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A B S T R A C T   

Tungsten oxide WO3-x is a transition metal oxide and a wide bandgap semiconductor, with a wide range of 
possible optical and photonic applications. In dependence on the fabrication techniques different stoichiometric 
ratios (x) and crystalline phases are obtained, which end up with an overall polymorph and extremely versatile 
material, characterized by tailorable dielectric properties. In particular, WO3-x thin film deposition by Radio- 
Frequency (RF) sputtering techniques provides a precise control of thickness, composition and nanostructure. 
In this work we introduce and discuss a specific process of deposition, that is magnetron RF-sputtering as a 
suitable way to grow WO3-x thin films with selected properties. Possibility of integrating WO3-x thin film on to 
one-dimensional (1D) photonic crystal structures is also explored. Films are transparent in the near and short- 
wavelength infrared optical spectral range. Their quality is assessed by morphological, structural and compo-
sitional characterizations. Dielectric properties are characterized by optical spectroscopy and ellipsometry, the 
latter also evaluates the degree of optical anisotropy of thin films in their crystalline phase. An 1D photonics 
bandgap structure is designed, formed by a SiO2–TiO2 multilayer and capped with a 450 nm-thick transparent 
WO3-x film, so that surface confinement and local enhancement of the optical field at 1416 nm in the topmost 
WO3-x layer is obtained.   

1. Introduction 

The research interest for tungsten oxide (WO3) as a wide-bandgap 
semiconductor has increased over the latest decades, prompted by its 
extraordinarily broad range of applications [1]. WO3 is a polymorph 
material that stabilizes several different crystalline phases at atmo-
spheric pressure according to temperature [2–4]. Also in presence of 
oxygen deficiency, sub-stoichiometric WO3-x (0.05 < x < 0.375) can 
form different stable crystalline phases (Magnéli phases) [5]. Broadly 
speaking, dielectric and optical properties of WO3-x are strongly affected 
by the value of the compositional ratio x [6]. The stoichiometry, as well 
as the presence of impurities, also determine the n-type or p-type elec-
trical character of tungsten oxide as a semiconductor [1,5,7]. Generally 

in oxygen-deficient WO3-x phases, n-type electrical conductivity is 
preferably expressed [6]. Sub-stoichiometric phases with x > 0.1 may 
even change from being semiconducting to metal-like [5,8]. Just to list 
some among the main applications of WO3-x, crystalline nanorods [9] 
and nanowires behave as electrical field emitters [10], compact and 
smooth optical thin films are used in smart windows [11–16] and UV 
optical detectors [17–19] thanks to their chromogenic qualities, 
nano-porous films are exploited in sensors [20–25] and 
photo-electro-catalytic devices [26–29]. Full-optical chemical sensors 
have also been proposed, by optically read-out of chemically induced 
variations of dielectric response in thin films of WO3-x [30]. Throughout 
this work, we will generally refer to WO3-x (0≤ x< 1)as tungsten oxide, 
therefore comprising both its stoichiometric and sub-stoichiometric 
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forms. 
Among the different methods of synthesis for tungsten oxide films 

[31], Radio-Frequency (RF) sputtering has established itself as a versa-
tile one, with the advantage of providing fabrication processes upgrad-
able to the industrial scale. Through a precise control of growth and by 
tuning a whole set of deposition parameters, this technique may provide 
not only porous films for sensing [23–25] and advanced 
photo-electro-catalytic devices [26–28], but also smooth and compact 
layers of good optical quality [12–14,32–36]. In this work we show that 
non-reactive magnetron RF-sputtering in Ar atmosphere at room tem-
perature (RT), followed by post-growth thermal annealing in dry air, is a 
suitable technique to fabricate compact and smooth WO3-x optical thin 
films. Annealing in air provides an effective and direct means of 
adjusting the compositional ratio, thus manipulating the structure and 
dielectric properties of the material, whilst keeping the optical grade. 
We have correlated deposition and annealing of the films to a compre-
hensive characterization of their morphology, structure, chemical 
configuration and dielectric properties. In their as-deposited form, 
RF-sputtered thin films are sub-stoichiometric and optically opaque in 
the visible and near-IR range. An 8-h annealing step at 300 ◦C consid-
erably increases the transparency of the films and widens the optical 
bandgap, suggesting that a nearly fully oxidized stoichiometry can be 
reached while preserving an amorphous structure. By annealing at 
400 ◦C films crystallize in addition to be more transparent. We evaluate 
and discuss the evolution in composition, structure and dielectric 
properties induced by thermal annealing, from the quasi-metallic 
character of as-deposited samples to their dielectric behavior after 
annealing. In particular, by analysing the spectral dispersion of the 
complex dielectric function with spectroscopic ellipsometry, we show 
that annealed films are quite transparent in the near infrared (NIR) and 
short-wave infrared (SWIR) optical range. And we also evaluate the 
intrinsic birefringence of anisotropic crystalline phase. Finally, in 
exploitation of WO3-x thin layers as optical chemical sensors, by optical 
wave numerical simulation we analyse the design conditions of inte-
grating a WO3-x layer on to the top of an 1D Photonic bandgap (1D-PBG) 
structure. It is known that optical field can be predominantly confined in 
the topmost layers of suitably designed 1D-PBG, thus enhancing the 
interaction with environment [37]. In present work, starting from the 
results provided by the spectroscopic characterization of dielectric 
function in WO3-x films, we have designed a resonant structure capable 
to effectively confine incident light in WO3-x layer at surface. 

2. Materials and methods 

2.1. Film preparation 

Tungsten oxide thin films were deposited by non-reactive RF 
magnetron sputtering onto three different substrates, namely p-type 
doped Silicon wafers (100)-oriented, fused silica slides (SiO2) and 
Indium–Tin-Oxide (ITO)-coated borosilicate glass slides (sheet resis-
tance: 8–12 Ω/square). Before deposition, in order to remove adsorbed 
contaminants, substrates were cleaned first by rinsing them in ethanol 
and then by heating them at 120 ◦C for 30 min in a pre-chamber (at 
pressure below 1 × 10− 5 mbar). For silicon wafer, a very thin layer of 
native oxide can exist on the surface due to the exposure to the atmo-
sphere and was not removed in this experiment. Cleaned substrates were 
transferred into the deposition chamber and placed aside on the same 
holder, to proceed with the growth of nominally identical film samples. 
The base pressure in chamber was set at 2.5 × 10− 7 mbar and the 
working pressure was stabilized at 5.4 × 10− 3 mbar by inletting 99.99% 
pure argon (Ar) gas as a media for plasma discharge. The operating 
sputtering power was set to be 80 W at RF = 13.56 MHz. A stoichio-
metric WO3 rectangular (2× 5.625 inch) target (SEMATRADE, purity of 
99.95%) was placed at a distance of 250 mm from the substrates. The 
surface of the target was also cleaned by pre-sputtering for 10 min before 
to start deposition, in the meantime keeping the substrates sheltered. 

The target was kept at a constant temperature of 17 ◦C by a cooling 
system (SMC Chiller mod. HRS024-AF-20-T). The temperature of sub-
strates was stabilized at room temperature by thermal dissipation 
through the copper sample holder [38,39]. After deposition, 
post-growth annealing steps in dry air were carried out for 8 h using a 
conventional tubular oven (Carbolite mod. CTF). The thermal treatment 
time had been preliminary optimized [39]. Two annealing temperatures 
were chosen, namely 300 ◦C and 400 ◦C, which are respectively below 
and above the reported threshold for WO3 crystallization [40]. Two 
reference values for film thickness were obtained, respectively around 
200 nm and 60 nm, by changing the deposition time at the same nominal 
growth conditions. In this way, six samples were finally prepared, 
respectively labelled as S1, S2 and S3 (thicker set) and S4, S5 and S6 
(thinner set). Samples S1 and S4 were kept as-deposited and not 
annealed, while samples S2 and S5 were annealed at 300 ◦C, and sam-
ples S3 and S6 were annealed at 400 ◦C. Each one of the samples was 
fabricated on all of the three substrates, to provide suitable environ-
ments for different characterizations. 

2.2. Methods of characterization 

The eligibility of the RF-sputtering/annealing as a fabrication pro-
cess for optical grade WO3-x films with selected dielectric properties was 
assessed by performing comparative and correlated characterizations of 
the structural, morphological, physio-chemical, and dielectric proper-
ties of samples, both as-deposited and thermally annealed. Film thickness 
was evaluated by cross-sectional imaging in High-RESolution Scanning 
Electron Microscope (HRES-SEM, Tescan MIRA3) and confirmed by step 
profilometry (VEECO Dektak 150). Atomic force microscopy (AFM) has 
been applied to characterize the morphology and roughness at the sur-
face of films, by using an NSCRIPTOR DPN system, driven by 
SPMCockpit software (NanoInk., Skokie, IL) in tapping mode at ambient 
temperature and humidity. Measurements were obtained using 
commercially available silicon ACT tips (AppNano - Santa Clara, CA) 
with a nominal spring constant of 40 N/m (nominal value of tip radius =
6 nm). The AFM 3D maps were obtained at 0.2 Hz of scan frequency and 
were evaluated by using NanoRule + ™ AFM software (Pacific Nano-
technology - USA). The arithmetic mean roughness (Ra) (Eqn 1) which 
represents the arithmetic mean of the measured ordinates Z (x, y) within 
the analysed area, was calculated according to following equation: 

Ra =

∑N

1

⃒
⃒
⃒Zi − Z

⃒
⃒
⃒

N
(1)  

where Z is the average of measured heights, as follows (Eqn 2): 

Z =

∑N

1
Zi

N
(2) 

And N is the number of points included in the analysed surface. 
The crystallinity was assessed by X-Ray Diffraction (XRD) using a 

X’Pert Pro Panalytical diffractometer, equipped with graphite- 
monochromatized Cu  Kα1 radiation at a wavelength of 1.54060 Å. 
Samples deposited on (100) Si substrates were characterized at grazing 
incidence (5◦), in order to maximize the contribution from WO3-x thin 
films and to minimize the effect from substrate. The patterns were ac-
quired over the angle range 2θ = 20 ∼ 100◦ with a step size of 0.05◦ in 
Bragg-Brentano geometry and the time for each step was 5s. The oper-
ating voltage and current were 40kV and 35mA, respectively. The 
composition of the samples was evaluated using X-ray photoelectron 
spectroscopy (XPS), with particular attention to the oxidation state of W. 
XPS spectra were acquired using an Axis DLD Ultra instrument (Kratos – 
Manchester UK). For each sample, the analysis was composed by a wide 
spectrum on Binding Energy (BE) range 1250 to − 5 eV using a 160eV 
pass energy. For each of W, O and C elements, high resolution core line 
spectra were collected by setting the analyser pass energy at 20eV with 
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an energy step of 0.05eV. Charge compensation was applied when 
necessary, tuning the compensation conditions to maximize the peak 
intensity while minimizing its Full-Width Half-Maximum (FWHM). The 
XPS spectral data reduction was performed using a home-made software 
based on the R platform [41]. Spectra were aligned on the BE scale 
taking the W4f main peak at 35.8 V as a reference. Care was taken in 
selecting appropriate background subtraction and Gaussian components 
for peak fitting. 

The optical absorbance of films in the range from ultraviolet (UV) to 
near infrared (NIR) was characterized by Optical UV–Vis–NIR Spec-
trometry (Cary Varian 5000) on samples deposited onto SiO2. By 
applying Tauc method analysis to the absorbance data, the amplitude of 
optical bandgap has been estimated [42]. Details of the procedure are 
reported in Appendix A. Characterizations of linear optical properties 
were complemented by measuring the dispersion of complex dielectric 
function of WO3-x films in the 350 nm < λ < 1700 nm spectral range by 
Variable Angle Spectroscopic Ellipsometry (VASE) (J.A. Woollam Co., 
Inc.) [43]. The principle of operation of VASE is briefly summarized in 
Appendix B. Values of complex dielectric functions ̃ε(λ)are obtained by 
performing a fitting of experimentally measured values of the ellipso-
metric functions Ψ(θ, λ) and Δ(θ, λ) to a reference dielectric model (see 
Appendix B for further details). The reference model includes para-
metric expressions for complex dielectric functions and thickness of all 
the layers, and is refined by fitting for morphological and structural 
information, such as porosity, surface roughness, homogeneity, and 
anisotropy. Measurements were carried out at 10-nm-steps and at three 
angles of incidence 65◦, 70◦ and 75◦. The data analysis and fitting was 
performed using commercially available WVASE32 software and the 
Levenberg-Marquardt regression algorithm was used for minimizing the 
mean-squared error (MSE) [44]. 

2.3. Design of photonic structure for optical field enhancement in WO3-x 
layer 

Optical localization can be obtained by depositing WO3-x films on top 
of photonic resonant structures, such as 1D-PBG and Bragg reflectors 
[37]. To this aim, a multilayer structure has been conceived, as formed 
by the sequence of alternated SiO2 and TiO2 layers and capped with 
WO3-x. The structure has been designed to minimize optical trans-
mission and to maximize reflection over the range from 890 nm to 1450 
nm, and so that bandgap edges occur in the NIR. Firstly, the SiO2/TiO2 
multilayer was designed. The thickness of the SiO2 layer was determined 
using the quarter-wave approach [45] and the thickness of the TiO2 
layer was chosen using a set of transfer matrix (TM) calculations for a 
well-tuned spectrum [46,47]. The TM calculations were performed at 
normal optical incidence and by using wavelength-dependent refractive 
index values n(λ) for SiO2 and TiO2 [48,49]. Then, the distribution of 
optical field intensity in WO3-x topmost layer was calculated using a 3D 
finite element model (FEM) by COMSOL Multiphysics®. More in detail, 
a square cell of 1 μm in size was considered and frequency domain 

analysis consisting of periodic boundary condition (Floquet periodicity) 
with zero-incidence angle wave excitation at the top layer was adopted. 
In order to determine the ideal thickness of WO3-x layer, a parametric 
thickness sweep study was performed from 100 nm to 500 nm with an 
increment size of 10 nm and by evaluating the total electric field norm at 
band edge wavelengths (from 1400 nm to 1700 nm with 10 nm-steps). 
The optical dispersion of WO3-x film in the NIR was modelled by using 
the refractive index values for sample S6 as evaluated in present work. 

3. Results and discussion 

3.1. Morphology and structure 

The HRES-SEM cross-sectional images of samples S1 (as-deposited), 
S2 (annealed at 300 ◦C) and S3 (annealed at 400 ◦C) grown on Si sub-
strate are shown in Fig. 1 and show the compactness and smoothness of 
RF-sputtered WO3-x thin films. In the case of S3, the visible contrast 
pattern is an indication of some degree of structurization in the film 
thickness. Mean values for thickness d were evaluated by averaging 
multiple measurements across the cleaved sections, and results are re-
ported in Table 1. Thickness was substantially confirmed by step pro-
filometry within measurement accuracy. 

Surface morphology and roughness were analysed by AFM at 
different spots on the samples grown on ITO-coated glass. Fig. 2 shows 
representative 2D AFM maps, scanned over 4 μm2 area for thicker and 
thinner sets of samples. In thicker films S1 and S2, round-shaped 
nanoparticles with a diameter ranging from 150 to 200 nm can be 
noticed. The dimension of nanoparticles seems to decrease in sample S3, 
where their presence is sometimes unrecognizable. Regarding the 
thinner set, the topography of three zones looks somewhat equivalent, 
even though in case of S5 the formation of a different patterning can be 
inferred. Moreover, AFM topographical images of sample S4 reveals the 
presence of clusters of ellipsoidal nanoparticles with a shorter width of 
50–100 nm, together with nanoparticles having a similar shape but 
higher dimensions of 180–250 nm. After annealing, 50–250 nm-sized 
nanoparticles with a more rounded shape can be observed in S5 and S6 
samples. When compared with sample S4, S5 (annealed at 300 ◦C) shows 
the presence of larger valley areas between the particles. The analysis 
software provides very low arithmetic mean roughness values Ra of 
respectively 1.83 nm (S1), 1.82 nm (S2), 2.47 nm (S3), 1.59 nm (S4), 
1.80 nm (S5) and 1.97 nm (S6) and corresponding peak-to-peak 
roughness average values of 17.95 nm (S1), 17.33 nm (S2), 26.67 nm 
(S3), 16.02 nm (S4), 18.40 nm (S5) and 19.05 (S6). The variations in Ra 
correlated with the annealing, and its slight increase at 400 ◦C, are at the 
atomic scale and their significance might be considered as questionable 
in the present context. However, Ra values measured by AFM for sam-
ples annealed at 400 ◦C are found to be higher than those of samples 
annealed at 300 ◦C and as-deposited films, with particular regard to S3 
when compared to S1 and S2. Results are listed in Table 1. Values of Ra 
roughly scale with film thickness and are higher for the thicker set, as 

Fig. 1. Cross-Sectional SEM images of WO3-x thin films deposited through RF sputtering. For morphological description of S1 and S2 also refer to Ref. [50]. (no 
colour printing required). 
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analysed both by AFM and profilometry. As a whole, the very small Ra 
values are an indication of extremely smooth layers quite fit for those 
optical applications that involves the propagation of the phase front and 
coherent processing of field amplitude. 

Structural characterization by XRD was performed on films grown on 
Si (100) substrates. The XRD patterns for as-deposited and annealed 
samples are reported in Fig. 3. A residual broad hump from the scat-
tering of the Si substrate (100) is visible at about 70◦ in all traces. In case 
of as-grown S1 and S4, the broad peak centred at about 2θ = 24◦ in-
dicates the typical lack of long-range ordering of an amorphous struc-
ture. In samples treated at 300 ◦C (S2 and S5) peak narrowing is 
negligible. This is an indication that, as expected, annealing up to 300 ◦C 
does not provide enough energy for nucleation and growth of WO3-x 
crystallites. Instead, samples S3 and S6, which are thermally treated at 
400 ◦C, are polycrystalline. The dominance of the (002) peak at about 
2θ = 23.2◦ in sample S6 suggests that the texture of WO3-x thin film is a 
monoclinic phase, space group P21/n, oriented along the c-axis 
perpendicular to the surface of substrate (JCPDS card 72–1465). In the 
case of thicker sample S3 the peaks at about 2θ = 23.2◦ (002), 23.6◦

(020) and 24.4◦ (200) confirm the coexistence of several crystalline 
orientations of monoclinic stoichiometric WO3. The effects of annealing 
in air on tungsten oxide films and their crystallization in different phases 

according to temperature and substrate have been studied [2]. Though 
WO3 is expected to crystallize as orthorhombic phase at 400 ◦C, trans-
formation into the more stable monoclinic phase may occur while 
cooling the thin films down to room temperature. Or, the limited 
thickness of deposited films may favour ordered monoclinic arrange-
ments. Actually, at normal conditions crystalline WO3 thin films on 
substrates are generally reported as monoclinic [2,51,52]. Regarding the 
difference in peaks between S3 and S6, despite equivalent temperature 
and duration of the annealing process, different film thicknesses may 
induce different kinetics that affect the orientational homogeneity of the 
crystallites. By applying Scherrer formula [53] to the most intense peaks 
in samples S3 and S6, crystallite size was roughly estimated and mini-
mum average dimension was evaluated at 33 nm and 28 nm, 
respectively. 

The effect of thermal annealing on films is documented by XPS re-
sults as shown in Fig. 4. Tungsten core line is plotted in Fig. 4a. The 
spectrum is formed by two main features that represent the W4f spin 
orbit components. An example of peak fitting performed on sample S1 is 
shown in the inset. Line shape fitting is composed by two main peaks 
falling at 35.8 eV and 37.9 eV [54]. This doublet is associated to the 4f7/2 
and 4f5/2 spin orbit components of W6+ deriving from WO3. The W 
core-line also shows a second pair of components located at lower BE, 

Table 1 
Morphological, structural, optical, and electrical parameters for WO3-x film samples.  

Sample S1 S2 S3 S4 S5 S6 

Annealing (◦C)  No 300 400 No 300 400 
Thickness (nm) 162±5  159±5  202±5  43±5  58±5  63±5  
Symmetry amorphous amorphous monoclinic Amorphous amorphous monoclinic 
Ra(nm) AFM  1.83 1.82 2.47 1.59 1.80 1.97 
Eg (eV)  2.57 2.84 2.96 2.49 3.05 3.15 
n @550 nm – – – 2.37 2.06 2.18 
κ @550 nm – – – 0.82 1.97E-5 2.51E-3 
n @1500 nm – – – 2.89 1.99 2.06 
κ @1500 nm – – – 0.44 4.00E-9 3.01E-5  

Fig. 2. Matrix taxonomy of AFM topographic 2D images of samples. First and second row correspond respectively to thicker set {S1, S2, S3} and thinner set {S4, S5, 
S6}. The type of thermal treatment is specified at the bottom of selected columns. (no colour printing required). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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respectively at 34.6 eV and 36.97 eV, that can be assigned to the 4f7/2 
and 4f5/2 of W+(6− x) ions deriving from sub-stoichiometric WO3-x, thus 
mirroring the presence of oxygen vacancies [55]. These minor compo-
nents describe the spectral power in the region between the two main 
peaks and the tail at low BE. These features, which are visible in the film 
deposited at RT, disappear in annealed samples as the annealing tem-
perature increases. Following the interpretation of W core line, the effect 
of temperature in annealing is a progressive crystallization and oxida-
tion process of the initially amorphous tungsten oxide phase into a more 
stoichiometric structure [56,57], leading to the aforementioned loss of 
spectral power in the indicated regions. The main effect of the annealing 
temperature on the W4f occurs in passing from RT to 300 ◦C, while a 
further increasing of temperature seems not to induce relevant changes. 
There is a broad literature describing the variations of oxygen vacancy 
density upon annealing [56,58,59]. In this respect, it is important to 
observe that opposite effects may be obtained, depending on the at-
mosphere used for the thermal treatments. Annealing in inert atmo-
sphere or vacuum induces an increase of oxygen vacancy concentration, 

due to desorption of oxygen induced by the thermal treatment [58,60, 
61]. On the contrary, a reduction of oxygen vacancies occurs upon 
annealing in air or in oxygen-rich atmosphere over the thermal range 
from RT to 300–350 ◦C [62], as it is likely to occur also in our case and 
which is compatible with an increase in stoichiometry of WO3-x. Fig. 4b 
shows the changes in the O1s spectral behavior. By increasing the 
annealing temperature from RT to 300 ◦C and to 400 ◦C, the O1s tail at 
high BE progressively decreases. The peak fitting performed using four 
Gaussian components is reported in the inset. The lower fitting 
component at BE ~530.7 eV is assigned to O2− in the WO3. The 
component falling at 531.2 eV is assigned to O2− ions issued by 
oxygen-deficient regions associated with vacancies [54,63]. However, 
the same BE can be assigned also to tungsten hydroxide present at 
sample surface when exposed to air [64,65]. The third component at BE 
~532.5 eV can be assigned to oxygen that is bonded to carbon, and the 
fourth component at BE ~533 eV is from oxygen that derives from 
adsorbed water. Table 2 summarizes the concentrations of chemical 
species estimated for samples S1, S2, S3. In particular, the relative 
contribution of stoichiometric and sub-stoichiometric oxidized tungsten 
phases to the W content has been evaluated and reported. The evidence 
of sub-stoichiometric phases implies that the stoichiometry of as-de-
posited films has been somehow decreased although they were deposited 
starting from the stoichiometric WO3 target. This might be due to the 
fact that, during the deposition process, the oxygen atoms (the mass of 
which is less) are more gravely scattered to random directions in the 
chamber as they travel through the plasma, than the peer tungsten 
atoms (the mass of which is greater) [34]. Randomly scattered atoms are 
either terminated on the inner wall of chamber or pumped away from 
the deposition chamber, resulting in a loss of oxygen percentage in the 
final films. As shown in Table 2, the relative percentage of 
sub-stoichiometric WO3-x with respect to stoichiometric WO3 is 
decreased in crystallized S3 sample, though it is not fully eliminated. 
The fact that sub-stoichiometric WO3-x phases are not seen in the XRD 

Fig. 3. XRD patterns of the RF-sputtered WO3-x films with and without post- 
annealing treatments. Peak position and planes indices are shown at the bot-
tom, based on JCPDS card 72–1465. (no colour printing required). (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 4. Change of the W4f (a) and O1s (b) core line spectra as a function of the annealing temperature. The inset shows an example of peak fitting performed on 
sample S1 deposited at RT. (colour printing required). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 2 
Abundances of chemical species found in the deposited films. The relative 
contribution of stoichiometric WO3 and sub-stoichiometric WO3-x to the per-
centage of W content is indicated in italic.  

Sample WO3(%) WO3-x(%) W (%) O (%) C% 

S1 15.0 1.7 16.7 54.1 29.1 
S2 16.4 1.9 18.3 57.6 24.1 
S3 17.0 1.5 18.6 57.4 24.1  
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analysis might be due to the confinement of these sub-stoichiometric 
phases to the film surface and beyond the XRD detection limit. The 
presence of carbon at film surface comes from unavoidable contamina-
tion when exposed to the ambient air. Instead, the presence of elemental 
oxygen may come both from oxidized tungsten and from adsorbed 
moisture. 

Previous studies of tungsten oxide nanoarrays on the effect of 
annealing in air and in vacuum, show that annealing in air causes a 
reduction of the XPS hydroxylated component of tungsten oxide while 
annealing in vacuum causes an increase of tungsten sub-oxide compo-
nents [66]. The former case (i.e., annealing in air) supports that, the 
annealing in present study causes a removal of OH groups. We have 
shown that the removal of OH groups at 300 ◦C combines with an in-
crease in electrical conductivity [50], because OH groups may fill the 
oxygen vacancies, thus influencing the electrical properties of the ma-
terial. Desorption of hydroxyl groups renders oxygen vacancies avail-
able, thus increasing the number of charge carriers. This tendency is 
reversed by further increasing the annealing temperature to 400 ◦C, in 
corresponding to the transition from amorphous to an orthorhombic 
crystalline structure [56,57]. In particular in Ref. [57] authors estimated 
a formation energy respectively of 5.47 eV and 4.88 eV in case of 
vacancy-defected and relaxed orthorhombic crystalline structures. As it 
appears from calculations, the elimination of oxygen vacancies with 
relaxation into a more ordered crystalline structure leads to a lowering 
of the system energy. Therefore, annealing in air at 400 ◦C provides 
sufficient energy to allow the disordered-to-crystalline transition with 
elimination of vacancy defects. Results are in agreement also with [67] 
where an increase of the optical gap is obtained by annealing amorphous 
tungsten oxide films in oxygen atmosphere, which is associated to 
crystallization and elimination of vacancy-related defects. This inter-
pretation agrees also with the XRD analysis where the onset of WO3 
crystallization is barely visible at 300 ◦C in the range 2θ = 20–40◦ and 
becomes evident at 400 ◦C, mirroring the presence of well-formed WO3 
crystallites. 

3.2. Optical absorption spectroscopy and bandgap evaluation 

As-deposited WO3-x films look opaque in daylight and turn into 
transparent by thermal annealing. Fig. 5 compares the absorbance 
spectra (A) of films deposited onto fused silica substrates in the UV-VIS- 
NIR range by logarithmic ratio of the detected signal Iout(λ)and the input 
optical intensity Iin(λ) as: A(λ) = − log10

Iout(λ)
Iin(λ) . Evidently, thicker films 

lead to overall stronger absorbance than thinner films though fabricated 
under nominally identical conditions. The threshold for strong absorp-
tion at around 350 nm is a contribution from interband optically allowed 
transitions between electronic levels at top of the valence band (formed 
by O2p orbitals) and at the bottom of the conduction band (formed by 

W5d orbitals). As-deposited films are more absorptive than the annealed 
ones, and transparency increases with annealing temperature. Oscilla-
tions, evident in case of more transparent films, are interference effects 
from reflections with the substrate. We remark that, unlike what is re-
ported elsewhere for sub-stoichiometric WO3-x [68], we see no experi-
mental evidence of a strong increase of absorbance in the NIR range. 
Strong NIR absorption is justified either in terms of optical excitation of 
electrons from donor states into the conduction band, or from intraband 
excitation of free carriers [68]. Thus, neither effect seems to predomi-
nantly affect absorption in the present case. 

Values of optical bandgap (Eg) for the films were derived from 
absorbance spectra by Tauc plot method [69]. According to Davis and 
Mott theory [70], close to the bandgap the energy dispersion of ab-
sorption in semiconductors follows a power law: 

(αhν)1/β
= B

(
hv − Eg

)
(3)  

where α is the absorption coefficient (α = 2.303A/d), hv is the photon 
energy, Eg is the bandgap, and B is a structural constant that represents 
the slope of the linear portion of the curve. The exponent β takes the 
values β = 1/2 and β = 2, respectively, to model direct and indirect 
allowed optical transitions at bandgap. By performing a regression 
fitting of the linear region of the curve and by extrapolating it to zero 
absorption, Egvalue is given by the intersection with the energy axis. The 
direct or indirect nature of bandgap in tungsten oxide has been an object 
of debate [6,57,71–73]. In present study we discriminate between the 
two options by comparing both approaches to experimental data. The 
linear fitting of Tauc plots by assuming direct interband optical transi-
tions (β= 1/2) issues Eg~3.84 eV - 4.12 eV (see Figure A1 in Appendix 
A). Such values for Eg, besides exceeding the ones commonly reported 
for WO3 and WO3-x [73–75], would correspond to absorption edges 
located in the UV. As such conveys that all of the films should be 
transparent in the visible range, which is inconsistent with the experi-
mental evidence that as-deposited films are opaque under visible light. 
Also, by admitting direct transitions, a narrowing of optical bandgap 
with annealing would occur, which should lead to an increase in 
absorbance, again at odds with experimental results. By contrast, if in-
direct transitions are assumed (β= 2), a linear fitting issues values in the 
range Eg ~2.56eV - 3.15eV that increases with annealing temperature, as 
reported in Fig. 6 and Table 1. Such values are in substantial agreement 
with available results for WO3-x films grown by sputtering techniques [6, 
76], and also properly account for the increased transparency of the 
annealed samples. The widening of optical bandgap with annealing 
temperature is likely to correspond to stronger oxidation at higher 
temperatures, in agreement with XRD and XPS results. The speed and 
efficiency of oxidation effect depends on the thermal kinetic energy of 
external oxygen atoms, which well explains why the higher annealing 

Fig. 5. Absorbance spectra in the UV-VIS-NIR range for the as-deposited and annealed films. (a): thicker set; (b) thinner set. (no colour printing required). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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temperature (400 ◦C) leads to more transparent films than those 
annealed at lower temperature (300 ◦C). In particular, both values Eg =

3.05 eV (S5) and Eg = 3.15 eV (S6) are consistent with optical bandgaps 
of fully oxidized WO3 [11]. In summary, by proceeding Tauc plot 
analysis we can assume an indirect optical bandgap for the presently 
fabricated WO3-x films. Details of fitting procedure used for extrapo-
lating Eg values and a discussion about the accuracy and reliability of 
Tauc method are given in Appendix A. As explained therein, after 
choosing a suitable energy midpoint for the linear fitting window of the 
absorption curves, the value of Eg can be estimated within an accuracy of 
about ±0.01eV, in dependence on the chosen width of the linear fitting 
window. With this result we contribute to the debate about reliability of 
Tauc plot method in processing absorption data for the value of optical 
bandgap, substantially confirming the most supportive conclusions 
[77]. 

From what expressed so far, it is evident that the more disruptive 
effects on optical absorbance and bandgap are introduced by annealing 
at 300 ◦C. As the annealing temperature increases to 400 ◦C, changes can 
be considered as incremental, as Eg widens and transparency is furtherly 
enhanced in both sets of films. One possible explanation for this 
behavior is that, during the process of film oxidation at 300 ◦C, oxygen 
incorporation causes a decrease in oxygen vacancy concentration. 
Eventually self-doping due to intrinsic defects is reduced. This in turn 
lowers the population of free carriers and weakens its residual contri-
bution to optical absorption in the NIR. Saturation in stoichiometry 
causes a blue shift of absorption edge and a broadening of bandgap, so 
that the film transparency increases in the visible range. Between 300 ◦C 
and 400 ◦C crystallization occurs at saturated stoichiometry, with minor 
incremental effects on the transparency range. 

3.3. Dielectric response in the UV-VIS-NIR 

The optical properties of differently processed WO3-x layers are fully 
characterized by the values of wavelength dependent complex dielectric 
function ε̃(λ) = ε1(λ) + iε2(λ) and complex refractive index ñ(λ) =

n(λ)+ iκ(λ), as obtained from VASE analysis in the UV-VIS-NIR spectral 
range for samples S4, S5 and S6 on Si (100) substrates. The back surface 
of Si wafer was roughened so that backside optical reflections are 
avoided. The resulting multi-layered stack of films was modelled as 
shown in Fig. 7. Native oxide on Si wafer was accounted for by adding a 
2 nm-thick layer of SiO2 at the top surface of the substrate. The optical 
constants for silicon and silica were provided by the software database 
and taken from literature. Tungsten oxide films were modelled by suit-
able parametric representations of their dielectric functions, on a case- 
by-case basis as described hereafter. To account for surface roughness, 
a linear effective medium approximation (EMA) layer [78] was added at 

top, by assuming 50% WO3-x and 50% void. All layers were supposed to 
be homogenous. In modelling amorphous S4 and S5 films, isotropic 
WO3-x layers were considered. In case of crystalline monoclinic sample 
S6, we built models under the assumption of optical anisotropy. 

Fig. 8 compares experimental data (Ψ and Δ) for the three samples 
S4, S5 and S6, taken over the spectral range 350 nm–1700 nm at angles 
of incidence 65◦, 70◦ and 75◦, and generated data from corresponding 
models. The agreement between fit and experiment is quite good. For 
each film sample, a specific fitting model layer is built, to represent its 
specific dielectric behavior. Fitting strategies are described in the 
following content of this section and best-fit values of parameters are 
collected in Table 3. 

The dielectric model for sample S4 (which is strongly absorptive), 
was built by initially assuming a fixed guess for the thickness (d = 55 
nm) and by directly inverting the experimental data (Ψ, Δ) in the range 
800–1700 nm to obtain n and κ (normal fit). The tabulated values for n 
and κ were saved as a reference to fit a general oscillator model for ε1, ε2 
and thickness d. After obtaining a good fit within the 800–1700 nm 
range using two Gaussian oscillators, a Tauc-Lorentz oscillator [79] was 
added to account for the dispersion of optical constants at shorter 
wavelengths around the optical bandgap. In Tauc-Lorentz model, the 
imaginary part (ε2) of the dielectric function can be described as [80]: 

ε2(E) =
DEnΓ

(
E − Eg

)2

E
[(

E2 − E2
n

)2
+ Γ2E2

]Θ
(
E − Eg

)
(4)  

where E is the photon energy, Eg is the bandgap of the material, En is the 
peak transition energy, Γ is the broadening parameter, D is a prefactor 
which includes the optical transition matrix elements, and Θ is the 
Heaviside step function, where θ(E − Eg < 0) = 0 and. θ(E − Eg ≥ 0) = 1.

The real part of Tauc-Lorentz dielectric function is obtained by 
Kramers-Kronig transform of ε2(E) as [81]: 

ε1(E) = ε1(∞) +
2
π P

∫∞

Eg

ξε2(E)
ξ2 − E2 dξ (5) 

Fig. 6. Tauc plots of WO3-x films before and after annealing. The intersection of the fitting line with the x-axis provides an estimate for the bandgap energy Eg . 
Numerical results are reported in Table 1. (no colour printing required). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 7. A simple scheme of the stack of layers in ellipsometric model. (no colour 
printing required). 
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where ε1(∞) is the offset value of real part of dielectric function at high 
frequencies, and P stands for the Cauchy principal value of the integral. 
The final model provides a very good agreement (MSE = 2.773) between 
fitted and experimental Ψ, Δ over the whole spectral range (350–1700 
nm), with thickness d = 50.7 nm and negligible surface roughness, fully 
according with morphological SEM and AFM characterizations. 

Samples S5 and S6 were modelled by referring to the results of Tauc 
analysis, which illustrates a virtually non-absorbing behavior in the VIS 
and NIR range. For sample S5 we selected 700 nm–1700 nm as a 

transparent range and fitted the ellipsometric data for the refractive 
index, the film thickness, and the film roughness by assuming a Cauchy 
dispersion relation [82]. In Cauchy model, zero absorption (κ ≅ 0) is 
assumed and the real part of the refractive index is described by the 
power-law dispersion relation: 

n(λ) = A′

+
B′

λ2 +
C′

λ4 + … (6)  

where A′ , B′ and C′ are the fitting parameters, which express respectively 
a reference value for n and dispersion curvature. Positive values for A′ , 
B′ and C′ describe normal dispersion condition, being n(λ) a decreasing 
function of wavelength. The model has been refined by adding an 
exponential Urbach absorption tail [83] to model the extinction coeffi-
cient κ near the band edge, as: 

κ(λ) = ηexp
[

δ
(

12400
(

1
λ
−

1
γ

))]

(7)  

where η and δare respectively the amplitude and exponent, and γ is the 
band edge, which is assumed to be at 400 nm for reference. Values of the 
best fitting parameters are reported in Table 3. Film thickness d = 61.6 
nm and a surface roughness thickness of 6.4 nm, which can be consid-
ered as consistent with peak-to-peak average results obtained from other 
techniques. 

Fig. 9 shows the dispersion of optical constants n and κ for three 
films. In case of as-deposited sample S4, n shows anomalous chromatic 
dispersion starting from about 400 nm and increases with wavelength, 
from 2.37 at λ = 550 nm to a value of around 2.90 at λ = 1600 nm. 

Fig. 8. Experimental spectral ellipsometric data (Ψ and Δ and the model fittings at the indicated incidence angles for samples S4, S5, and S6. (no colour printing 
required). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Ellipsometric parameters for fitting S4, S5 and S6.  

Gaussian + Tauc-Lorentz Cauchy-Urbach 

Parameters S4 Parameters S5 S6 

MSE 2.773 MSE 5.554 3.287 
D(eV) 53.243 A′ 1.9893 2.0357 

En(eV)  4.9614 B′ 0.010188 0.032761 

Eg(eV)  2.2099 C′ 0.0034772 0.0033005 

Γ(eV)  3.2697 η  0.042184 0.050275 
Pole 1(eV) 6.2333 δ  5.9537 2.1026 
Magnitude 1 0 γ(nm)  400 400 
Pole 2(eV) 0.001 φ  – − 15.508 
Magnitude 2 0.19735 θ  – 68.221 
ε1 offset(eV)  2.0405 ψ  – 8.3921 
EMA (nm) – EMA (nm) 6.4 – 
thickness(nm) 50.7 thickness(nm) 61.6 63.9  
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Correspondingly, κ is peaked at λ ≈550 nm, though it is large over the 
whole measured spectral range. This peculiar spectral behavior quali-
tatively matches ellipsometric results reported by Xin et al. for n(λ)in 
sub-stoichiometric WO3-x thin films [84] and is likely to be related to the 
occurrence of an absorption structure in the NIR or SWIR beyond the 
present range. In the case of absorbing opaque films, ellipsometric data 
Ψ and Δ generally do not show the strong spectral features that are 
typical of transparent films, as it is also evident in Fig. 8, by comparing 
results from sample S4 to S5 and S6. This fact may reduce the precision 
in fitting and finally lead to errors in estimating n and κ. For this reason, 
in the present study several runs of experimental data were taken and 
fitted by using different models and functional forms of ε2. The results 
presented here are representative of best fitting outputs. Both annealed 
samples S5 and S6, which are more transparent, show a normal chro-
matic dispersion. In case of amorphous S5 film, the single-valued n de-
creases from 2.06 @550 nm to 1.99 @1600 nm, while κ is practically 
negligible over the whole spectral range except towards the bandgap in 
the near UV, according to Urbach absorption tail and also in substantial 
agreement with results published in Refs. [6,76,85]. The case of S6 
sample, which is anisotropic, deserves a deeper discussion. When the 
birefringent nature of crystalline WO3-x films is neglected, ellipsometry 
issues an average value for wavelength-dependent refractive index as in 
Fig. 9. In particular, by comparing (n,κ) results for the three samples 
reported therein, it is evident that the average refractive index for S6 (e. 
g., n = 2.17 @550 nm and n = 2.05 @1600 nm) is higher than that of S5. 
This configuration is in accordance with some theoretical calculations 
[6] and previously reported ellipsometric characterization [76], claim-
ing a lowering in refractive index for less stoichiometric films in pres-
ence of oxygen vacancies and related decrease in mass density. The real 
(ε1(λ)) and imaginary (ε2(λ)) parts of dielectric function were also 
calculated, which show equivalent spectral features to the correspond-
ing n(λ) and κ(λ),and have not been reported. 

By inspection of extinction coefficient in Fig. 9, it is evident that 
thermal annealing in air is effective in drastically reducing optical ab-
sorption, so that films can be considered as completely transparent to the 
NIR. The spectrum for κ(λ) is zoomed-in on a logarithmic scale in the 
inset. Values of κS5 = 4.0 × 10− 9 and κS6 = 3.0 × 10− 5 are estimated at λ 
= 1500 nm, respectively for sample S5 and S6, meaning that films can be 
considered as completely dielectric in the NIR range. 

A deeper insight into the dielectric properties of the crystallized S6 
film is provided by accounting for its optical anisotropy. Results of XRD 
analysis shows that S6 film on Si (001), after annealing at 400 ◦C and 
subsequent cooling down to RT, is polycrystalline with monoclinic 
phases preferably oriented along (002) direction (c-axis), though other 
orientations are also detected. Monoclinic bulk WO3 is naturally a 
biaxially birefringent crystal [86] and the principal values for refractive 
indices have been measured in the visible range as na = 2.703, nb =

2.376, nc = 2.283, with an average value of n = 2.454 [87]. In this work 
we have characterized the birefringence of crystalline WO3-x film S6, by 
fitting ellipsometric data to an anisotropic model. We retain the hy-
pothesis of biaxial optical birefringence, compatible with monoclinic 
symmetry of the films as shown by XRD analysis. For biaxial fitting, the 
WO3-x film is modelled as a Cauchy layer with Urbach absorption tail, 
and birefringence is expressed by adding non-dispersive increments to 
the refractive index for light polarized along the principal directions x, y, 
z referenced to the plane of optical incidence, as shown in Fig. 10. 

This approach neglects any anisotropy in absorption coefficient. The 
coefficients of Cauchy-Urbach model, the increments Δnx,y,z and the film 
thickness are free fitting parameters. Effective values for the refractive 
indices are expected, as averaged contributions from mixed orientations 
of the crystallites. The relative orientation of the optical indicatrix for 
monoclinic WO3 with respect to the direction of film normal to the op-
tical plane of incidence is also fitted and expressed by the values of Euler 
angles (φ, θ, ψ). Best fitting ellipsometric parameters for S6 are shown in 
Table 3. In particular, zero thickness for the EMA roughness layer is 
obtained, thus indicating that crystallization leads to very high optical 
quality. Fig. 11 plots normal spectral dispersion of reference indices nx,y,z 

as resulting from ellipsometry analysis. Also in this case, absorption is 
negligible in the NIR and is quantified in the inset on a logarithmic scale. 
The condition nx > ny > nz agrees with that of the optical indicatrix for 
bulk monoclinic tungsten oxide [87] and matches with XRD indications 
for a preferential c-axis orientation of sample S6. The lower values of 

Fig. 9. Spectral refractive index n and extinction coefficient κ for WO3-x thin films (samples S4, S5 and S6) by ellipsometry. In the right, an inset accounting for the 
log10(κ) is added. (no colour printing required). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 10. A scheme of reference geometry for biaxial fitting by ellipsometry. The 
WO3 film on Si substrate is shown, with its normal direction n. The direction of 

light wavevector k
→

is marked. Perpendicular directions x, y, z are taken 
respectively as orthogonal to the incidence plane (s-polarization), in the plane 
of incidence (p-polarization) and in the negative normal direction for the film. 
A generically oriented optical indicatrix for the film is also indicated. (no colour 
printing required). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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refractive indices for the film with respect to bulk WO3 (nx = 2.188 = ,

ny = 2.172, nz = 2.152 in visible light) can be justified by claiming a less 
dense material. However, it is also worth recalling that ellipsometry 
measures the effective birefringence globally expressed by the poly-
crystalline film, which is a macroscopic averaging of the contributions 
from the single crystallites. Therefore, in any case the values for nx,y,z are 
to be taken as equivalent parameters that represent the refractive 
properties of the film. In this regard, for light at λ= 1500 nm and at 
normal incidence, by considering experimental values of nx = 2.0581,
ny = 2.0437, S6 film (d = 63 nm) would behave as a retarding wave-
plate of relative retarding power Δφ = 2π

λ ⋅d⋅Δnx,y = 0.22 deg. 
In summary, high transparency in the IR range emerges as a key 

feature of the annealed deposited films both from absorption spectros-
copy and from ellipsometry. Also in the case of as-deposited S1 and S4 
samples, we remark that in present work the NIR absorption tail is ab-
sent for WO3-x films, where the NIR absorption is associated to free 
carriers and would be expected as typical of sub-stoichiometric WO3-x 
films [68]. 

3.4. Integrating WO3-x film in 1D resonant structure 

The transmittance of the multilayer SiO2/TiO2 1D-PBG over the 
whole 210 nm–1800 nm spectrum is plotted in Fig. 12. In the final ge-
ometry, transmission from 890 nm to 1450 nm was minimized in a 

structure formed by five pairs of alternating TiO2 (refractive index n ∼

2) and SiO2 (refractive index n ∼ 1.5) thin-film layers with thicknesses 
of 210 nm and 130 nm, respectively (Fig. 12 at bottom). 

The effectiveness of the 1D-PBG structure in enhancing optical field 
at WO3-x surface is summarized in Fig. 13, which shows that the stan-
dard reflection/transmission ratio of a single WO3-x film on silica sub-
strate (Fig. 13a) is enhanced by four times in the case of WO3-x-PBG 
(Fig. 13b). 

The localization of optical field in WO3-x layer was studied by FEM 
and the spatial distribution of normalized amplitude of the associated 
electric field was calculated throughout the structure at band-edge 
wavelengths (10 nm-steps from 1400 nm to 1700 nm). In order to 
determine the ideal thickness of the WO3-x layer, a parametric study was 
performed by letting the thickness sweeping from 100 nm to 500 nm 
with an increment size of 10 nm. The maximum electric field concen-
tration was obtained with a 450 nm-thick WO3-x layer. Fig. 14a plots the 
norm of electric field amplitude over all the layers of 1D-PBG (i.e., 5×

(SiO2/TiO2) and 450 nm-thick top WO3-x layer), calculated over the NIR 
spectral range 1400 nm-1700 nm that comprises the band-edges. At λ =
1416 nm a definite growth in electric field amplitude occurs in corre-
spondence with the WO3-x layer. An 3D distribution of the absolute 
value of optical field amplitude in the volume of dielectric structure is 
reported in Fig. 14b. It is evident that the multilayer stack acts in 
confining incident light mostly within the WO3-x layer at top. The 
maximum field amplitude is obtained at the surface of the structure. 

4. Conclusions 

Compact WO3-x thin films have been fabricated from a WO3 target by 
a non-reactive RF-sputtering deposition process at RT in Ar atmosphere, 
followed by 8 h of thermal annealing in dry air at ambient pressure. 
Films are transparent in the near and short-wavelength infrared spectral 
range. By selecting the duration of deposition, two sets of differently 
thick films have been obtained. As-deposited films are amorphous, sub- 
stoichiometric, optically opaque in the visible range and electrically 
conductive. The bandgap has been evaluated from optical absorption 
spectroscopy, by a detailed implementation of Tauc plot method and Eg 

values of 2.57 eV and 2.49 eV are obtained, respectively for the thicker 
(around 200 nm) and thinner (around 60 nm) sets. Thermal annealing 
strongly improves optical transparency and widens energy bandgap, 
both effects being an increasing function of annealing temperature. 
Annealing at 300 ◦C keeps the films amorphous, with Eg = 2.84 eV and 
3.05 eV (thicker and thinner case, respectively). The threshold for 
crystallization is exceeded when heating at 400 ◦C and polycrystalline 
WO3 films in monoclinic phase are obtained after cooling down to 
normal conditions. The Eg for crystallized samples measures respectively 
2.96 eV and 3.15 eV, for thicker and thinner films. Bandgap values 

Fig. 11. Plots refractive index n and extinction coefficient κ for S6 in biaxal consideration. In the right, an inset accounting for the log10(κ) is added. Anisotropy in 
absorption is neglected. (no colour printing required). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 12. Upper: transmission spectrum of the multilayer from 210 nm to 1800 
nm with the step size of 2 nm; Lower: multilayer design configuration. (no 
colour printing required). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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suggest that in case of thinner films almost perfect stoichiometry is 
obtained. This is also suggested by XRD results on crystallized samples, 
even if XPS measurement may indicate that, in case of thicker films sub- 
stoichiometric coordination is still present at film surface. Average 
surface roughness keeps low values (in the few nm range), both in as- 
grown and annealed films, thus indicating good optical quality. The 
degree of smoothness and compactness of films is compatible with ap-
plications to coherent processing of optical field in amplitude and phase. 
Over the 350 nm-1700 nm spectral interval, as-deposited WO3-x films 
show a complex refractive index ñ(λ) typical of opaque layers, with 
finite values for κ(λ) peaked at around λ = 550 nm and anomalous 
dispersion for n(λ). Values as high as n(λ) ∼ 2.9 are estimated in the NIR. 
On the contrary, annealed films look dielectric, with normal chromatic 
dispersion for n(λ) and very low absorption. The peculiar feature of these 
compact and optical-grade WO3-x films is the absence of the absorption 
tail in the NIR, which is the characteristic contribution and footprint of 
free conduction electrons. In case of annealed samples, the region of 
negligible absorption extends to the NIR and SWIR spectral range, with 
refractive index values close to 1.95∼2.1. This opens the possibility to 
embed WO3-x films into multi-layered infrared resonant photonic 
structures for sensing application. The preliminary design presently 
introduced of a silica-titania 1D-PBG capped with a WO3-x layer con-
firms that incident light at 1416 nm is localized in the topmost WO3-x. 
Future exploration of optical sensors in the NIR using tungsten oxide 
thin films could be developed with the current work as a cornerstone. 

CRediT authorship contribution statement 

Hao Chen: Conceptualization, Investigation, (SEM, profilometry, 
ellipsometry), Formal analysis, Writing – original draft, preparation. 
Alessandro Chiasera: Investigation, (RF-sputtering, optical spectros-
copy). Stefano Varas: Resources, Investigation, (RF sputtering, optical 
spectroscopy). Osman Sayginer: Investigation, (RF sputtering, optical 
spectroscopy), Software, (FEM modelling). Cristina Armellini: Inves-
tigation, (XRD), Conceptualization, Supervision, Writing – review & 
editingWriting-Reviewing and Editing. Giorgio Speranza: Investiga-
tion, (XPS). Raffaella Suriano: Investigation, (AFM). Maurizio Ferrari: 
Conceptualization. Silvia Maria Pietralunga: Conceptualization, Su-
pervision, Writing – review & editingWriting-Reviewing and Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

Authors acknowledge co-funding of research by European fund - 
FESR, PON Ricerca e Innovazione 2014–2020, Project ARS01_00519.  

Fig. 13. Optical reflection and transmission at a 450 nm-thick WO3-x film: (a) the case of a single WO3-x layer on a SiO2 substrate in air; (b) Optical reflection and 
transmission in the case of a 450 nm-thick WO3-x film on top of the 1D- PBG multilayer. (colour printing required). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 14. (a): Electric field norm distribution throughout the whole multilayer structure (5× (SiO2/TiO2) + 450 nm of WO3-x layer) at the band-edge wavelengths; 
(b): an 3D representation of the distribution of electric field amplitude at 1416 nm, showing the localization within the of the WO3-x layer. (colour printing required). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Appendix A. Tauc plot calculation of optical bandgap 

We discuss here the accuracy and reliability of Tauc method in obtaining Eg values. An entirely unbiased way [88] of picking sequential datapoints 
from the linear portion of absorption curves was applied for the purpose of performing linear regressions. Three different windows, each one 
respectively comprising 7, 15, and 27 sequential datapoints were selected for comparison (e.g., “7 data points” means 3 datapoints on either side of a 
midpoint). The quality of linear fitting is expressed by the coefficient of determination (R2): the more the R2 approaches unity, the better is the fit and 
the more accurate is Egextrapolation. Results are shown in Figure A.1 and Figure A.2. By fitting over a 7-datapoint window, R2 approaches unity over a 
wide energy range, indicating its insufficiency to identify the optimal region of absorption curves for linear fitting, so that inaccurate extrapolated Eg 

values may result. As the datapoints range increases, a definite maximum in R2 is observed. The energy value that maximizes R2 is the best energy 
midpoint to locate the linear fitting window for bandgap extrapolation. However, larger sizes of datapoints also imply larger deviations of experi-
mental data from the regression line. In other words, an overmuch large window of datapoints is likely to worsen the fitting quality. For example, this 
phenomenon is evident in the case of sample S6, where the value of R2 decreases in correspondence to the widest (27 datapoints) range. The 
extrapolated values for Egdepend on the choice of the energy midpoint and of the width of the fitting datapoint window, as visually shown in 
Figure A.2(b). Specifically, at the best midpoint for linear regression, the extrapolated values of Eg differ by about 0.01eV, in dependence on the size of 
selected datapoint range. We can therefore say that Tauc plot method estimates the optical bandgap Eg within an ultimate accuracy of about ±0.01eV, 
which mainly depends on the chosen width of the linear fitting window, after performing a rigorous statistical analysis to identify the best fitting 
midpoint.

Fig. A.1. (a): Linear regression fitting quality for different portions of the data from sample S5. (b): The corresponding fitted Tauc band gap obtained from linear 
regressions. (no colour printing required). 

Fig. A.2. (a): Linear regression fitting quality for different portions of the data from sample S6. (b): The corresponding fitted Tauc band gap obtained from linear 
regressions. (no colour printing required). 

APPENDIX B. Notes on Variable Angle Spectroscopic Ellipsometry 

The complex dielectric function is expressed as ̃ε(λ) = ε1(λ)+ iε2(λ), where the real part ε1(λ)expresses the evolution of phase of optical field in 
propagation at negligible absorption, and the imaginary part ε2(λ)is related to optical absorbance. The real and imaginary part of the dielectric 
function mutually transform one into the other by Kramers-Kronig relations [81]. The complex dielectric function is related to the complex refractive 
index ̃n(λ) = n(λ) + iκ(λ) as ε1 = n2 − k2and ε2 = 2nκ, where κ(λ) = α(λ)⋅λ/4π is the extinction coefficient, and the real part of the refractive index n(λ)
contributes to optical phase retardation in propagation. Upon crystallization, optical materials switch from being isotropic to anisotropic, so that the 
dielectric parameters ε̃(λ), ñ(λ)have to be generally expressed in tensorial forms, according to specific crystalline symmetry groups [86]. 

Variable Angle spectroscopic Ellipsometry (VASE) is based on detecting the change in polarization of light upon reflection from samples under test, 
as a function of wavelength and incidence angle (λ,θ). Samples can be either optically thick films (bare substrates) or transparent films on substrates 
and multi-layered stacks. What is measured is the complex ratio ̃ρof the Fresnel reflection coefficients for light being polarized respectively parallel (rp) 
and orthogonal (rs) to the plane of incidence, that can be expressed in amplitude ratio (Ψ) and phase difference (Δ) as: 
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ρ̃ = tan(Ψ(θ, λ))exp(iΔ(θ, λ)) =
rp(θ, λ)
rs(θ, λ)

(8) 

where angles (Ψ) and (Δ) are real quantities. For samples based on stacked thin films, ρ̃ is a function of the refractive indices and absorption co-
efficients of the films as well as of their thicknesses. In principle, by inverting rp and rs (or Ψ and Δ) one can obtain n(λ) and κ(λ),or equivalently ε1(λ)
and ε2(λ). In practical cases, the optical constants are evaluated by performing a multivariate non-linear regression analysis of ellipsometric data. An 
appropriate fitting model for the sample under test must be developed, which includes parametric expressions for the complex dielectric functions and 
the thickness of all the layers, and which is refined by fitting for morphological and structural information such as porosity, surface roughness, ho-
mogeneity, and anisotropy. 
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