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ABSTRACT

In ITER, the metallic first mirrors (FMs) will undergo erosion due to their proximity to the fusion plasma
and deposition of materials originated from the first walls (mainly beryllium). In-situ plasma cleaning is a
promising technique to conserve the FMs optical properties by means of ion sputtering. In this work, the
evolution of the optical properties of single-crystal (Sc) and nanocrystalline (Nc) molybdenum (Mo) and
rhodium (Rh) mirrors were investigated up to 100 cycles of consecutive contamination and cleaning. Alu-
minum oxide (Al;03) was used as contaminant to replace the toxic beryllium. The plasma cleaning was
carried out using a capacitively coupled argon (Ar) plasma excited by a 60 MHz radio-frequency genera-
tor resulting in the formation of a self-bias applied on the mirrors of -280 V. The plasma potential being
around 30 V, the Ar ion energy was about 310 eV. The optical properties of the mirrors were assessed
using ex-situ reflectivity measurements. Moreover, the surface topography was characterized by means of
scanning electron microscopy (SEM), focused ion beam (FIB) and roughness measurements using atomic
force microscopy (AFM). ScMo and ScRh mirrors formerly exposed to 80 successful cleaning cycles using
aluminum/tungsten (Al/W) deposits and air storage exhibit drastic changes in their optical properties af-
ter being subject to cleaning cycles using Al,03 as contaminant. Additionally, freshly polished ScRh were
exposed to identical cleaning cycles. All Sc mirrors exhibited pits induced by the polishing procedure us-
ing diamond paste in addition of mounds/wavy patterns. The carbon incorporated during the polishing
process was demonstrated to be responsible for the pitting of the surface. The Nc mirrors preserved their
initial reflectivities after up to 100 cycles. The surface topography was systematically characterized and
an average erosion rate for NcRh mirrors of about 59 nm per cycle has been estimated from FIB cross-
sections. The optical properties of the Nc mirrors showed a superiority in the present study in comparison
to the Sc materials due to the influence of their polishing procedures.

© 2023 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

exchange neutrals) and deposition (beryllium, tungsten, their mix-
tures oxides) from the tokamak inner walls materials. Since con-

During ITER operation, optical diagnostic systems will be used
to characterize the fusion plasma [1]. To ensure their reliability, a
labyrinth or mirrors will guide the light from the fusion plasma
towards detectors placed outside of the reactor [2]. The mirrors
in close proximity to the fusion plasma, commonly known as first
mirrors (FMs), are prone to erosion (particle fluxes due to charge-
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tamination cannot be avoided, active mitigation techniques are in-
dispensable. These techniques consist in removing the contami-
nant layer and also sputtering the mirrors’ surface to remove im-
planted atoms. However, the sputtering should not degrade the
mirrors’ surface and ensure conservation of the pristine optical
properties. Investigations on the influence of the discharge gas, ion
energy, mirror material and the operating conditions (e.g., pres-
sure) have been previously performed to find the optimal cleaning
conditions for the various types of contaminants.

0022-3115/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Since beryllium is toxic, previous work demonstrated the pos-
sibility for aluminium to be used as a surrogate for Be |[3].
Although its stoichiometry in ITER conditions is unknown, beryl-
lium will very likely be deposited as oxide. In other studies pre-
viously reported [4,5], Al;03 was used as a surrogate. In order to
eliminate the contaminants without affecting the optical properties
of the FMs, several plasma cleaning methods such as pulsed DC
discharge [6] or radio-frequency (RF) [7-10] have been investigated
with molybdenum and rhodium mirrors [11-13], both in the form
of single-crystals and nano-crystallines.

Previous works performed at the University of Basel showed the
capability of removing aluminum and its oxide [4]. Argon, helium
and deuterium (including mixtures) have been studied as process
gases, with ion energies between 60 and 600 eV [14-17]. Other
studies [14,15] highlight the capability to remove deposits with ei-
ther Ar or He by tuning the ion energy. Results were obtained
within magnetic field and tokamak, addressing the feasibility of
plasma cleaning in ITER [4-9,12,13].

A previous work performed at the University of Basel demon-
strated the efficient removal of Al/W deposits up to 34 deposition-
cleaning cycles [18]. The optical properties of the ScRh, NcRh and
ScMo were conserved after 34 cleaning cycles, using 60 MHz Ar
cleaning plasmas. By increasing the number of cycles up to 80 us-
ing the same cleaning parameters and contaminants, the ability to
preserve the mirrors reflectivity was confirmed [19].

This work aimed at studying the evolution of the optical
properties and surface morphology of Mo and Rh mirrors up
to 100 deposition-cleaning cycles. Al,03 was used as contaminant
and both single-crystalline and nano-crystalline forms of Mo and
Rh were investigated. New results on freshly polished ScRh and
ScMo, ScRh that had previously undergone deposition-removal us-
ing Al/W as contaminant [19], were obtained. In addition, the opti-
cal properties of thick-coated NcRh mirrors were investigated after
extreme numbers of plasma cleaning cycles.

2. Experimental part
2.1. Selected mirrors

Commercial rhodium and molybdenum nanocrystalline and
(100) single-crystal mirrors, with 22 mm diameter each, were se-
lected for this study. The optical properties of these mirrors were
evaluated up to 100 cycles of Al,03 deposition and plasma clean-
ing. Nc mirrors originated from the same provider were coated by
means of magnetron sputtering on stainless steel substrates with
thicknesses comprised between 5.6 and 10.6 pwm (Table 1). The
magnetron sputtering of Rh films was extensively studied and de-
scribed in our previous papers [20,21]. The exact procedure fol-
lowed for these mirrors cannot be detailed due to confidentiality
reasons. During the study, additional NcRh provided by a different
manufacturer were tested. Their behaviour under Al,05 cleaning
cycles are detailed in the Supporting Information (SI). The ScMo
and ScRh-1 mirrors were the same as those used in a previous

Table 1
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study [19], in which they were exposed to 80 plasma cleaning cy-
cles using Al/W as contaminant. Afterwards, these samples were
stored in air for two years and were not re-polished prior to the
new cycling campaign. The optical properties of the ScMo and the
ScRh-1 prior to the Al,03 campaign can be found in figure S1. In
addition, the ScRh-2 was initially polished. The polishing proce-
dure consisting of mechanical polishing by diamond suspensions
of 6/3/1 and 0.25 pm followed by a chemical/mechanical polish-
ing using an oxide powder (alumina or silica or ceria) of 0.05 pm
particle size mixed with a chemical etchant.

2.2. Experimental procedure

All Nc and Sc samples were subjected to cycles of Al,03 con-
tamination followed by plasma cleaning. The mirrors were accom-
modated in one sample holder, which was installed in a high-
vacuum chamber with a base pressure on the order of 10~> Pa as
described in figure 1 of reference [18].

The contamination of the mirrors was done by means of re-
active magnetron sputtering. A rotating magnetron, operated with
a RF power (13.56 MHz) of 100 W was used with an aluminum
target. The use a pressure of 3 Pa and mixture of Ar (89%)
and O, (11%) resulted in 20 nm thick Al,03 on top of the Mo
and Rh mirrors as determined by Focused Ion Beam (FIB, He-
lios NanoLab 650) cross-section analysis. The aluminum oxide layer
deposited was analysed by X-ray Photoelectron Spectroscopy (XPS,
electron spectrometer equipped with a Leybold EA10/100MCD and
a non-monochromatized Mg Ko X-ray source; hv = 1253.6 eV) and
showed a binding energy of 75.3 eV for the Al2p core level which
is characteristic of an aluminum oxide [22]. The atomic concentra-
tion was calculated using Al2p and O1s core levels. The method
followed revealed atomic concentrations of 43 at.% and 57 at.%, for
Al and O respectively, which is close to a stoichiometric Al,0s.

A capacitively-coupled Ar plasma was used to physically sput-
ter the surface of the contaminated mirrors. The argon plasma was
generated using a 60 MHz generator. The asymmetry of the system
between the chamber grounded wall and the electrode resulted in
the development of a negative self-bias at the electrode of —280 V
using a power of 80 W applied on the electrode. Moreover, the
plasma is positively charged (in a range of 30 V [23]) which adds
up to an ion energy of around 310 eV. The plasma was generated
at 0.13 Pa which yielded an Art flux of 1.2 x 10! m=2 s~!, mea-
sured by a Retarding Field Energy Analyzer (RFEA). Cleaning times
of 50 to 60 min were found to be sufficient to completely remove
the Al,0O3 layer (i.e. Al2p core level signal below the XPS detection
limit).

The optical properties, surface roughness and topography of the
mirrors were evaluated after a given number of cycles. The total
and diffuse reflectivities in the range of 250-2500 nm were mea-
sured using a Varian Cary 5 spectrophotometer. The specular re-
flectivity was directly obtained by subtracting the diffuse reflec-
tivity from the total reflectivity. The surface morphology was in-
vestigated using SEM (Hitachi S-4800) and a profilometer (KLA-
Tencor Alpha-Step D-100) was used to evaluate the arithmetic

Plasma cleaning parameters, film thicknesses and erosion rates of the mirrors used in this work. The ScMo and the ScRh-1 were previously
exposed to 80 cleaning cycles using Al/W as contaminant. The NcRh-1, NcRh-2 and NcRh-3 mirrors were prepared by the same manufacturer.

ScMo ScRh-1 ScRh-2 NcRh-1 NcRh-2 NcRh-3
Initial thickness (jum) Bulk Bulk Bulk 6.2 5.6 10.6
Cleaning duration (min) 60 60 50 60 50 50
Number of cycles 90 31 35 90 80 100
Final thickness (pm) - - - 0.8 1.2 4.6
Fluence (10** m~2) 3.9 13 13 3.9 2.9 3.6
Erosion rate (nm.cycle~') - - - 60 56 60
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roughness Rq. The surface topography was analysed by means of
atomic force microscopy (AFM) operated in tapping mode with a
highly doped PPP-NCLR silicon cantilever from Nanosensors. The
length, width and the thickness of the cantilever were 225 pm,
40 wm and 6 m, respectively. The resonance frequency and the
spring constant were equal to f = 160 kHz and k = 28 N m~!. In-
termittent contact measurement was performed with an oscillation
amplitude of 10 nm, employing a 10-15 pwm high tip with an apex
better than 10 nm. The AFM images were analysed to determine
each sample roughness, both as arithmetic average (R;) and root
mean square average (RMS), and to obtain a bidimensional map of
the power spectral density (PSD). FIB was used to determine the
erosion rates of the coated nanocrystalline mirrors. Regular XPS
measurements of the samples were performed to ensure the com-
plete removal of the Al,0s3.

Total and diffuse reflectivity (%)
100
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3. Results and discussion
3.1. Single-crystalline molybdenum mirror (ScMo)

Figure 1 displays the evolution of the total, diffuse and specu-
lar reflectivities of ScMo in the 250-2500 nm range, after various
plasma cleaning cycles. Prior to the start of the cycles campaign,
the reflectivity of the sample was observed to be significantly af-
fected by the presence of a native oxide layer, developed over the
course of two years. Therefore, an initial 50 min long Ar plasma
cleaning was performed to recover the mirror’s optical properties
(“Before cycling” in Fig. 1). The following discussion refers to the
values at A = 250 nm and to the roughness measurements per-
formed by aims of a profilometer unless stated otherwise. The to-
tal reflectivity of the ScMo was not significantly affected by the

Specular reflectivity (%)
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Fig. 1. Total, diffuse (dash lines) and specular reflectivity of the ScMo, the ScRh-1 and the ScRh-2 mirrors before and after various number of deposition-cleaning cycles.
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Fig. 2. Top and tilted (52°) views SEM images of a) the ScMo b) pits and c) wavy patterns after 90 cleaning cycles, d) the ScRh-1 e) pits and f) mounds structures, g), h) the
ScRh-2 in its pristine state, i), j) after 10 cycles and k), 1) after 35 cycles. Extra SEM images are figure S3 of the SI.

plasma-cleaning cycles. In contrast, the ScMo diffuse reflectivity is
observed to increase from pristine to 90 cycles, from 3 to 36%,
leading to a corresponding drop in the specular reflectivity, from
65 to 33%. The decrease in specular reflectivity is consistent with
the increase in roughness, from 9 to 45 nm. Moreover, a wavy pat-
tern (Fig. 2¢)) and pits (Fig. 2c)) developed on the mirror’ surface.
The surface patterning of the ScMo will be addressed in the dis-
cussion part.

3.2. Single-crystalline rhodium mirror (ScRh)

The reflectivites measured on the ScRh-1 sample are displayed
in Fig. 1. Contrary to ScMo, no oxide is formed on the rhodium sur-
face and therefore there was no need to perform a pre-treatment
using Ar plasma. The ScRh-1 sample was only subject to 31 clean-
ing cycles because of the significant deterioration of its opti-
cal properties as shown Fig. 1. As a result, the total reflectivity
dropped from 70 to 36%. The diffuse reflectivity increased in the
whole wavelength range resulting in a drop of the specular re-
flectivity from 65 to 20%. Moreover, the surface roughness evolved
from 7 to 31 nm, which contrasts with the roughness of the ScMo
obtained after 31 cycles: 8 nm. The topography of the ScRh-1 was
analyzed using SEM (Fig. 2d), e) and f)) after 31 cleaning cycles.
Two surface patterns can be recognized, a circular shape (Fig. 2e))

and mounds (Fig. 2f)). A similar analysis was performed on the
polished ScRh-2. The SEM images of its surface exhibited polish-
ing lines in its pristine state (Fig. 2g) and h)). After 10 cycles, the
total reflectivity decreased from 75 to 48% and the diffuse reflec-
tivity increased from to 1 to 34%, resulting in a decrease of the
specular reflectivity from 74 to 14% (Fig. 1). In Fig. 2i) and j), an
enhanced sputtering was observed at the polishing lines and cir-
cular patterns. Those pits showed an average diameter of 250 nm
whereas the circular pattern on the ScRh-1 exhibited diameters of
about 2500 nm after 35 cycles. After 35 cleaning cycles on the
ScRh-2, the total reflectivity (Fig. 1) raised to 60% and the diffuse
reflectivity dropped to 13%, yielding an increase of the specular re-
flectivity to 47%. At this step, the surface displayed only mounds
(Fig. 2k) and j)) of 70 nm height and separated by 70 nm. The
initial roughness of 4 nm increased to 13 nm and to 36 nm af-
ter 10 and 35 cycles, respectively. The pattern formations will be
addressed in the discussion section.

3.3. Nano-crystalline rhodium mirrors (NcRh)

The optical properties of the three samples evolved similarly
with the number of cleaning cycles (Fig. 3). Their average total
reflectivities dropped from 72 to 63% after 80 to 100 cycles. For
all three samples, the diffuse reflectivity did not exceed 10%, with
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Fig. 3. Total, diffuse (dash lines) and specular reflectivity of 3 NcRh mirrors in pristine state and after up to 100 cleaning cycles. The coated thicknesses were of 6.2 wm,

5.6 wm, 10.6 pm for NcRh-1, NcRh-2 and NcRh-3, respectively.

the exception of the initial diffuse reflectivity of the pristine NcRh-
3, which was equal to 20%. Before cycling, the roughnesses were
equal to 5, 6 and 10 nm for NcRh-1, NcRh-2 and NcRh-3, respec-
tively. After 10 cycles performed on the NcRh-3, a reduction of the
diffuse reflectivity and roughness can be noticed. The NcRh-3 mir-
ror had a 10.6 pwm thick coating and exhibited defects on its sur-
face, explaining the higher initial diffuse reflectivity.

After the cleaning cycles, the specular reflectivity of the NcRh
mirrors decreased due to the lowering of the total reflectivity. Nev-
ertheless, the specular reflectivity losses are quite negligible, mak-

ing NcRh a promising material for ITER FMs. After 80 to 100 clean-
ing cycles, the roughness of the NcRh mirrors remained in the
range of 5-7 nm, which is consistent with the evolution of the dif-
fuse reflectivity. All three NcRh mirrors exhibited mounds with a
periodicity of about 85 nm and 65 nm heights at the end of the
deposition-cleaning campaign. Figure 4b) and c) show the SEM im-
ages taken for NcRh-1 after 90 cycles.

The NcRh mirrors conserved their initial roughness and specu-
lar reflectivity while these quantities increased for ScRh mirrors.
Mound periodicity of both NcRh and ScRh mirrors were similar
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Fig. 4. Top and tilted (52°) views SEM images of NcRh-1 a) prior to plasma cleaning cycles and b), c) after 90 cycles of Al,05 deposition-removal.
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Fig. 5. FIB cross-sections of NcRh-3 mirror showing the coating thickness a) in the
pristine state and b) after 100 cleaning cycles performed. A platinum layer was de-
posited prior to the FIB cross-sections to protect the surface of the mirror.

and about 70-90 nm. However, the ScRh developed 100 nm height
mounds after 31 cycles (instead of 65 nm for the NcRh after 90 cy-
cles). Moreover, no circular pattern was observed on the NcRh mir-
rors as presented in Fig. 4b) and c).

Using FIB, the thicknesses of the rhodium coatings of NcRh-
1, NcRh-2 and NcRh-3 were measured at the end of the cam-
paign. Figure 5 displays the cross-sections of NcRh-3 before
and after 100 contamination-cleaning cycles. An average erosion
rate of 59 nm cycle-! was measured at the center of the NcRh
mirrors. A higher erosion rate was observed along the edges of
the mirrors. It is important to mention that ITER may use diverse
gases, ion energies, fluences to clean the FMs from various types of
contaminants. However, to cope with 100 cycles, a minimum ini-
tial coating thicknesses of about 7 um can be estimated [1]. Addi-
tionally, end of cleaning indicators are foreseen in ITER [24], thus
limiting the detrimental effect of the ion bombardment onto the
FMs.

3.4. Topography analysis

The surface topography were analyzed through the use of a
power spectral density (PSD) functions, which is the Fourier trans-
form of the autocorrelation function that has been calculated from
the surface profile applied on AFM images [25]. PSD analysis
was performed on the ScRh-1 using the AFM image displayed in
Fig. 6a). Due to a post-campaign repolishing of the ScRh-1, the
AFM scan size was only 2 wm whereas 10 pm scan sizes were per-
formed on the ScRh-2, NcRh-1 and the ScMo (Fig. 6b), ¢) and d)).
Consistently with the SEM images (Fig. 2), the surfaces exhibited
wavy structures, mounds and mounds after 90, 35 and 90 cleaning
cycles, respectively. The AFM images (Fig. 6a)) of the ScRh-1 after
31 cycles displayed only the mound pattern. However, the corre-
sponding SEM images (Fig. 2d), e) and f)) exhibited two patterns:
the mounds and the pits. Thus, the statistical information obtained
through PSD will correspond to the mound structures exclusively.

The two dimensional (2D) PSD shown in Fig. 6 are displayed
using a Hann window and were obtained using the AFM images.
The 2D PSD gives information about the relative contribution of

all the possible surface spatial frequencies. The intensity distribu-
tions of the 2D PSD of the NcRh-1 and the ScRh-1 after the clean-
ing campaign do not exhibit a preferential orientations implying
that the mounds are randomly distributed on the surface. Likewise,
the 2D PSD of the ScMo present an isotropic intensity distribution.
Instead, the ScRh-2 exhibited a cubic pattern (Fig. 6f)), which is
a manifestation of the periodic arrangement of the mounds ob-
served by SEM (Fig. 2k) and 1)). The distance between the lobes
of the 2D PSD and the center of the image are characteristic of
the surface periodicity and were analyzed further with one dimen-
sional (1D) PSD. Additionally, a second lobe order can be observed
visible on the edges of the images (Fig. 6f)).

The 1D PSD represents the surface height squared (roughness
power) per spatial frequency. It was calculated from the integra-
tion of the 2D PSD signal over x or y direction followed by an av-
eraging of the obtained signals. Figure 7a) displays in a log-log plot
the resulting 1D PSD profiles computed from AFM images. The 1D
PSD were plotted as a function of the spatial frequency v which is
directly inverse proportional to the wavelength A in the real space.
PSD curves present generally the same characteristic shape, con-
sisting of a at response in the lower part of the spatial frequency
spectrum and a power-law dependence with the spatial frequency
in the upper part the spectrum corresponding to the highly corre-
lated region.

In Fig. 7a), the ScMo profile exhibited existence a plateau for
spatial frequencies below 0.3 wm~'. This trend is characteristic of
a K-correlation model [26]. However, this model was not fitting the
PSD profile. Thus, all the profiles correspond to a linear decrease
(for v above 0.3 wm') of the PSD characteristic of a power-law
dependence. As observed in dash lines in Fig. 7a), the profiles were
fitted using a fractal model which is defined as an inverse power-
law [27,28]:

PSD = LS (1)
VY

The fractal model is function of the spectral length K and the
slope of the logarithmic plot y. The 1D PSD signal can be ana-
lyzed through abnormal signal increase (above the trend described
by the fractal model) providing the periodic surface arrangements
and the slope value y that can be correlated to the roughness.

Through the increase in the PSD intensity off the fractal model
trend, surface arrangements can be determined. After 90 cleaning
cycles performed on the ScMo, a linear decrease of the 1D PSD in-
tensity with the increase of v (above v ~ 0.3 pm™!) is observed.
Due to their random orientations of the surface pattern, no abnor-
mal increase of the PSD intensity is observed and thus, the average
distance between the “waves” of the pattern cannot be extracted.
After 35 cleaning cycles performed on the ScRh-2, a signal increase
is observed at around v = 11.6 um~! which corresponds to 86 nm
in the real space. The distance between the mounds were found
to be of about 70 nm measured by SEM (Fig. 2k) and 1)) which
is close to 86 nm. This peak was also observed on the 2D PSD
through the presence of the lobes (Fig. 6f)). Additionally, a low in-
tensity peak is observed at the end of the 1D PSD profile at around
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Fig. 6. AFM images of a) ScRh-1, b) ScRh-2, ¢) NcRh-1 and d) ScMo mirrors after 31, 35, 90 and 90 cleaning cycles, respectively. Images e) to h) are 2D PSD obtained with a

radial Hann window of each AFM image.
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Fig. 7. a) is power-spectra obtained using an FFT after applying a Hann window to the full topography of the ScMo, ScRh-1, ScRh-2 and the NcRh-1 after 90, 31, 35 and 90
cleaning cycles performed. In dash, are the fitting of the curve for the spatial frequency range displayed using the inverse power law model. b) the diffuse reflectivity of the

mirrors mentioned previously.

v = 23 wm~! which corresponds to the second lobes of the 2D
Hann window (Fig. 6f)). For both ScRh-1 and NcRh-1, the linear
decrease in intensity of the 1D PSD is interrupted above around
v =48 pm~!. In the range of v = 5 wum™! and v = 14 pm1,
a PSD intensity increase is observed. Those v values correspond
to mound distances comprised between 208 and 70 nm which in-
clude the average mound distance obtained through the analysis of
the SEM images (Figs. 2f) and 4c)).

Additionally, the spectral length K and the slope y were de-
termined in the spatial frequency range displayed by the dashed
line (Fig. 7a)) and reported in Table 2. The vertical lines marked
with * and ** in Fig. 7a) correspond to the spatial frequency range
in which the diffuse reflectivity was measured (250-2500 nm). In
Fig. 7b), the diffuse reflectivity of the mirrors are displayed in spa-
tial frequency values. The following discussion will only refer to
the spatial frequency range previously mentioned. Firstly, all the

1D PSD profiles follows the power-law dependence. It indicates
that no specific periodic arrangement inducing light scattering and
increase of the diffuse reflectivity. Secondly, rises in diffuse reflec-
tivity often corresponds to an increase in surface roughness (Ben-
nett’s law [29]) and the y values are proportional to the rough-
ness [30]. The NcRh-1 mirror after 90 cleaning cycles presented a
y value of 0.93 which is lower than the other mirrors and corre-
sponds to the lowest diffuse reflectivity and roughness (measured
by profilometer and AFM). The ScRh-2 and ScRh-1 exhibited y val-
ues of 1.79 and 1.89 after 35 and 31 cleaning cycles, respectively.
Even though the y values are comparable, the diffuse reflectivity
for the two mirrors were different. The ScRh-1 displayed a max-
imum of diffuse reflectivity at 37%, whereas for the ScRh-2 was
only 15%. The roughness of the two samples measured with the
profilometer and with AFM are comparable and higher than the
ones measured for the NcRh-1. For the ScMo mirror, the y is 2.72
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Surface roughness characteristics and the coefficients of the fractal model used to fit the 1D PSD for the NcRh-1, ScRh-2,
ScRh-1 and the ScMo mirrors after being subject to 90, 35, 31 and 90 cycles, respectively.

NcRh-1 ScRh-2 ScRh-1 ScMo
Roughness R, (nm) - profilometer 7 36 31 45
Roughness R, (nm) - AFM 9 14 20 40
Roughness RMS (nm) - AFM 12 18 25 57
K factor (nm3-7) 3.49 x 10° 3.06 x 10 2.13 x 10'6 8.46 x 10%
y coefficient 0.93 1.79 1.89 2.72

and the diffuse reflectivity is the highest at 2 wm~! (250 nm). The
roughness values ranged between 40 and 57 nm which remained
higher than the other mirrors.

From this analysis, the y values determined using a fractal
model can be linked with the mirror’s diffuse reflectivities, except
for ScRh-1, which showed a higher diffuse in regards to its y value.
However, the y values are in line with the AFM roughness values
(Table 2). It is worth mentioning that only the mound pattern was
observed in the AFM images for the ScRh-1 and ScRh-2 (Fig. 6a)
and b)). It indicates that the circular patterns were not contribut-
ing to the PSD intensities and therefore the differences observed
in the diffuse reflectivity for those two mirrors could be due to
the presence of the pit pattern observed on the ScRh-1. Moreover,
the optical properties of the ScRh-2 (Fig. 1) after 10 cleaning cy-
cles exhibited a degradation mainly through its diffuse reflectivity
increase. After 35 cycles, partial recovery of its optical properties
were observed simultaneously with the circular pattern removal.

4. Discussion

The discussion section aims at describing the mechanisms lead-
ing to the formation of the patterning observed on the mirrors
during the cleaning campaign. A section will be conducted on the
formation of the wavy structures and the mounds observed for
the ScMo and the ScRh/NcRh, respectively. Afterwards, the pits ob-
served on the Sc materials will be assessed.

4.1. Wavy pattern and mounds formation

The surface of the Sc materials exhibited patterning after the
cyclic process due to the Ar ion bombardment. During the cy-
cles, the surface temperatures of the mirrors were comprised be-
tween 298 and 500 K, the heat being generated by the irradia-
tion (measured using a retractable thermoelement). On Fig. 2¢), a
wavy structure was observed on the ScMo mirror after 90 clean-
ing cycles while the rhodium specimens exhibited mounds as dis-
played in Fig. 2f), k) and 1). In order to pattern surfaces, the ma-
terial, the incident ion beam characteristics (mainly ion energy,
incidence angle o and fluence) are key parameters. Wavy struc-
tures are commonly encountered on samples that were subjected
to ion bombardment at oblique incidence [31] while in our ex-
periments the Ar ions impinged the surface at normal angles. The
nanopatterning of a metallic surface due to ion bombardment is
a complex phenomenon. Nevertheless, shadowing is found to be
the main mechanism. In the specific case of non-normal incidence
ion bombardment, geometrical effects can induce the formation
of local surface deflection. The curvature of the surface shadows
the incident beam leading to the formation of sinusoidal wave-
like patterns [32,33]. The development of wavy/mound pattern is
enhanced by the dependence of the sputtering yield on the local
surface curvature [31] as described by the Bradley-Harper theory.
Nonetheless, nanodots were formed by Tan et al. using 1 keV Ar
ions on InP(100) [34] and by Ziberi et al. using 1.8 keV Ar ions on
Si [35] both at normal incidence. Moreover, Molle et al. [36] re-
ported the formation of various nanostructures by bombarding

face-centered cubic (110) metal surfaces at normal incidence with
Xe ions at energies of few hundreds eV. During the sputtering pro-
cess, a competition between kinetic and thermodynamic processes
can lead to ripples, rhomboidal pyramids or rectangular ripples
state as discussed in [37]. Studies done at the University of Gen-
ova [36,38] reported a surface patterning on ScRh(110) after Xe ion
bombardment at 450 K. Within the range of 220 eV to 2500 eV,
the ion mean energy demonstrated a major role on the Rh sur-
face morphology. In our contributions, the ScRh-1 and the ScRh-2
mirrors displayed similar patterns induced by an argon ion bom-
bardment having 310 eV ion energy (after 31 cycles and 35 cycles
respectively). Similarly to ScRh, the ScMo displayed wavy surface
structures after 90 cycles (Fig. 2c)) being formed by the ion bom-
bardment.

4.2. Pits formation

4.2.1. Influence of the polishing process

The formation of the so-called “Beilby layer” has been reported
to occur upon polishing of samples. Gorodetsky et al. [39] re-
ported a Beilby layer thickness of 10-20 nm for polycrystalline (Pc)
Mo specimens. Additionally, a 3-5 pm thick layer is formed be-
low the amorphous Beilby layer, having a different structure from
the rest of the metal. This 3-5 wm thick layer is a highly de-
formed layer with nanoscale crystallites that is gradually trans-
forming into an undisturbed bulk [40]. During the polishing pro-
cess, abrasive particles are embedded in the treated surface and
leave deep holes filled with carbon, which lead to the introduc-
tion of micron and submicron diameter diamond powders in the
material [41]. Diamond abrasive turned into particles of graphi-
tized carbon. Its content was measured in the surface layer within
a thickness of 1.5 wm [40]. Similarly, our Sc materials were me-
chanically polished using diamond pastes of 6/3/1 and 0.25 pwm
followed by a chemical/mechanical polishing using an oxide pow-
der (alumina or silica or ceria) of 0.05 wm particle size mixed with
a chemical etchant (Fig. 8a)). In our study, both ScMo and ScRh-1
were previously polished and subject to 80 cleaning cycles using
Al/W [18,19]. It implies that the Beilby layer was already removed
before starting the campaign with Al,03. Additionally, the com-
pleteness of 80 Al/W cycles involve an estimated total removal of
1.7 and 2.3 pm for ScMo and ScRh-1, respectively. The previous re-
moved thicknesses were estimated using the eroded thickness of a
NcRh during the Al/W cleaning campaign and the sputtering yield
of Mo. The sputtering yields of Mo and Rh being equal to 0.367
and 0.733 atoms/ion when bombarded by 310 eV Ar ions. How-
ever, the deformed layer (~ 3-5 wm) induced upon polishing may
be thicker than the eroded thicknesses (~ 2 wm), providing resid-
ual carbon (Fig. 8g)). The ScRh-2 was polished and not subject to
cleaning cycles prior to the cleaning campaign. As previously de-
scribed, carbon from the polishing procedure is present in all the
Sc mirrors. However, the carbon amount is expected to be lower
for the ScMo and the ScRh-1 in comparison to the ScRh-2 due to
the preceding cleaning campaign.

In order to confirm the presence of carbon in the mate-
rials’ depth after polishing, additional ScRh were polished by
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Fig. 8. Schematic of the a), b) polishing process and the mechanisms inducing surface morphology changes for a) to f) ScRh-2 and for g) to j) ScMo and ScRh-1.

Matech company (ScRh-3 and ScRh-4). The C amount of the ScRh-3
was quantified as a function of the depth using XPS and 2.5 keV Ar
ions etching without breaking the vacuum. Around 3 at. % of car-
bon was measured at least till 0.65 pwm in depth. Beyond 1.65 pum,
no carbon was detected. These results are in line with Gorodetsky
et al. publications [40] reporting the introduction of carbon in the
metal bodies after the polishing process.

4.2.2. Blistering effects

Additionally to the carbon incorporated in the Sc mirrors, oxy-
gen was introduced in the chamber during the coating procedure.
Few minutes prior each Al,03 deposition step, a Ar and O, plasma
was generated in the chamber to homogenize the magnetron tar-
get. During this step and the ensuing Al,03 deposition, the tem-
perature of the sample was about 373 K. Moreover, upon Ar ion
bombardment, the Al,03 layer may follow an ion mixing leading
to possible oxidation and oxygen diffusion on/in the surface, espe-
cially on the defects observed on the pristine surfaces (Fig. 2g) and
h)) as described by Gorodetsky et al. [41] (Fig. 8c).

In literature, blistering effects have been reported on molybde-
num surfaces bombarded by hydrogen, deuterium and/or helium
gases [42]. Gorodetsky et al. [39] showed an enhanced blistering
induced by small additions of O, or N, into 70-120 eV DJ. The
bubble formation was accelerated, thus facilitating the blistering.
Moreover, a surface oxide formation could prohibit remission of
gas molecules into the gas phase and accelerate the blister nucle-
ation and growth. More than the material composition, the crys-
talline orientation influences the blistering processes. It was re-
ported that ScRh oriented [100] and [110] were prone to blister-
ing but not the [111] direction [43]. The ScRh and ScMo mirrors
used in this work were both exposed to oxygen and oriented [100]
which is a preferential orientation to form blisters [43].

Gorodetsky et al. [40] reported the effects of cleaning of an Al
layer (10-40 nm thick) on top of a ScMo using D,-N, ions. Pits up
to 50-100 nm deep and 50 to 500 nm width appeared. These pits
were explained by the incorporation of diamond particles into the
metal body upon polishing. During the cycling process, we hypoth-
esis that oxygen diffusion induced the formation of gas bubbles
and/or recombined with carbon to form CO or CO,, thus causing
blistering (Fig. 8h)). The mechanical deformed layer inhibited the
nucleation of pores and hence increased the diffusion path and the
oxidation rate (Fig. 8g)) [44]. The circular pit patterns observed on
ScMo (Fig. 2b)), ScRh-1 (Fig. 2d) and e)) and on ScRh-2 (Fig. 2j))
are the results of such process. For the ScRh-2, the diffusion of
oxygen in both the Beilby and deformed layers will occur (Fig. 8c)).
Oxygen coalesces and bonds to carbon, leading to the formation of
blisters (Fig. 8d)). Blisters burst under Ar bombardment due to lo-
cal heating, leaving open linear grooves (Fig. 8e)) as observed on
the ScRh-2 (Fig. 2i)) [45]. Linear polishing lines were revealed af-
ter removing the Beilby layer and thus grooves were formed sim-
ilarly to pits on these defects [45]. As previously mentioned, the
ScRh-1 and the ScMo were previously subject to 80 Al/W clean-
ing cycles. Thus, the Beilby layer was removed prior to the Al,03
campaign and the linear grooves were not observed (Fig. 2a) and

d)). The carbon amount is also expected to be higher in the ScRh-2
in comparison to the ScMo and the ScRh-1 due to the absence of
Al/W pre-cycling. Consequently, deeper pits were observed on the
ScRh-2 when compared to the ScRh-1 due to the presumed higher
amount of resulting products (CO and CO,) leading to blisters.

4.2.3. Influence of the oxide sputtering yields

In order to understand the development of the pits structures,
investigations were done on the oxide sputtering yields in com-
parison to their pure metallic states. Usually, metal oxides have
a reduced sputtering coefficient compared to their metallic sur-
faces. However, some refractory metals such as tungsten or molyb-
denum display the opposite behavior and the oxides sputter more
rapidly than their bare metal counterparts, as experimentally ob-
served [46]. This is due to the abnormally high sublimation en-
thalpy of the pure metal. According to the Sigmund’s theory for
sputtering [47], we can predict this behavior comparing the atom-
ization enthalphy of the oxide with the sublimation enthalpy of
the metal. Under this framework, we can expect that Rh and Mo
oxides have higher sputtering rates than their pure metallic states,
as shown by our thermodynamic calculations detailed in the SI.

Thus, the sidewalls of the grooves may be oxidized (Fig. 8e) and
i)) and sputtered more quickly due to the difference of sputter-
ing yield [48]. Moreover, the incidence angle of the ions coming to
the sidewalls of the circular patterns and grooves would be close
to grazing incidence, which is known to increase the sputtering
yield [49]. By increasing further the ion fluence, the sidewalls of
the pits (and the grooves in the case of the ScRh-2) extended and
merged (Fig. 8f) and j)) as observed in Fig. 2i) and j) until their
extinction (Fig. 2k) and 1)).

4.2.4. Carbon influence on the pitting process

To validate our assumption, to new ScRh-3 and the ScRh-4 mir-
rors were polished the same way as the ScRh-1 and the ScRh-2 (di-
amond paste). Five cleaning cycles were performed on those mir-
rors starting with a ScRh-4 in its pristine state and with a ScRh-
3 previously etched of 1.65 wm in depth. The latter was eroded
prior to the cleaning cycles in order to remove the 2 to 6 at.%
of C incorporated in the material depth during the polishing pro-
cess (table. S3). As expected, pits and linear grooves developed on
the freshly polished mirror (ScRh-4) however the ScRh-3 only ex-
hibited mounds on its surface (fig. S3). The removal of the carbon
content prior to the cycling process inhibited the pitting process
confirming further the importance of the polishing process.

Additionally, the total, diffuse and specular reflectivity were
measured for the ScRh-3 and the ScRh-4 (fig. S5). The diffuse re-
flectivity of the ScRh-4 after 5 cycles increased similarly to the
ScRh-1 and ScRh-2 after 31 and 10 cycles, respectively. The ScRh-
3 did not presented pits on its surface due to the surface etch-
ing procedure. Consequently, the diffuse reflectivity of the latter
remained around 10% which is close to the one of the ScRh-2 after
35 cycles. These is consistent with the SEM observations of Fig. 2i),

j) k) 1) and S6.
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5. Conclusions

Cycles of contamination and plasma cleaning have been car-
ried out on single-crystal and nanocrystalline Rh and Mo mirrors.
Ar plasmas with an ion energy of 310 eV showed the capabil-
ity to sputter the 20 nm-thick Al;03; contamination layers after
50-60 min exposure time. ScMo and ScRh-1 mirrors were pre-
viously exposed to 80 Al/W cleaning cycles and air storage. An
additional plasma cleaning was performed on ScMo prior to the
Al,03 contamination-removal cycles in order to remove its native
oxide layer. After the plasma cleaning campaign, Sc mirrors exhib-
ited a degradation of their reflectivities in comparison to their ini-
tial states. Moreover, cleaning cycles were conducted on a freshly
polished ScRh mirror showing similar results as non-polished ones
with the degradation of their optical properties. In all the cases,
wavy structures were formed on ScMo and mounds on ScRh after
cleaning cycles due to the Ar irradiation. Additionally, pits devel-
oped on the surfaces of all the mirrors as well as linear grooves.

The following pits formation process were proposed: i) the pol-
ishing was performed using diamond paste, which leads to the ac-
cumulation of carbon in the deformed region down to a few pm,
as demonstrated in the previous section, ii) the oxygen present in
the chamber during the coating phase and Ar bombardment, pos-
sibly leads to ion mixing followed by oxidation and oxygen dif-
fusion on/in the surface, especially at the defects, revealed after
the removal of the Beilby layer; the extra dislocations in the de-
formed layer also increased the diffusion path and the oxidation
rate, iii) the diffused oxygen might form gas bubbles and/or re-
combine with carbon to form CO or CO,, iv) blisters burst upon
Art bombardment resulting in pit structures. With the increase of
the number of cycles, pits appeared on the surface and merged. It
may be explained by a faster oxidation of the sidewalls of the pits,
the possible higher sputtering yields of the oxides for these mate-
rials. When increasing the fluence, the pits completely merged and
could not be observed any longer.

In order to link the topography of the mirrors with their op-
tical reflectivity, a fractal model was used to fit the PSD pro-
files computed from AFM images. The y values were extracted
from the model and compared to the mirrors diffuse reflectivities.
Larger roughness and diffuse reflectivity of the mirrors correspond
to higher y values. Only ScRh-1, previously exposed to 80 Al/W
deposition-removal cycles showed, a higher diffuse. However, the
AFM images used for the analysis do not display circular pattern.
Moreover, the circular pattern appeared on the ScRh-2 after 10 cy-
cles and the diffuse reflectivity increased to around 40% in the visi-
ble. After 35 cleaning cycles, the circular pattern were not observed
and the diffuse reflectivity of this mirrors went down to around
16%.

During this campaign, three NcRh mirrors prepared by means
of magnetron sputtering were tested. In contrast to the Sc mir-
rors, NcRh were not subject to a polishing step, which explains the
absence of pits/grooves. The specular reflectivities of all the NcRh
mirrors exhibited a decrease of around 18% at A = 250 nm which
is acceptable for ITER requirements.

These results suggest that NcRh mirrors can withstand at least
100 contamination-cleaning cycles, without significant deteriora-
tion of their optical properties. The set of cleaning parameters used
in this work led to an average erosion rate of 59 nm per cycle for
all the NcRh mirrors.

6. Outlooks

For ITER purposes, the NcRh exhibited a limited degradation of
their optical properties. Nevertheless, the Sc mirrors remain one
promising material for the FMs units regarding the overall possible
contaminants in ITER. It implies the needs for mitigation strategies

10

Journal of Nuclear Materials 581 (2023) 154382

in order to counter the pit formation and the loss of their opti-
cal properties. Those pits were formed due to the polishing pro-
cess performed using diamond paste and oxygen exposure. The for-
mation of pits onto the FMs after only few cleaning cycles would
completely compromise the optical diagnostic systems. In order to
palliate the pit formation, the following strategies are suggested:

o Conservation of the polishing procedure using diamond paste
and apply a former surface etching step of few pm thickness

e Change the polishing procedure into a carbon-free polishing
procedure by aims of diamond-free abrasive

o High speed machining could be use as polishing procedure.

In this contribution, the first bullet was tested and demon-
strated its efficiency in avoiding the formation of pits after a sur-
face etching of 1.65 pm.

Finally, new cleaning experiments on carbon containing films
should be performed in order to investigate the influence of the
carbon amount in the Beilby and in the deformed layer on the pit
formation. Depending on the ITER final polishing procedure, the
carbon amount in the mirrors should be determined prior to the
mirrors use in ITER. It involves determining the maximal amount
of carbon acceptable for the FMs in order to avoid inducing optical
deteriorations after oxygen contamination.
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