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a b s t r a c t 

Surface compositional changes of iron-tungsten films by deuterium (D) ion bombardment were studied 

by means of medium energy ion scattering, elastic recoil detection analysis and Rutherford backscatter- 

ing spectrometry. The energy of the bombarding ions was 200 eV/D and the fluence was varied from 

10 21 D/m 

2 to 10 24 D/m 

2 . A significant increase of the tungsten concentration within the 20 nm closest to 

the sample surface, caused by preferential sputtering of iron, was seen for the films exposed 10 23 D/m 

2 

or more. In the sample exposed to the highest fluence, 10 24 D/m 

2 , the concentration of tungsten was 

increased from an initial 1.7 at. % up to approximately 24 at. % averaged over the 5 nm closest to the sur- 

face. The analysis was complicated by the presence of oxygen on the sample surfaces. In order to study 

the thermal stability of the tungsten enriched layer, the sample initially exposed to 10 23 D/m 

2 at room 

temperature was heated to 400 °C in the measurement chamber for medium energy ion scattering and 

several spectra were recorded at intermediate temperatures. The obtained data showed that the layer was 

relatively stable below 200 °C whereas a drastic change in the film composition occurred between 200 °C 
and 250 °C due to interdiffusion of iron and silicon, the latter of which was the substrate material. The 

surface morphologies of the films were probed with atomic force microscopy showing that protrusions 

of 10–100 nm width appeared after deuterium bombardment at fluences higher than 10 22 D/m 

2 . 

© 2017 Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

The reduced activation ferritic-martensitic (RAFM) steel Euro-

fer is being considered as a first wall material in the conceptual

design of a European DEMO fusion power plant [1,2] . In present

design suggestions and applicability studies, sandwich type plasma

facing modules are often considered [3–5] , with a pure tungsten

armor on top of a Eurofer structure. However, fabrication difficul-

ties and cost assessments suggest that at least parts of the first

wall will consist of bare Eurofer [6,7] . To determine the feasibil-

ity of Eurofer as a plasma facing material it is relevant to inves-

tigate how its surface composition is modified when exposed to

conditions similar to those at the fusion plasma edge. Preferential

sputtering [8] by plasma ions, for example deuterium, leading to

surface enrichment of tungsten is here of particular interest. An

enriched tungsten layer at the plasma-facing surface could signifi-
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2352-1791/© 2017 Published by Elsevier Ltd. This is an open access article under the CC B
antly reduce sputter erosion, thus protecting the underlying bulk

aterial from additional modification by the plasma. For the effect

o be relevant in a fusion machine, the enriched layer must not be

ost by diffusion into the bulk material at the elevated tempera-

ures experienced by the components of interest during operation.

n the present study model films composed of an iron-tungsten al-

oy were investigated, providing a simpler system than real Eurofer.

his permits to study the relevant effects and to draw conclusions

bout the onset and evolution of a tungsten-enriched layer in Eu-

ofer exposed to deuterium bombardment. Time-of-flight medium

nergy ion scattering (ToF-MEIS) provides a finer depth resolution

hat what has been previously obtained with Rutherford backscat-

ering spectrometry (RBS) [9] . Such improved resolution is neces-

ary in order to resolve layer profiles with variations over a few

ens of Å, which are expected from ref. [10] . 

. Measurements and results 

Five iron-tungsten model films containing 1.7 at. % tungsten,

pproximately 300 nm thick, were prepared by magnetron sput-
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Fig. 1. Energy converted ToF-MEIS spectra from FeW model films exposed to the 

D 3 
+ ion beam. All exposures were performed at room temperature for 200 eV/D and 

the figure legend gives the deuterium fluences. The surface energies for scattering 

from iron and tungsten are 45.6 keV and 55.2 keV respectively, averaged over all 

isotopes. These known points were used in the process of converting the initial 

uncalibrated time-of-flight data to obtain the energy scale on the x-axis. 
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Fig. 2. Depth profiles of the tungsten concentration in the samples exposed to the 

highest deuterium ion fluences and the unexposed reference sample. 
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er deposition on a silicon substrate. One sample was kept as a

eference and the others were exposed to a mass separated D 3 
+ 

on beam at the high current ion source at IPP Garching, Germany,

he basic design of which is described in ref. [11] . The exposure

as performed at room temperature and the energy of the ions

as 600 eV, meaning 200 eV per deuteron. The ion fluence was

aried between the four exposed samples, from 10 21 D/m 

2 up to

0 24 D/m 

2 . After exposure, the samples were first analyzed with

oF-MEIS at Uppsala University [12] . The technique has been previ-

usly tested for applicability to this type of analysis and has shown

o be suitable [13] . A 60 keV 

4 He + beam was used and projectiles

ackscattered from the sample were detected at an angle of 155 °
2 ° with respect to the forward beam direction. Fig. 1 displays

nergy converted ToF-MEIS spectra obtained from all five samples.

he position in the spectrum where the tungsten signal intersects

he iron signal corresponds to ions backscattered from tungsten at

 depth of 20 nm in the sample. In the present ToF-MEIS configu-

ation, we thus gain information from the top 20 nm layer without

ignal overlap. Normalization of the spectra was performed by di-

iding by the integral from 30 keV to 40 keV and multiplying by

he same integral from the reference spectrum, placing the iron

ignal at the same level for all curves and thus providing a more

uitable graph for direct comparison. This normalization was only

sed to allow for comparative figures. When analyzing atomic con-

entrations, the spectra were treated individually. 

Simulations were performed with Biersack and Steinbauer’s

onte Carlo program TRBS [14] to establish the concentration

epth profiles that correspond to the ToF-MEIS spectra. Fig. 2

hows the atomic fraction of tungsten in the simulated layers that

est fit the experimental data for the samples exposed to 10 23 and

0 24 D/m 

2 , i.e. the samples that were significantly modified by the

euterium bombardment. The constant tungsten concentration of

.7 at. % for the unexposed sample is added as a solid line for

omparison. The simulated layer thickness can be compared to the

epth resolution of the measurement which is estimated by taking

nto account the stopping power of the probing ions in the sample

atter. For 60 keV 

4 He, the energy loss per unit length travelled in

he sample is 281 eV/nm (from SRIM by Biersack and Ziegler). After

cattering off one iron atom, reducing the energy of the projectile

o 45.6 keV, the energy loss is 238 eV/nm. Since the scattered ions

ome out at an angle, the outgoing path length is increased ac-
ordingly. Thus, the change in energy loss of the projectile divided

y the change in the depth at which a single scattering event takes

lace is 476 eV/nm, where the stopping power for the incoming ion

as also been corrected by the kinematic factor. With a detector

esolution on the order of 1 keV, this yields a surface depth resolu-

ion of approximately 2 nm. Note that the simulation that best fits

he spectrum for the sample exposed to 10 23 D/m 

2 has two layers

ithin the first 2 nm. With the above estimation of the depth res-

lution, we conclude that the ratio of the tungsten concentrations

n these two layers and their thicknesses are not to be taken as ex-

ct values. The average amount of tungsten in the top 2 nm, how-

ver, is accurately measured. For the sample exposed to 10 24 D/m 

2 

ll simulated layers have a thickness larger than the surface depth

esolution of the measurement. Materials other than tungsten and

ron were ignored here, in particular oxygen which is present at

he sample surfaces but not directly detectable with ToF-MEIS. Ig-

oring oxygen rules out the possibility for an accurate fit to the

igh energy edges in the spectra. This simplification has limited

mpact on the analysis in the present case, and the concentration

f tungsten presented should simply be read as the ratio of tung-

ten to the total amount of iron and tungsten. 

In order to measure the amount of oxygen at the sample sur-

aces and to probe the entire film thickness for any composi-

ional changes caused by the deuterium bombardment, time-of-

ight elastic recoil detection analysis (ToF-ERDA) was performed

ith a 127 I beam at 36 MeV. The angle between the beam and the

ample surface was 23 ° and recoil ions were detected at 45 ° using

he detection system described in ref. [15] . All samples were stud-

ed except the one previously exposed to 10 23 D/m 

2 , which was re-

erved for the heating experiment described in the last section of

his paper. Depth profiles of all elements above detectable concen-

ration were generated from the raw data using the CONTES code

y M. Janson. The tungsten enriched layer at the surface of each

ample cannot be resolved with ToF-ERDA. As such the tungsten

epth profile simply lies close to 1.7 at. % throughout the film, with

 small unresolved bulge close to the surface, and has been omit-

ed below. The depth profiles of the principal constituents of the

amples (Fe, O and Si) were similar for all studied samples except

he one exposed to 10 24 D/m 

2 . The latter, along with the same pro-

les from the unexposed reference sample is displayed in Fig. 3 . 

The integrated amount of oxygen in the top 5e17 at/cm 

2 is

etween 7.4e16 and 8.7e16 at/cm 

2 in the samples exposed to

ess than 10 23 D/m 

2 . In the sample exposed to 10 24 D/m 

2 , it is

.1e17 at/cm 

2 . The areal density of 1e15 at/cm 

2 corresponds to a
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Fig. 3. ToF-ERDA depth profiles of iron, oxygen and silicon from (a) the unexposed reference film and (b) the film exposed to 10 24 D/m 

2 . The small amount of silicon seen 

in the film itself is an experimental artefact due to a fraction of primary ions hitting the aluminum sample holder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. RBS spectrum recorded for 2 MeV 4 He primary ions and SIMNRA calculation 

for the film exposed to 10 24 D/m 

2 . 
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thickness of roughly 1.19 Å (using the molar mass and density of

a mixture of 1.7 at. % tungsten and 98.3 at. % iron at room tem-

perature). Accordingly, we obtain from Fig. 3 that the oxygen-rich

layer at the sample surfaces is approximately 20 0–30 0 Å thick and

includes the entire region probed with ToF-MEIS. The film exposed

to 10 24 D/m 

2 is about 7e17 at/cm 

2 thinner than the reference film,

indicating that it has been eroded by the deuterium bombardment.

Since both films were prepared in the same batch, we may assume

that their initial thickness did not differ by more than a few per-

cent. The reduction of the film thickness then corresponds to a

sputtering yield of 0.007 at./ion. This fits well to the values mea-

sured in ref. [9] , where the sputtering yield for 200 eV/D imping-

ing on FeW films at a fluence of 10 24 D/m 

2 has been measured as

0.01 at./ion and 0.004 at./ion for films with 0.7 at. % and 4.2 at. %

of tungsten. 

A complementary measurement was performed with RBS on

the film exposed to 10 24 D/m 

2 . A 2 MeV beam of 4 He was im-

pinging at an angle of 5 ° with respect to the sample normal and

backscattered particles were detected at 170 ° The measured en-

ergy spectrum was analyzed with SIMNRA [16] . A spectrum calcu-

lated based on a layer structure of iron, tungsten, oxygen and sil-

icon from the results previously obtained with ToF-MEIS and ToF-

ERDA is compared to the experimental result in Fig. 4 . The calcu-

lated spectrum has three layers of elevated tungsten concentration

at the surface, the first two of which are 4.2e16 at/cm 

2 (50 Å) thick,

and the third 8.4e16 at/cm 

2 (100 Å, cf. Fig. 2 ). The fractions of tung-

sten to total iron and tungsten in these three layers are 0.24, 0.15

and 0.08, in agreement with the layers fitted to the ToF-MEIS re-

sult. The tungsten enriched layers are followed by 2400 Å of un-

modified film with 1.7 at. % tungsten. The oxygen content is set to

40 at. % in the top 200 Å, taking the ToF-ERDA result into account.

After the ToF-MEIS measurements, but before the above de-

scribed ToF-ERDA and RBS, an AFM scan of 1.5 × 1.5 μm 

2 was per-

formed on each model film to investigate their surface morphol-

ogy. A gradual transition from random inhomogeneity to a more

structured appearance of protrusions on samples exposed to higher

ion fluence was noted. The structures referred to as protrusions

here have circular or oval cross sections with widths on the or-

der of 10–100 nm and heights up to a few tens of nm. The trend is

illustrated in Fig. 5 , comparing the unexposed sample to that ex-

posed to 10 24 D/m 

2 . The appearance of protrusions was observed

already at 10 22 D/m 

2 where no significant surface enrichment of W

is seen in the ToF-MEIS spectrum. Even though the surface struc-
 w
ure is changing with increasing ion fluence, no significant change

n surface roughness measured as the average deviation from the

ean surface, S q , has been measured. 

As an attempt to study the thermal stability of the tungsten en-

iched layer, the film previously exposed to 10 23 D/m 

2 was heated

p to 400 °C and ToF-MEIS measurements were performed at sev-

ral temperatures. The sample was heated in the ToF-MEIS mea-

urement chamber by electron bombardment of the backside of

he sample holder and radiative heating by a W filament. Heating

as applied until the desired temperature was reached (typically

ithin 1–3 min), and the temperature was subsequently kept for

5 min. The filament current was then turned off and a ToF-MEIS

pectrum was recorded. This procedure was repeated two times at

50 °C, without any significant change of the spectrum and for sub-

equent temperatures only one measurement per temperature was

erformed. In Fig. 6 , the resulting spectra are shown and the leg-

nd gives the temperature corresponding to each curve, as well as

he amount of time for which the sample was kept at the respec-

ive temperature in total. The spectra are normalized in the same

ay as for Fig. 1 . 
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Fig. 5. Atomic force microscopy scans of 1.5 × 1.5 μm 

2 on (a) the unexposed model film and (b) the film exposed to 10 24 D/m 

2 . 

Fig. 6. Successive energy converted ToF-MEIS spectra after heating of the film pre- 

viously exposed to 10 23 D/m 

2 . 
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Fig. 7. ToF-ERDA depth profiles of iron, oxygen and silicon after heating to 400 °C 
of the film previously exposed to 10 23 D/m 

2 . 
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There is no significant difference between the spectra obtained

fter 15 min and 30 min of heating at 150 °C. A drastic change of

he spectrum, in the form of an increase of the tungsten signal rel-

tive to the iron signal, is seen to have happened between 200 °C
nd 250 °C. In order to explain this change, ToF-ERDA was per-

ormed after the heating experiment. The setup was the same as

escribed above in connection to Fig. 3 . The resulting depth pro-

les for iron, oxygen and silicon are shown in Fig. 7 . At the surface,

he displayed curves do not add up to 1. This is due to carbon and

ydrogen impurities originating from handling of the sample. The

oncentrations of those impurities are not shown in the figure. 

The ToF-ERDA result shows that the relative iron content in the

lm has decreased because silicon has diffused into the film from

he substrate. RBS was performed under the same conditions as

escribed for Fig. 4 in order to check whether iron from the film

as also diffused into the substrate and whether the total tung-

ten fraction close to the surface has been affected by the heating

t all. The RBS measurement was carried out by taking ten spec-

ra in succession, each for 30 s. Every other spectrum was taken

rom the previously heated film, and every other from the refer-

nce sample. This procedure was performed to compensate for any

uctuations in beam current over time. The five spectra from the
eference film were added and the total time integrated beam cur-

ent was inferred from the known sample composition. The same

ntegrated current was assumed to have been impinging on the

eated sample, which facilitated analysis of the spectrum by re-

oving one free parameter. The RBS spectrum and the layer struc-

ure of iron, tungsten, silicon and oxygen for a SIMNRA calculation

hich fits that spectrum are shown in Fig. 8 . We see that iron is

resent down to at least 8e17 at/cm 

2 , whereas tungsten is found at

 detectable concentration only in the top 3.5e17 at/cm 

2 . 

. Discussion 

The fluence series results from Fig. 1 show that the sur-

ace compositions of the model films are relatively unaffected by

on fluences up to 10 22 D/m 

2 under the present conditions. At

0 23 D/m 

2 a surface peak starts to appear for tungsten, but the

hickness of the enriched layer is limited to less than 10 nm and

he surface fraction of tungsten is 19 at. % for the simulation that

ts the experimental data. Due to the limited achievable depth res-

lution of our ToF-MEIS setup we note that the surface fraction of

ungsten, i.e. the fraction in the first monolayer, is not accurately
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Fig. 8. (a) RBS spectrum after heating to 400 °C of the film previously exposed to 10 23 D/m 

2 , and (b) corresponding elemental depth profiles. Carbon and hydrogen impurities 

at the sample surface were ignored in the analysis. 
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measured. We rather measure the average fraction in the top 2 nm

beneath the sample surface. For the highest fluence, 10 24 D/m 

2 , the

fraction of tungsten in the first 5 nm goes to approximately 24 at.

% and the layer in which the tungsten concentration is significantly

increased has a thickness on the order of 20 nm. All these results

are qualitatively consistent with previous studies performed with

RBS in ref. [9] . 

The change of surface structure of the films observed with AFM

is similar to that obtained with SEM in ref. [9] . The size of the ob-

served structures is larger in the present measurement, on the or-

der of 10–100 nm. It might be suggested that the formation of pro-

trusions is due to an uneven distribution of tungsten, i.e. tungsten

atoms protect the surface partially from erosion. The protected re-

gions would then become the tops of the protrusions. It should be

noted that even if tungsten is inhomogeneously distributed over

the surface, it difficult to confirm that in the present study be-

cause the beam spot for all of our ion beam measurements is

much larger than the typical length scale of the inhomogeneity.

This means all presented spectra represent surface averages and

the tops of the protrusions may feature higher tungsten concen-

trations than reported here. The surface roughness on all samples

gives rise to an inclination of the surface that may give a false im-

pression of depth when interpreting ion beam analysis data. We

estimate that this is not a significant error source in the backscat-

tering geometries of ToF-MEIS and RBS in this study. For ToF-ERDA,

where the beam is hitting the sample surface at a more acute an-

gle, surface roughness could pose a serious problem. In this case,

however, the problem is not very severe since the height of the

protrusions is on the same scale as the depth resolution obtained

in our ToF-ERDA setup (a few tens of nm). 

The presence of oxygen is problematic in relation to the ToF-

MEIS measurements since it prevents accurate fits to the high-

energy edges in the energy converted spectra. The layer struc-

ture presented in Fig. 2 gives the correct peak heights and widths

for the simulated spectra, but feature sharper edges for both iron

and tungsten. Ideally continued studies of the kind presented here

should be performed on non-oxidized samples. Oxygen impurities

originate either from film production or, more likely, from subse-

quent exposure to air. Impurities during exposure to the deuterium

ion beam could constitute a source of oxygen, but in that case it

cannot be the only source, since oxygen is present on the unex-

posed reference sample. 
P  
For the temperature series measurement we can conclude that

o significant changes to the ToF-MEIS spectrum occur at 150 °C
r 200 °C. Between 200 °C and 250 °C, however, the composition of

he entire probed layer changes drastically and settles into a state

hat is sustained for the subsequent measurements up to 400 °C.

rom the ToF-MEIS result it would appear as though the tungsten

oncentration has increased dramatically. One should remember,

hough, that the spectra are normalized to the iron signal. Due to

he sudden change in composition at a specific temperature, the

dea that the film undergoes a phase transition is compelling. This

s implausible since temperatures significantly higher than 250 °C
re expected to be required to produce phase transitions an iron-

ungsten mixture [17] . The ToF-ERDA result gives more accurate in-

ormation. As the temperature was increased, silicon diffused from

he substrate on which the film was deposited into the film itself.

fter heating to 400 °C, the result is that about 50 at. % of silicon

s found throughout the film. Silicon has been observed to dissolve

nto thin iron films in this way in other works, although at slightly

igher temperatures [18] . We do not go into details about iron sili-

ide formation here, since it is covered in detail for example in

ef. [18] . Given the information from the ToF-ERDA measurement

e conclude that the increase in the tungsten signal in the ToF-

EIS spectrum when normalized to the iron signal is due to the

ecreased relative iron content in the film. This line of reasoning

ould seem to suggest that iron has diffused into the silicon sub-

trate whereas tungsten has not, or at least not to the same extent.

he RBS measurement provides further clarification. The presence

f iron at 8e18 at/cm 

2 , compared to the original film thickness

hich was on the order of 3e18 at/cm 

2 , shows that iron has indeed

iffused into the substrate. Tungsten, on the other hand, is found

nly in a layer whose width is 3.5e18 at/cm 

2 . In order to fit the

urface peak in the RBS spectrum, an average 10 at. % of tungsten

as assumed in the topmost 100 at/cm 

2 of the sample after heat-

ng. This gives a similar value for the average fraction of tungsten

n that layer as seen with ToF-MEIS before heating (see Fig. 2 ). 

cknowledgment 

This work has been carried out within the framework of the

UROfusion Consortium and has received funding from the Eu-

atom research and training programme 2014–2018 under grant

greement No 633053. Work was performed under EUROfusion WP

FC. The views and opinions expressed herein do not necessar-



P. Ström et al. / Nuclear Materials and Energy 12 (2017) 472–477 477 

i  

S  

G  

w  

h

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

 

 

 

[  
ly reflect those of the European Commission. Support from the

wedish Foundation for Strategic Research (SSF) and the Göran

ustafsson Foundation is gratefully acknowledged. Furthermore,

e would like to thank Henry Stopfel at Uppsala University for

elping us with the AFM measurements. 

eferences 

[1] T.R. Barrett , G. Ellwood , G. Pérez , M. Kovari , M. Fursdon , F. Domptail , S. Kirk ,
S.C. McIntosh , S. Roberts , S. Zheng , L.V. Boccaccini , J.H. You , C. Bachmann ,

J. Reiser , M. Rieth , E. Visca , G. Mazzone , F. Arbeiter , P.K. Domalapally , Progress
in the engineering design and assessment of the European DEMO first wall and

divertor plasma facing components, Fus. Eng. Des. 109-111 (2016) 917–924 Part
A . 

[2] J. Aubert , G. Aiello , C. Bachmann , P.A. Di Maio , R. Giammusso , A. Li Puma ,
A . Morin , A . Tincani , Optimization of the first wall for the DEMO water cooled

lithium lead blanket, Fus. Eng. Des. 98-99 (2015) 1206–1210 . 

[3] Yu. Igitkhanov , B. Bazylev , I. Landman , L. Boccaccini , Applicability of tung-
sten/EUROFER blanket module for the DEMO first wall, J. Nucl. Mater. 438

(2013) S4 40–S4 4 4 . 
[4] Yu. Igitkhanov , R. Fetzer , B. Bazylev , Effect of heat loads on the plasma facing

components of DEMO, Fus. Eng. Des. 109-111, Part A (2016) 768–772 . 
[5] H. Bolt , V. Barabash , G. Federici , J. Linke , A. Loarte , J. Roth , K. Sato , Plasma

facing and high heat flux materials – needs for ITER and beyond, J. Nucl. Mater.

307-311 (2002) 43–52 . 
[6] J. Roth , K. Sugiyama , V. Alimov , T. Höschen , M. Baldwin , R. Doerner , EUROFER

as a wall material: Reduced sputtering yields due to W surface enrichment, J.
Nucl. Mater. 454 (2014) 1–6 . 

[7] D. Maisonnier , I. Cook , P. Sardain , L. Boccaccini , E. Bogusch , K. Broden , L. Di
Pace , R. Forrest , L. Giancarli , S. Hermsmeyer , C. Nardi , P. Norajitra , A. Pizzuto ,

N. Taylor , D. Ward , The European power plant conceptual study, Fus. Eng. Des.

75-79 (2005) 1173–1179 . 
[8] R. Shimizu , Preferential Sputtering, Nucl. Instr. Meth. B18 (1987) 4 86–4 95 . 
[9] K. Sugiyama , J. Roth , V.Kh. Alimov , K. Schmid , M. Balden , S. Elgeti , F. Koch ,

T. Höschen , M.J. Baldwin , R.P. Doerner , H. Maier , W. Jacob , Erosion study of
Fe-W binary mixed layer prepared as a model system for RAFM steel, J. Nucl.

Mater. 463 (2015) 272–275 . 
10] U. von Toussaint , A. Mutzke , K. Sugiyama , T. Schwarz-Selinger , Simulation of

coupled sputter-diffusion effects, Phys. Scr. (2016) 014023 T167 . 
[11] J. Roth , J. Bohdansky , W. Ottenberger , Data On Low Energy Light Ion Sputter-

ing: Technical report IPP 9/26, 85748, Max-Planck-Institut für Plasmaphysik,

Boltzmannstrasse 2, Garching, Germany, 1979 . 
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