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Ellipsometric characterization of tungsten oxide thin
films, before and after He plasma exposure
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Thin films of WO3 were grown by thermal oxidation on tungsten substrates at 400 °C, under 590 Torr oxygen pressure. Two
of the WOs3; films were exposed to helium plasma, one at room temperature, and the other one at 400 °C. In order to
determine and confirm the tungsten oxides thicknesses between 25 and 75 nm as previously estimated from Scanning
Electron Microscopy (the cross-section of samples was prepared by Focused lon Beam), ellipsometry measurements and
modelling were performed. The specular reflectance spectra of the WO3 thin films were acquired in the range 190-2100 nm,
showing that the reflectivity of the films decreases with WOg3 layer thickness, especially at low wavelengths. It was observed
that He exposed samples present lower values of refractive index and extinction coefficient compared to the unexposed

sample.

(Received February 24, 2023; accepted April 7, 2023)

Keywords: Tungsten oxide, Thermal oxidation, Thin films, Ellipsometry characterization, Reflectance

1. Introduction

Spectroscopic ellipsometry (SE) is one of the most
often chosen non-invasive techniques among many others
[1], to investigate the optical properties. It has been used
for detailed studies on tungsten oxide films made by
different methods [2-13]. Also, along with the traditional
methods, e.g. Scanning Electron Microscopy (SEM),
Focused lon Beam (FIB) cross-section, SE is a very
efficient, highly sensitive, non-destructive technique used
in estimating the thicknesses of the thin films from few
angstroms to several nanometers, with an approx. 20 %
error, and their optical constants [14].

Results of ellipsometry measurements refer to the
sample as a whole. A subsequent evaluation by modelling
of the measured data reveals that is necessary to extract
properties of individual layers. Investigation of multilayer
structures requires consideration of the properties of each
layer. Building a good model involves knowledge of the
sample structure: the substrate, the ordering and
composition of layers (e.0.
substrate/oxide/film1/film2/roughness),  the  dielectric
function of the substrate, the roughness of the top-layer,
the concentration of the contained voids etc. The more
parameter values are unknown at the beginning of the
evaluation, the more complex is the evaluation and
eventually no analytical solution might be found if some
unknown parameters to be defined are highly correlated. A
possible solution for determining these parameters is step
by step analysis of the sample during the preparation, by
recording ellipsometry measurements after the growth of
each individual layer. A more often used possibility of
reducing the number of unknown parameters, more often

used, consists in a number of results previously obtained
from other techniques: Atomic Force Microscopy (AFM),
SEM, UV-Vis spectroscopy, Raman spectroscopy, Fourier
Transformer Infrared (FTIR) spectroscopy etc. [14-17].

This paper refers mainly to SE characterization
(ellipsometry measurements, modelling and analyses) on
WO; thin films with different thicknesses, obtained by
thermal oxidation of polycrystalline tungsten substrates.
Two of the samples were exposed to helium plasma, in
order to fabricate thin WOj; layers that mimic the possible
oxidation of tungsten plasma facing components (PFCs)
and to explore the effects on their properties. In future
thermonuclear fusion devices Deuterium-Tritium (D-T)
reaction will be operated with high release of energy,
requiring PFCs to withstand the extreme environment.
Owing to its favorable physical properties, tungsten is
used for PFCs receiving highest fluxes in operating
tokamaks and it will compose the ITER (International
Thermonuclear Experimental Reactor) divertor [18-20].
The high temperature of PFCs (up to 1000 °C) associated
with the possible presence of oxygen impurities or
accidental scenarios (e.g. cooling system leakage, or an
emergency shutdown of the divertor) may cause oxidation
of the W-PFCs, whose surface properties would then be
altered.

In this study, the ellipsometry measurements were
performed in order to determine the thicknesses, the
refractive indices n and the extinction coefficients k, and to
analyze the reflectivity versus wavelength in 190-2100 nm
domain for WQO; thin films grown by thermal oxidation on
tungsten substrates at 400 °C, under 590 Torr oxygen
pressure, some of the samples being exposed to helium
plasma post growth. Data from AFM topography
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measurements, FIB cross-section, SEM, Transmission
Electron Microscopy (TEM), Raman spectroscopy and X-
ray diffraction (XRD) were previously recorded [21] and
they are used with a great efficiency in building an
accurate ellipsometry model of the tungsten oxide
structures studied in this work. Also, in a previously paper
[22], the diffuse reflectance spectra of these films were
acquired in 2500-5500 nm range, by using a hemispheric
reflectometer.

The experimental part is described in section 2 and the
ellipsometry characterization of the tungsten oxide layers
are detailed and discussed in section 3. Section 4
summarizes the conclusions of this study.

2. Experimental

WOs thin films were obtained by thermal oxidation of
tungsten substrates. Polycrystalline recrystallized tungsten

(pc-W) samples produced by A.L.M.T. Corp., Japan
(purity of 99.99%), measuring 7x7x0.3 mm, were used as
substrates. Firstly, all the samples were polished to a
mirror-like surface, electro-polished, and cleaned in
ultrasonic baths with acetone and ethanol. Then, in the
oxidation process, the temperature was set at 400 °C, in
order to be relevant for PFCs. The growth of WO films by
thermal oxidation of tungsten substrates and the conditions
of their stability at 400 °C are described elsewhere [21,
22]. The oxidation processes were carried out under 590
Torr oxygen pressure. The idea was to be limited not by a
low oxidation rate [21, 22]. The oxidation time was varied
as it can be seen in the Table 1 (virgin tungsten (S1), 0.5 h
(S2), 1 h (S3), 1.5 h (S4, S5, S6)). From the whole lot, the
samples S5 and S6 were exposed to a low energy He
plasma (~ 20 eV, 4x10* m? fluency), with a flux of
2.5x10%® m?s?, at two different temperatures: room
temperature (S5) and 400 °C (S6).

Table 1. Grain size, thickness and roughness of the studied samples obtained from SEM, TEM, FIB cross-section [20], and
ellipsometry modeling

Oxidation process SEM FIB cross- Elliosometr Elliosometr
(Time/Poy); W Grain TEM section P y P y
Sample - . ; Thickness Roughness MSE
He plasma size W03 Grain | Thickness
. [nm] [nm]
exposure [um] size [nm] [nm]
S1 untreated 5-50 - 0 0 0.57+0.007 4.01
S2 0.5 h/590 Torr - 10-30 ~25 24.1+0.4 33+0.067 4.37
S3 1 h/590 Torr - 10-30 ~55 55.7+1 28+0.26 10.57
S4 1.5 h/590 Torr - 10-30 ~75 77.5+1.3 2.7+0.23 26.49
1.5 h/590 Torr; 10-30
S5 He plasma exposed - ~75 70.3+1.3 15+0.5 11.69
(room temperature)
1.5 h/590 Torr;
S6 He plasma exposed - 10-30 ~50 48.5+1.9 7.02+0.54 11.58
(400 °C)

The ellipsometry measurements of WO5; samples were
performed with a UVISEL Ex-Situ System-HORIBA
JOBIN YVON SA, equipped with a PMT (photomultiplier
tube) detector that is highly sensitive in the visible and UV
regions. For analysis in extended and near IR region, the
instrument is equipped with a high sensitivity InGaAs
detector with spectral responses reaching 2.1 microns. The
sample is placed in a horizontal configuration. In order to
achieve variable incidence angles, both the excitation and
collection heads equally and simultaneously rotate around
the sample (Fig. 1). The UVISEL data acquisition system
allows capture rates up to 1 msec/point with excellent
signal/noise ratio.

The ellipsometry measurements of the WO; films
were performed from 190 to 2100 nm, with a 5 nm step (or
0.600 eV-6 500 eV range, with a 0.05 eV step), using an
integration time of 200 msec. at 70° angle, in measurement
configuration Il: P — M = 45 [90]; M = 0 [90]; A = 45,
where P is the polarizer, M is the modulator and A is the
analyser [23].
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Fig. 1. The experimental set-up used in ellipsometry
measurements

An ellipsometry model (Fig. 2) was created to
determine the thicknesses and the roughness of the
tungsten oxide films and to compare the results with those
previously obtained from FIB cross-section and AFM [21].
The model used in this case is composed by two parts: the
first one is simulated using the dielectric function of the
studied material and the second one is simulated with an
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Effective Medium Approximation (EMA) [24, 25]. The
experimental data were fitted using the Bruggeman
Effective Medium Approximation (BEMA) [26], taking
into account the particularities of the oxidation method.
The most used models describe the surface roughness of
the studied sample with EMA. Many experimental
comparisons have been made between EMA measured by
ellipsometry and the morphology measured by AFM [25,
27]. Ref. [25] presents a review about the relationship
between surface morphology and EMA roughness. After
establishing the model, the appropriate dispersion function
has been accounting for the materials in the sample, and
the fit parameters were varied by least square regression
until a minimum difference between experimental and
computed (¥, A) spectra was obtained. The fit has been
performed  employing the  dedicated software that
automatically calculates the risk factor, using the mean
squared error (MSE) and the appropriate regression
function, to minimize the MSE function [28, 29]. Spectra
of refractive indices (n) and extinction coefficient (k) for
virgin tungsten substrate are plotted in Fig. 6, whilst the
results obtained by spectroscopic ellipsometry are
displayed in Table 1. Depending on the sample, the
effective medium approximation uses a mixture between
the dielectric function from the first part (m, a, b = 70 to
90 %) and the dielectric vacuum function for the void
space presented in the harsh top-layer (q, z, d = 10 to 30
%). After establishing the layer thickness, the dielectric
function of the material can be determined.

Mm% W03 + q% Voids
pec-W

a)

a % W03 + z % Voids

b% W03 + d % Voids

pc-W

b)
Fig. 2. The ellipsometry models created for the WO; thin films:

a) m > n for films with thickness lower than 50 nm, and b) a<b
and ¢ > d for films with thickness higher than 50 nm

3. Results and discussion

The effects of the oxygen pressure, oxidation time and
He plasma exposure on the structure and on the thickness
of the WO; films, and their thermal stability in the 400 °C
range were previously studied by Raman microscopy,
XRD, SEM, TEM and AFM [21, 22]. The WO; films
present, as expected, smooth surfaces with no cracks

because of the low oxidation temperature. XRD results are
specific for a monoclinic (m-WO3) or orthorhombic (o-
WO3) nano-crystalline structure [21, 22]. Tungsten grain
size measured by SEM is around 5-50 pum [21] and
tungsten oxide grain size as obtained by TEM was found
to be around 10-30 nm. The samples roughness measured
by AFM was about 10 nm (not shown here).
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Fig. 3. a) SEM image of unexposed WO, sample (S4) and b)
TEM image of room temperature He plasma exposed WO,
(S5), prepared by FIB cross-section [21]

The results previously measured, as grain size,
roughness and thickness, and those obtained by
ellipsometry modelling are summarized in Table 1.
Comparing the thickness and the roughness of the WO,
films obtained by traditional methods, as FIB cross-section
and AFM, with those determined from ellipsometry, it can
be observed that the values are comparable with very
small differences.

It is worth noting that S4 and S5 WO; films have
similar FIB cross-section thickness (Fig. 3 and Table 1),
around 75 nm, both films oxidized for 1.5 h, first of them
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being unexposed and the second one being exposed to He
plasma at room temperature. The thickness resulted from
ellipsometry modelling are comparable with FIB cross-
section thickness, being around 70 nm for both S4 and S5
WO; films. Thus, one can conclude that He plasma
exposure at room temperature does not significantly
influence the thickness of the WO; films and have no
effect in terms of erosion on the surface of the oxide layer.
For the room temperature He plasma exposed film (S5),
the surface is smooth and the oxide/tungsten interface is
well defined [21]. XRD and Raman analyses show that
tungsten oxide layer after room temperature He plasma
exposure remain crystalline (monoclinic nano-crystalline
phase). This was expected as exposures were done at very
low fluencies while such modifications were observed in
Refs. [30-33] with much higher fluencies.

On the contrary, for the WO; film He plasma exposed
at 400 °C (S6), significant damages and formation of new
features, as bubbles or void formations, at the tungsten
oxide-tungsten substrate interface were revealed [21]. The
oxide layer thickness in this case is measured at ~50 nm
(measured by FIB cross-section and confirmed by

ellipsometry —Table 1): a decrease in thickness of around
20 nm, which corresponds to an erosion rate of about
0.013 nm s™. Also, an about 10 nm deteriorated and low in
oxygen WO; layer was observed at the surface of the film
and nano-metric air bubbles were formed at the interface
between oxide and tungsten substrate, due to the helium
that crosses the oxide layer, this involving a decreasing of
the reflection coefficient for WO; film. XRD
measurements reveal that the WO; film after He exposure
at 400 °C keeps the crystalline structure (monoclinic
phase), but the quality of the films suffers damages
(broken bonds, distortions of octahedra, additional
tensions in the film structure) due to Raman analysis [21].

Fitting FIB cross-section thickness and ellipsometry
thickness versus oxidation time (Fig. 4a), it can be
observed the approximate linear increasing relation
between them and the similarity of the fitting for the
thickness obtained from FIB and ellipsometry. In the case
of the samples exposed to He plasma, the graphs of
thickness versus temperature during exposure (Fig. 4b)
present a linear decreasing.
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Fig. 4. FIB cross-section thickness and ellipsometry thickness (with error bar for ellipsometry thickness) versus a) oxidation time
for unexposed WO; films, and b) versus temperature during exposure for He plasma exposed WO; films (color online)

The evolution of the specular reflection coefficient
versus wavelength in the 190-2100 nm range was
investigated, with the corresponding thickness and
extinction wavelength as derived from the ellipsometry
modelling. Fig. 5 presents the reflectance spectra for all
five WO; films obtained by tungsten substrate annealing
compared with virgin tungsten substrate. The shape of the
reflectance curve is influenced by the thickness of the
WO; film. As the thickness of the films decreases, the
minimum of the reflectance is shifted to lower
wavelengths. The reflectance spectrum of the virgin
tungsten does not present a defined minimum. For all the
samples, the reflectance is increasing in 800-2100 nm
domain.
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Fig. 5. The reflectance spectra of WOj; films obtained on tungsten
substrates compared with the reflectance of virgin tungsten
substrate, in 190-2100 nm range (color online)
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The refractive index n and extinction coefficient k
obtained by modelling are compared with the ellipsometry
measured ones. In Fig. 6 are shown the quite accurate
overlaying of these parameters for virgin tungsten
substrate. The overlaying procedure of n and k coefficients
are successfully repeated for all the samples studied in this
work (not shown here).

500 1,000 1,500

Wavelength {nm)

Fig. 6. Ellipsometry modelled n and k coefficients overlaid on
measured n and k, for virgin tungsten substrate (color online)
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Fig. 7 presents the refractive index and the extinction
coefficient obtained by ellipsometry for one unexposed
WOg3; thin film (S4) and for room temperature He plasma
exposed WOj; thin film (S5). There is an obvious changing
in the optical properties of the tungsten oxide films after
exposure to He. For unexposed WO; film, the absorption
of the material increases from visible to infrared domain.
On the contrary, for room temperature He plasma exposed
WOs; film, the absorption decreases in the same domain.
Also, for unexposed WO; film it can be seen that the
refractive index presents a minimum at 1000 nm, and in
the case of room temperature He plasma exposed WOs;
film, the refractive index decreases beginning from around
400 nm to infrared domain.
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Fig. 7. Refractive index n and extinction coefficient k versus wavelength, resulted from ellipsometry measurements, for WO; films
obtained after 1.5 h of oxidation. a) unexposed (S4), and b) room temperature He plasma exposed (S5) (color online)

4. Conclusions

Ellipsometry measurements were run on tungsten
oxide films grown through thermal oxidation on tungsten
substrates. Two of WO; films were exposed to helium
plasma.

Models were created to determine the optical
parameters, e.g. specular reflectance as a function of
wavelength of the studied films. In the range 190 to 2100
nm the minimum of the reflectance is shifted to lower
wavelengths as the thickness of the films decreases. The
reflectance spectrum of the virgin tungsten does not
present a sharp minimum, because the sample has no oxide
films. For the oxide exposed to the He plasma, the n and k
values are lower than those of the unexposed sample.

The n and k parameters were determined by for the
virgin tungsten substrate and for WO; thin films for
comparison. The modelled n and k versus wavelength
were successfully overlaid to the n and k measured by

ellipsometry, for all the samples studied in this paper. The
values of these coefficients are higher for the unexposed
WO; films than for He plasma exposed ones.
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