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1. Introduction
The formation of a fissured copper surface by picosecond pulsed laser irradia-

tion is combined with functional coatings consisting of Ti and amorphous
carbon layers or a Ti-Zr-V compound film to fabricate surfaces with the
maximum of the secondary electron yield being as low as 0.4. By structural and
spectroscopic analysis of the formed surfaces it is demonstrated that both coat-
ings enclose the nanostructures generated by redeposition of metal structures

The electron-induced emission of electrons
is often quantified by the secondary elec-
tron yield (SEY), sometimes also referred
to as total electron yield (TEY). Low SEY
materials or surfaces are aimed for reduc-

from the laser-induced plasma plume, keeping the initial topography intact. This
allows an efficient elimination of secondary electron emission by combining the
benefits from structural surface modification and adaption of electronic surface
properties to efficiently dissipate the energy of impinging electrons. Thermal
activation tests of the Ti—Zr—V nonevaporable getter films revealed that for films
on nanostructured substrates, which have a much higher effective surface, a
slight diminution of surface activation occurs at 160 and 200 °C, while this effect
is completely compensated when heating up to 250 °C indicating promising
pumping capabilities. Both examples highlight the benefits from combining 3D
substrate patterning with classical 2D deposition technologies.
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tion of surface charging of spacecrafts and
satellites!"? as well as to mitigate forma-
tion of electron clouds in particle accel-
erators.’”) The primary electron energy
dependence of the secondary electron yield
as well as the kinetic energy distribution of
the emitted electrons are subject of inten-
sive studies since decades for elemental
material surfaces and compounds? to
accommodate the progressively devel-
oping technology demands. For many
applications a SEY maximum below unity
is sufficient to avoid cascade multiplica-
tion of the impinging electrons. However,
for other solutions it could be beneficial
to reduce the SEY even further in order to suppress reflected,
backscattered, and secondary electrons that could potentially
generate background noise or deteriorate the measured signal,
as for example in electron collectors, for the measurement of low
electron currents in ultra-high vacuum (UHV) or for ionization
based pressure gauges.l181

The material parameters that influence the electron yield
are numerous. Since the emitted electrons are generated in a
depth of a few nanometers, it is determined by the properties
of the near-surface region of the material, such as the degree
of oxidation of a metal,?! the existence of adsorbates or sur-
face impurities, or in general the surface chemical composi-
tion.2122] In consequence, deposition of functional thin films
can be used to influence the SEY[?3*?Y and especially amor-
phous carbon coatings and titanium nitride (TiN) are nowadays
utilized for particle accelerator components.[%2>-28 In addition,
surface modification processes after installation in vacuum,
such as thermal treatmentsi?’! or electron irradiation,(0-34
have an effect on the electron emission properties. For vacuum
components of particle accelerators that can be heated to tem-
peratures above 180 °C, the implementation of nonevaporable
getter (NEG) films to mitigate electron cloud is one possible
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approach. It has been adopted for the straight sections of the
Large Hadron Collider (LHC).? Indeed, after thermal acti-
vation, NEG layers not only exhibit a high vacuum pumping
capacity,13® but also a low SEY.[2%:37:38]

Another approach for electron emission reduction is the
roughening or texturing of the material surface on different
length scales, which allows to trap and reabsorb emitted elec-
trons in cavities at the surface. A SEY reduction can be obtained
by surface roughening,?** machining of deep trenches or
grooves,*#] and several approaches to create a micro- or nano-
structured morphology. Microporous structures*®=>% as well as
a sponge or foam topology® >4 enable trapping of impinging
and emitted electrons as efficiently as textured surfaces formed
by etchingl®®l or nanowires created by different techniques.>*>
Furthermore, plasma-based nanostructure formationl®! as
well as laser-induced surface structuring on different length
scalesl®%4 have been validated to reduce secondary electron
emission.

As the various surface structuring technologies also modify
the surface composition, both influencing factors have to be
considered in parallel, while their quantitative contributions
to SEY changes are often difficult to disentangle. A combina-
tion of the effect of surface structuring and modification of the
chemical composition by thin film deposition to obtain surfaces
with low SEY was already reported for TiN layers on grooved
substrates®®l as well as Ti and Ti-Pd films on laser-structured
copper surfaces,|® while depositing Ti-V-Hf-Zr films onto
laser-structured Al did not reduce the SEY.®® Furthermore,
annealing of laser-induced CuO nanoparticles on Cu in UHV
lead to the chemical reduction of the surface to Cu,0, which
induced a significant SEY decrease.[’]

In this study we follow the approach to compare two types
of representative thin film coatings for accelerator vacuum
technology (a-C/Ti and Ti-Zr-V) on flat and nanostructured
substrates to characterize the individual contributions of sur-
face roughening and material surface composition on electron
emissivity. The aim of the work is to explore the possibility
to obtain surfaces with very low SEY by combining artificial
roughness with coatings of materials that intrinsically exhibit
a low SEY. In order to disentangle the two contributions, we
characterized coatings of sufficient thickness assuring that all
emitted secondary electrons originate from the top layer only
and that no electron emission from the substrate underneath
occurs. For non-insulating materials, this condition is satisfied
if the film thickness exceeds 20-30 nm.[68-70]

2. Results and Discussion

Top-view scanning electron micrographs at three magnifications
of different laser/structured samples (from left to right: solely
laser-treated, laser-treatment + a-C/Ti coating, laser-treatment
+ Ti-Zr-V coating) are shown in Figure 1. The laser-treated
surface exhibits the typical trench pattern covered by nanopar-
ticles®+®3 that originate from redeposition of material from the
generated plasma plume. Most importantly, the two coatings,
a-C/Ti layers or Ti-Zr-V NEG films, do not significantly modify
the surface topography on micrometer scale—they homogene-
ously enclose the nanostructures. To further characterize the
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geometric features of the surface, we have prepared cross-sec-
tional side views by a focused ion beam (FIB) system. Figure 2
includes selected micrographs in the sample top regions with
the nanoparticle generated by the laser processing and the top
layers created by physical vapour deposition for the a-C coating
(top) and the Ti-Zr-V (bottom) coatings. The different layers
on top of the fissured nanoparticles, as indicated by different
arrows, were identified by energy disperse X-ray spectroscopy
(EDX) mapping (see Supporting Information). As the plasma-
deposition processes are not isotropic, local variations of the
film thickness are evident. However, the top of the nanostruc-
tures surface is homogeneously covered by either layers of
a-C/Ti or a Ti-V-Zr film. For the a-C and Ti layers, the nominal
thicknesses compared to coatings on flat substrates were not
obtained: the thickness of the a-C layer is in the range of a few
nanometers up to 35 nm, while the Ti sublayer is up to 110 nm
thick. The average layer thicknesses of a flat Cu reference
sample, that was coated during the same run, were 185 nm for
the layer Ti and 86 nm for the topmost a-C layer. Consequently,
the layers deposited on the nanostructures of the laser-treated
Cu samples are thinner. We attribute this difference to the spe-
cial geometry of the coating setup with its cylindrical target and
radial geometry as well as to the larger effective surface to be
coated by the same amount of ablated target material and pos-
sible projection and shadowing effects on the rough surface. On
the other hand, the NEG alloy thickness is close to the nominal
value of 1.5 um as on flat reference substrates, as they had been
deposited in a magnetron system with planar target. The top
view and cross-sectional electron micrographs clearly show that
the dendritic fine structure of the particles top side, that faces
the ion flux during coating, is covered by the different depos-
ited layers, while the particulate-induced surface topography
is maintained. Therefore, the individual particle topography is
changed after coating, leading to smoothing of the surface on
the nanometer scale.

As the SEY is dependent on both, the surface topography as
well as the chemical and electronic material properties, we have
furthermore characterized these surfaces by X-ray photoelec-
tron spectroscopy (XPS). Figure 3 includes selected XPS survey
spectra of the laser-treated Cu surface before and after a-C/Ti
coating or NEG coating, respectively. The surface properties of
degreased Cu OFE and Cu after laser-treatment in N, are dis-
cussed in detail in refs. [34] and [67], respectively. For both coat-
ings, the spectra of films deposited on flat Cu substrates (not
shown) are almost identical to the ones on the laser-roughened
Cu (Figure 3). After a-C coating, only signals related to oxygen
and carbon are detected. This is typical for an a-C surface after
exposure to airl?®l and proves that a compact layer free of pores or
cracks was deposited, since neither a Cu substrate nor a Ti inter-
layer signal is detected. For the NEG coating, Ti, V, and Zr signals
are detected as well as oxygen and carbon, which originate from
oxidation of the film in air and adsorption of ambient residual
molecules. A slight substrate-related Cu2p signal is detected for
the NEG film on the laser-treated rough Cu, while such feature
is absent for the film on flat Cu. Consequently, the film can be
considered sufficiently pure since it is free of surface impurities.

The thermal activation of the NEG films modifies their sur-
face composition.l?>’!l The variation of the main metal compo-
nents as well as the C and O signals were monitored during the
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Figure 1. Top-view secondary electron micrographs at three different magnifications (from top to bottom) for the laser-treated Cu surface (left), after
additional a-C/Ti coating (center), or additional Ti-Zr-V NEG coating (right).

activation sequence of annealing the sample at 160, 200, and
250 °C for 1 h each. The change in XPS core level spectra is
documented in Figure 4. The shift of the V2p, Ti2p, Zr3d states
to lower binding energy is characteristic for the chemical reduc-
tion of the metal elements and a loss of surface metal-oxygen
bonds, 73 which is traceable by the reduction of the O1s signal
intensity (see Figure 4cf). Furthermore, the states in the Cls
spectra shift from =285 to =282.5 eV above 200 °C, induced by
a transformation of hydrocarbon adsorbates on the reactive sur-
face and formation of metal carbide bonds.”>”¥ The comparison
of the activation behavior for the NEG films on flat and laser-
structured substrate reveals the same trends in surface transfor-
mation. At 160 and 200 °C, the chemical reduction of the rough
sample is slightly delayed compared to the flat layer. This could
be linked to the 3D nature of the NEG-coated structures. The
effective oxidized surface area as well as the surface-to-volume-
ratio are larger, possibly limiting film deoxidation. Furthermore
the surfaces of the redeposited nanoparticles might not reach
the same temperature for the given heating power due to lower
thermal conductivity through the nanoparticles and a higher
emissivity of the rough surface.””! However, annealing at 250 °C
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leads to a consistent degree of surface activation. This result
is interesting since the higher effective surface area of rough
films potentially allows a higher pumping speed and adsorp-
tion capacity as getter material if properly activated.(°!

The primary electron energy (E,) dependence of the SEY
(0(Ep)) for the different samples is plotted in Figure 5, where
(a) includes the curves for degreased flat Cu and laser-treated
Cu with and without a-C/Ti coating, while (b) compares §(E,) of
NEG films on flat and laser-treated Cu prior and after thermal
activation at 250 °C in UHV. Clear differences are observed and
all three approaches (a-C coating, laser-roughening and thermal
NEG activation in UHV) induce significant SEY reductions. To
quantitatively illustrate the trends, the SEY maxima 6, for
each sample together with the related primary electron energy
Ep(Omax) are summarized in Table 1.

The a-C coating reduces the SEY maximum of flat Cu
(=2.2) to 0.94. This coating strategy to reduce the SEY of mate-
rials was already successfully applied for in-situ coatings in
the super-proton-synchrotron”® and the Large Hadron Col-
lider at CERN. The laser-structured Cu sample exhibits a Jp,,,
of 0.86, comparable to earlier reported values of identically
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Figure 2. Selected cross-section scanning electron micrographs at different spots of a a-C/Ti coating on laser-treated Cu (top) and a Ti-Zr-V NEG
coating on laser-treated Cu (bottom). The bright top regions correspond to the Pt coating used for protecting the surface during FIB milling and is

not indicated by arrows in the figures.

prepared samples.®¥ For laser-structured samples with addi-
tional a-C surface layer, the SEY has a maximum of only 0.4 at
E, = 300 eV. It is important to note that, although the a-C layer
thickness in this case is only 35 nm, all emitted secondary elec-
trons originate solely from the top coating, while any emission
of electrons from the nanostructured substrate underneath can
be neglected due to the short electron mean free path. When

Cu (rough) + a-C/Ti coating
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Figure 3. XPS survey spectra of the laser-treated Cu sample without
(black) and with additional a-C/Ti (red) or Ti—Zr-V NEG (purple) coating.
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analyzing the shape of §(E,) for the two a-C coated samples in
Figure 5a, the nature of the a-C coating defines the energetic
maximum at around 300 eV. The carbon top layer induces a
reduction of &,y by a factor oemy of 2.3 and 2.2 for the flat and
the rough substrate, respectively. Consequently, as the analyses
revealed that the surface topography/roughness is maintained
after coating and since the chemical composition of the layers
on rough and flat substrate are identical, these numbers prove
the additive benefit of combining surface roughening and depo-
sition of proper layers for lowering the SEY. On the other hand,
the improvement when comparing coated rough to flat surfaces
corresponds to a factor oy, of 2.3. One should consider the
slight differences in the general SEY curve shape, which is
due to the different materials that the electrons interact with
as well as due to the nanostructured surface in case of laser
treatment. Obviously, shifts of Ep(Spay) are not reflected in this
simplified quantification. The laser roughening shifts E(0may)
to higher energyl®®”] compared to a flat surface of the same
composition. The a-C/Ti coating on that rough template cer-
tainly induces a shift of E,(0n.) back to smaller energy, but
the tendency of a higher relative SEY at E, > E,(0na,) remains,
which is due to the surface roughness. Consequently, a unified
scaling factor of the SEY curve across the whole energy range
does not exist.

The same trend is found for the surfaces that had been
coated by the NEG layer. In this case, the additional experi-
mental possibility to modify the composition of the outermost
surface via a thermal treatment in UHYV, allows to get an even
better quantitative picture. The improvement of the SEY before
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Table 1. Summary of SEY maximum &, and its energy E,(8,.,) for all
characterized samples on laser-treated (rough) and untreated (flat) Cu
samples.

Sample Ormax Ep(Smax)
Cu (flat) 2.8 300 eV
Cu (flat) + a-C/Ti coating 0.94 275 eV
Cu (rough) 0.86 500 eV
Cu (rough) + a-C/Ti 0.40 300 eV
Cu (flat) + NEG coating 2.01 300 eV
Cu (flat) + NEG-activated 1.14 325eV
Cu (rough) + NEG coating 0.92 400 eV
Cu (rough) + NEG-activated 0.54 500 eV
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Figure 4. XPS analysis of the thermal activation processing of the Ti-Zr-V
coatings on flat Cu (orange) and the laser-treated Cu (gray). a—e) V2p,
Ti2p, Ols, Zr3d, and Cls core level spectra. f) Intensity variation of the
normalized OTs signal. The dashed line in (f) represents a mark for an
intensity reduction by 66.6% as quantitative threshold for effective NEG
film activation.

and after activation corresponds to a reduction factor Ocemp
of 1.8 and 1.7 for the flat and rough sample, respectively. The
SEY reduction relies on several factors and is directly linked
to the composition of the NEG film, that is, a) the degree of
oxidation and the amount of surface impurities of the initial
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2.0 Cu (flat) + activated NEG | 2 ¢
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Figure 5. Secondary electron yield in dependence of primary electron
energy between 50 and 1800 eV for a) flat and laser-treated (rough) copper
samples with and without additional a-C/Ti coating and b) Ti-Zr-V NEG
coatings on flat and laser-treated (rough) copper samples before and
after thermal activation at 250 °C in UHV.
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NEG surface, which depends on sample storage conditions,
and b) the temperature and vacuum conditions during the acti-
vation process as well as its duration, which define the degree
of film deoxidation and adsorbate modification.?”] For example
for activation of a Ti—Zr-V film at 210 °C for 2 h, a factor o omp
of 1.58% was found, while in a different study an improvement
factor of 1.9 was reported after activation at up to 300 °C for
2 h.?l For Vrich Ti-Zr-V films that had been initially activated
at 450 °C after growth, then exposed to air and finally annealed
for a long period of 24 h at 200 °C, /o varied between 1.9 and
2.1 in dependence of film growth conditions.”!

These (omp values account for the improvement ratio due
to changes in the material surface composition and the related
electron-interaction characteristics, while the factor o, com-
paring flat versus rough NEG surfaces is in both studied cases
(as received NEG and after thermal activation) 2.2, which is in
agreement with the topography-related reduction factor of the
a-C films. One has to keep in mind that this contribution is
very dependent on the actual surface roughness or topograph-
ical changes, while the compositional contribution is believed
to be constant for the same material. For example, the struc-
tural SEY reduction factor ¢, of grooved compared to flat
surfaces was reported to be 1.9 for bare aluminum samples and
1.8 if an additional TiN top layer was added.38l

These two examples show that when preserving the general
sample topography after coating, the two approaches for SEY
reduction, namely i) surface structuring to enhance the scat-
tering of impinging primary electrons and generated second-
aries, which hinders their emission to vacuum, and ii) coating
the surface with a material that has an intrinsic low SEY (its
structural and electronic properties allow an efficient impact
electron energy dissipation) and is chemically inert, or modi-
fying the surface composition by other means such as thermally
induced deoxidation/desorption or electron-induced surface
conditioning. In the presented cases the individual reduction
factors o combine: 8, fina = Caruc * Feomp *Ormaxnital-

3. Conclusion

The microscale topography of laser-structured copper is pre-
served when coated by thin films using magnetron sputtering.
The two concepts for electron multipacting mitigation, a)
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surface structuring and b) coating with a low-SEY material, can
be combined. The two contributions appear to multiply their
individual effects allowing a SEY maximum of 0.4 for a-C/Ti
layers and 0.54 for Ti-Zr-V films after thermal activation on
laser-structured copper. Furthermore, Ti-Zr-V nonevaporable
getter films deposited onto the laser-structured metal are effi-
ciently activated when heated in UHV to 250 °C. Considering
their high effective surface area, it is anticipated that fabrica-
tion of rough NEG films on prestructured substrates could be
an interesting strategy for high pumping speed and adsorp-
tion capacity. As for all nanostructures, the abrasion resist-
ance of the Cu surfaces after laser processing is inferior to that
of a bulk solid material. For applications where mechanical
impact might be expected, this aspect should be considered
for enduring performance of the functional top layers, may it
be for SEY reduction, for active pumping elements or others.
Considering possible applications in particle accelerators, fur-
ther studies have to explore the influence of the processing on
the impedance of the surfaces. Nonetheless, the results dem-
onstrate that the combination of prestructuring of metal sub-
strates by a laser-treatment and deposition of a thin film enable
improved functionality of the active surface, which is linked
to the larger effective surface area as well as to the enhance-
ment of the tailored properties of the functional top layer when
deposited onto a nanostructured template.

4. Experimental Section

Polycrystalline copper OFE (oxygen-free electronic grade) metal sheets
of 1 mm thickness were cut into pieces of size between 1 x 1 and
2 X 2 cm? and subsequently underwent a standard procedure for UHV
cleaning including a wet-chemical detergent-based degreasing process
followed by rinsing in deionized water. Laser-engineered surface
structuring of Cu OFE was realized using a 10 ps pulsed 532 nm laser
operated at a repetition rate of 200 kHz as described in detail in ref. [63]
The laser was operated at maximum power and the beam was
attenuated remotely such that a focused (40 spot diameter of 52 um)
average fluence of =0.9 | cm2 (peak fluence of 1.9 | cm™2) was incident
upon the copper surface, corresponding to an equivalent average power
of 4 W. The surface was modified by raster-scanning the sample with
respect to the laser spot using a speed of 15 mm s™' and a distance
45 um between individual lines, creating parallel grooves that were
decorated by nanoparticles. A laminar flow of nitrogen was directed
toward the interaction zone to reduce surface oxidation.

Samples were coated with amorphous carbon using a modular
magnetron sputtering source, which was equipped with two cylindrical
targets (99.95% titanium and 99.92% graphite). The two targets can be
polarized independently and the magnetic field was provided by small
cylindrical permanent magnets (length and diameter 8 mm), sealed inside
a cylindrical stainless-steel case. The total length of the titanium and
graphite target was 12 and 24 cm, respectively. To deploy the coating, the
sputtering source moved inside the assembly via pulling by two stainless
steel cables. The samples were placed at a target-substrate distance of
11.4 mm. The coating was deployed in a two-step procedure. The base
pressure in the system was <2 x 107 mbar and argon with a purity of
99.9999% was used as discharge gas. First, a titanium sublayer with
a nominal thickness of =100 nm was directly applied at 2.5 x 1072 mbar
Ar pressure. In a second step performed at 1 x 107" mbar Ar and 20 W
without exposing the first coating to air, =100-150 nm of Ti were added
followed by deposition of a nominally 80-100 nm thick a-C layer on top
of the titanium. During the deposition of the carbon, the titanium target
was intermittently operated in order to provide a fresh getter surface near
the area where the carbon layer was being deposited to locally reduce the
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partial pressure of hydrogen. A low amount of incorporated impurities
was a prerequisite for low SEY amorphous carbon films.[?’]

NEG films were deposited onto cleaned flat CUOFE samples as well
as the laser-patterned Cu samples via DC sputtering using a 150 mm
diameter magnetron. An alloyed disc cathode made of titanium,
zirconium, and vanadium with a nominal atomic composition of 1:1:1
from NEYCO was used as target to sputter =1.5 um of Ti-Zr-V at an
average power of 320 W using krypton as discharge gas. The samples
were mounted at a distance of 200 mm from the cathode. Prior to the
coating, the system was baked for 20 h at 135 °C with the samples being
already inserted to obtain a base pressure of <1 x 1077 mbar after letting
it cool down to room temperature. The deposition was performed for 3 h
at a Kr pressure of 8 x 107 mbar. The film composition and thickness
of the NEG coatings were measured afterward by X-ray fluorescence.
The layer on the flat Cu substrates had a composition of Tig34Zrg33V0.33
and a thickness of (1.36 + 0.03) um, while the NEG composition and
thickness on the laser-structured samples were Tig4Zrg3,V0,8 and
(1.45 £ 0.04) um, respectively.

After finalization of the coating, the samples were exposed to the
laboratory air and directly wrapped in aluminum foil for storage prior
insertion (within a period of 1-2 days) to the UHV surface analysis
system with a base pressure of < 2 x 107 mbar. The SEY — &, defined
as the ratio between the numbers of emitted electrons and impinging
electrons, was measured with an ELG-2 electron gun (Kimball Physics,
Inc., Wilton, USA) by the method of alternating sample biasP4
(Vsa = $47.1 V) using an electron current of =2 nA focused to a spot
diameter of T mm. The sample current was measured using an optical
isolation amplifier with a gain of 102 V A™! and a 6517B electrometer
(Keithley Instruments, Inc., Cleveland, USA). The estimated dose
associated with a single SEY measurement was =2 X 107 C mm~2 The
reproducibility of the measurement was estimated from the acquisition
of two consecutive SEY curves at the same sample position to 0.01 on
the maximum SEY. The SEY measurements were performed prior to XPS
analysis to avoid any X-ray-induced conditioning effect of the surface,
which could impact the SEY values. NEG thermal activation cycles were
performed via heating of the sample holder backside by a resistive
filament heater in the UHV chamber. The NEG activation test cycles
consisted of three heating steps: a) heating from room temperature
to 160 °C at a rate of 5 K min™' and keeping the temperature for 1 h,
b) heating from 160 to 200 °C (5 K min~") and keeping the temperature
for 1 h, and c) heating from 200 to 250 °C (5 K min™") and keeping
the temperature for 1 h. The sample temperature was measured by
a thermocouple attached to the system manipulator in close proximity
to the sample. The setup had beforehand been calibrated with a second
thermocouple placed in the position of the mounted NEG samples and
by comparing to the melting temperature of an indium sample. The
surface chemical composition was characterized by X-ray photoelectron
spectroscopy using a hemispherical electron energy analyzer with nine
channeltrons (Phoibos 150, SPECS Surface Nano Analysis GmbH,
Berlin, Germany) and a monochromated AlKer X-ray source (XR 50M,
hv = 1486.7 eV). The XPS measurements during the NEG activation
cycles were performed at the respective annealing temperature without
cool-down to room temperature.

Field emission scanning electron microscopy was employed to
characterize the specimens surface. A ZEISS Sigma system with
InLens secondary electron detector was utilized. In order to determine
the film thickness and the formed surface topography, a FIB system
in dual beam configuration with scanning electron microscopy
(Crossbeam 540 from ZEISS, Ga* source) was used to prepare cross-
sectional views. First, a 10 x 5 um? platinum barrier of 2 um thickness
was deposited on top of the area of interest (300 pA current and 30 kV
acceleration voltage) in order to facilitate effective polishing. FIB
milling was then performed in subsequent steps at 700 and 300 pA
at an acceleration voltage of 30 keV to create a smooth surface that
could be effectively imaged. All images were acquired using an InLens
secondary electron detector at low acceleration voltage (3-5 keV) for
optimum image contrast. EDX mapping was additionally performed
to identify the composition of the layers unambiguously. EDX data
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were collected on the cross-sections at 10 kV acceleration voltage and
a dwell time of 300 s per pixel using an Oxford Instruments 50 mm?
X-max silicon drift detector. The evaluation was performed using
version 3.3 of the AZtec software.
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