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Abstract

Carbon contamination of synchrotron and free-electron lasers beamline optics continues
to be a major nuisance due to the interaction of the intense photon beams with the
surfaces of the optical elements in the presence of residual gases even in ultrahigh
vacuum (UHV) conditions. Among the available in situ cleaning strategies, low-
pressure radio frequency (RF) plasma treatment has emerged as a useful and relatively
simple approach to remove such carbon contamination. However, the irreversible
damage that the plasma may induce in such critical surfaces has to be carefully
characterized before its general application. In this study, we focus on reducing the
amount of carbon from UHV chamber inside surfaces via silicon and titanium coatings
using a low-pressure inductively-coupled downstream plasma source and we
characterize the surface alterations by in situ X-ray photoemission spectroscopy (XPS).
The in situ mirror cleaning is simulated by means of silicon wafers. We observe upward
band bending, which translates into lower binding energies of the photoemission lines,

that we attribute to the generation of vacancies and trapped charges in the oxide layers.

Keywords: carbon contamination, thin-film coatings, ultrahigh vacuum chamber walls,
inductively-coupled RF plasma, titanium oxide, silicon oxide, surface defects, band

bending, X-ray photoemission spectroscopy.
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1. Introduction

Carbon contamination of beamline optics in synchrotron radiation (SR) and free-
electron laser (FEL) facilities has been over the years a major problem since it degrades
the transmitted beams from mirrors and monochromators. Upon exposure to the photon
beam in UHV conditions, a carbon layer builds up on the optical surface [1] inducing a
detrimental reduction in reflectivity in particular in the vacuum ultraviolet (VUV) and
soft X-ray regions with a loss of flux above the C K-edge and even at photon energies
around 1 keV [2], which hinders the proper use of, e.g., absorption spectroscopies in

that energy range.

Several methods have been proposed for the removal of carbon contamination mainly
using oxygen, with a strong preference for those performed in situ over the time-
consuming and rather elaborate ex situ cleaning techniques. In situ cleaning with
oxygen activated by zeroth-order (white) SR light is perhaps the simplest and easiest
method to implement, which consists in exposing the contaminated areas to an oxygen
atmosphere (about 10#-10"° mbar) while simultaneously irradiating with photons [3,4].
In situ use of reactive glow discharge [5] and of ozone generated via ultraviolet (UV)
lamps [6] has also been reported with proven efficiency. In addition, in situ cleaning
using different plasma discharge sources in different configurations adapted to the
particular optical systems with pure oxygen or mixtures with other gases (hydrogen,
water, argon, nitrogen, etc.) has also shown to be effective in removing carbon

contamination [7-12].

However, one of the problems associated with plasma cleaning is the damage that the
generated reactive species (ions, radicals, electrons, etc.) can induce in the exposed
surfaces which can lead to modifications in their chemical composition, to an increase
of the surface roughness and to contamination from the sputtering of the surrounding
vacuum walls. In addition, the plasma may affect materials located in the vicinity of the
optical elements such as cables, gauges, motors, etc., so that their location in the

chamber has to be judiciously engineered, as well as the pumping distribution [13].

Here, we have explored the changes induced by oxygen and argon plasmas in the
surface electronic structure of two selected UHV chamber wall coatings using in situ
XPS, to avoid exposure of such surfaces to the atmosphere after plasma cleaning and
thus visualize the direct effect on such surfaces [14-17]. The use of such coatings



pursuits the drop of both the outgassing and degassing from the UHV chamber inner
walls with materials whose surfaces can become carbon-free upon exposure to an
oxygen plasma, thus reducing the segregation and emission of carbon species into the
vacuum volume of the UHV chamber. We have selected an inductively-coupled plasma
(ICP) source with a downstream configuration to facilitate the strategic installation of
adequate sources in vacuum vessels [10,11]. We have also studied the effect of the
plasma on silicon wafers since silicon is commonly used in X-ray optics [18,19] and to
be compared to the silicon vacuum chamber wall coatings mentioned above. The effect
of oxygen plasma on the electronic structure of silicon has been largely discussed since
it is a relevant growth technique of thin oxide layers and the control of the density and
nature of defects is of enormous importance for the micro/nano-electronics industry
[20,21].

2. Experimental details

The in situ cleaning of Si- and Ti-coated 304L stainless steel (SS304L) foils and of Si
wafers using a low-pressure inductively-coupled GV10x DS (downstream) Asher
plasma source! has been characterized by means of XPS. CVD-grown a:Si-H coatings
(Silcolloy® 1000, thickness = 500 nm) were provided by SilcoTek, PA, USA and ~ 200
nm thick Ti films were deposited ex situ by e-beam evaporation at the Catalan Institute
of Nanoscience and Nanotechnology (ICN2). The SS304L substrates (0.25 mm
thickness) were cut in squares of 10 mm x 10 mm to fit the sample holders and cleaned
with an ultrasonic bath using isopropanol. For the plasma cleaning the selected gases
were oxygen and argon at pressures about 5x10-3 mbar and xenon at lower pressures
(about 10 mbar, within the detection limit of the Baratron gauge used) with a source
power of 100W. p-type (B) Si wafers, with 10-20 Ohm cm resistivity from Silicon
Materials Inc., PA, USA, were used. XPS experiments were performed using a SPECS
PHOIBOS150 hemispherical analyser with a monochromatic X-ray source (1486.6 eV)
operated at 300W. The reported binding energies have been determined with an error of
+0.07 eV, as derived from the used energy step (0.05 eV) and statistics, and are referred
to the Fermi level (Er) of the analyser, which is periodically determined by measuring

the photoelectron energies from an atomically clean reference Au(111) sample. No

1 http://ibssgroup.com/products/gv10x/



charge correction has been applied for the binding energies. The estimated overall

energy resolution (analyser and photons) is better than 0.6 eV at a pass energy of 20 eV.

The plasma source was installed on top of the fast-entry lock chamber of the ICN2 XPS
system, as shown in Fig. 1. The distance from the DN40CF plasma source flange to the
samples (centre of the viewport at the bottom left of the figure) was 62 cm in a direct
line-of-sight geometry, in order to compare to parallel ex situ plasma cleaning
experiments performed at ALBA-CELLS [12]. After plasma cleaning the samples were
transferred first to a preparation chamber (bottom right of the figure), where they were
stored in the low 10° mbar range and transferred one by one to the analysis chamber,
with a base pressure of 2x1071% mbar during the XPS measurements. Scanning Electron
Microscopy (SEM) micrographs and Energy Dispersive X-ray Spectroscopy (EDS)
analysis of selected surfaces were obtained with a FEI Quanta 650FEG environmental
SEM at ICN2.
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Fig. 1. Image of the ICN2 XPS system showing the GV10x DS Asher plasma source attached to
the fast-entry lock system generating a xenon plasma (100W), whose light emission can be
observed in the two viewports. The distance from the DN40CF flange of the source to the

sample holder of the manipulator was set to 62 cm.



3. Results and discussion
3.1 Ti-coated SS304L samples

Figure 2 shows the experimental XPS survey spectra of two different Ti-coated samples
after a sequential exposure to (a) oxygen and argon plasma and (b) oxygen and xenon
plasma, respectively. In Fig. 2(a) the spectrum corresponding to the as-received sample
Is represented by a black line while those spectra subsequently obtained after an in situ
UHYV annealing at 100 degrees C for 30 min, after exposure to oxygen plasma for 30
min, to argon plasma for 30 min, to additional 150 min of argon plasma and to further
oxygen plasma treatment for 135 min are represented by olive, red, blue, purple and
magenta lines, respectively. Following the same criterion, in Fig. 2(b) the spectra
corresponding to the as-received sample, after exposure to oxygen plasma for 30 min, to
xenon plasma for 30 min and to additional 60 min of xenon plasma are represented by

black, red, blue and purple lines, respectively.
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Fig. 2. Survey in situ XPS spectra of two different Ti thin films grown on stainless steel 304L
foils after a sequential exposure to (a) oxygen and argon plasmas and (b) oxygen and xenon
plasmas, respectively. The corresponding plasma treatment conditions are indicated for each
spectrum. Spectra have been shifted in the vertical axis for clarity.

From Fig. 2(a) we notice that the C1s signal observed in the as-received spectrum
decreases below the detection limit after the oxygen plasma treatment and that traces of
fluorine (F1s) become detected at a binding energy around 690 eV. After 30 min argon
plasma treatment, traces of copper are observed (Cu2p, about 933 eV binding energy),
which become more apparent after the additional 150 min argon treatment. The
presence of copper signal originates from the sputtering of the oxygen-free high
conductivity (OFHC) gaskets in the fast-entry lock chamber by the plasma. From Fig.
2(b) we observe a similar general trend, but the effect of the sputtering of the
surrounding inner walls becomes more evident with the presence of Cu2p, Fe2p and
Cr2p lines [18]. Note that the second exposure to the xenon plasma is for a shorter
period (60 min) as compared to the argon case (150 min). Thus, the xenon plasma
induces a higher sputtering rate as compared to argon taking into account that the power
of the source is kept constant at a fixed value of 100 W in both cases. This is essentially
due to the different masses involved (xenon is more massive than argon) and to the
resulting different plasma intensities (more intense light emission for xenon even at

lower pressures).



Figures 3(a), (b) and (c) show the detailed evolution of the C1s, Ti2p and O1s lines,
respectively, corresponding to the oxygen/argon sequential plasma treatment. The
colour codes of the lines are the same as for Fig. 2(a). The analogous evolution
corresponding to the oxygen/xenon plasma cleaning is represented in Fig. S1

(Supplementary Information).
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Fig. 3. High-resolution XPS spectra of the detailed in situ evolution of the (a) C1s, (b) Ti2p and
(c) O1s lines, respectively. The corresponding plasma treatment conditions are indicated for
each spectrum. The spectra have been shifted in the vertical axis by different offsets for clarity.
Discontinuous vertical lines at 459.1, 453.9 and 530.6 eV are shown to help in tracking the

shifts of the Ti2p and O1s spectra, respectively.

The C1s line corresponding to the as-received sample (black line) exhibits two main
features at 285.4 and 289.1 eV in Fig. 3(a) which are assigned to C-C/C-H and
0=C—0/COs*", bonding, respectively [22]. After an in situ annealing at 100 degrees C
for 30 min, the main peak shifts to lower binding energies (284.9 eV) and the 289.1 eV
peak decreases in intensity. After exposure to the oxygen plasma for 30 min, the C1s
signal becomes undetectable, evidencing the efficient removal of carbon contamination.
Further exposure to argon plasma does not introduce any carbon contamination and
after an additional oxygen plasma treatment for 135 min traces of potassium are
observed (K2p line at about 293 eV). The same trend is also observed for xenon plasma
[see Fig. S1(a) in Supplementary Information section]. Both potassium and fluorine
traces appear only after exposure to the plasma, so that we believe that they are
generated in the plasma source. An inspection of experiments performed in our XPS
system before and after our plasma treatment study shows no traces of both elements, so

that our XPS system should not be the origin of such contamination.

The evolution of the Ti2p core levels is shown in Fig. 3(b). The as-received spectrum
shows the prominent contribution from formal Ti** oxidation states, with a binding

energy of 459.1 eV for the Ti2ps> component, and the contribution from buried metallic
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(Ti° states, with a binding energy of 453.9 eV, that can be used as an absolute reference
for the binding energy scale. Intermediate oxidation states around 457 eV binding
energy are also observed. After the in situ annealing at 100 degrees C for 30 min, the
Ti** contribution decreases and shifts towards higher binding energy values (459.3 eV)
and the signature of intermediate oxidation (Ti*3) states becomes more evident, due to
the generation of surface defects, such as oxygen vacancies [23]. Thus, the surface
becomes partially reduced even at such low temperatures, a fact that has been
previously reported for Ti-based films used as non-evaporable getter (NEG) coatings
[24-27]. The nearly full surface reduction (activation) induced by an in situ annealing
up to 500 degrees C on the Ti thin films is shown in Fig. S2 in the Supplementary

Information section.

The 30 min oxygen plasma treatment reverts the situation by oxidizing back the surface
with a shift of the Ti2ps> main peak to lower binding energies (458.6 eV). The
subsequent exposure to argon plasma induces a shift of the Ti2p components towards
higher values, 459.0 eV, almost recovering the binding energy of the as-received
surface and the final exposure to oxygen plasma for 135 min induces again a negative

shift of the Ti2p lines down to a binding energy of 458.3 eV.

The exposure of the oxygen plasma treated surface to xenon plasma for 30 min also
increases the binding energy from 458.6 eV to 458.8 eV (lower than for the analogous
argon case) but decreases again the energy down to 458.5 eV after an additional 60 min
exposure [see Fig. S1(b) in Supplementary Information section].

The O1s lines, as depicted from Fig. 3(c), show the similar trend as those observed in
Fig. 3(b) for the Ti2p line. The initial binding energy corresponding to the main (metal-
oxide) feature at 530.6 eV, shifts towards higher values (530.7 eV) after the annealing at
100 degrees C and decreases down to 530.0 eV after oxygen plasma treatment and shifts
back to 530.4 eV after argon plasma. Finally, the main peak shifts back to lower binding
energies (529.8 eV) after the 135 min oxygen plasma treatment. In the case of xenon
plasma [see Fig. S1(c) in Supplementary Information section] the 530.0 eV value
increases to 530.2 eV after 30 min of Xe plasma and decreases back to 530.0 eV after

additional 60 min.

Figure 4 shows high-resolution XPS spectra of the O1s line (black line) of (a) the as-
received sample, after sequential (b) oxygen and (c) argon plasma 30 min treatments,



respectively, with the corresponding least-squares fits using the CasaXPS software [28]
after a Shirley-type background subtraction (grey line) using a combination of Gaussian
(90%) and Lorentzian (10%) functions under the constraint of identical full width at half
maximum (FWHM) for all components. The envelope from the fit is represented by the
orange line, which closely follows the experimental data. Figures S3(a) and (b) in the
Supplementary Information section display the binding energies and normalized areas
of the components resulting from the fit, where additional results are included from the
same batch, namely, the in situ annealing at 100 C before the exposure to the oxygen
plasma for 30 min [Fig. 4(b)] as well as subsequent argon (150 min) and oxygen (135
min) plasma treatment after the 30 min argon plasma exposure from Fig. 4(c). The least-
squares fits of the O1s lines corresponding to the combined oxygen/xenon plasma

treatment is shown in Fig. S4 (Supplementary Information).
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Fig. 4. High-resolution XPS spectra corresponding to the O1s core level of (a) the as-received
sample and after sequential exposure for 30 min to (b) oxygen and (c) argon plasma,
respectively. Details of the least-squares fits are given in the main text. The three components
are represented by O1, O2 and O3, respectively.

3.2 Band bending in titanium films

The rigid negative shift of both the Ti2p and O1s core level binding energies by about 1
eV upon exposure to the oxygen plasma can be explained as due to band bending [29].
For a clean and stoichiometric TiO> surface the Ti2pz, and the O1s peaks are located at
459.3 and 530.4 eV, respectively [30] and the generation of surface defects induces a
rigid shift of the whole spectrum to lower binding energies: 458.5-458.7 eV for the
Ti2ps2 line [23,25,31]. Here, the oxygen plasma, through its reactive species [10],
generates defects at the surface and sub-surface (oxygen vacancies, trapped charges,
etc.) moving the surface bands upward, as in a n-type semiconductor, thus increasing
the measured kinetic energies of the photoelectrons resulting in lower binding energies.
Both the argon and xenon plasmas are able to partially decrease the density of surface

defects, inducing a healing of the surface with the consequent decrease of band bending.

In Fig. 4(a) features with 530.6 (O1, blue), 531.8 (02, red) and 532.8 eV (03, olive)
binding energies are identified, with a common FWHM of 1.26 eV. The O1 component
is assigned to lattice oxygen while O2 arises from contributions from oxygen vacancies,
hydroxides and carbonates [22,31-34]. The higher binding energy feature O3 has been

assigned either to adsorbed oxygen and/or water, to C-O bonding [32] and to
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hydroxides [31]. However, we believe that it arises from oxygen associated to lower Ti
oxidation states (+1 and +2), as will be discussed below. After the 30 min oxygen
plasma treatment, the three components shift to lower binding energies: 530.0, 531.0
and 532.2 eV, respectively, due to the band bending caused by surface defects, with a
common FWHM of 1.35 eV, as shown in Fig. 4(b). The increase of the FWHM is a
signature of a more defective surface. After the subsequent argon plasma only two
components are observed, O1 and 02, namely at 530.4 and 531.6 eV, respectively, with
a FWHM of 1.27 eV.

The evolution of the binding energies of the three components is summarized in Fig.
S3(a), where O1, 02 and O3 are represented by full blue squares, red circles and olive
triangles, respectively. Note that the energies shift to lower values upon exposure to the
oxygen plasma and partially recover after the argon plasma treatment. O3 disappears
after the argon plasma treatment, strongly suggesting the decrease of surface damage, as
further confirmed by a decrease of the corresponding FWHM (1.27 eV). From Fig.S3(b)
we observe that after the in situ annealing at 100 degrees C the area corresponding to
O1 decreases by a small amount, but that the intensities of both O2 and O3 increase,
which is a clear indication of the generation of reduced titanium states, as already
depicted from Fig. 3(b). Upon exposure to oxygen plasma, the intensity of O1 increases
while O2 and O3 decrease due to partial oxidation. Exposure to argon plasma increases
O1 and decrease O2 eliminating O3, thus further oxidizing the surface. The subsequent
exposure to oxygen plasma surprisingly decreases the O1 intensity and increases the
contribution of both O2 and O3, which shows that the oxygen plasma generates oxygen
vacancies with the consequent density of reduced states. This trend is also observed in
Fig. 3(b), where the intensity of the Ti** feature increases with argon plasma treatment

and exhibits lower values after exposure to oxygen plasma.

In summary, the experimental results indicate that oxygen plasma induces an upward
band bending at the surface through the generation of surface defects whereas argon

plasma helps to recover the TiO> stoichiometry.

3.3 Si-coated SS304L samples

Figure 5 shows the evolution of the XPS survey spectra of a Si-coated SS304L sample
after exposure to oxygen plasma. After 30 min plasma cleaning we observe the removal
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of carbon and nitrogen but after additional 60 min Cr, Fe, Cu and Na are detected [18].

As mentioned in the previous section, the transition metal signals arise from sputtering

of the surrounding walls and the origin of Na is unclear.
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Fig. 5. Survey in situ XPS spectra of a Si-coated SS304L sample: as-received (black line), after

30 min oxygen plasma (red line) and after additional 60 min oxygen plasma (blue line). The

spectra have been shifted in the vertical axis by an offset for clarity.

Figures 6(a), (b), (c) and (d) show the detailed evolution of the C1s, Si2p, O1s and N1s

lines, respectively, corresponding to oxygen plasma treatment with sequential exposures

of 30 (red line), 60 (blue line), 135 (purple) and 105 min (magenta line), respectively.

Black lines represent the spectra of the as-received samples.
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vertical axis by an offset for clarity. Discontinuous grey vertical lines at 99.5, 533.2 and 400.8

eV are shown to guide the eye.

Figure 6(a) clearly shows that after exposure to the oxygen plasma for 30 min, carbon
contamination is efficiently removed, and indeed, after further exposure to the same
plasma the surface is kept carbon-free and with no subsequent segregation of C from
deeper layer as a function of increasing plasma cleaning time. After an accumulated
exposure of 330 min, traces of potassium are observed, as previously reported for the
Ti-coated SS304L samples. From the Si2p line in Fig. 6(b) corresponding to the as-
received sample we can estimate an oxide layer of about 1.1 nm [35]. The Si2pz.
component of the buried pure silicon exhibits a binding energy of 99.5 eV while the
energy corresponding to the Si2p core level of the on-top silicon oxide is 103.8 eV.
After 30 min exposure to the oxygen plasma, the signal corresponding to the oxide
increases leading to an estimated thickness of about 2.9 nm and both lines shift towards
lower binding energies: 99.2 and 103.2 eV, respectively. Further exposure to plasma
leaves the positions essentially unchanged (99.1-99.2 eV and 103.0-103.2 eV). We thus
observe a differential negative shift of 0.3-0.4 eV for sub-surface silicon and 0.6-0.8 eV
for the oxide component. The O1s lines, as depicted from Fig. 6(c), show the similar
trend as that observed in Fig. 6(b) for the Si2p line. The initial binding energy
corresponding to the main feature at 533.2 eV decreases down to 532.6 eV after oxygen
plasma treatment for 30 min and the additional plasma treatment maintains a shift
between 0.6 and 0.9 eV. Finally, the N1s feature observed at 400.8 eV in the as-received
sample [see Fig. 6(d)], which corresponds to molecularly chemisorbed nitrogen [36], is

removed after oxygen plasma treatment.

Figure 7 shows high-resolution XPS spectra of the O1s line (black line) of (a) the as-
received sample, (b) after 30 min oxygen plasma and (c) after an accumulated 330 min
plasma treatment, respectively, with the corresponding least-squares fits after a Shirley-
type background subtraction (grey line) using a combination of Gaussian (90%) and
Lorentzian (10%) functions under the constraint of identical FWHM for all components.
The envelope from the fit is represented by the orange line, which closely follows the

experimental data.
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treatment, respectively. Details of the least-squares fits are given in the main text. The three

components are represented by O4, O5 and O6, respectively.

In Fig. 7(a) the fit can be satisfactorily performed using a single component, with a
binding energy of 533.2 eV (O4) and a FWHM of 1.72 eV, which corresponds to the
well-accepted energy of silicon oxide. After the 30 min oxygen plasma treatment, the
main component shifts down to 532.6 eV and an extra component appears at 534.0 eV
(O5) with a common FWHM of 1.54 eV [Fig. 7(b)]. The origin of the 534.0 eV feature
will be discussed later. After an accumulated oxygen plasma dose of 330 min an extra
component appears at 530.8 eV (06), as shown in Fig. 7(c), apart from the previous
lines located at 532.4 (main) and 533.8 eV, respectively, with a common FWHM of
1.49 eV. The 530.8 eV can be assigned to metal oxides (mainly CrOx) due to sputtering,
as can be inferred from Fig. 5.

In addition to the Si-coatings on SS304L foils referred above, Silcolloy® 1000 coatings
have been also deposited on stainless steel DN16CF and DN40CF flanges and on a
DNG63CF 6-way cross. Details on the morphology and composition of the coatings as
well as on the determined outgassing rates can be found in the Supplementary

Information Section (see Fig. S5).

3.4 p-type Si wafers

Before analysing the data shown in the previous section, it is illustrative to discuss
analogous experiments performed with p-type Si wafers with the same experimental
conditions, i.e., both Si-coatings and wafers were exposed to the oxygen plasma at the
same time and measured in the same run. Figure 8 shows the evolution of the XPS
survey spectra after sequential exposure to oxygen plasma. After 30 min plasma
cleaning we observe the removal of carbon and the progressive presence of Cr, Fe, Cu

and Na contamination.
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Fig.8. Survey in situ XPS spectra of a p-type Si wafer sample: as-received (black line) and after
30 min (red line), additional 60 min (blue line) and 240 min (purple line) oxygen plasma. The

spectra have been shifted in the vertical axis by an offset for clarity.

Figure 9(a) below shows the evolution of the Si2p lines in terms of the sequentially
acquired spectra after cumulative exposure to oxygen plasma. From the figure we can
observe a clear tendency of a shift towards lower binding energies as the dose increases,
with an initial value of 99.3 eV for the Si2p core level of pristine silicon corresponding
to the as-received sample. This value reproduces previous results, obtained in a different
photoemission system, performed on wafers from the same batch that were half-covered
with a thin platinum film whose Pt4f7,2 line (71.0 eV) was used as an internal energy
reference [37]. The lines shift by -0.4 and -0.8 eV corresponding to pure silicon and
silicon oxide, respectively. This tendency is compared to selected data from the
literature in Fig. 9(b), where the binding energies are represented as a function of the
oxide thickness. Full and open symbols represent the Si2p binding energies
corresponding to Si and SiO», respectively. Data from Fig. 9(a) together with additional
data acquired with other silicon wafers from the same batch (i.e., same doping) are
represented by blue circles. Black squares correspond to as-received Si wafers measured
in the same XPS system in the last 5 years and red up-triangles, olive down-triangles
and navy left-triangles to data from refs. [37], [38] and [39], respectively. The figure
includes the data from Fig. 6(a), represented by green diamonds, and also the results
from a silicon wafer treated ex situ in a different system but with the same distance from
the plasma source DN4OCF flange to the sample [12], with an Ar(10%)/02(90%) gas
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mixture (grey right-triangles). Finally, the evolution of the O1s line is shown in Fig.
9(c). In this case the observed shift is -0.7 eV.

Least-squares fits of the O1s line for the as-received (a) and after an accumulated
exposure to the oxygen plasma for 330 min (b) are given in Figs. 10. The dependence of
the binding energy of the main component (O4) as a function of the oxide thickness is
represented in Fig. 11, where the data points are represented by crossed symbols

following the same assignment as in Fig. 9(b).
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Fig.9. Evolution of the XPS Si 2p line of a p-type Si wafer (a) after exposure to oxygen plasma
for different amounts of time and (b) as a function of the estimated oxide thickness. (c)
Evolution of the XPS Ol1s line after exposure to oxygen plasma. The spectra have been shifted
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Fig. 10. High-resolution XPS spectra corresponding to the O1s line (black line) of (a)
the as-received sample and (b) after an accumulated 330 min plasma treatment,
respectively. Least-squares fits of the experimental data after a Shirley-type background
subtraction (grey line) are shown using a combination of Gaussians (90%) and
Lorentzian (10%) functions under the constraint of identical FWHM for all components.
The envelop of the fit is represented by an orange line and the three components by blue
(0O4), red (O5) and olive (0O6) lines, respectively. The emergence of the O5 feature is

associated to the oxygen plasma, so that it can be interpreted as a defect state.
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function of the estimated oxide thickness.
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3.5 Band bending in Si wafers and coatings

A gradually increasing value of the thickness of the oxide layer should lead to charging
in the photoemission spectra, due to the insulating character of silicon oxide [40]. Due
to the large difference in the band gap, 1.1 vs. 8.9 eV for Si and SiOz, respectively, the
corresponding lines charge differently. This is exemplified with the results from refs.
[38] (olive symbols) and [37] (red symbols), where the oxide layers have been grown ex
situ by thermal annealing in dry oxygen and by ex situ oxygen plasma treatment for 1
min at 360 W, respectively. In the case of oxides grown by thermal annealing, the shifts
corresponding to pure silicon and silicon oxide are 0.07 and 0.3 eV, respectively,
between the 1.8 and 3.7 nm thickness range, while for a thickness of 40 nm, the binding
energies are 104.0 and 533.5 eV for the Si2p and O1s lines, respectively, thus with a
shift of 0.53 eV between 1.8 nm and 40 nm for both core levels [38]. In addition, one
should expect a downward band bending for a p-type Si sample due to the fact that the
oxide side of the SiO2/Si interface is positively charged due to electron injection from
the oxide to the silicon part [41]. Thus, this downward band bending adds to the positive

energy shift.

However, after the in situ oxygen plasma treatment for both the Si wafer and coatings
discussed in the present work, the binding energies decrease, so that such behaviour
should be rooted in a different phenomenon. It is well known that the surface
photovoltage in p-type Si samples shifts the energy of the peaks to lower binding
energies, i.e., towards a flat-band scenario [42]. In our case the samples were
illuminated during the XPS measurements with the white light from the ion gauges in
the analysis chamber as well as with light from the laboratory, so that this should induce
a constant shift during all measurements. The surface photovoltage effect has been
previously determined for wafers from the same batch by acquiring data with and
without external light (ion gauges off and viewports from the analysis chamber
masked). In this case the negative shift was less than 0.08 and 0.16 eV for the Si2p lines
of the pristine and oxidized silicon, respectively (see Fig. S6).

It has been reported that the generation of defects and charges can induce shifts of both
signs in the photoemission lines in Si/SiOz systems. Hirose claimed that the binding
energies of the Si 2p core levels for Si substrates covered with ca. 1 nm SiO> either
increase or decreases as the X-ray irradiation time from the XPS source increases and
attributes such a change to the trapping of carriers generated by photoelectron emission
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in the oxide film: a shift toward higher/lower binding energies indicates that the
number of positive/negative charges in the oxide film is increasing [43]. Silicon and
silicon oxide surfaces exposed to oxygen reactive ion etching plasma and stored under
different humidity conditions show positive shifts of the oxide-related components as
referred to the Si2p line of pristine silicon [44]. Argon plasma treated silicon substrates
show positive shifts of about 0.4 eV using an inductively coupled reactor [45] while
samples exposed to a gaseous mixture of nitrogen and oxygen at 300 degrees C using a
plasma-enhanced chemical vapour deposition (PECVD) system show negative shifts
[46]. Several works in the literature calibrate the binding energies to the Si2p core level
energy of pristine silicon, sometimes to correct for charging, so that a direct comparison

with our results is not possible [47].

We propose that the decrease of the measured binding energy of the core levels is due to
the generation of defects caused by the impinging plasma species that induce vacancies
and negative trapped charges that translates into an upward band bending. The
estimated position of the valence band maximum (VBM) referred to Er of pristine
silicon buried under the native oxide for the p-type wafers used in this work is about 0.6
eV, as shown in Fig. S7. This value is obtained from the extrapolation of the edge of the
XPS signal close to Er. According to Himpsel et al. [48], the position of the Si2pz/ core
level for highly-doped p-type Si(111) surfaces is 98.8 eV (referred to Er), so that our
99.3 eV value would locate the VBM 0.5 eV below Ef, in good agreement with our 0.6
eV estimate. An upward band bending would be limited by such a quantity since the
bands cannot cross Er, which is the case since for both the silicon wafers and films, the
maximum negative shift is of 0.4 eV. The shifts corresponding to the oxidized part are
not limited by the 0.5-0.6 eV value, since the band gap is much larger. Figure S10
includes the determination of the Si/SiO; valence band offset (4.6 eV) using
monochromatic 21.22 eV photons, which is comparable to the value obtained from
oxidized Si(100) surfaces, 4.3 eV [35].

In summary, oxygen plasma induces an upward band bending at the surface of both p-
type silicon wafers and coatings as a result of the generation of surface defects.

4. Conclusions
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We have characterised the surface modification induced by a downstream inductively-
coupled plasma on two selected materials, namely silicon and titanium, of interest as
internal coatings of UHV chambers by in situ XPS. The goal is to determine such a
modification avoiding the exposure to air. Titanium and silicon exhibit good adherence
to stainless steel and reduce the outgassing rates. The study has been extended to silicon
wafers in order to emulate surfaces of synchrotron and free-electron laser beamline

optics and as a reference.

From our results, we can evidence the effective removal of carbon contamination using
an oxygen plasma due to the absence of photoemission signal from C1s core levels.
With the used 100 W power of the plasma source, we can establish an upper limit of 30
min to avoid the contamination caused by sputtering of the surrounding walls of the
vacuum vessel for the particular experimental set-up, with a distance from source to
sample of about 62 cm in a line-of-sight geometry. This contamination can be further
reduced by using aluminium and/or alumina shields in the plasma source. Oxygen
plasma induces defects at the surface of the oxide layers, generating vacancies and
trapped charges, which are evidenced by an upward band bending (i.e., lower binding
energies of the core levels). It is yet to be determined if such surface damage in silicon
mirrors translates in a serious hindrance in their optical response and if the density of
generated defects can be decreased by an additional plasma treatment (e.g., argon), as

has been shown for titanium films.
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