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Abstract

Magnetron deposited W layers were irradiated with 9 keV Dþ
3 ions up to fluences of 7 · 1023 D/m2. The erosion of

the tungsten layers and the formation of D inventories were investigated by means of ion beam analysis. Under certain

conditions blistering of the W-layer was observed. The measured W sputtering yield and deuterium depth distribution

are compared with those measured for bulk tungsten. The results show that W films are a suitable alternative to bulk

tungsten in experiments on plasma-wall interactions with significantly improved diagnostic accessibility.
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1. Introduction

In nearly all design studies of future nuclear fusion

devices, tungsten is foreseen as plasma-facing material

at least in the divertor region [1]. Apart from its high en-

ergy threshold for sputtering, tungsten does not suffer

from chemical sputtering as carbon does. Furthermore,

tritium does not co-deposit with tungsten [2], which

avoids the potentially serious radioactive inventory

problem as in the case of carbon. Tungsten sputtered

at divertor and baffle surfaces by the high-flux bombard-

ment with hydrogen and impurity atoms and ions is

partly redeposited non-locally due to migration pro-

cesses [3]. Thus, tungsten layers will develop on parts
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of the plasma-facing surfaces whose properties may dif-

fer from the properties of polycrystalline and crystalline

tungsten in terms of erosion, hydrogen isotope retention

and diffusion into the bulk material.

In contrast to bulk material, erosion of W films can

be investigated not only by weight loss measurements

but also using Rutherford backscattering (RBS) and

nuclear reaction analysis (NRA). These ion beam tech-

niques also provide information on the depth distribu-

tion of incident species and target atoms, which is

essential for the investigation of processes like co-bom-

bardment of fuel atoms with impurities, film growth

and diffusion of incident particles. Apart from their rel-

evance for re-deposited W layers in fusion devices, W

films provide an attractive alternative to bulk tungsten

in particular for experiments on co-bombardment of

W with D and various impurity ions. For these studies

it is essential to note that the relevant physical properties

of the W films are similar to those of bulk tungsten.
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2. Experimental

2.1. Preparation and characterisation of samples

Tungsten layers were prepared on a carbon substrate

with an intermediate Cu layer. The substrate consisted

of polished pyrolytic graphite with dimensions

10 · 15 · 0.525 mm. This sample structure has the fol-

lowing advantages:

• The adhesive properties of copper result in a well

defined Cu/W interface with a sharp transition

between the two materials, providing a good depth

resolution of the RBS analysis.

• The Cu and W parts of the RBS spectrum appear

separated from each other, facilitating quantitative

determination of the W and Cu area densities.

• Cu prevents diffusion of hydrogen isotopes into the

substrate material, which facilitates determination

of D depth profiles.

• Cu does not form carbides and does not from an

alloy with W. Furthermore the melting temperature

of Cu is high enough to allow annealing at tempera-

tures of up to 800 �C after film deposition, which is

required to decrease mechanical stresses while still

maintaining a stable boundary between the W and

the Cu layer.

The metal films were deposited using magnetron

sputtering with argon as working gas. To minimise the

contamination of the deposited films with oxygen,

the residual pressure was maintained at values of

�10�7 mbar using a turbo-molecular pump and a liquid

nitrogen cooling trap. Before deposition the sample sur-

face was cleaned by Ar sputtering. Then the Cu and W

layers were deposited one after another in the same

process.

The films were characterized by X-ray photoelectron

spectroscopy (XPS), Rutherford back-scattering spec-

troscopy (RBS) and scanning electron microscopy

(SEM). The W and Cu area density of the layers was

determined for each sample by analysis of RBS spectra

using the SIMNRA program [4]. The area density of

the W layer was determined to be 1.44 · 1022 W/m2

which, assuming bulk tungsten density, corresponds to

a thickness of 200 nm; for the Cu layer the correspond-

ing values are 3.4 · 1022 Cu/m2 and 400 nm, respectively.

The data for different samples scatter by up to 3%

depending on the sample�s location during the deposi-

tion process. Concentrations of light impurities were

determined by XPS analysis. For carbon one obtains

an upper limit of 0.5%, for nitrogen 0.5% and for oxygen

0.7%. The atomic densities of the W and Cu layers were

calculated by combining SEM and RBS measurements

with an estimated experimental error of 10%. For the

SEM images the error originates mainly from the limited
accuracy in the determination of the exact position of

the layer interface, while for RBS the main error source

is the measurement of the accumulated ion beam charge.

Within these experimental errors the layer densities were

found to agree with the densities of the bulk materials.

The depth distribution of both layer materials was also

measured before and after the annealing procedure.

Comparison of both measurements shows that the tran-

sition between the W and Cu layers remains stable and

therefore allows to extend the experiments to high

temperatures.

2.2. Setup of the irradiation experiment

The experimental setup used for the irradiation of the

W samples consists of a vacuum chamber, and an at-

tached duoplasmatron ion beam system with a 60� mass

analysing magnet, which is deflecting the beam into a

high energy ion beam line connecting a Tandem acceler-

ator to the target chamber. For ion beam analysis (IBA)

the analyzing magnet is switched off to pass the high en-

ergy beam to the target. The setup with irradiation beam

and analysis beam passing the same aperture system en-

sures perfect overlap of irradiation and analysis spots on

the samples.

For ion beam analysis the target chamber is equipped

with two high resolution solid state particle detectors at

scattering angles of 165� and 105� and an additional

detector covering a large solid angle for detection of pro-

tons from nuclear reactions. The target is mounted in-

side a Faraday cup to ensure accurate measurement of

the beam current. The residual pressure in the vacuum

chamber during analysis is <5 · 10�7 mbar and during

bombardment <2 · 10�6 mbar. For the experiments dis-

cussed here, the temperature of the samples remained

steady at room temperature.

The beam defining aperture has a diameter of 2 mm

and is installed at a distance to the target of 15 mm.

The corresponding beam spot on the target is the exact

image of the aperture because on this length scale the

beam divergence is negligible. Irradiation of a-C:H films

was used to determine the beam profile using optical

microscopy and profilometry. The obtained actual diam-

eter of the spot that can be used for conversion of the

total Dþ
3 ion beam current into the particle flux in the re-

gion of uniform irradiation is 1.8 mm. Accordingly, the

7 lA current of the Dþ
3 ions with an energy of 9 keV and

an energy spread less than 25 eV used in the irradiation

experiments corresponded to a flux of 5 · 1019 D/m2.

The error in the fluence measurement is <10% and is

attributed mainly to deviations of the beam current from

circular symmetry in the irradiation spot.

To avoid distortion of the ion beam analysis by mea-

suring in the non-uniform edge region of the irradiation

spots, the beam defining aperture can be exchanged in

situ against one with a smaller diameter of 1 mm. The
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misalignment of the analysis beam spot relatively to the

irradiation beam spot was again determined by analysis

of irradiated a-C:H films and is smaller than 0.2 mm.

Consequently, only the uniformly irradiated region of

the target is analyzed by IBA, and therefore, only depth

variations of the elemental concentrations need to be

considered in contrast to weight loss measurements

where lateral variations of the irradiation current den-

sity can lead to significant errors.

2.3. Tungsten film irradiation experiments

In two sets of irradiation experiments W layers were

irradiated step-by-step and initially and after each step

the layers were analysed by RBS to measure the thick-

ness of the tungsten film and by NRA using the reaction

D(3He,4He)p to determine the depth profile and total

amount of implanted deuterium. The total amount of

D in the W layers was obtained by comparing the inte-

grated number of protons detected from the reaction

D(3He,4He)p to that of a-C:D film samples with known

D content.

In a first series of experiments only the erosion of the

W layer was studied by measuring the decreasing thick-

ness of the W layer using RBS with 4He ions. In the sec-

ond series the D retention in the W layers was analysed

in addition to the W erosion for irradiation fluences of

up to 7.4 · 1023 D/m2.
Fig. 1. Amount of sputtered W atoms per m2 as a function of D

irradiation fluence. The dotted line represents a Bayesian

straight line fit.

Fig. 2. RBS spectra during sequential irradiation of the W

layer. The decrease of the slope of the low energy edge

corresponds to the formation of blisters at the W/Cu interface.
3. Results and discussion

3.1. Sputtering yield

To determine the sputtering yield of a material by

measurement of the erosion of a thin layer by ion beam

analysis, it is of primary importance to minimise the

experimental error of the irradiation fluence. By choos-

ing the beam energy of the 4He ions for RBS analysis

appropriately it is possible to obtain spectra where the

spectral parts for each element do not overlap. For the

analysis of the RBS spectra, SIMNRA version 5.4 was

used [4]. The uncertainty of the tabulated stopping pow-

ers used by the code introduces a systematic error,

which, however, cancels out because only differences

from the initial film thickness are relevant. This allows

the absolute amount of sputtered W atoms to be deter-

mined within an error of ±1020 W/m2. Thus, the experi-

mental error of the sputtering yield is defined by the

accuracy of the irradiation fluence measurement, which

is smaller than 10%. In the second set of irradiation

experiments where 800 keV 3He ions were used for opti-

mized measurements of the D concentration, the W and

Cu RBS peaks, which were simultaneously detected,

overlap with consequently enlarged errors in determin-

ing the W layer thickness.
Fig. 1 shows the amount of sputtered W atoms as a

function of D irradiation fluence. The W erosion yield

was determined by a Bayesian straight line fit, which

takes into account errors in both the independent and

dependent variable. The small constant shift is due to

a oxidized layer with a 15% oxygen fraction and a

thickness of 28 nm, which covered the surface initially

and disappeared after an irradiation fluence of

2.5 · 1022 D/m2. The resulting value of the W sputtering

yield is Y = 9.8 · 10�3. Fig. 2 shows a set of W RBS

peaks after subsequent irradiation steps during the first

set of experiments. The low energy edge of the W peak

keeps the same shape until the fluence reaches a value

of 2.2 · 1023D/m2 where blisters start to grow. This

shows that during irradiation the Dþ
3 ion beam profile

keeps its shape and uniformity across the analysed area

of the irradiation spot. Nonuniform irradiation would

lead to nonuniform erosion, which in turn would lead

to a shallower slope of the low energy edge of the W

peak.



Fig. 3. Average D concentration in the W layer during

sequential irradiation depending on incident fluence.
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The obtained sputtering yield was compared with

theoretical and experimental data published in [5]. The

experimental data in this publication were obtained by

weight loss measurements for polycrystalline W

(Y � 5.2 · 10�3) and the theoretical data were calculated

with TRIM.SP [6] (Y � 10 · 10�3). The difference be-

tween the experimental results can be explained by the

principally different measurement methods for the

amount of sputtered particles. In the weight loss mea-

surements in [5] the experimental error for the number

of sputtered W atoms is about 40 times higher (±1 lg)
than the error in the RBS results presented here. The

sputtering yield obtained from the film erosion measure-

ments is in good agreement with the TRIM.SP results.

3.2. W layer blistering

In the RBS spectra shown in Fig. 2, the sharp transi-

tion at the low energy edge of the W signal smoothes out

for incident fluences > 2.2 · 1023 D/m2. Above this flu-

ence, the transition from tungsten to copper at the W

layer interface becomes increasingly shallow. This phe-

nomenon is explained by the formation and growth of

blisters with a diameter from 5 to 50 lm on the surface.

SEM investigations show that the blisters are bubbles at

the W/Cu interface resulting from detachment of the W

layer. To clarify the nature of the bubbles, non-annealed

W–Cu films were irradiated at the same conditions as

annealed ones. In this case even at incident fluences well

below 2 · 1022 D/m2 bubbles covered the main part of

the irradiating spot. From these observations one can in-

fer that the bubble formation is a result of mechanical

stress. By annealing, the initially high stresses can be de-

creased sufficiently to prevent bubble formation in the

range of fluences accessible to the described experimen-

tal setup.

3.3. D retention

The second campaign was devoted to the investiga-

tion of D retention in the W layer. The surface concen-

tration of D retained in the W layer has been calculated

according to the formula:

ðNtÞD ¼ ðNtÞa�C:D � I
Ia�C:D

� Ca�C:D

C
ð1Þ

and the average atomic concentration of D retained has

been calculated as

CD:W ¼ ðNtÞD
ðNtÞW þ ðNtÞD

; ð2Þ

where (Nt)D denotes the surface concentration of re-

tained D, (Nt)a-C:D is the previously known surface con-

centration of D in a-C:D film calibration sample

(1.6 · 1022 D/m2), (Nt)W is the surface concentration of

W, I is the area under the proton peak due to D retained
in the W layer, Ia-C:D is the area under the proton peak

of the a-C:D film, C is the collected charge during ion

beam analysis of the W layer, Ca-C:D is the collected

charge during analysis of the a-C:D film calibration

sample and CD:W is the atomic concentration of D re-

tained in the W layer. Fig. 3 shows the thickness-ave-

raged D concentration as a function of incident

fluence. The relatively high initial D retention is caused

by the thin oxidized layer on the surface. The small

thickness of the W layer allows NRA to be performed

in the whole depth range and to obtain the D depth pro-

file as well as the average D atomic concentration in the

layer.

After irradiation with a fluence of 1.5 · 1023 D/m2,

the D depth profile was measured with a higher fluence

(66.3 lC in comparison with 5 lC) of the analysing

beam. The higher dose was necessary to reduce the sta-

tistical error in the a-particle spectrum of the D(3He,a)p
reaction (Fig. 4(a)), which is used for the derivation of

the D depth profile. In this case, however, the beam-in-

duced release of deuterium from the sample is no longer

negligible as seen in Fig. 3. The a-spectrum shown in

Fig. 4(a) was measured at a scattering angle of 105�.
The obtained data were smoothed and the depth distri-

bution of retained D was derived by fitting the spectrum

with the SIMNRA program. Fig. 4(b) shows the result-

ing depth profile of the D atomic concentration in the W

layer. The D concentration rises to �10at.% just under

the surface with the D rich zone extending to a depth

of 70 nm, after which it decreases slowly towards the

W/Cu interface. Although the total concentration fits

well with the absolute amount of D derived from the

integral proton peak at the corresponding irradiation

fluence, the individual error of the concentration values

is in the range of 40% to 60% due to the low spectral

counts. Similar concentrations in the ion implanted zone

were obtained in [7] by implanting 10 keV D ions into a

single crystal W along the h111i direction up to a flu-

ence of 4 · 1022 D/m2 and in [8,9] by implanting 1 keV

D ions into polycrystalline W with a fluence of up to



(a)

(b)

Fig. 4. (a) NRA a-spectrum at a scattering angle of 105�. The
acquired NRA spectrum was smoothed and the D depth

distribution was obtained by fitting the data with SIMNRA. (b)

Resulting depth profile of the D atomic concentration.
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1024 D/m2. In [7] and [9] the same NRA reaction and in

[8] elastic recoil detection was used for D depth profiling.
4. Conclusions

Magnetron sputtering deposited W films were

characterised and irradiated with 9 keV Dþ
3 ions. The

influence of the D irradiation on W layer erosion,

mechanical stress levels and D inventories were investi-

gated. The sputtering yield was found to be higher than

that obtained for polycrystalline W in experiments based

on weight loss measurements, but closer to theoretical

values calculated by TRIM.SP. Mechanical stress results

in blisters on the W layer surface, however, their forma-

tion can be avoided for up to one order of magnitude

higher fluences by thermal annealing. In contrast, blis-

tering of bulk W was only observed at fluences
> 3 · 1025D/m2 with energies P 100 eV [10]. In brief, it

can be concluded that W films provide a suitable

replacement of bulk tungsten in experiments on plas-

ma-wall interactions with significantly better diagnostic

accessibility.
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