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a b s t r a c t

Synchrotron radiation XPS with different photon energies is used to gain depth-resolved chemical infor-
mation. The temperature-dependent evolution of a ternary system sample with beryllium, carbon and
tungsten is investigated. Five temperature steps are performed in order to analyze the kinetic processes
and chemical states, namely 300, 530, 850, 1020 and 1200 K. After each temperature treatment, the sam-
ple composition is analyzed using four different information depths.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

For the future fusion experiment ITER, the three elements beryl-
lium, carbon and tungsten are planned to be used as first wall
materials [1]. The interaction between these materials, in particu-
lar the developing compounds due to temperature treatments, are
of major interest as they strongly influence fusion-relevant mate-
rial properties such as erosion behaviour, melting point and hydro-
gen inventory. The knowledge of binary systems is well established
(e.g. [2]), but the complexity increases considerably with the addi-
tion of a third component. In order to understand these interac-
tions, model systems with thin elemental layers of a few nm
thicknesses are prepared, annealed and analyzed by X-ray photo-
electron spectroscopy (XPS). For the characterization of tempera-
ture-driven processes such as diffusion, the XPS technique is
applied using synchrotron radiation. By changing the excitation
energy in the XPS process, it is possible to gain information from
within different depths of the sample [3–7]. Compared to sputter
depth profiling, this method has the advantage of being non-
destructive and therefore does not alter the chemical composition
of the investigated system. Hence, it allows an elemental and
chemical state analysis as a function of depth.

2. Experimental

A carbon–beryllium–tungsten (C/Be/W) ternary system is pre-
pared using physical vapour deposition. Polished polycrystalline
tungsten is used as substrate material and carbon acts as a passiv-
ll rights reserved.
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ating layer on the top in order to minimise the influence of oxygen
contaminations since it is less reactive towards oxidation than W
and, particularly, Be. The beryllium layer is intermediate between
the substrate and the carbon layer. The film thicknesses are
2.4 nm for the beryllium layer and 1.5 nm for the carbon layer.
The sample is prepared under vacuum conditions (p < 8E-7 Pa dur-
ing evaporation) and then transferred to the synchrotron beamline
via transport through air.

XPS measurements are performed using a hemispherical elec-
tron analyzer at the MUSTANG endstation at the RGBL-PGM of
the synchrotron facility BESSY in Berlin. The angle between the
incident X-ray and the photoelectron take-off direction is 45�. For
all the measurements, the photoelectron take-off direction is nor-
mal to the sample surface and the pass energy is 2 eV. The binding
energy regions Be 1s, C 1s and W 4f are measured.

The sample is annealed at different temperatures and the XPS
measurements are performed after cooling to 300 K after each
temperature treatment of 530, 850, 1020 and 1200 K. The anneal-
ing time is 30 min for each step. In the photo-ionisation process,
the photoelectron kinetic energy is determined by the incident
photon excitation energy and the core level of the element emit-
ting the photoelectrons (Be 1s, C 1s and W 4f in this work). As
the kinetic energy of the photoelectrons strongly influences the
inelastic mean free path [8], the excitation energy is chosen such
that the photoelectrons originate from within the same depths,
i.e. the inelastic mean free path is equal for different elements. Four
different information depths are chosen for analysis.

For each spectrum, the binding energies are calibrated by mea-
suring the Au 4f signal. Assuming a homogenous material, the
intensity I(Ek,x) for a photoelectron peak of kinetic energy Ek ex-
cited from the level x is given by I(Ek,x) = J(hm) Ni r(hm,h,x) k(Ek)
T(Ek), where J(hm) is the photon flux incident on the sample at
the energy hm, Ni is the density of atoms of the ith species, r(hm,h,x)
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Fig. 1. XPS C 1s signal for 1.5 nm carbon and 2.4 nm beryllium layers evaporated on
a tungsten substrate. The temperature steps are indicated on the right. The upper
panel (a) shows measurements with a photoelectron kinetic energy of 60 eV (near-
surface region, d1), while the lower panel shows data with a kinetic energy of
700 eV (largest information depth. d4). The beryllium carbide peak is developing at
�282 eV and expanding from the interface to the surface.
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is the photoelectron cross section for the level x of the ith species at
energy hm and electron ejection angle h; k(Ek) is the inelastic mean
free path in the sample for electrons of kinetic energy Ek and T(Ek)
is the transmission function of the analyzer. The photon flux and
the analyzer transmission are defined by the experimental setup.
The photoelectron cross section r(hm,h,x) is separated into an an-
gle-independent part and an angle-dependent asymmetry factor
L, r(hm,h,x) = r(hm,x)�L(hm,h,x). For the polarized light used at the
synchrotron beamline, the asymmetry factor is L(hm,h,x) = 1 +
0.5b(3cos2h�2), where b is the asymmetry parameter [9]. For
quantitative analysis, the peak areas are normalized against
photo-ionisation cross section [9], asymmetry parameter [10], ring
current, photon flux and analyzer transmission.

Since one element is measured with different photon energies,
the electrons have different inelastic mean free paths k. Hence, tak-
ing into account the exponential attenuation of the intensity with
depth, I = I0 exp(�d/(k cosh)), absolute peak areas from the same
depths d are not comparable. Therefore, relative signal intensities
are considered, which are normalized against the total signal
intensity, which is the sum over all contributions. As the exact
information depths for the photoelectrons cannot be determined,
it is necessary to refer to the different depths as d1 (near-surface
region) to d4 (largest information depth). Taking into account the
mean free path dependence on photon energy, the chosen photo-
electron kinetic energies are 60 eV (near-surface region), 300,
480 and 700 eV (largest information depth). Since relative signal
intensities are normalized against the sum over all contributions,
it is possible to compare relative signal intensities of different
depth regions (even though the inelastic mean free path changes
from d1 to d4).
3. Results and discussions

Fig. 1 shows the C 1s signal after application of the previously de-
scribed data treatments. Fig. 1(a) shows spectra in the C1s binding
energy region with a photoelectron kinetic energy of 60 eV, while
the measurements with a kinetic energy of 700 eV are shown in
Fig. 1(b). The C 1s peak shape is fitted by background subtraction
(Shirley background [11]) and three Gauss–Lorentz peaks: elemen-
tal carbon is described by a graphitic (EB = 284.2 eV) and a disor-
dered graphitic (EB = 285.1 eV) contribution. The beryllium carbide
peak is clearly visible in the binding energy region around 282 eV.

In the near-surface region (a), the carbide signal is not observed
up to 850 K. At 1020 K, a small amount of Be2C is detected. For the
greater information depth (b), a certain amount of beryllium car-
bide is observed at room temperature. The carbide intensity rises
during the temperature treatment and is most pronounced at
1020 K. At the last temperature, 1200 K, the beryllium carbide peak
slightly shifts to lower binding energies. This binding energy shift
might be due to the growth of Be2C clusters and following cluster
size effect. The cluster size is known to have an important influ-
ence on the binding energy [12]. The slight shift in the binding en-
ergy and peak shoulders at �287 eV of the 300 and 580 K
elemental carbon peaks indicates a surface contamination due to
transport through air. This contribution is taken into account dur-
ing the fitting procedure, but disregarded in the sample composi-
tion analysis.

The room temperature measurements are chosen to demon-
strate the analysis of XPS spectra with different photon energies.
The region d1 (photoelectron kinetic energy 60 eV) shows BeO
with a relative signal intensity of 22% and elemental carbon with
78%. After sample preparation, no beryllium is present on the sur-
face. This points to a Be diffusion (driven by the chemical gradient)
to the surface when oxygen was available due to the transport
through air.
The next information depth d2 (photoelectron kinetic energy
300 eV) shows 2% of metallic beryllium, 16% of BeO and 82% of ele-
mental carbon. We want to emphasize here that the increasing ki-
netic energy of the photoelectrons increases the information depth,
thus adding information of a greater depth to the overall measured
relative elemental composition. Taking into account the exponen-
tial attenuation of the photoelectron intensity, the contribution
from surface components is less influential as the information
depth increases. Regarding the decreasing relative intensity of
BeO for d2 from 22% to 16%, there is less BeO present in deeper re-
gions. Vice versa, more elemental carbon is detected compared to
d1. The relative signal intensities for d3 (photoelectron kinetic en-
ergy 480 eV) are 12% metallic Be, 3% beryllium carbide (Be2C), 23%
BeO and 62% elemental C. As there is a distinct contribution from
metallic beryllium, the information depth now clearly exceeds
the carbon overlayer. Both the Be and the BeO amounts increase
for d3. As the relative signal intensity of BeO increases in measure-
ment d3 compared to d2, this points not only to BeO at the surface
but also to BeO in the metallic Be layer (below carbon). A small
amount of Be2C is detected at this information depth. Hence, the
carbide formation at room temperature starts at the Be/C interface.
Be2C formation at room temperature has been investigated earlier
[13]. The relative signal intensities for d4 (photoelectron kinetic
energy 700 eV) are 18% metallic Be, 4% Be2C, 25% BeO, 50% elemen-
tal carbon, and 2% metallic tungsten. Since the relative intensities
for the beryllium components increase, there is more Be, Be2C
and BeO visible in d4. As there is a contribution from tungsten
for d4, this information depth exceeds both the beryllium and car-
bon overlayers. The relative signal intensity of tungsten is not sig-
nificant regarding the total sample composition, but nevertheless,
metallic tungsten and a Be2 W alloy are present.

The first annealing temperature is 530 K. The C 1s signal is ta-
ken as an example in Fig. 2 to point out the sample composition
development during temperature treatments. The relative signal
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Fig. 2. Relative signal intensities of elemental carbon (solid symbols) and beryllium
carbide (open symbols) as a function of temperature. The symbol shape indicates
the photoelectron kinetic energy, as indicated on the right (d1 to d4 for near-surface
and deepest analysis regions). The amount of beryllium carbide increases with
increasing information depth. The change at 1200 K is due to a change in the surface
morphology.
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intensity of elemental carbon decreases from room temperature to
the annealing step at 1020 K. The relative signal intensity is not
maximal for d1, but for d2. This is due to the BeO overlayer, which
is discussed above. As BeO is very prominent at the surface, the rel-
ative signal intensity of elemental carbon is smaller. Furthermore,
the relative intensity of elemental carbon decreases from d2 to d4,
since other contributions such as metallic Be and Be2C become
more prominent in greater depths. At the last temperature step,
1200 K, the relative signal intensity for elemental carbon is very
prominent at the surface and decreases with increasing informa-
tion depth. This might be due to carbon diffusion to the surface
or a change in surface morphology, such as formation of island-like
structures.

The relative signal intensity of Be2C increases from d1 to d4.
This indicates a beginning formation of beryllium carbide, starting
at the Be/C interface and expanding to the surface. At the last tem-
perature step, 1200 K, the overall relative signal intensity of Be2C
decreases. Since relative signal intensities are considered, the rela-
tive intensity of Be2C is connected with that of elemental C.

At 530 K, the relative signal intensity of Be2C increases for d3
and d4 and furthermore, Be2C is detected in d2. This is another hint
to beryllium carbide growth from the interface to the surface.
According to an increasing Be2C amount, the amounts of metallic
Be and elemental carbon decrease. The amount of BeO at the sur-
face is increasing due to rising pressure during temperature treat-
ment, which gives rise to further oxide formation. Like for room
temperature, a small contribution from tungsten is detected for
d4 and the amount of the Be2 W alloy is increasing.

At 850 K, the relative intensity of Be2C increases for d2 to d4
and furthermore, Be2C is detected in the near-surface region d1,
giving another hint for carbide growth from the interface to the
surface. The amount of BeO at the surface is increasing further
and no metallic Be is left at this temperature step. As more Be2C
is forming, the total amount of elemental carbon decreases. At
850 K, the amount of Be2 W is decreasing, whereas the onset of
W2C formation is observed.

At 1020 K, the relative intensity of Be2C increases for d1 to d4.
Furthermore, the amount of BeO at the surface increases. As no
metallic Be is available to form additional Be2C or BeO, this increase
must be due to a change in surface morphology, thus giving more
weight to near-surface components. According to the increase of
Be2C and BeO, the relative intensity of elemental carbon decreases
for all depths. The relative signal intensity of tungsten is still not
crucial regarding the total sample composition, but the amount of
the Be2 W alloy is further decreasing, whereas the amount of the
subcarbide W2C increases.

At 1200 K, the relative intensities of Be2C and BeO decrease for
d1 to d4, whereas the relative intensity of elemental carbon in-
creases. As discussed for Fig. 2, this might be due to carbon diffu-
sion to the surface or a change in surface morphology, such as
formation of island-like structures. Furthermore, metallic tungsten
and tungsten subcarbide W2C is detected in the near-surface re-
gion d1. If tungsten diffusion was assumed, a carbide or alloy phase
at the surface was expected. The presence of metallic tungsten can
be ascribed to the appearing substrate which hints at the formation
of island-like structures. At 1200 K, the Be2 W alloy has completely
vanished. The tungsten signal is composed of metallic and carbidic
(W2C) tungsten.

The results from the system Be/C/W are consistent with the
analysis of binary systems. In experiments with carbon layers on
a beryllium substrate, beryllium diffusion from the interface to
the surface is observed [14]. At 770 K, Be2C formation is complete
[13]. Experiments with beryllium layers of a few nm thicknesses on
a pyrolytic graphite substrate show island formation at 1070 K. In
the ternary system, beginning formation of island-like structures is
observed at 1020 K. Experiments with carbon layers on tungsten
show C diffusion into the bulk material and W2C formation starting
at 870 K [15]. Alloy formation at room temperature is also ob-
served in the binary system Be/W [16].
4. Summary

A layered system of beryllium, carbon and tungsten is prepared,
annealed and analyzed by depth-resolved photoelectron spectros-
copy. With this technique, it is feasible to characterize reactions by
means of depth-resolved chemical information. Beryllium diffu-
sion through carbon to the surface and BeO formation is observed
at room temperature. The beryllium carbide formation starts at the
interface and expands to the surface. It is complete at 850 K. Car-
bon diffuses into the bulk and starts forming W2C at 850 K. At
1020 K, the analysis hints at a change in surface morphology. This
effect is even more pronounced at 1200 K. The formation of a Be2

W alloy is observed at room temperature. The alloy amount in-
creases at 530 K; as the temperature rises to 850 K, the alloy
amount is decreasing, whereas the amount of W2C increases. The
amount of tungsten carbide increases up to the last temperature
1200 K.
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