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Abstract
EUROFER97 is a steel developed in Europe as a structural material for the
breeding blanket of future fusion reactors. This way, the study of its properties
and behaviour helps bring sustainable nuclear fusion energy closer to fruition. In
this project, the main goal was to design and carry out a method to grow thin
films from EUROFER97 for futher studies of their properties, and to study the
stoichiometry of the obtained films and how it compares to the bulk composition
of EUROFER97. It was found that the best way to grow this kind of films was to
obtain depositions through the sputtering of a EUROFER97 target. Thin films
were grown successfully and two main conclusions can be drawn from the results:
preferential sputtering was observed (leading to an excess of Cr and a deficit of W
and apparently Fe) and the thickness of the films increased with sputtering time.
These results serve as a starting point for the perfection of the growing process of
thin EUROFER97 films, and to delve deeper into the study of their properties.
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1 Introduction

Nuclear fusion is a vital field of study in our days, especially its exploit to obtain
a clean and sustainable energy source that would help us to drift away from our
dependence on fossil fuels. However, there is still much progress to be made in this
field, and many engineering challenges are yet to be solved. One of such key techno-
logical topics in the construction of future fusion reactors is materials development.
Particularly, this project was focused on EUROFER97.

EUROFER97 is a reduced activation ferritic martensitic (RAFM) steel, that has
been in development in Europe for almost two decades, as a structural material for
the breeding blanket of future fusion power reactors [1], [2]. The following compo-
sition was used as a reference for the bulk composition of EUROFER97 (Table 1) [3]:

Element Weight % Atomic %
C 0.11 0.51
Si < 0.10 < 0.20
V 0.20 0.22
Cr 8.90 9.53
Mn 0.47 0.47
Ta 0.14 0.04
W 1.10 0.33
Fe ≈ 89(balance) ≈ 88.70(balance)

Table 1: EUROFER97 bulk composition

The object of study of this project were the possibilities and restrictions in rede-
positing EUROFER97 through thermal evaporation and sputtering. The objectives
pursued were the following:

• To create thin films of EUROFER97 (as of today they have not been developed,
or there is no systematic method to obtain them) for further studies of their
properties; for example, their resistance to sputter ablation when exposed to
plasma, to predict their behaviour in fusion reactors.

• Secondly, to verify which stoichiometry is achieved in the deposited films (by
the use of different methods such as X-Ray Fluorescence (XRF) and ion beam
analysis), in comparison to its bulk counterpart.
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2 Material and equipment

To perform this project, the following materials and equipment were used:

• EUROFER97:
The EUROFER97 bulk used as the source for the deposited films was provided
by KTH Royal Institute of Technology. In particular, a circular sputtering
target was cut from the bulk for the sputtering depositions. Small remains
left as a result were used as the source for the evaporation samples (Figure 1).

(a) EUROFER97 pieces (approxi-
mate length 2 cm)

(b) EUROFER97 sputtering target
(radius 2 inches)

Figure 1: EUROFER97 pieces and sputtering target

• C substrates:
Square glassy carbon SIGRADUR G [4] samples were used as a base to deposit
the films generated by the different methods. They were bought from HTW
Hochtemperatur-Werkstoffe GmbH.

• Crucibles:
For the evaporation depositions, crucibles were used to hold the EUROFER97
pieces and to heat them up (for a current was passing through them). They
consisted of a strip of metal with a dent in its center (approximately 2x2 mm
in size) to hold our pieces. Firstly, Mo crucibles were used. Later, in order
to be able to achieve higher temperatures for the evaporation of the piece, W
crucibles were designed and manufactured from W films (Figure 2).
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Figure 2: W crucible (lentgh 4 cm, width 0.75 cm)

• Evaporation/sputtering system:
For the growing of the films, a Balzers Union mini deposition MED 010 system
was used, which could be adapted to a sputtering or an evaporation mode (by
changing the head of the working chamber) [5]. The system is shown in the
image below (Figure 3):

Figure 3: Balzers Union direct current magnetron sputtering system: 1)
Head of the chamber 2) Working chamber. 3) Gas valve. 4) Pressure gauge. 5)
Current dial. 6) Current gauge. 7) Timer for current supply. 8) Turbomolecular
pump control terminal. 9) Main power switch.

• XRF analysis equipment:
XRF analysis was used to provide a check on the composition of the samples,
as a first assessment of the quality of the depositions. XRF is the emission of
characteristic "secondary" (or fluorescent) X-rays from a material when it is
excited by the bombardment of high energy X-rays or gamma rays. As such, it
allows for an analysis of the composition of a sample, for those emitted X-rays
are characteristic for each element. The setup consisted on an X-ray source
and a detector, as shown in the picture below (Figure 4):
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Figure 4: XRF analysis setup: on the left, we can see an X-ray source responsible
for exciting for the material, and on the right the detector for the emitted secondary
X-rays

• Ion beam analysis equipment:
To obtain precise results for the composition and the characteristics of the sam-
ples, different ion beam analysis techniques were used: Rutherford Backscat-
tering Spectrometry (RBS), Elastic Backscattering Spectrometry (EBS), and
Particle-Induced X-Ray Emission (PIXE). All the measurements were carried
out at the Tandem Laboratory at Uppsala University, using a 5-MV NEC-
5SDH-2 tandem accelerator [6]. In the chamber where the measurements were
performed, there are passivated implanted planar silicon (PIPS) detectors for
RBS and EBS, and a silicon drift detector (SDD) for PIXE. The PIPS detector
used has a resolution of FWHM 13 keV and it is placed at a scattering angle
θ = 170◦, with solid angle ∆Ω = 2.16 ± 0.11 msr.
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3 Experimental procedure and results

3.1 Sample preparation

Firstly, the EUROFER97 pieces were cut into smaller pieces (aproximmately 2x2
mm, of thickness 0-2 mm and mass ranging from 5 to 70 mg), so that they would fit
in the crucibles for the evaporation depositions. Also, some EUROFER97 powder
was obtained by drilling a hole in one of the pieces. For depositions based on powder,
the source sample’s mass was approximately of 30 mg.

Prior to every deposition, the EUROFER97 pieces, the C substrates, the walls of
the chamber (and any piece in the chamber i.e. the sample holder, the crucible, the
shutter, and the parts of the head in the chamber) were cleaned with isopropanol.

3.2 Evaporation depositions

The initial approach to obtain thin films of EUROFER97 was through the evapo-
ration of EUROFER97 pieces in the Balzers Union system. To perform these de-
positions, firstly the evaporation head (a crucible was connected to close the circuit
in the head and allow the passing of electrical current, and a holder was attached
to the superior wall of the chamber to position the C substrate) had to be attached
to the system. Then, a EUROFER97 sample (either a piece or powder) was put
on the crucible, and the chamber was closed. Afterwards, a primary pump was
used to bring the pressure in the chamber down to 10−1 mbar. At this point, the
turbomolecular pump was activated, to eventually lower the pressure to 6.5 · 10−5

mbar, which was taken as the working pressure for the deposition. Then, current
was applied through the crucible, which was heated up as a result, and that heat
evaporated the EUROFER97 in contact with the crucible. This way, the evaporated
EUROFER97 was deposited in the C substrate inside the chamber.

Before the proper depositions of EUROFER97, some reference samples were taken.
Firstly, one C substrate was kept pristine, to account for any background noise
that the substrate may have provided in the later stoichiometry analysis of the
films. Likewise, the evaporation procedure mentioned was performed without any
EUROFER97 in the chamber, to account for the effect of the crucible.

In the beginning, the crucibles were made of Mo. However, they broke easily when
the current was increased to evaporate the EUROFER97. To solve this problem,
W crucibles were manufactured, which allowed to reach higher temperatures for the
evaporation and more resistant crucibles (even though they also ended up breaking).
Four depositions were performed with Mo crucibles, and four with W crucibles.
Additionally, a sputtering deposition was performed to see if different results were
obtained.

Once all these depositions were finished, the samples were taken into the XRF
system to obtain a first idea of their composition. The next figure shows the XRF
spectrum for an evaporation deposition with a W crucible accompanied by the ones

7



for a C pristine substrate and a deposition of the evaporation from a W crucible (i.e.
without any EUROFER97), so that we can see the peaks due to only the evaporated
EUROFER97, and the spectrum of a sputtering deposition (Figure 5).

Figure 5: XRF spectrum for an evaporation deposition with W crucible and a
sputtering deposition

In the picture, we can observe a peak for Ar (from air), and peaks for the Kα and
Kβ X-rays for Fe and for the Kα X-Rays for Cr [7]. This showed that the depositions
were going in the right direction, because Fe and Cr are the primary components
of EUROFER97. For the sputtering sample, no significant peaks can be detected,
as the films obtained through the sputtering of a EUROFER97 target were much
thinner than the ones obtained through evaporation (thickness of obtained films will
be approached in greater detail later on in this report (3.3)). This was because the
target, made of EUROFER97, was magnetic, and this interfered with the magnetic
field used to confine the plasma close to the target for the sputtering to take place.
As the plasma couldn’t be properly confined, the amount of sputtered material being
redeposited was not as much as it would be desirable. This way, for the analysis
times used (10 min exciting the material with X-rays), no significant peaks can be
seen.

The sensibility of the method for the analysis times used was not good enough to
detect other components of the EUROFER97 with a lower concentration, and for
longer times the method lost resolution significantly due to the overheating of the
equipment. This way, further measurements through RBS and PIXE were performed
with a beam of 2 MeV He+ ions. PIXE has a higher sensitivity than XRF, and it
allowed to obtain a better assessment of the elements present in the depositions. The
range of the material analyzed with PIXE depends on the ion species and energy.
Typically, for a beam of He ions like the one used, the depth profile can go up to
3 µm. The following figure shows the PIXE spectra for an evaporation deposition
(performed with a W crucible) and the sputtering deposition, as well as for a piece
of EUROFER97 (example of the bulk composition) (Figure 6):
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Figure 6: PIXE spectra of selected samples (evaporation and sputtering)

These spectra provide more information than the ones obtained through XRF. It
was possible to leave the samples under the beam overnight, allowing for more data
points to be collected, and thus providing more peaks that couldn’t be seen before.
Again, both peaks for the K lines of Fe are present, as well as the peak for the Kα

lines for Cr, but now a peak for the Kβ characteristic X-rays of Cr is visible. There
are also many more elements that are visible in these spectra. Especially important
are W and Ta, other significant components of EUROFER97, for which peaks for
Lα and Lβ can be seen. Additionally, some other components of EUROFER97 of
lower concentrations were detected, like V, P and Si. It is also important to note
the presence of I in the measurements, which accounts for contamination in the
depositions (this problem and its resolution will be developed in the next section
(3.3)).

After these measurements, through SIMRA simulations [8], it was possible to
obtain data for the composition and thickness of the samples. SIMRA simulates an
elastic backscattering experiment, inputting the ion beam and its energy, the angles
of incidence of the incoming ions and of measurement of the backscattered ions and
the elements present in the target, to see which composition provided spectra that
best fitted the ones obtained experimentally. The data points in the spectra provided
correspond to the counts of the energies of the backscattered ions registered. For
a thicker target (sample), the end of the spectrum moves to lower energies, due to
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the energy loss of the ions in the material. Furthermore, a thicker target results in
thicker peaks for the signals, which can eventually turn to plateaus. A spectrum
from a backscattering measurement is explained in further detail later on in this
section (3.3). The information obtained (for selected samples, and disregarding the
O present due to the oxidation of the films when exposed to air) is summarized in
the following figure (Figure 7):

Figure 7: Composition of selected samples (evaporation and sputtering), disregard-
ing O

As can be seen in the graphs, the sputtering deposition yields results closer to the
desired composition than the evaporation depositions. These ones show an excess of
Cr and a deficiency of Fe and W in the depositions. The reason is that the heating
wasn’t done fast enough, or wasn’t intense enough, to evaporate all the components
at once, which gave an excess of Cr, as it has a lower evaporation and melting point.
With the support of these results, more sputtering depositions were performed, for
the sample obtained was more promising, albeit it is important to notice that the
thickness of the film was less than that of the evaporated samples.

3.3 Sputtering depositions

As seen in the last figures, evaporation depositions didn’t yield the desired results,
for the concentration of Fe and Cr diverged in some cases more than 10 percentage
points from the target values (deficit of Fe and excess of Cr), so the focus turned to
sputtering depositions, which provided values for the concentration of these primary
elements closer to the desired ones. Four sputtering depositions were performed, for
different sputtering times, to study the time effect on the composition and the
thickness of the samples. The selected times were the following: 400 s (the same
time as for the previous sputtering deposition, to try to replicate the results), 800
s, 1200 s, and 1600 s.

Nevertheless, a problem needed to be solved beforehand. The composition of
previous depositions had shown a puzzling percentage of I in our samples. The reason
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of its appearance was the fact that use of the Balzers Union system wasn’t limited to
the sputtering of EUROFER97, but was also being used, for a different experiment,
with iodine salts. To overcome this, a new cleaning routine was performed. The glass
cylinder of the chamber, the sample holder and the shutter were disassembled and
submerged in a bath of diluted HCl acid (0.2 %), and after a while the pieces were
scrubbed with a metal brush (the latter was also used to scrub the other metallic
parts of the sputtering head that couldn’t be disassembled). This cleaning routine,
as would be seen later on this section (3.3) when the composition of the obtained
films is presented, proved useful, as the concentration of I was brought down more
than half its initial value (from around 1 % to less than 0.5 %).

For sputtering depositions, the experimental procedure was slightly different than
for evaporation depositions. Firstly, the head of the chamber had to be changed,
and no crucible was needed. Instead, in the new head, there was a holder for a
sputtering target (that acts as the material source for the deposition), that must be
covered by the shutter in the beginning of the process. The procedure is the same
as for the evaporation depositions up until the pressure of 6.5 · 10−5 mbar. Then,
the turbomolecular pump was set in stand-by mode, to reduce its rotational speed
to 70 % of its maximum speed (from 1500 Hz to 900 Hz). The next step was to
introduce Ar into the system, to achieve the desired working pressure of 4, 5 · 10−1

mbar. Once that pressure was reached, a voltage was applied on the target: this
created a discharge between the plasma and the target, generating a current and
sputtering the target. Firstly, this was done for a short time with the shutter closed,
so as to be able to set the desired current. Then, the voltage supply for the target
was turned off (without moving the dial that we had set to achieve the current)
and the shutter removed. Finally, the sputtering time was set and the voltage was
reapplied, leaving the target to sputter for the selected time (as the dial only had
three digits, for the sputtering times greater than 1000 s, the process was done in
two steps: first, 900 s of sputtering, and then the remaining time).

When the depositions were finished, they were taken into the ion beam analysis
chamber, to obtain EBS and PIXE spectra for the samples. RBS and EBS are ion
scattering techniques used for compositional thin film analysis, during which a high-
energy ion beam is directed onto the sample and the energy distribution and yield
of the backscattered ions at a given angle is measured. Because the backscattering
cross section for each element is known, it is possible to obtain a quantitative com-
positional depth profile from the spectra obtained [9]. Both methods are analogous,
only differing in the ion beam used. While the ion beam used for RBS was 2 MeV
He+ ions, for the measurements of these last sputtering samples, the beam used
was 3.037 MeV He+ ions (which has a higher sensitivity to detecting O), and thus
EBS was the technique employed. PIXE measurements were also performed, which
allowed for a clear visualization of the elements present in the different depositions.
The results obtained from PIXE analysis were consistent with the ones obtained for
the evaporation samples, showing that the elements present in the deposited films
corresponded to the ones present in EUROFER97 (namely Fe, Cr, W and Ta), and
confirming that the depositions were in the correct direction.

To study other characteristics of the depositions, especially stoichiometry and
thickness of the samples, the EBS measurements proved more useful. The EBS
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spectra for a sputtering time of 800 s is shown in the figure below (Figure 8):

Figure 8: EBS spectra for sputtering time t=800 s

Firstly, the spectrum shows an edge corresponding to C (coming from the sub-
strate where the deposition laid) and a peak corresponding to O (due mainly to the
oxidation of the samples when in contact with air, and magnified by the ion beam
used as it has a higher cross section with O). Four other peaks appear in the spec-
trum, corresponding to the film itself: one for Cr, one for Fe, one for W (the three
main components of EUROFER97) and one for I (which, despite the new cleaning
routine, didn’t disappear). The reason why an edge is seen for C instead of a peak
like for the other elements is because the C comes from the substrate under the film,
which can be considered as a bulk, much thicker than the thin films from where all
the other elements are found. The EBS spectra for the other sputtering times were
similar, with only variations of the number of total counts and slight variations of
the relative height of the peaks (the same elements were detected, even though the
thickness of the films varied and the stoichiometry suffered slight changes).

To get further information of the composition and the relative atomic content and
areal density of each element in the depositions, the data for the EBS measurements
were analyzed through SIMRA simulations. The following tables and figures show
the results obtained (Figures 9 and 10, Tables 2 and 3):
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Sputtering time (s) Fe (%) Cr (%) W (%) I (%)
400 91.30 7.25 0.87 0.58
800 90.04 8.40 1.20 0.36
1200 84.27 11.24 1.12 3.37
1600 85.35 13.84 0.58 0.23

Table 2: EBS quantification from SIMRA of sputtering samples, disregarding O

Sputtering time (s) Total thickness O Fe Cr W I
400 17.90 11.00 6.30 0.50 0.06 0.04
800 23.33 15.00 7.50 0.70 0.10 0.03
1200 4.39 3.50 0.75 0.10 0.01 0.03
1600 138.35 95.00 37.00 6.00 0.25 0.1

Table 3: Total thickness and areal density (1015atoms/cm2) by components of sput-
tering samples

Figure 9: Atomic weight by components of sputtering depositions, disregarding O
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Figure 10: Areal density by components of sputtering depositions

Several key points can be drawn from the tables and figures above. Firstly, the
composition of the depositions is close to the bulk composition of EUROFER97
(shown in Figure 9 with dashed horizontal lines). The average deviation in percent
for the main components of EUROFER97 is 0.36 % for Fe, 3.15 % for Cr and 167.68
% for W (W gives specially bad results because the quantities are very small, many
smaller than one, and at that range any change is reflected tenfold in the deviation
in percent). These results are not perfect, especially for W, but the primary com-
ponents Fe and Cr are very close to the target composition, and this is a good basis
for further experiments in this line to obtain results closer to actual EUROFER97
with better equipment. There seems to be hints of preferential sputtering, because
the atomic percentage of Cr increases and the atomic percentage of W and Fe de-
creases with sputtering time. Another important aspect is the amount of I in the
samples. Whereas the new cleaning routine employed didn’t eliminate all traces of
this element, it contributed to reducing its presence to half the amount that was
being registered in the previous depositions. In addition to this, the concentration
of I seems to decrease as sputtering time increases. Finally, the areal density values
for different sputtering times seem to support the hypothesis that the sputtering
time and the thickness of the sample are directly proportional. To confirm these
tendencies, it would be a good idea to perform more depositions for different sput-
tering times, to have more data points to compare. Lastly, it is important to note
the anomalous values that the deposition for 1200 s of sputtering time yields. The
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cause for the bad results (the thickness of the sample is unusually low, and breaks
the tendency of the other samples, and the I content peaks) is that the two last de-
positions (this one and the one for 1600 s) were made in a different day from the first
two depositions. In between, other experiments were performed in the system, and
it is possible that the cleaning of the equipment in the second day of deposition was
not optimal, leading to extra contamination. However, after a deposition, much of
the I was removed from the chamber, and the decreasing tendency of I concentration
was recovered.

4 Conclusion

In this work, the main success was to show that thin films with a composition close
to the target composition of EUROFER97 bulk can be grown. Despite the initial
approach of performing evaporation depositions, sputtering proved to yield results
of a higher quality, as the films presented a composition closer to the target values
of EUROFER97 bulk.

In the evaporation depositions, an excess of Cr was detected, in contrast to a
deficiency of Fe and W, due to the fact that the evaporation point of Cr (1400 ◦C)
(lower than its melting point, so it sublimes from a solid phase) is lower than the
melting points for Fe (1538 ◦C) and W (3422 ◦C). Due to this, when Cr is evaporated,
Fe and W are still not melted down. From the results obtained, it can be concluded
that the heating applied to evaporate the samples was not intense enough or wasn’t
applied suddenly enough to evaporate all components at once, and thus the element
that evaporates easier, i.e. Cr, is present in a higher composition than expected in
the final films. Despite this, the results are not completely useless, for they provide
insight into the behavior of EUROFER97 under evaporation processes at very high
temperatures (as is expected to happen in fusion reactors), and how the redeposition
would be.

The films obtained through the sputtering of a EUROFER97 target showed much
better results composition-wise than the films obtained through the evaporation
of EUROFER97 pieces. Thickness-wise, the sputtered films showed systematically
lower areal densities than the evaporated depositions. The depositions for different
sputtering times allowed to study the time effect in the composition and thickness
of the samples, and so two effects were noted. Firstly, the results seemed to support
that preferential sputtering took place in the depositions: the relative amount of Cr
in the films increased with time, whereas the relative amount of W and Fe seemed
to decrease. Secondly, as expected, longer sputtering times led to thicker films, for
the target was under the effect of energetic plasma for longer, and thus experienced
greater erosion.

Throughout the depositions, I contamination was present in the samples due to
contamination in the sputtering/evaporation chamber, which could be reduced by
a thorough cleaning of the elements of the chamber with diluted HCl acid (0.2 %)
and a metallic brush. There also seemed to be a decrease in this contamination as
sputtering time increased, as the sputtering process deposited it from the chamber
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on the sample.

These results serve as a starting point for future study of thin films of EURO-
FER97. New sputtering depositions will be performed in a new magnetron sput-
tering set manufactured by PREVAC [10]. This will eliminate the I contamination
present in the obtained films. Furthermore, it will provide more samples to compare
with, and confirm or correct the time tendencies observed in the films (increase of
Cr and decrease of W and Fe).
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