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ABSTRACT

WSIC:H coatings were elaborated by reactive magnetron sputtering of a W target in an Ar/Si(CH3)4
plasma assisted by ECR microwave sources. Such coatings can be very interesting for optical or
mechanical applications. The development of these coatings is based on the confrontation between in-
situ diagnostics of the reactive plasma phase and material characterization of the resulting coatings. The
investigation by optical emission spectroscopy of the different phenomena occurring in the reactive
plasma reveals that there is a precursor flow rate range where W particles can be favored in the reactive
plasma, to promote the development of composite coatings based on a SiC:H matrix, in which W-
containing particles or aggregates are present. Material characterization such as Scanning Electron
Microscopy, lon Beam Analysis and X-ray Photoelectron Spectroscopy are used to study the impact of

the plasma phase on the microstructure and chemical composition of the deposited materials.

Keywords: Plasma processes; Optical Emission Spectroscopy; Thin films; lon Beam Analysis.



1. INTRODUCTION

Ceramic-metal composites or cermets are known for their advantages such as resistance to corrosion and
oxidation [1-3] but also for their disadvantages such as brittleness and the random nature of their
cracking. This cracking depends essentially on the nature of the metallic phases inserted in the ceramic
matriX. [4,5] They have also attracted a lot of interest in the thermodynamic conversion of solar energy
because of their suitable optical properties. Indeed, inserted in a multilayer stack with a metallic lower
layer and an antireflective top layer, their solar absorptance can reach 0.94 and their thermal emittance
0.07 as shown by Sathiaraj et al. [6]. However, cermets also have low thermal resistance, especially in
air, especially when the nanometric particles included in the matrix are noble metals [7] as opposed to
metals such as molybdenum and cobalt.[8,9]. On the subject of thermal stability, Pt — A1,O3 cermet was
found to be stable up to 600°C. [8,10] Antonaia et al also showed that W — Al,O3 cermet was thermally
stable after annealing at 580°C. [11] In this perspective, nanocomposite cermets of the W-SiCH type
could be one of the solutions to this problem since the materials used are known to be resistant and stable
at high temperatures.[12,13] Indeed, silicon carbide is an ultra-refractory ceramic due to its thermal
stability which can go beyond 2000°C [14] and has good oxidation and corrosion resistance after the
formation of a silica (SiOx) passivation layer on its surface. Also, Tungsten is a refractory transition metal
with good heat and electrical conductivity. A protective oxide layer is formed on its surface when
exposed to air above 400°C. [15,16], Tungsten (melting point of 3420°C) is resistant to corrosion and
other various chemical attacks to which it may be exposed.

There are many possible ways to elaborate cermet coatings, depending on the application for with these
materials are going to be used.[17-20] In this work, we investigate the possibility of synthesizing
WSIC:H coatings by reactive radio frequency (RF) magnetron sputtering [21-23] of a tungsten target in
an Ar plasma, in the presence of TetraMethylSilane (TMS: Si(CHs)4) gaseous precursor. The dissociation
of the TMS precursor is assisted by microwave Electron Cyclotron Resonance (ECR) sources. The
particularity of this process, which is nevertheless versatile [24], resides in the presence of the reactive
plasma phase during the sputtering of the metallic target, leading to the formation of metallic inclusions
in a ceramic matrix. This works aims at a better understanding of the links between the plasma deposition
process and the microstructure of the resulting films, to better control the latter. For this purpose, non-
intrusive optical emission spectroscopy (OES) was implemented to identify the different emitting species
occurring in the plasma phase, in order to optimize the coatings deposition process by correlating the
species responsible for their growth with the chemical properties of the resulting films. To do so, the

physicochemical properties of the latter were thoroughly studied thanks to SEM (Scanning Electron



Microscopy), EDS (Energy Dispersive X-ray Spectrometry), IBA (lon Beam Analysis) techniques
including RBS (Rutherford Back Scattering Spectroscopy), NRA (Nuclear Reaction Analysis) and
ERDA (Elastic Recoil Detection Analysis) and X-ray Photoelectron Spectroscopy (XPS).

2. EXPERIMENTAL DETAILS

2.1. Coating synthesis

The materials were developed in the IDEFIX vacuum reactor designed at PROMES-CNRS laboratory
[25]. It consists in a cylindrical enclosure on which are placed four coaxial microwave sources of dipolar
type (with magnet) which are maintained by water-cooled flanges and connected to a SAIREM
GMP16KTS microwave generator operating at 2.45 GHz, which supplies them with a maximum power
of 250 W each. It also comprises a heated substrate holder (up to 600°C), a magnetron sputtering cathode
(connected to a Caesar RF generator supplied by Advanced Energy operating at a frequency of 13.56
MHz) and is connected to a pumping system (a primary roots pump from Alcatel Adixen to achieve a
pressure of around 1072 mbar and secondary turbomolecular pump from Edwards to achieve a vacuum
of down to 10® mbar). The flanges allow the reactor to be used in two different configurations: a
cylindrical configuration for deposition on cylindrical substrates and a planar configuration, which was
used in this study to deposit on planar samples.

A W underlayer was deposited by RF magnetron sputtering (referred to as Physical VVapor Deposition,
PVD in the following) of a solid W target in 20 sccm of Ar gas during 4.5 min. Depending on the final
application, this underlayer can be used as an infrared reflector, as a substrate protector or simply as a
layer to avoid the effect of the substrate [12]. The distance between the substrate and the target was set
at 8.5 cm. For the WSIC:H coatings, a dual process was used: the SiC:H ceramic phase was provided by
the plasma decomposition of the gaseous precursor TetraMethylSilane TMS (Si(CHs)4) diluted in Ar
(Plasma Enhanced Chemical Vapor Deposition, PECVD), while the W metallic phase was provided by
RF magnetron sputtering. This dual process is assisted by a microwave power of 850 W supplied by the
ECR sources distributed coaxially at mid-height of the reactor. The total gas flow rate in the reactor for
each deposition is 25 sccm (Ar + TMS) corresponding to a working pressure of 0.1 Pa (103 mbar). The
deposition duration is fixed at 10 min. The two layers of the coatings were deposited consecutively in
the same run, without exposure to air.

For more flexibility in the characterizations, especially for those that require slicing the material, the
coatings were deposited on silicon wafers (diameter 50.9 +/- 0.3 mm and thickness 280 +/-25 pm, P-

doped, N-type, resistivity 1-10 Qcm, both sides polished) and T91 steel wafers (diameter 1 and 2 inches,



polished on one side). The substrates were in-situ cleaned by an argon plasma generated by a LF-5 RFPP

low frequency generator with an Ar flow rate of 50 sccm, and then heated at 350°C for 30 min

2.2. Characterization techniques
2.2.1. Optical emission spectroscopy (OES)

OES is a plasma characterization technique that allows the detection of different emissive species present
in the plasma and their quantification without disturbing the plasma. This can be done in the plasma
volume but also close to the surface of the growing film, which can give indications on the species
sputtered or re-emitted by the surface.
To carry out the spectroscopic measurements, a quartz window (wide spectral range of optical
transmission) was installed on the reactor. The experimental set-up for the acquisition consisted of three
main parts:
. The optical fiber that guides the light from the source to the spectrophotometer. It is fitted at the
end with a lens and a diaphragm for optical sighting, which is itself fixed on a plate. In this study, the
aiming point of the fiber is located close to the surface of the substrate and at equidistance from the
microwave sources;
. The AvaSpec spectrophotometer [26] from Avantes, which separates the lines brought back by
the fiber as a function of wavelength thanks to a mirror and diffraction grating system. It can acquire
spectra in the 200-1100 nm range;
. The acquisition system: the spectrophotometer is connected to a computer which allows the
acquisition and processing of data using the Avasoft software.[27]
To determine the relative (or normalized) intensities (Irx)) of the monitored species, we use a
normalization technique called actinometry demonstrated by Equation (1). It consists in the ratio between
the raw emission intensity (I(x)) of each peak of the spectra acquired and the product of the integration
time t of the system and the emission intensity of the argon line (14r) at 696 nm called actinometer.
Ly = Ixy/ (8 * Lar) (D)
OES characterization also allowed estimation of the electron temperature (Te) which corresponds to the
mean energy of the electrons present in the plasma phase expressed in eV and given by equation (2).[28]

IpnAmsgmsUms >
ImsApnngpn

hc
Te = T(Em - Ep)/ln( (2)

Where g and A are respectively the static weights of the energy levels and the probabilities of transitions,

h is Planck’s constant, k is Boltzmann's constant and c is the speed of light. We use the values of theses



parameters mentioned in Table 1. This temperature actually corresponds to the average temperature of
the electrons in the case of a distribution of their energy according to a

Maxwell-type distribution function.[29]

Table 1: Values of the constants used for the calculation of the electron temperature

Constants m = s (Ar transition) p = n (Ar transition)
Wavelength (1) (nm) 702.19 706.16
Frequency (v) (s™1) 4.27503 = 1014 4.25098 = 1014
Einstein’s coefficients (A) (s71) 2670000 3800000
Energie (E) (m™1) 11968303 10728970
Static weight (g) 5

Planck’s constant (h) (J.s) 6.62 % 10734

Boltzmann’s constant (k) (J. K1) 1.38 x 10723

Light speed (c) (m.s™?1) 300000000

2.2.2. Physicochemical characterization

2.2.2.1. Scanning Electron Microscopy

The morphology of the deposited layers was observed by SEM using a Hitachi model S-4500 SEM with
a resolution of 1.5 nm at a voltage of 15 kV. The coupling of the SEM with a Kevex EDS analysis system
allowed the quantification of the species present in the deposited coatings, providing a semi-quantitative

analysis of the materials.

2.2.2.2. lon Beam Analysis

For a more in-depth analysis, we used a coupling of lon Beam Analysis techniques. RBS was used to
determine the depth profile of chemical elements in the material, by bombarding the sample placed in a
vacuum chamber with an alpha beam (3He™) of 2 MeV energy. The backscattered alpha particles were
detected with a 25 mm? Passivated Implanted Planar Silicon (PIPS) detector located at a 166° angle with
respect to the beam axis. The Si and W depth resolution was close to 130.10% at/cm2. RBS analyses were
completed by NRA and ERDA analyses to get more precise information on the chemical composition of
the materials, especially in light elements contents. The oxygen and carbon concentrations were
measured by the *0(d,00)'*N and *2C(d,po)*3C nuclear reactions with 900 keV deuterons at the same

detection angle. ERDA was applied with a 2.8 MeV *He* beam at 30° angle to determine the hydrogen



depth profile through the nuclear reaction *H(*He,*H)*He. The obtained depth resolution for hydrogen
oxygen and carbon close to the sample surface was found to be about 300-400.10% at/cm2. The depth
profiles were extracted from IBA spectra by using SIMNRA software [30] with SigmaCalc cross section
[31] for NRA and ERDA. These IBA techniques were carried out using the Pelletron accelerator of
CEMHTI laboratory.[32] From these chemical analyses, it was possible to determine the atomic flux of
each species present in the material, knowing their atomic concentration. This quantity noted ®x
corresponds to the atomic flux of the species X incorporated in the material during deposition. It is given
by equation 7 where t is the deposition time (min), d the number of atoms per unit area (at/cm?) and [X]
the atomic concentration of X, determined by IBA techniques.

X]*d
(DX:[]t (3)

2.2.2.3. X-Ray Photoelectron Spectroscopy

In the same perspective, XPS was used to qualitatively support our chemical analyses. It gave information
on the nature and content in chemical elements to obtain a semi-quantitative analysis, and on the nature
of the various chemical bonds. The XPS measurements were carried out using a Kratos Axis Nova
operating at 1486.6 eV (Al source). After recording wide spectra at a low resolution with pass energy
equal to 160 eV to check for any spurious elements, the pass energy and the step scan to measure the
region of interest was fixed to 40 eV and 0.1 eV, respectively. The probed depth was 10 nm over a
700%300 pum? zone. The dwell times and number of sweeps were chosen such as the highest XPS peak
of the selected zone exhibits, at least, 10000 counts. Charge neutralization was used when acquiring the
spectra. The energy calibration was set from C 1s signal allotted to carbon linked to W fixed at 283.6 eV
since no adventitious carbon (C-C bonds) is detected after etching. Using CasaXPS software [33], after
removal of a Tougaard-type background, a Lorentzian Asymmetric lineshape was used for peak fitting.
The latter allows numerical convolution of a Lorentzian with a Gaussian to produce a traditional Voigt
profile but also an asymmetric Voigt like lineshape. The latter was required to account for the W-C
environment expected in the samples. In order to remove the surface pollution, etching using
conventional Ar* ion gun (2 kV, 70 pA as extracting current) was undertaken according to 3x3 mm?
raster for 30 s only, in order to avoid beam damages and differential sputtering effect between the

elements that could modify chemical information.



3. RESULTS AND DISCUSSIONS

3.1. Process diagnostics

The objective of this study is to identify and monitor by OES the different species present in the gaseous
phase. These species are chemical bond carriers in the direction of the growing layer on the substrate
holder immersed in the radiofrequency and microwave plasma discharges. This study allows us to

understand the growth phenomena resulting in WSIC:H coatings.

3.1.1. Optical emission spectra

Figure 1 superimposes the optical emission spectra measured in: 1) an argon/TMS microwave (MW)
plasma in SiC:H PECVD deposition mode, without any source of W; 2) a RF argon plasma during the
sputtering of the tungsten target (pure PVD mode); 3) an argon/TMS reactive plasma during the
sputtering of the tungsten target, with microwave assistance (reactive MW PVD mode). For this third
case, the TMS precursor flow rate was varied from 1% to 20% (0.25 sccm to 5 sccm) of the total gas
flow rate (Ar + TMS) maintained constant at 25 sccm, corresponding to a working pressure between 1073
mbar and 102 mbar. The curves obtained for the different percentages of TMS show the same peaks at
the same wavelengths. To lighten the representation, we present only the results for 5 sccm of TMS in
Figure 1. This comparison allowed us to identify the main species at play during coating deposition
(Table 2). Regarding the SiC:H phase, some of these species result from the direct dissociation of the
Si(CHz)4 precursor, such as CH (431 nm) and Hq« (656 nm) which are already present in the precursor,
others result from the recombination of these species, such as C> (516 nm), H> (601 nm) and SiH (415
nm). The emission line at 404 nm is attributed to atomic W, since it is present in both pure PVD mode
(W sputtering) and reactive MW PVD mode, but not in SiC:H PECVD deposition mode (Figure 1).
Atomic W detected in reactive MW PVD mode is the source for the W incorporation in the growing
SiC:H matrix.
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Figure 1: Comparison of Ar + W (pure PVD mode), Ar + TMS (5 sccm, 850 W) (PECVD mode) and Ar + W + TMS (5

scem, 850 W) (reactive MW PVD mode) plasma emission spectra

Table 2: Identification of emitting species detected by OES in the gaseous phase
Species W SiH CH C, H, H,
Wavelength (nm) 404 415 431 516 601 656

3.1.2. Evolution of electron temperature with precursor flow rate

We have also characterized the reactive MW PVD plasma by studying the electron temperature of the
medium. This temperature is related to the emission intensities of species such as argon, through the
electron density. It can be useful for a first approach on the behavior of species in the plasma (density
evolution, nature of the chemical reactions, etc.).

The values of the electron temperature (Figure 2) in the Ar + W + TMS RF reactive MW PVD plasma
are found to be in the range of [0.9 eV; 1.6 eV], which is consistent with the literature for microwave
plasmas.[34] For this type of ultra-high frequency plasma, electron densities can be high (up to few 102
electrons/cm?®). This is because electrons, thanks to their low mass, can oscillate at high frequency so as
to easily acquire sufficient energy to create ionization cascades that maintain the discharge through
collisions. When undergoing these collisions, they lose their energy very quickly, which corresponds to
an electron mean temperature of the order of those found in Figure 2. Te is here an indicator for the
dissociation of the TMS precursor. Indeed, this dissociation is ensured by the collisions of energetic

electrons from the plasma phase with the precursor molecules. It could be expected that T. decreases



when injecting a higher quantity of precursor to be dissociated via collisions with the energetic electrons,
thus consuming the energy of the latter. Since in our case T. tends to increase with increasing precursor
content (Figure 2), it means that here the dissociation of TMS mainly consumes the low and medium
energy electrons of the electron energy distribution function (EEDF), thus leaving mostly the very high
energy electrons.[35] As more and more of the lower energy electrons are consumed for precursor
dissociation when the TMS flow rate is increased, the mean electron temperature rises due to the higher
rate of high energy electrons. Nevertheless, we note that there is a still unexplained and reproducible

phenomenon at 8% TMS involving a non-linearity of the Te curve.
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Figure 2: Evolution of the electron temperature of an Ar + W + TMS RF reactive MW PVD plasma with TMS precursor

content

3.1.3. Evolution of plasma chemistry with precursor flow rate (actinometry)

We also studied the Ar + W + TMS reactive PVD microwave plasma chemistry as a function of the
percentage of TMS injected in the reactor. The emission intensities of each species monitored were
normalized according to the principle of actinometry [36], as an indicator of their concentration in the
plasma phase. The spectra were acquired during the deposition of the layer, at different times after plasma
stabilization (0 min being the first acquisition, then 5 min after the first acquisition and 10 min after the

first acquisition).



3.1.3.1. Species resulting from precursor dissociation

For the species directly resulting from the dissociation of TMS (Si(CHz3)4), H= among others which are
optical tracers representative of the dissociation of the precursor (Figure 3), there is an increase in
concentration with the increase of TMS content. This is expected in that the more TMS is injected into
the reactor, the more it dissociates. This also means that the electrons from the discharge are able to
dissociate efficiently the TMS molecules whatever the percentage injected in the reactor in the range
[1%-20%]. Furthermore, we observe that overall, at a fixed percentage of TMS, whatever the duration
of the deposition, the plasma chemistry remains unchanged regarding the dissociation of the TMS
precursor. This stability with time is very useful, since it allows us to have a margin of error on the

deposition duration and to adapt the deposited layer thicknesses depending on the application.
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Figure 3: Evolution of the concentration of H. species representing the dissociation of TMS precursor (Si(CHs)s) in the Ar +

W + TMS reactive PVD microwave plasma, vs. TMS content, for different deposition durations

3.1.3.2. Species resulting from target sputtering

Introducing TMS precursor during W sputtering induces a possible pollution of the target, which can
lead to a modification of the target surface, as the reaction of the gas with the surface leads to the
formation of a compound made of metal and species from the gaseous precursor, which is then sputtered
instead of the pure metal. This change in the target surface state, induced by the presence of the reactive
gas, leads to a change in the physical properties of the target such as the sputtering rate or the secondary

electronic emission.



To study if this phenomenon occurs in our case, we followed the evolution of atomic W emission, i.e.,
the species resulting from the sputtering of the W target, with the percentage of TMS precursor injected
in the gas phase. Figure 4 shows the evolutions of W relative intensity versus time and %TMS in the
discharge mixture. The W emission globally tends to increase with the increase in the percentage of TMS.
This can mean that the percentage of TMS is low enough so that the process remains in a pure target
sputtering regime whatever the TMS flow rate, and not a compound sputtering regime (in other words,
the target is not polluted by the deposition of a metal/ceramic compound from the reactive plasma phase).
This phenomenon can be explained by the increase in W emission intensity with %TMS which could
also be related to the increase in the electron temperature with increasing TMS flow rate (Figure 2), as
high-energy electrons are available for the excitation of W while low-energy electrons are consumed for

precursor dissociation.
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Figure 4: W intensity as a function of TMS percentage at different times in Ar + W + TMS plasma

W relative intensity does not vary linearly with %TMS (Figure 4). Two remarks can be made: 1) W
relative intensity unexpectedly decreases at intermediate %TMS values; 2) contrarily to what was
observed regarding plasma chemistry (species representative of precursor dissociation in Figure 3), W
relative intensity is time dependent. Meanwhile, powders have been collected in the reactor after
measurements (Figure 5). SEM/EDS analyses conclude that these powders are constituted of aggregates
of nanoparticles with 42% of W, 56% of C, 1% of O and 1% of Si. This formation of W containing

particles in the discharge is consistent with OES measurements, as the growth of W powders in the



plasma phase during deposition can lead to the observed decrease of emitting W atoms in time at
intermediate % TMS (Figure 4), the latter being “consumed” to form powders in the discharge, that cannot
be detected by OES.

- o S T et

Figure 5: SEM images of powders collected in the reactor after reactive PVD deposition with 5 sccm of TMS and 850 W of

microwave power

3.1.4. Conclusions on process diagnostics

All in all, it appears that for this reactive PVD deposition process, there is a domain of precursor flow
rate (%TMS) where W particles can be favored inside the reactive plasma process, to promote the
elaboration of composite coatings based on a SiC:H matrix containing metallic W particles or aggregates.
Such information is useful to determine the potential of the process to deposit a WSiC:H compound in a
specific experimental domain. Thanks to the previous observations, we can deduce that in the medium
range of %TMS (from 6% to 18% of TMS precursor in the injected gas mixture with total flow rate of
25 sccm) it is possible with this process to obtain W particles in the gas phase, as the target surface is not
completely saturated so that a pure sputtering mode is maintained. Such a process could then be used to

obtain cermet-like materials, by incorporating these W particles in the SiC:H matrix.

In view of these results, the impact of the changes in the gas phase on the physicochemical properties of
the deposited materials is also studied, to correlate the phenomena in the gas phase and the growth

mechanisms of the coatings, as well as the corresponding microstructure of the materials.



3.2. WSIC:H coatings characterization

Series of W/WSIC:H coatings were deposited and characterized. Depending on the sample, the TMS
precursor flow rate in the Ar/TMS gas mixture during WSIiC:H deposition ranges from 0.25 sccm to 5
sccm (from 1% to 20% of the total gas flow rate of 25 sccm in the reactor) and the deposition duration is

adapted to have 180 nm of thickness for each WSIC:H layer.

3.2.1. Morphology (SEM)

As an illustration, Figure 6 presents the cross-section SEM images for samples synthesized with 1%, 8%
and 20% of TMS (i.e., 0.25 sccm, 2 sccm and 5 sccm of TMS in the plasma Ar/TMS mixture).

Figure 6: Cross-section SEM images of samples deposited with (a) 1%, (b) 8% and (c) 20% of TMS in the Ar/TMS plasma
for the WSIC:H top layer

In Figure 6, the samples present two layers that grow differently due to the different deposition processes
(RF PVD for the W sublayer and reactive PVVD with microwave source assistance for the top layer), with
a columnar growth for the W underlayer. At lower TMS flow rates (from 1% to 4%, represented by
Figure 6 (a)), the interface between the two layers is not very clear and the whole coating seems
homogeneous. Between 5% and 18% of TMS, the interface between layers is much clearer, with the
WSICH layer having a granular appearance while the W sublayer is columnar (as seen in Figure 6 (b)

for 8% TMS). At 20%, the layers are again not clearly separated (Figure 6 (c)).

3.2.2. Chemical composition (EDS, IBA, XPS)

EDS measurements (Figure 7) give information on the overall chemical composition of the samples. The

layers are mostly formed of carbon, whose atomic content rises between 50 at.% and 60 at.%, much more



than silicon content. This can be explained by the fact that there is more four times carbon than silicon
in the gas precursor. The absolute Si and W atomic contents cannot be considered here due to the Si
nature of the substrate and the presence of the W sublayer. The latter are indeed detected within the
interaction bulb of the SEM used for these analyses (# 1 um in depth, much larger than the coating
thickness). Nevertheless, since the thickness are identical we can consider that the incorporation of Si in
the coatings starts at least from 10% of TMS in the plasma, coinciding with the decrease of the detected
W content (Figure 4). This hypothesis can be supported by the observations made in OES where the
drastic increase of T. from 10% refers to a consumption of low energy electrons and thus to a more

important dissociation of the TMS.
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Figure 7: Chemical composition of the deposited coatings determined by EDS analysis as a function of the percentage of

TMS injected in the reactor during reactive MW PVD deposition

To go deeper in the coatings analysis, we referred to NRA, ERDA and RBS methods to find out their in-
depth chemical composition. These analyses allowed us to take a different look at the materials. For the
analysis of the results, all the samples were considered to be constituted of four layers, L1 to L4, as
shown in Figure 8. Even if the substrate was cleaned by Ar plasma before deposition, we notice a SiO>
noted L1 underlayer which corresponds to the natural oxidation of the Si substrate surface before W layer
deposition. It is systematically present on all samples with a number of atoms per unit area close to
20.10% at/cmz2. The composition profiles of the two stacked thin films (supposedly W and WSiC:H) are
represented by three layers (L2 to L4). The L3 layer is the main SiCW material, L2 is the first layer



deposited on the substrate (supposedly W) and L4 the layer that we supposed to be a part of L3 which is

oxidized by the exposition to air.

L4 SiICWOH

L3

L2

L1

Si0,
Si substrate

Figure 8: Sample layout considered for the interpretation of IBA simulations

3.2.2.1. Composition of the L2 “W:C”” layer (Figure 9)

We find for this layer an average number of atoms per unit area of 593 +13 x 10.%° at/cm2 with 95.8 +

1.5 at.% W. This sublayer is intended to be composed of 100% W as it corresponds to the pure PVD

mode (sputtering of W target in Ar plasma). However, we detected a low amount of carbon (5.2 £ 1.5

at.%) in this layer in all samples. This carbon could either come from residues present in the reactor

before the deposition (even if it is cleaned before each deposition) or from the SiCW layer deposited

above, due to atomic diffusion during the synthesis at 350°C. A study of the chemical composition of the

W layer as a separate layer would be appropriate to obtain more information about the carbon present in

this layer.
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Figure 9: Chemical composition of “W:C” L2 layer measured by IBA



3.2.2.2. Composition of the L4 ““SICWOH”’ top layer

3.2.2.2.1. IBA analyses (Figure 10)

For all samples, we detected and measured hydrogen and oxygen onto the surface, with a number of
atoms per unit area of 230 to 290 x 10% at/cmz2. The concentration of hydrogen varies between 6 and 8
at.% and that of oxygen between 3 and 7 at.%. This estimated atomic amount is of the order of magnitude
of the depth resolution of the NRA and ERDA techniques. It is likely that this hydroxide layer is actually
thinner, with higher O and H concentrations as observed by XPS analysis (see below). Its formation is
believed to be due to a slight adsorption of water and/or hydroxyl after deposition.

As suspected from EDS measurements (Figure 7), the presence of silicon is only observed starting from
a significant amount of precursor in the discharge, here 8% TMS. Si content in this layer then increases
as expected with the increase of TMS flow rate. For the main elements in L4, C and W, a plateau is
observed between 3 and 14% TMS, with average values of 51.9 + 2.2 at.% for W and

33.9 = 2.9 at.% for carbon. Above 14% TMS, we notice an increase of C due to the increase of the TMS
injected in the reactor and a decrease of W, with nevertheless a convergence in the atomic content of
these two elements at 20% of TMS.
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Figure 10: Chemical composition of L4 “SiCWOH?” layer measured by IBA (closed circle) and by XPS (open circle)

3.2.2.2.2. XPS analyses

To confirm the amount of oxygen in L4 layer detected by RBS, XPS analyses were performed in order
to get information about the chemical bonds present at the surface of coatings elaborated with 5% and
20% of TMS, respectively, thus investigating a TMS percentage in each of the abovementioned groups.
The measurements were carried out on the pristine sample to get information on L4 layer (as defined in
Figure 8) and after etching for 30 seconds to minimize the surface contamination due to storage
conditions. The results presented in Figure 11 show the spectra obtained for the levels O 1s, C 1s, Si 2p
and W 4f whose decomposition gives us the different environments contained in the materials and their
stoichiometry.

For the 5%TMS sample, O 1s can be decomposed into O,0H-Si (from SiOy) at 532.4 eV and O,0H-W
(from WOy species) at 531.3 eV. The binding energies of 285.1 eV and 283.6 eV can respectively be
assigned to C-C/C-H and C-W bonds [37]. Environments typical of C-O and C=0 are also identified at
287.0 eV and the peak at 289.6 eV may arise from the formation of carbonate complex due to interaction
with atmospheric CO». Si-O bond is characterized by its 2p1/2 and 2p3/2 peaks located at 103.2 eV and

102.6 eV, respectively, on the surface of this sample. The decomposition of W 4f7/2 peak shows W-O
bond at 36.5 eV and W linked to C at 32.2 eV (W 4f5/2 at 38.6 and 34.3 eV, respectively). After etching,
in agreement with [37] and [38], we mostly find W-C bonds at 31.8 and 34.0 eV (for W 4f7/2 and 4f5/2
respectively) after removal of the surface contamination and a very low amount of Si compared to
previous analysis. This is consistent with the results obtained in RBS for this category of %TMS, with a
high W content (Figure 10). For the sample elaborated with 20% of TMS, we find at the surface the same
elements as for the 5%TMS, with in addition Si bound to C at 101.1 eV after the decomposition of Si 2p
signal. The attribution of the C1s component detected at 284.4 eV after etching needs complementary
study. However, since TMS encompasses 4 methyl group per Si atom we cannot exclude the deposition
of carbon-rich zones whose nature needs to be clarified. After removal of the surface contamination, we
again have W-C environment, accompanied by Si bound to C and O. This confirms the incorporation of

silicon in this coating elaborated with 20% of TMS and is also coherent with IBA results (Figure 10).
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Figure 11: Experimental XPS spectra of the topmost L4 layer (squares) and after erosion for 30 s (circles) of samples
elaborated with 5 % and 20% of TMS and fitted components (grey lines) with the total fitted envelop before (red line) and

after etching (blue line).



The analysis of the main components in the samples before and after etching showed the surface
stoichiometries (chemical formulae) gathered in Table 3. The W 4f peaks attributed to carbide bonds (at
31.8 and 34.0 eV) were used as reference for the W-C contribution, as they are detected in all cases. The
numbers before brackets are molar ratios, obtained by dividing the atomic percentage of each element by

the sum of the two atomic percentages of W and C in W-C bonds in the W 4f peak.

Table 3: Composition of samples elaborated with 5% and 20% of TMS according to XPS characterization. The W 4f peaks

attributed to W-C bonds were used as reference.

Sample Before etching (surface of L4 layer) After etching for 30 sec (L4 layer)

5 % 1.34[W-Ox]/[W-Co5}/0.9[Si-Ox] [W-Cos]
20%  0.7A[W-Ox]/[W-Cos]/0.5[Si-C16]/1.34[Si-Ox]  [W-Cy]/0.19[Si-Co5]/0.19[Si-Oy]

To conclude on this part, at high percentage of TMS precursor, W and Si are each bound to C. This means
that Si in the films certainly comes from the direct plasma dissociation of TMS and not from the
sputtering of a target poisoned with a WSIiCH compound, or otherwise we would detect Si-W bonds as
well. However, the W target seems to be poisoned by carbon-containing species which are logically more
numerous in the gas phase due to the fact that there is four times more carbon than silicon in the precursor
(Si(CHa)a4), creating a WC film on its surface which is sputtered towards the substrate. This explains the
WC bonds observed in XPS for this layer.

3.2.2.3. Composition of the L3 “SICW”” layer (Figure 12)

The main layer contains only the elements Si, C and W with a majority for the last two and its number
of atoms per unit area is in between 1120 to 1890 x 10'° at/cm2. Again, the presence of Si is only observed
above 8% TMS, then the Si content increases with increasing TMS flow rate, up to a maximum of 10
at.% for 20% TMS in the plasma phase. For W, a plateau is observed between 3 and 14% TMS with an
average concentration of 58.3 £ 0.7 at.%. The value of carbon concentration remains relatively the same
at 40.0 £ 2.3 at.% for the whole series. Above 14% TMS, the W content then naturally decreases as Si

content tends to increase.
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Figure 12: Chemical composition of L3 “SiCW” layer measured by IBA

To go further and understand these microstructures of these materials, we have plotted the estimated
atomic flux (Figure 13) of W and Si, i.e., the number of atoms of these species incorporated in the
materials as a function of the deposition duration. This quantity is the product between the atomic
percentages of these elements, the layer atomic amount (at/cm?) and the deposition duration (min) for the
L3 SiCW layer and L4 top layer.

At a very low percentage of TMS, i.e., between 1% and 8%, the content of W is rather constant. This
confirms the previous hypothesis that in this flow range the W target is not polluted by a metal/ceramic
compound deriving from TMS dissociation. From 10% TMS onwards, the flux of W decreases markedly
and that of silicon increases. This drop of W incorporation, while the sputtering power is constant, could
indicate the target poisoning in this range.

Considering the content of W and Si in the top layers of the coatings, we can identify two groups of TMS
percentages: the group with a percentage below 10%TMS for which mostly W is incorporated in the

film, and the group above 10%TMS for which we start to incorporate Si.
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Figure 13: Atomic flux of W and Si as a function of the percentage of TMS precursor during reactive PVD MW deposition,

estimated from IBA measurements

4. Conclusions

WSICH coatings were elaborated by the reactive RF sputtering of a W target in an Ar/Si(CHs)s plasma
assisted by ECR microwave sources. The points discussed in this first paper show the complexity of
these materials, both in terms of the plasma chemistry leading to its elaboration and its resulting chemical
composition due to the simultaneous sputtering of the target and dissociation of the reactive gas, but
allowed us to estimate the conditions for which the development of these cermets is feasible.

Process diagnostics performed by optical emission spectroscopy showed the ability to form powders in
the gas phase. Investigations showed a poisoning of the W target by C forming W-C aggregates towards
the growing layer. These results are supported by the chemical analyses performed on the samples from
this gas phase. Indeed, the IBA analyses showed very high amounts of W and C compared to that of
Silicon. The XPS measurements carried out on the top layer (SICWOH) also highlighted this formation
of W-C bonds.

The correlation between the process diagnostics and the material characterizations allowed us to estimate
the conditions in terms of percentage of TMS for which the development of tungsten-containing
nanoparticles incorporated in a SiC matrix is feasible, insofar as silicon is effectively detected from 10%
TMS. In future work, the formation of such nanocomposites will be investigated by TEM.

Such cermets could be considered for spectrally selective absorber materials used to improve the thermo-

optical performance of concentrating solar power plant receivers.[11,39-41] Indeed, the inclusion of



metallic nanoparticles can lead to the appearance of evanescent waves resulting from the plasmonic effect
[7,42—-44] within the material when it is illuminated, increasing its absorbing power. In the continuity of
this work, we will in fact consider in our next paper their insertion in a multilayer coating architecture
with a top antireflective layer of TaOxNy,[45,46] for which first optical simulations and optical

measurements proved promising performance for the receivers of concentrated solar power plants.
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