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Abstract: Analyzing the variation of structural defects, such as oxygen vacancies; the results
indicate that by adjusting the thickness of the WO:s films, fabricated by DC reactive sputtering, it is possible
to modulate the oxygen vacancies concentration. This has a tremendous influence on the applications of
these semiconductor materials. The thicknesses analyzed here are 42 nm, 66 nm, and 131 nm. After the
annealing process at 500 °C, films were directly transformed to a stable y-monoclinic crystal structure with
P21/n space group, with a preferential orientation in the (200) plane. Atomic force microscopy exhibits na-
nometer range particle size with the highest roughness and higher surface area for the thinner film. FTIR
analysis shows the presence of characteristic bands of the double bond stretching vibrational modes (W=0)
and stretching vibrations of the y(W-O-W) bonds corresponding to the monoclinic WOs. Raman bands lo-
cated at 345, and 435 cm! are ascribed to the presence of W5 species that induces the formation of oxygen
vacancies Vo. The thinner film shows a decrease in the optical indirect band gap attributed to the formation
of oxygen vacancies in combination with W5 species that induce the formation of energy states within the

forbidden band gap range.

Keywords: Thin films; thicknesses, oxygen vacancies; structural defects; tungsten trioxide; optical
properties; microstructural properties; semiconductor; DC reactive sputtering.
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1. Introduction

Semiconducting tungsten trioxide, is a widely investigated material due to its good
properties for a wide range of applications, from energy to medicine [1-5]. In recent years,
much progress has been made in the manufacturing processes of WOs, whether in the
form of 1D, 2D, 3D structures, having increasingly precise control over the composition,
the crystalline structure, or the morphology. However, challenges continue to be pre-
sented to improve the understanding of the mechanisms that occur in the material to gen-
erate specific properties, and develop devices with advantages superior to those that exist
until now [6].

Preparation techniques such as thermal evaporation [7], sol-gel [8] and laser ablation
[9] have been used to deposit WOs thin films; compared to the other preparation methods,
the sputtering method has the flexibility to change and control the deposition conditions
(power, time, temperature, pressure, argon and oxygen flows and target-substrate dis-
tance), making it a convenient method to deposit films under different parameters. By
changing these process variables, it is possible to control the microstructural characteris-
tics for use in specific technological applications [10]. It is well known that the properties
of thin films are highly dependent on their microstructure, composition, crystal defects,
interfaces, and all these take place at the initial stages of film growth [11, 12]. Apart from
this, the impact of annealing also has a great influence on the physical properties of sem-
iconducting oxides [13, 14] that is why there is still a need to better understand the basic
aspects of phase transformations of WOs-based materials, particularly in thin films and
nanostructures, because some of their applications require annealing and/or higher tem-
peratures for their operation [15].

Due to the fact that WOs is a polymorphic material, it presents several transfor-
mations depending on the thermal treatment [16-18]. Previous reports [19-22] refer that
the WOs can be viewed as a defect perovskite-like ReOs structure with tilted and distorted
corner-sharing WOs octahedra. Each W ion is octahedrally surrounded by six oxygen ions,
and each oxygen ion is linearly flanked by two W ions [22]. This tilting and distortion of
WOs octahedra lead to several structures, including monoclinic I (y-WOs), monoclinic II
(e-WQs), triclinic (0-WOs), orthorhombic (3-WOs), tetragonal (a-WOs), and cubic WOs
[23]. The most stable structure at room temperature is y-monoclinic phase with the follow-
ing lattice parameters: a = 7.297 A, b1=7539 A, c1=7.688 A, and p=90.91°. W-O bonds
form zigzag chains in three directions with W-O-W angles of 158° and O-W-O angles of
166°. In the x direction, the bonds are of equal length, while in the y and z directions they
are alternately long and short [24].

Therefore, it is important to characterize and obtain detailed information on the
structural and physical characteristics of the surface/interface of monoclinic WO:s films as
a function of preparation conditions. Then, the motivation of the current work is to pre-
pare WOs thin films prepared by the DC reactive cathodic evaporation technique and
post-annealed at 500 °C for 1 min; to evaluate the effect of thickness on the structure (crys-
tal phase, symmetry, and preferred orientation), microstructure (size, shape of nanoparti-
cles and roughness), optical properties (band gap energy values). This work also considers
structural defects such as oxygen vacancies, which are tuned by the change in the thick-
ness of the WOs thin films. WOs has the unique property of being able to tolerate an abun-
dance of oxygen vacancies in its lattice while maintaining a stable crystal phase, which
has led to various oxygen-deficient forms [25-27]. To the best of our knowledge, few re-
ports have shown significant interest in tuning the thickness and structural defect concen-
trations in monoclinic WO thin films by adjusting controllable variables during the prep-
aration of thin films such as annealing temperature.
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2. Materials and Methods 0
2.1. Preparation of substrates and WO3 Thin Films 91
92

WO:s thin films were grown on Corning 7059 glass substrates. Before deposition, glass 93
substrates were ultrasonically washed and cleaned, first in isopropanol and then in ace- 94
tone for several minutes to remove the possible contaminants present on them. A metallic 95
target of tungsten trioxide (99.99 % purity) of two inches in diameter was employed for 9
the fabrication of the films. Using an ATC Orion 3 system from AJA International the 97
plasma was obtained with argon gas and prior to the film deposition, with the shutter 98
closed, to remove the last contaminants and impurities present on the uppermost layer of 99
the target was kept during five minutes. Subsequently for reactive deposition, pure oxy- 100
gen gas was introduced to the deposition chamber, and for the reactive atmosphere the 101
Argon and Oxygen flow rates were adjusted in a ratio of Ar/O23:1, leaving a total chamber 102
pressure of 0.66 Pa. All the thin films were deposited at room temperature, at a distance 103
between the target and the substrate of 28 cm, with substrate rotation at 40 rotations per 104
minute to maintain a good homogeneity of the films. Was used a DC power supply inall 105
depositions with an output of 60 W. The only parameter different during deposition was 106
the time because was modified to obtain different thicknesses of the thin films. These times 107
were 5, 15 and 30 minutes. Once the thin films have been obtained, were characterized by 108
X-ray diffraction, scanning electron microscopy, atomic force and Raman spectroscopy, 109
however the as-grown films were amorphous. Then reproducing the annealing method 110
described by Z. Liu et al. [28], the WOs thin films were heated from room temperature up 111
to 500 °C in air for a 1 minute, at a heating ramp of 2 °C/min and cooling ramp of 2 °C/min 112
down to room temperature in a Barnstead Thermolyne Type 47900 furnace. Subsequently, 113

once again, the same characterizations and some others were made. 114
115

2.2. Characterization of WO3 thin films 116

117

The structure and preferred orientation of WOs thin films were monitored by X-ray 118
diffraction in a X pert Pro PANalytical diffractometer with CuKa radiation (A = 1.5418 A, 119
T =293 K) using the grazing beam technique (GIXRD). All the samples were measured in 120
a range from 20 ° to 60 ° with an angular step of 0.02°. The diffraction peaks were indexed 121
using Crystal Impact Match! - Phase Analysis Software, Version 3.x [29]. Film thicknesses = 122
were determined using a JEOL JSM-7401F field emission scanning electron microscope in 123
cross-section mode and elemental analysis was realized by Energy Dispersive X-Ray spec- 124
troscopy (EDX) (Octane Elect EDAX System). The films were sputter coated with Au for 125
20 sec prior to observation in the microscope. Surface characterization was carried out 126
with an Oxford Instruments MFP-3D Infinity Atomic Force Microscope operated in tap- 127
ping mode to determine the film roughness with the help of the WSXM 5.0 software [30]. 128
Infrared spectroscopy was performed using a Shimadzu IR Affinity 1S spectrometer. The 129
reflectance spectrums were obtained from 4000 to 450 cm™! using a Smiths Quest model 130
ATR accessory. WOs Raman bands were identified using micro Raman scattering spectra 131
from 100 to 900 cm! using a Horiba spectrometer model LabRam HR Vis 633 with a He- 132
Ne laser (wavelength 632.8 nm), having a resolution of 1 cm'. Lorentzian functions were 133
considered using the Fityk program to obtain information about the peak center for each 134
Raman band [31]. The optical properties such as band gap were obtained using transmis- 135
sion UV-visible spectra from 200 to 2500 nm. The measurements were performed witha 136

dual-beam spectrophotometer Cary 5000 from Agilent Technologies. 137
3. Results 138
In this study, the influence of thickness variation of sputtered on the microstructural 139

evolution and optical properties is analyzed. 140
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3.1. X-Ray diffraction 141
142

After the annealing at 500 °C, the WOs thin films became polycrystalline as observed 143

in the X-ray diffraction patterns taken at grazing incidence angle (Figure 1). The diffrac- 144
tion peaks were matched considering the monoclinic structure with P21/n (14) space 145
group supported with the JCPDS 43-1035 [32]. No peaks related to impurities were de- 146
tected. When the WQO; thin films crystallizes in the monoclinic P2;/n space group, Wé*is 147
bonded to six O? atoms to form corner-sharing WOg octahedra. This structure has lattice 148
parameters of a = 7.297 A, b=7539 A c=7.688 A, B =90.91°. This monoclinic phase has 149
been reported in nanocrystalline WOs materials at temperatures above 350 °C by different 150
authors [28, 33]. It can be noticed that all films show a preferential orientation in the (200) 151
plane located at 20 ~24.45°. According to literature, this heat treatment induces a preferred 152
orientation of the (200) plane indicating that it is the most stable, thermodynamically [34]. 153
H. Simchi et al. [35] suggested that the preferential orientation in the (200) plane implies 154
coordination between the planes of WOs with maximum atomic density, that is, the tung- 155
sten atoms lie exactly within these planes that are parallel to the substrate. For Kwong et 156
al. [34] the annealing temperature plays an important role to obtain a preferred orienta- 157
tion, suggesting also that the annealing time has a minimal impact. Another feature is 158
observed in the XRD peaks, as the thickness of film increase, it can be noticed that the 159

peaks became sharper and stronger. This feature could be associated with an enhance- 160

ment in the crystallization process. 161
162
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Figure 1. X-ray diffraction patterns of WOs thin films, whit different thickness after annealing at 500 164
°C. All patterns were indexed to a monoclinic phase. 165

3.2. Scanning Electron Microscope (SEM) 166
The morphological characteristics of the WOs thin films, such as thickness and crack 167

or pinhole presence were monitored using field emission scanning electron microscope in 168
the cross-sectional mode. Figure 2 (a-c) shows the micrographs for monoclinic WOs thin 169
films confirming the different thicknesses of 42 nm, 66 nm, and 131 nm when they were 170
prepared as described above. In the analysis of the films by backscattered electrons, it was 171
observed that all the films have a uniform and continuous film surface without cracks and 172
pinholes. However, due to the resolution limit of the SEM images, other morphology char- 173
acteristics such as the average particle size and shape distribution could not be identified 174
with this technique. A more detailed structure should be analyzed with the help of AFM 175
images. A compositional analysis was carried out on the surface film using energy disper- 176
sive X-ray spectroscopy (EDS). The figure 2 (d), exhibits the characteristic W and O peaks 177
present in the film. However, in the X-ray emission characteristic of W Ma overlaps with 178
Si Ka, which has a contribution due to the substrate used. Also, it can be observed in the 179
spectrum characteristic peaks of aluminum and barium contained in the substrate. A quan- 180
titative analysis of the WOs formation is also complicated by the fact that the O K« peak 181
also has a contribution from the substrate and the film [36]. The presence of oxygen and 182
tungsten peaks is the evidence of formation of Tungsten Oxide on the surface and the 183
growth of the films without impurities of other elements. 184
185

42 2nm

43.1nm

131.20m

133.1nm

130.3nm

186

Figure 2. Cross-section SEM images of the monoclinic WOs thin films at different thickness (a) 42 187
nm, (b) 66 nm, (c) 131 nm and (d) compositional analysis by EDS of the film. 188

189
190
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3.3. Atomic Force Microscope (AFM) 191

The morphological evolution of monoclinic WO:s thin films is depicted in the two- 192
and three-dimensional AFM images (Figure 3). The typical morphology characteristic was 193
elucidated such as the average particle size, type-shape distribution, porosity and surface 194
roughness. The surface of the monoclinic thin films was smooth with small particles in the 195
nanometer range that also exhibits uniform quasi-rounded type shape distribution for all 196
the samples. Panel (a) is associated with 42 nm of thickness in the monoclinic film and it 197
reveals smaller nanoparticles with a heterogeneous quasi-rounded granular particle 198
shape distribution forming agglomerates of about 25 nm, giving rise to areas of porosity. 199
The surface roughness for this sample is approximately 2.21 nm. The morphology surface 200
for monoclinic WOs thin film with 66 nm of the thickness (panel b) shows a slight increase 201
in the average particle size, in a range of 25 to 50 nm. This sample also exhibits a more 202
homogeneous quasi-rounded particle shape distribution without the formation of ag- 203
glomerates as in the thinner film. The surface morphology displayed in panel c it can be 204
observed as an increasing particle trend size as the thickness increases. Durante et al [37] 205
suggested that the increasing particle trend in particles size (based on Ostwald ripening 206
[38]) are consistent for longer thin film depositions time. The AFM image also shows a 207
dense surface with roughness decreasing with film thickness. The root-mean-square 208
roughness (Rq) data for all samples was calculated using the WSxM 5.0 develop 10.1 anal- 209
ysis software, in an area of 1.0um x 1.0 m. Regarding the roughness variation as the 210
thickness of films increases, the surface roughness decreases, from 2.21 nm to approxi- 211
mately 1 nm. According to literature [39], the increase of thickness and decrease in the 212
roughness of thin films both have an important influence on the morphology as well as 213

the variation in the particle size and enhancement in the crystallinity. 214

215

Figure 3. 2D and 3D images from 1 um x 1 um surfaces obtained by AFM for monoclinic WOs thin 216
films with thickness of a) 42 nm film, b) 66 nm film and c) 131 nm film, with their respective values 217
of surface roughness Rq. 218
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3.4. Infrared Spectroscopy (FT-IR) 219

Infrared spectroscopy was performed to identify the main bands of lattice vibrations. 220
Figure 4 shows the FT-IR spectra in the range of 4504000 cm™ for the monoclinic WOs 221
thin films which exhibits different thicknesses. One can observe that the spectra show the 222
same main bands, however, there is a slight variation in transmittance percentage and a 223
slight shift in wavenumber for the different thicknesses (see insert). Manciu et al [40] sug- 224
gested that this variation may be attributed to a gradual increase in crystallization of the 225
films. The prominent bands are located at 671 cm (42 nm), 668 cm™ (66 nm), and 656 cm- 226
1 (131 nm) associated with y(W-O-W) bridging modes of the WOs (octahedral) vibrations. 227
The bands at 949 cm (131 nm), 947 cm™ (66 nm) and 941.5 cm™ (42 nm) correspond to the 228
active stretching vibrations of the v(W=0) bonds. Generally, the bands in the range of 1637 229
- 3452 cm™ are attributed to the associated bending 8(HOH) and stretching v(OH) vibra- 230
tional modes of adsorbed water [41] on the oxygen vacancy sites [42]. 231

232
233
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235

Figure 4. FTIR spectra for monoclinic WOs thin films with different thickness with an insert image 236

in the range 450 — 1200 cm. 237
238
3.5. Raman spectroscopy 239

Raman spectroscopy, which provides identification of the crystalline phase present 240
in WOs, is also highly sensitive for monitoring structural changes such as the presence of 241
lattice defects that contributes to the broadening of the peaks. Therefore, this characteriza- 242
tion was carried out before the annealing treatment, without identifying any information 243
of structural changes in the as-deposited films. Figure 5, shows the Raman results per- 244
formed on the substrate without thin film and on the films without annealing treatment. 245
After annealing treatment, another spectral feature gives information about strains in the 246
films. Figure 6 (a-c) shows the main Raman bands, after annealing process, in the wave- 247

number range from 100 cm! to 900 cm!, measured at room temperature, for the 42 nm, 66 248
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nm and 131 nm thin films. The Raman bands indexation takes into account the irreducible 249
representations reported previously in the literature [43]. The bands located at 270 cm”, 250
714 cm ! and 801 cm! using the Fityk program are a reference to the existence of crystalline 251
WOs with a monoclinic phase [41, 44, 45]. According to [33], the P2i/n symmetry belongs 252
to the Cb2n point group. For this symmetry, the primitive unit cell contains 32 atoms so that 253
there are 96 I'-phonon modes [43]. The phonons can be classified according to the irreduc- 254
ible representations of this point group as I'phonons = 24Ag + 24Au + 24Bg + 24Bu. Three 255
of them are acoustic modes (I'acoustic = Au+ 2Bu), 48 Raman active modes (Ag and Bg) 256
and 45 infrared (IR) active modes (Au and Bu) [44]. Below 200 cm™}, there are Raman modes 257
attributed to lattice vibrational modes [46, 47]. In fact, it can be observed the sharpest peak 258
at 130 cm is ascribed to the W-W mode that decreases in intensity when the film thickness 259
increases. Contrary to the 6(O-W-O) band at 262 cm!, where the maximum intensity in- 260
creases with increasing film thickness. In Figure 6 other sharp peaks located at 262 and 322 261
cm can be also noticed and are assigned to the bending vibration d(O-W-O) [47,48]. Liet 262
al [49], suggested that a broad peak centered at 262 cm™ indicates that the sample contains 263
W# species, and the Raman band located at 322 cm could be attributed to the W5 -O 264
single bond which indicates the presence of W5 defects states [50] which induces the pres- 265
ence of oxygen vacancies Vo. Another Raman band could be observed in Figure 6 which 266
is centered at 435 cm and is attributed to the W3=0 bond [51]. For Kalanur et al [27] this 267
is attributed at the presence of oxygen vacancies accompanied by the presence of W mixed 268
valence states (W> and W¢) introduced when the annealing in the air is performed and 269
tend to modify the band gap as we will discuss in the UV-Vis characterization. Daniel et 270
al. [52] suggested that in the range of 750 - 950 cm”, the antisymmetric stretch of W-O-W 271
bonds or symmetric stretch of (O-W-O) bonds are present. The intense peaks centered at 272
710 and 801 cm are typical Raman peaks that correspond to the stretching vibrations of 273
the bridging oxygen [47, 53, 54]. They are assigned to W-O stretching (v), W-O bending (0) 274
and O-W-O deformation (y) modes, respectively [52,54]. Other two features in the Raman 275
spectra. The first one is the slight red-shift of the three main Raman bands reported by 276
Daniel et al. [55] centered at 807, 715 and 273 cm! toward lower wavenumbers as summa- 277
rized in Table 1. According to the literature [56, 57] this red-shift suggests a shortening of 278
the W-O bond confirming the presence of oxygen vacancies formed during the annealing 279
treatment. The second feature is that the Raman spectrum for the thin film with higher 280
thickness confirms an increase in the crystallinity due to the exhibition of well-defined 281

bands with sharp and intense Raman peaks. 282
283
Table 1. Comparison between Raman shift for monoclinic WOs N-TF labeled as film 284

1 (42 nm); film 2 (66 nm) and film 3 (131 nm) with Raman band values reported by Daniel 285

et al. [55] 286
287
Reference [47] Film 1 Film 2 Film 3 288
(cm) (cm1) (cm) (cm1) 289
290
807 802.3 803.4 804.6
715 713.6 709.4 708.8

273 266.7 271.7 266.7
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Figure 5. Raman spectra performed on the substrate 7059 without thin film and on the as-deposited 293

films without annealing process. 294
Bending Stretching
T T T T T T T T T T T
C) WO, 131 nm ; d) Raman shift E.“?m"
{ 7
AVANRE
:- b)* VO, 66 nm l"*, -
= i
©
N2 % ; o4
g | M W”/\M 2% : : 0 5
h—4 A CY o = 700 750 800 850
g d W Q:, Mm Frequency (cm™)
)= 7 ‘o
et A At Ao pn PN B i Attt A s P e v o P _:qt-,:;yar
1 N 1 . Il . 1 waman postins
200 400 600 800
-1
Frequency (cm™) 295
Figure 6. Raman spectra analysis using Fityk program for monoclinic WOs thin films with different 296
thickness: (a) 42 nm, (b) 66 nm, (c) 131 nm and (d) Raman shift. 297
3.6. UV-Vis characterization 298

To gain more insight into the influence of structural defects such as oxygen vacancies 299
in the optical band gap of monoclinic WOs thin films, UV-Vis characterization was per- 300
formed. It is well known, that bulk monoclinic WOs is an n-type semiconductor with a 301
widely tunable band gap, ranging from Eg ~ 2.6 - 3.0 eV at room temperature [57]. The 302
tunable band gap could be also associated with the introduction of W5 species accompa- 303
nied by the formation of oxygen vacancies, which both act as shallow electron donors for 304
n-type WO:s [58] in the band gap. To monitor the variation of optical band gap energy for 305
monoclinic WOs N-TF, the Tauc method was determined using the UV-Vis characteriza- 306

tion through the following equation. 307
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308
(o hv)=B(hv - Eg) (1) 309

Where h is Planck's constant, v is the incident light frequency, B is a constant, o is the 310
absorption coefficient and Eg is the band gap energy. The vy factor depends on the nature 311
of the electron transition and is equal to %2 or 2 for the direct and indirect transition band 312
gaps. From the (ahv)2? versus photo-energy (hv) curves depicted in Figure 7 one can ob- 313
serve that an indirect band gap behavior is exhibited. Figure 6 also shows the evolution of 314
(ahv)'2 versus photo-energy (hv) curves of the absorbed light for the monoclinic WOs thin ~ 315
films with different thicknesses. It can be noticed in these curves that the energy band 316
gaps were determined at the interception of the linear prolongation with the energy axis 317
[59]. The optical indirect band gap was 2.5 eV for the 42 nm, 3.1 eV for the 66 nm, and 2.9 318
eV for the 131 nm films. 319

The smaller optical indirect band gap obtained for the thinner 42 nm film could be 320
attributed to two main aspects: (1) the presence of structural defects such as oxygen va- 321
cancies [60] and (2) the influence of crystallite size. Recent report [61] suggests that the 322
oxygen vacancies, in combination with W5* species, induce the formation of energy states 323
within the forbidden band gap range. This condition results in the narrowing of the band 324
gap [62]. In fact, this new energy levels are localized below the conduction band minimum 325
of bulk WOs. The presence of defective energy states could act as electron “traps” to inhibit 326
the electron transfer. The trapped electrons in the W5 states polarize the WOs lattice to 327
induce polarons [63]. The moderate increase in oxygen vacancies in WOs causes a gradual =~ 328
decrease in the optical band gap [60]. In addition, film thickness is another crucial feature 329
that determines the width of the optical band gap [64]. 330

331

——42 nm Eg=2.5eV
66 nm Eg=3.1eV
131 nm Eg=2.9eV

(ahU)‘l/Z

Energy (eV)

332

Figure 7. Optical indirect band gap (Eg) determination using the Tauc method for the WOsN- 333
TF, which exhibits different thickness. 334



Coatings 2022, 12, x FOR PEER REVIEW 11 of 15

335

4. Discussion 336
337

During the thin film fabrication stage, there are several parameters that can be con- 338
trolled, as mentioned above, and that makes reactive sputtering one of the most useful 339
techniques when precision, reproducibility and subsequently scalability. Therefore, the 340
method choice for material fabrication, substrate type, annealing process and the film 341
thicknesses, have a great influence on the microstructural properties in thin films and con- 342
sequently on the optical properties of the material. According to the results obtained with 343
the fabrication technique used, under certain conditions, it induces a morphology in gran- 344
ular-type thin films, since by this technique it is possible to obtain different morphologies 345
and porous microstructure [65-68]. It is clear after annealing process at elevated tempera- 346
tures, the crystalline structure is affected in some way, and in this case, the preferential 347
orientation takes part by temperature changes, the process crystallinity influences differ- 348
ently by having different thicknesses. As indicated by A. Yousif and I. Khudadad [69], it 349
could be attributed to the atoms moving along the substrate surface to touch the weak 350
energy nucleation sites and growing preferentially in that direction. The presence of oxy- 351
gen vacancies accompanied by the presence of W mixed valence states, monitored in the 352
structural changes of this work, varying the thickness, represents a major strategy for the 353
development of highly efficient WO3-based materials, for control the distribution or con- 354

centration of vacancies without involving complex methods [70]. 355

5. Conclusions 356

Based on the experimental evidence presented in the current work, the following 357
conclusion can be drawn. Using the reactive sputtering technique, monoclinic WOs thin 358
films was prepared successfully with different thicknesses for different deposition times. 359
Were amorphous after deposition and they crystallized after annealing at 500 °C. Then, the 360
processing conditions to obtain the thin films such as the deposition process as well as the 361
annealing treatment have an important influence on the microstructural and optical prop- 362
erties. All XRD patterns suggested the presence of monoclinic crystal structure with pre- 363
ferred orientation along the (200) direction. Cross-sectional SEM analysis confirms the 364
thickness of the films (42 nm, 66 nm and 131 nm). Even though the heat treatment was the 365
same for the different thicknesses, the temperature influences it differently in each case, 366
giving rise to smaller grain sizes at lower thicknesses. AFM images revealed surface rough- 367
ness decreases as the thickness of films increases and also as the particle size increases. 368
Raman band spectra indexation was performed considering a monoclinic phase with P2i/n 369
space group. The localized Raman bands centered at 325 and 435 cm! are associated with 370
the presence of structural defects such as oxygen vacancies. The UV-Vis analysis suggested 371
that the sample with less thickness (42 nm) presents a reduction in the optical indirectband 372
gap. This reduction could be attributed to the presence of structural defects such as oxygen 373

vacancies accompanied by W5 species. 374
375
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