

position chamber, includes the sputter guns, the sample stage,
and the pick-and-place robot, to change the sample. The sec-
ond chamber or transfer chamber is used for sample storage
and includes an automatic sample transfer system (Figure 2).
The sputter chamber is equipped with two turbo pumps (High-
Pace300, Pfeiffer Vacuum, Germany) combined with a side
channel backing pump (OnTool-Booster, Pfeiffer Vacuum,
Germany). The use of these pumps, combined with a smart
control of bypass and backing pump valves, enables both high
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FIG. 2. Overview of the highly automated sputter equipment with (1) sputter
deposition chamber, (2) transfer chamber with load lock, (3) sample transfer
system, (4) sputter guns, (5) power supplies, (6) gas inlet valve, (7) air pads
to move the system, (8) sample rotation stage, (9) sample positioning stage,
(10) control-electronics rack, and (11) flange with an additional sputter gun.
(a) Photograph of the transfer chamber with: (12) transfer arm, (13) load
lock, and (14) transfer valve. (b) Photograph of the inner part of the chamber
with: (15) sample stage, (16) pick-and-place robot, and (17) sample holder.
The photograph shows the robot just before setting the sample holder into the
sample stage.

pressure sputtering conditions, up to 5 × 10−1 mbar and high
vacuum as low as 2 × 10−8 mbar base pressure. The transfer
chamber is also equipped with a turbo pump (HighPace80,
Pfeiffer), sharing the same backing pump. Venting and pump-
ing of the transfer chamber to desired vacuum takes only a
few minutes and does not influence the vacuum conditions in
the sputter chamber.

2. Sputter deposition chamber

To enable precise positioning of the chamber relative to
the beam, the construction does not exceed the maximum
weight to be carried by the available multi axis positioning
device20, 21 used for alignment when performing in situ ex-
periments. At the same time, the chamber is stable enough
to enable automatic sample changing. The reliability of this
automatic procedure requires very high form stability of the
chamber and moving components. The stiff but light-weight
design of both sputter and transfer chamber has been carried
out using finite element method (FEM) calculations (ANSYS
12.1). The calculations confirmed that the form stability is
sufficient. All critical deformations, which might complicate
an automatic sample change, are below 40 μm and can be
disregarded. The sample stage is located at the center of the
chamber, thus the sample surface is in line with the entrance
and exit windows and the intersection of the plasma cone pro-
vided by the sputter guns. The chamber also offers enough
space to change the sample using a pick-and-place robot and
for further modifications of the sample environment, e.g., ap-
plication of external fields.

Up to four sputter guns are mounted on a rotatable flange
attached to the chamber under a specific angle (Figure 1(a)).
This construction enables to vary the glancing angle of sput-
ter deposition in the range of α = 46◦–90◦ with respect to the

sample surface. Besides, the arrangement of the sputter guns
at this flange allows to exchange the working sputter gun dur-
ing the operation of HASE, to enable a deposition of differ-
ent materials on the same substrate, e.g., for the deposition
of multi-layers. A remotely controlled shutter, which can be
aligned in front of the sputter guns to prevent cross contami-
nation, is also mounted on this flange.

3. Presently used windows

The chamber is equipped with an entrance-window for
the synchrotron beam and two exit-windows for different scat-
tering geometries shown in Figure 3. All window materials
such as Beryllium, Kapton R©, Aluminum, and so on can be
used depending on the wavelength of the synchrotron radia-
tion and the scattered intensity of the deposited sample. The
windows are necessary to ensure the desired flexible operation
and the fast change from the laboratory to the beamline. For
the experiments performed at P03 (13 keV) a Kapton window
with a thickness of 25 μm has been used at the entrance side
and a Kapton window with a thickness of 125 μm for the exit
side. Both windows are covered with 100 nm aluminum to
comply with the RF-safety regulations and to shield the sen-
sitive detector electronic from the radio frequency field inside
the chamber. The windows have been chosen in advance to
ensure that they do not influence the collected scattering pat-
tern. The exit windows with their large diameters of (x-win2)
= 150 mm and (x-win3) = 100 mm enables the detection
of scattering angles from 2θ = 0◦–21◦ and from 41◦ to 60◦

(Figure 3). In this configuration, a vacuum pressure of 2
× 10−7 mbar is accessible. For lower energies the setup is
expandable to a full vacuum setup.

4. Transfer chamber

The transfer chamber is equipped with a load lock system
(Figure 4), which comprises two sample carriers, a gate valve,
a motorized sample transfer system, a quick-access door, and
an observation window. Each sample carrier can be loaded
with three sample holders (Figure 4(a)). The transfer sys-
tem is able to lock in the carriers into the sputter chamber

FIG. 3. X-ray scattering geometry characteristics of the HASE chamber.
Beam entrance window is (x-win1). The GISAXS window (x-win2) enables
the detection of scattering angles 2θ ranging from 0◦ to 21◦. The upper win-
dow (x-win3) enables the detection of scattering angles 2θ ranging from 41◦
to 60◦ and can be used for GIWAXS and fluorescence measurements.
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FIG. 4. View of the inner parts of the sputter chamber, of the transfer sys-
tem and of the installed sample change robot with: (1) transfer chamber, (2)
load lock, (3) pick-and-place robot, (4) sample stage, (5) rotatable flange,
(6) sputter guns, (7) automated shutter, (8) transfer arm, and (17) goniome-
ter for sample rotation. (a) Enlarged view of the sample transfer arm with:
(9) sample holder and (10) sample carrier. (b) Enlarged view of the sample
stage and the patented clamping device with: (9) sample holder, (11) ceramic
heating element, (12) cooling channel, and (13) clamping device. The sample
stage is mounted on a rotation feed through which enables a free rotation of
±180◦. (c) Schematic drawing of a released sample holder with: (14) curved
track, (15) clamping claw, and (s) unclamp direction. (d) Schematic drawing
of a fixed sample holder with: (16) fixture cylinders and (F) tension force
direction.

without breaking the vacuum. Furthermore, it is possible to
vent and evacuate the transfer chamber in a few minutes and
the gate valve ensures that the vacuum conditions in the sput-
ter chamber are not influenced by these processes.

5. Sample stage

The sample stage places the sample holder in a very
accurate position in the center of the deposition chamber
(Figure 4(b)) and is equipped with a heating/cooling device.
Thus it is possible to vary the substrate temperature during
sputter deposition, or in between the deposition of different
coatings for annealing. The sample stage is equipped with ce-
ramic heating elements allowing a maximum operation tem-
perature of 200 ◦C. A minimum temperature of −20 ◦C can
be reached by using cold nitrogen gas circulating through
cooling channels. The sample holder is fixed with a patented
clamping device,28 which holds the sample holder with a de-
fined force of 5 N ensuring an optimum contact between
the sample holder and the tempered elements of the heat-
ing/cooling device. A schematic drawing of the heating and
cooling device and the working mechanism of the clamping
device is shown in (Figures 4(c) and 4(d)). The clamping from
the lower side of the sample holder allows for a hemispheri-
cal space above the sample and arising thereby a 360◦ free
field of view to the sample surface. The whole sample stage
is mounted on a rotation feed-through, which is driven by a
1-circle goniometer (HUBER 411). This allows for a rotation
of ±180◦ with an accuracy of 0.001◦ and for adjustment of
the sample orientation, relative to the incoming X-ray beam.
This is especially useful for GLAD deposition experiments.

6. Pick-and-place robot for sample changing

Quick and reliable change of the sample is a crucial issue
to be considered in order to minimize idle time between sam-

FIG. 5. Visualization of the sample transfer from four different points of
view. (a) Top view of the transfer arm, (b) side view of the transfer arm, (c)
view of the pick-and-place robot, and (d) view of the sample stage and clamp-
ing device (enhanced online) [URL: http://dx.doi.org/10.1063/1.4798544.1].

ples and, thus, optimize the use of the valuable beam at syn-
chrotron radiation sources. For this purpose, the HASE sys-
tem is equipped with a stepper motor driven sample change
robot, which operates in the ultra-high vacuum (Figure 4).
The sample change proceeds as follows: The robot arm lifts
the sample holder containing the selected sample from the
sample carrier and transfers it to the sample stage, inside
the sputter chamber, where the sample holder is placed and
clamped, see Figure 5. After finishing the sample change, the
robot arm is moved to a ready-to-sputter position so as not
to interfere with the sputter process or in the case of in situ
experiments, shadow the scattered signal. The complete pro-
cess involving the removal of a sample holder from the sample
stage and the placing of a different sample holder takes less
than 4 min.

7. Sputter sources

Up to four independent sputter sources can be installed
at the upper rotatable flange. In this way, it is possible to per-
form deposition experiments or to deposit different materials
on the same substrate (multilayer) without breaking the vac-
uum. As aforementioned, the rotatable flange is mounted un-
der an angle of 22◦ to the sample surface. This advantageous
arrangement of the sputter guns enables an automated adjust-
ment of the sputtering angle in the range from α = 46◦–90◦

to the sample surface (Figure 1(a)) making GLAD and co-
sputtering experiments feasible.

At the time of this paper two sputter deposition guns are
already available which can be used in parallel in combina-
tion with a remotely controlled shutter, to protect the sputter
gun which is not in operation. The sputter guns were built
by PLASSYS-Bestek SAS, France. The associated electron-
ics was also delivered by PLASSYS. The electronic system
configuration consists of a Controller (MC2), an matching
network (AT-Series), and a RF power source generator (R301)
(all components made by Seren IPS, USA.)
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The Programmable Logic Controller (PLC) of the HASE
apparatus interfaces to the MC2 matching network controller
and the RF generator using TTL signals for start, stop, and
veto signals, as well as analogue signals for controlling the
output power. The maximum output power is 300 W at a fre-
quency of 13.56 MHz. Each sputter gun is independent and
can be controlled individually.

C. Electrical design

The control and power electronic components are assem-
bled in a 19 in. electronic rack and can be moved together
with the setup. This simplifies transport and setting up at the
beamline. The whole apparatus is controlled by a PLC, which
manages all functions and all input and output channels. The
control system is equipped with an internal EtherCat bus and
different terminals to link the connections to the electrical
components of the setup. At the present operating status the
PLC handles 24 digital inputs, 12 digital outputs, 8 analogue
inputs, 8 analogue outputs, 8 relays outputs (potential free),
and 6 stepper motor channels. This configuration ensures a
beamline independent operation and allows for custom spe-
cific software sequences, e.g., defined sputter deposition pro-
grams. Furthermore, it allows for upgrading the equipment
and a fail safe system.

The heating-cooling control system of the sample setup
is based on a cryogenic temperature controller (LakeShore
Model 340), which is available at the P03 beamline and can be
operated independently in the laboratory or at the beamline.

D. Control software

HASE is controlled by a self-developed PLC control pro-
gram based on TwinCat R©. It manages all logical intercon-
nections, safety conditions of the vacuum system, the com-
puter numerical control of the stepper motors, and the sample
change procedure. Furthermore, the program gates the output
power of the sputter sources and triggers the sputtering time.

A Graphical User Interface (GUI) has access via hand-
shake to all functions of the PLC and handles all operating
controls of the HASE system. The HASE software is dedi-
cated to control all functions of the equipment self-contained,
but enables an easy integration into the beamline control soft-
ware. This feature is essential for a remotely controlled op-
eration of HASE and for a synchronized operation of sputter
experiment and beamline equipment.

III. CONSIDERATIONS FOR SPUTTER DEPOSITION
EXPERIMENTS

In order to perform several different sputter experiments
with one setup at a synchrotron beamline, the apparatus has to
be as flexible as possible. The following listed sputter depo-
sition experiments and the combination of the different tech-
niques can alternately be realized in situ with the HASE setup.
In addition to these techniques, the sample environment with
the heating/cooling device and the defined sample clamping

allows for further experiments with all the described deposi-
tion methods and technologies.

� Standard sputter deposition:
The principle is shown in Figure 1(a)). “Standard sput-
ter deposition” is the mostly used configuration. Here
the Sputter deposition is performed at an angle of
α = 90◦ (to the sample surface).

� Glancing angle deposition (GLAD):
The principle is shown in Figure 1(a). In the GLAD
configuration the deposition angle α can vary between
46◦ and 90◦. If needed, an additional sputter gun can
be mounted to reach a deposition angle of about 10◦,
as shown in Figure 1(b). The GLAD technique allows
for the engineering of thin films composed of three-
dimensional highly anisotropic nanostructures, which
can be of great interest in electrical, optical,22–25, 29 and
magnetic applications.30

� Co-Sputter deposition:
Two or more guns can be used to perform co-sputter
deposition. In this case, different materials are sput-
tered simultaneously using the cluster of guns mounted
on the rotatable flange (see Figure 1(b)). Here one can,
for example, perform measurements during the self-
organization or alloying of the deposited composite
material.

� Production of multi-layers:
This method is depicted in Figure 1(a). In this case,
layers of different materials are deposited successively.
Prior to each layer deposition, the active gun is brought
to the desired deposition position by an automated
turning of the rotatable flange.

� High pressure sputter deposition:
Increase of the working gas pressure in the chamber
(from 1 × 10−4 mbar to 5 × 10−1 mbar) is done up to
the point that collision effects produce thermally cold
atoms, which agglomerates in the gas phase.31 This al-
lows for depositing clusters.32

� Mask-assisted sputter deposition:
By using shadow masks one can influence the pattern-
ing of the thin films during deposition.33 The masks
can be placed in front of the substrate by using the
sample robot arm. By moving the mask with the robot
arm during the deposition it is, for example, possible
to produce wedge gradient layers. The principle how
to fix the mask is shown in Figure 1(c).

IV. CONSIDERATIONS FOR IN SITU SCATTERING
EXPERIMENTS

The intensive and high brilliant beam available at P03
allows for a large number of different experiments with the
described sputtering methods. The time resolution achieved,
strongly depends on the photon flux available and on the de-
tector used.

� GISAXS and GIWAXS experiments:
The large exit windows (shown in Figure 3) allow for
a wide range of small and wide angle X-ray scattering
experiments which can be measured simultaneously.
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All sputtering experiments described above are feasi-
ble with the HASE apparatus. An in situ change be-
tween different sputter methods is practically possible.

� Stop sputter experiments:
Stop sputter experiment11, 19, 20 can also be performed
to observe a layer-by-layer deposition. In this case a
shutter is moved in front of the sputter gun to protect
the sample from the source. To continue the deposi-
tion after depositing a certain amount of material the
shutter can be swiveled out.

� Magnetic fields at the sample:
The robot arm used to change the sample can also be
used to bring magnets close to the sample. In this way,
one can apply variable magnetic fields to the sample
after sputter deposition.

To complete the accuracy and the validity of the mea-
surement results, additional measurement methods like re-
flectivity measurements can be performed after the sputter
deposition.

V. INSTALLATION OF THE HASE SETUP AT THE
MINAXS BEAMLINE

The HASE setup has mainly been specially designed and
constructed to be installed at the Micro- and Nano focus X-
ray Scattering beamline P03 at the PETRA III synchrotron
storage ring, although it can in principle be mounted on other
beamlines as well, if appropriate free space is provided. Mi-
NaXS is dedicated to small and wide angle scattering experi-
ments, using a micro- and nano-focused beam, in combination
with low divergence and high flux.20, 34

The setup can be installed at the dedicated position for
heavy weight sample environment at the beamline which is
shown in Figure 6. The sputter device can be moved on air
pads for coarse adjustment to the beam position. For the
GISAXS and GIWAXS measurements the surface of the sam-
ple substrate needs a precise alignment to the beam. The sam-
ple position is fixed very accurately in the center of the sput-

FIG. 6. HASE-apparatus setup in simultaneous GISAXS and GIWAXS ge-
ometry incorporated in the MiNaXS beamline. The illustration shows the pos-
sibility to install bulky equipment at an extended sample position behind the
guard slits. (1) Optical bench with guard slit system, (2) sputter deposition
chamber, (3) WAXS detector device with Pilatus 300K (Dectris, Switzer-
land), (4) variable flight tube, and (5) SAXS detector device with installed
Pilatus 1M detector (Dectris, Switzerland).

ter deposition chamber. This fixation allows for a sample ro-
tation in the range of ±180◦, by using a 1-circle goniome-
ter (HUBER 411) which shows the yellow arrow in Figure 4.
All other movements of the sample relative to the beam will
be performed by using a multi-stage-goniometer (HUBER).20

With this device it is possible to adjust the incidence angle,
the height, the lateral position, and the lateral rocking angle
of the sample with an accuracy of ±1 μm. The positioning
device is able to carry a weight of 180 kg.

An adaptable evacuated flight tube with a tuneable length
ranging from 1 m to 5 m is installed between the chamber and
the X-ray detector.20, 35 The flight tube can be tilted to cover
also the angular regions needed for reflectivity measurements.
Additional tube elements can be used to extend the distance
between sample and detector to a maximum length of 10 m.
This enables the performance of (grazing incidence) ultra-
small angle X-ray scattering experiments (GI)USAXS.36 Dur-
ing the measurements all functions of the HASE apparatus are
controlled with signals from the beamline software and via
Ethernet.

VI. SELECTED RESULTS

The functional capability of the sputter equipment has al-
ready been tested. In order to characterize the dependence of
sputter rate on sputter power, ex situ X-ray reflectivity (XRR)
measurements were performed at beamline E2 (DORIS III,
DESY) to measure the effective film thickness after 300 s
deposition of Au and Al on SiOx substrates. The results, sum-
marized in Table I, show a linear behaviour of the sputter
rate versus the sputter power, as it has been already described
for RF-sputter processes in the manufacturer’s manual of the
sputter sources.

To demonstrate the in situ capabilities of HASE at P03,
we present two different results. The substrates for both cases
were base-cleaned Si wafers and the sputtered material was
Au. In both cases, Ar plasma was used for the deposition
process.

Figure 7(a) depicts the GISAXS pattern after deposition
of about 13 nm of Au on pre-cleaned Si. In this case, the
sputter conditions were P = 50 W and p(Ar) = 2 × 10−2

mbar. Maxima in the 2D (GI)SAXS pattern, stemming from
the Au nano-clusters formed on the surface are clearly ob-
served. The data were acquired using a two-dimensional pixel
detector (Pilatus 300K, Dectris, Switzerland) with a pixel size
of 172 × 172 μm2. The sample-to-detector distance was set to
4826 mm and a wavelength of (0.0960 ± 0.0002) nm was

TABLE I. Sputter rates for Au and Al targets at different sputter powers at
a sputter pressure of 1.5 × 10−2 mbar.

Sputter power Sputter rate (nm/min)

(W) Au Al

50 0.8 ± 0.04 0.16 ± 0.01
100 1.44 ± 0.09 0.30 ± 0.07
150 ... 0.43 ± 0.02
200 2.63 ± 0.08 ...
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FIG. 7. (a) GISAXS (sample to detector distance = 4826 mm) of Au on SiOx. To sketch the scattering geometry, we included a real space coordinate system
x/y/z and a reciprocal space coordinate system qy and qz. They are the wavevector transfers parallel and perpendicular to the sample surface. ki and kf denote the
incoming beam and a scattered beam with |ki | = ∣

∣kf

∣
∣ = 2π

λ
. αi denotes the angle of the incoming beam to the sample surface (grazing angle). L1 denotes the

side maxima produced by the presence of Au nanoclusters. H1 denotes the maxima in qz-direction, stemming from the height of the nanoclusters. IDG denotes
the intermodule gap of the detector and SBS denotes the point-like specular beam stop used to protect the detector from the high-intense specular reflection.
(b) Scattered intensity versus time during sputter deposition of Au on SiOx at two different substrate temperatures (green triangles 26 ◦C, red crosses 150 ◦C)
in GIUSAXS geometry (sample-to-detector-distance 8650 mm). The intensity was extracted from a series of two-dimensional detector images at the reciprocal
space point of qy = 0, qz = 0.846 nm−1. The two lines indicate a linear growth of the deposited thickness for both temperatures.

used. The incidence angle was αi = 0.45◦. qy and qz denote a
reciprocal space coordinate system. They are the wavevector
transfers parallel and perpendicular to the sample surface.

For in situ sputter deposition as a function of substrate
temperature, the analysis of in situ time-resolved GIUSAXS
data is presented in Figure 7(b). The data were acquired us-
ing a two-dimensional pixel detector (Pilatus 1M, Dectris,
Switzerland) with a pixel size of 172 × 172 μm2, a sample-
to-detector distance of 8650 mm and a wavelength of (0.0957
± 0.0002) nm. The incidence angle was αi = 0.4518◦ and
2 frames/s were recorded. This setup represents the unique
combination of (GI)USAXS13 and sputter deposition avail-
able at P03 and, thus, the ability to follow the early stages of
cluster formation and possibly nucleation with high angular
and time resolution36 probing correlated roughness changes
in the sub-monolayer regime. Depicted is the intensity of
the scattering pattern at αf = 0.2864◦ for deposition of Au
(P = 10 W, p(Ar) = 1.5 × 10−2 mbar) at two different sub-
strate temperatures: 26 ◦C and 150 ◦C . The sputter deposition
time ranges from 0 to 5000 s. In both cases the sputter rate
is equal. It is clearly observed that at 150 ◦C the intensity
curve starts to increase earlier and with a steeper slope, in-
dicating a faster nanostructural build-up of Au nanoclusters
at this temperature. We note, that the scattered intensity in
grazing incidence geometry is governed by refraction and re-
flection effects.6 Additionally, the diffusely scattered intensity
depends strongly on the effective density ρ, the type of rough-
ness, and cluster arrangement installed. Especially in the early
stages of nucleation, no diffraction pattern is visible, only a
change in roughness due to the deposited sub-monolayers.

We therefore chose to monitor the diffusely scattered inten-
sity between the material sensitive Yoneda peak (αc ∝ ρ) and
the specular peak, which is shielded by a beam stop to avoid
saturation of the detector. We compared the final-deposited
thickness using XRR. Assuming a linear dependence of the
deposited mass as a function of time, we added the sputter
deposited thickness, being proportional to the number of de-
posited atoms, as a function of time. This clearly shows the
difference in structural build-up depending on the tempera-
ture. A detailed analysis is underway and not in the scope of
this paper.

VII. SUMMARY AND OUTLOOK

To summarize, the design of the sputter chamber has been
proven to be very useful for in situ experiments relying on
high-throughput and fast acquisition. The design of HASE is
unique in the flexibility so that it is possible to combine dif-
ferent sputter deposition methods in one setup, or to change
between the methods automatically. Producing of single-
layer, multilayer, wedge-gradient layers adapted for micro-
focussing is as well possible as performing GLAD sputter de-
position under various angles. The empty space in the cham-
ber and around the sample, and the large exit windows facil-
itate many different in situ GIXS experiments and allow in
addition for simultaneous measurements of (GI)WAXS and
(GI)SAXS/USAXS.

The sample change works smoothly and allows a re-
mote controlled sample change in less than 4 min. This
tremendously increases the number of experiments that can be
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performed within one measuring period or beamtime. The
sample heating stage is able to reach rate and hold the re-
quired temperatures with a heating rate of about 1.2 K s−1

and cooling of the sample is also possible.
The setup has been successfully integrated into the beam-

line P03 at the PETRA III storage ring and generates promis-
ing results. The performed experiments show the in situ mea-
surement possibilities in GISAXS geometry as well as in
GIUSAXS geometry at different substrate-temperatures and
two of this have been presented here. These investigations al-
low for determining the temperature dependence of thin film
growth kinetics and their influence on surface morphology.
The large exit window allows in addition for in situ reflec-
tivity measurements to obtain information on the layer thick-
ness and roughness at the time of the experiment. The mod-
ular construction of the sample stage enables the integration
of different sample environments, such as high temperature
(up to 900 ◦C) or magnetic field equipment. These sample en-
vironments are currently under development. The pick-and-
place robot arm, which is installed in the chamber to change
the sample, offers the possibility to mount additional equip-
ment, i.e., the installation of magnets or masks. Furthermore,
GLAD-sputter experiments under a sputter angle of α = 10◦

(position 9 in Figure 1(b)) and the implementation of addi-
tional optical characterization methods are foreseen.
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