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Abstract

Vanadium oxide thin films were successfully deposited onto glass substrates using the pulsed laser deposition (PLD) technique
from a high-purity vanadium target. Structural and physicochemical characterizations by Raman and X-ray photoelectron
spectroscopy (XPS) confirmed the coexistence of vanadium pentoxide (V:0s), vanadium dioxide (VO2), possibly vanadium
oxide nanotubes, and sodium vanadate (NaVOs). Scanning electron microscopy revealed microneedles, microbars, and nanotube-
like morphologies, while UV-Vis diffuse reflectance spectroscopy indicated both direct and indirect optical transitions, with
band gap values influenced by the coexistence of mixed phases. Photoluminescence spectra displayed emission lines attributable
to V20s. These results highlight the versatility of PLD for producing multifunctional vanadium oxide films with mixed oxidation
states and controlled morphology, avoiding chemical precursors and providing a sustainable route toward applications in
photocatalysis, smart windows, solar cells, and optoelectronic devices.
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Resumen

Se depositaron con éxito peliculas delgadas de éxido de vanadio sobre sustratos de vidrio mediante la técnica de depdsito por
laser pulsado (PLD) a partir de un blanco de vanadio de alta pureza. Las caracterizaciones estructurales y fisicoquimicas mediante
espectroscopia fotoelectronica de rayos X (XPS) y Raman confirmaron la coexistencia de pentoxido de vanadio (V205), dioxido
de vanadio (VO:), posiblemente nanotubos de 6xido de vanadio y vanadato de sodio (NaVOs). La microscopia electronica de
barrido revel6 microagujas, microbarras y morfologias similares a nanotubos, mientras que la espectroscopia de reflectancia
difusa UV-Vis indicé transiciones Opticas tanto directas como indirectas, con valores de banda prohibida influenciados por la
coexistencia de mezclas de fases. Los espectros de fotoluminiscencia mostraron lineas de emision atribuibles al V2Os. Estos
resultados resaltan la versatilidad de PLD para producir peliculas multifuncionales de 6xido de vanadio con estados de oxidacién
mezclados y morfologia controlada, evitando precursores quimicos y proporcionando una ruta sostenible hacia aplicaciones en
fotocatalisis, ventanas inteligentes, celdas solares y dispositivos optoelectronicos.

Palabras Clave: Oxidos de Vanadio, Dep6sito por Laser Pulsado, Peliculas Delgadas.

1. Introduction (Barceloux and Barceloux, 1999). Thus, vanadium oxides

constitute an important family of materials with diverse crystal

Vanadium is a transition metal, discovered by a Spanish-
Mexican scientist in Zimapan, Hidalgo, Mexico in 1801. This
metal with multiple oxidation states, forms a wide variety of
vanadium oxides such as V20s, VO, V20; and VO
corresponding to the +5, +4, +3 and +2 oxidation states
respectively. It can also form oxides that combine oxidation
states, e.g. V6O13 (V5+/V4+), V015, V7013, VeO11 (V4+/V3+)
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structures and physicochemical properties (Liu et al., 2007).
These materials exhibit metallic, semiconducting, and
insulating behavior, enabling applications in a variety of
technological areas (Hu et al., 2023), such as photocatalysis
(Pooseekheaw et al., 2022), water treatment (Gonzalez-Zavala
et al., 2016), Li-ion batteries (Mai et al., 2011 Julien et al
2001), and solar cells (Chen et al., 2019).
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Vanadium dioxide (VO,) and vanadium pentoxide (V20s),
two thermodynamically stable phases, with band gaps of ~0.6
and ~2.3 eV, respectively, have been widely studied as
chromogenic materials because their optical properties
respond to external stimuli such as electromagnetic radiation,
electric charge, or heat, which makes them suitable for
optoelectronics and solar cells for energy saving windows
applications (Bahlawane and Lenoble, 2014). Among
chromogenic materials, thermochromic materials constitute a
subcategory that changes their properties in response to
temperature variations. This response is passive, as it is driven
by ambient temperature rather than user intervention (Aburas
et al., 2019).

VO, has been proposed as a thermochromic material owing
to its relatively very low transition temperature (Tc) of 68°C,
from semiconductor to metal behavior, which enables
modulation of incident light and reduces infrared transmittance
(Wang et al., 2016). Numerous studies have lowered the T by
doping VO, with elements such as molybdenum (Zhang et al.,
2012), tungsten (Salamati et al., 2019), and boron (Zhou et al.,
2020), achieving a minimum T, of 28.1°C. In contrast, V205
exhibits highly anisotropic electrical and optical properties.
The T, of crystalline V205 thin films occurs at approximately
257°C (Aita et al., 1986). The monocrystalline V.05 (001)
surface in thin film form can undergo a reversible transition
between 77-127 °C that is confined to the surface layer; bulk
V.05 does not show this behavior (Blum et al., 2007).
Consequently, V,0s thin films are promising for various
applications, including optical and electrical switching,
thermochromic devices, and thermal sensors (Bannuru et al.,
2008).

Among thin film formation methods, pulsed laser
deposition (PLD) is a powerful and versatile technique for
preparing thin films with tailored properties which can have a
wide range of potential applications. In this line, our group has
been working in the implementation of several experimental
configurations to develop thin films for photocatalysis under
simulated solar irradiation (Gonzalez-Zavala, et al., 2016;
Escobar-Alarcon et al., 2024), Li-ion micro-batteries (Julien et
al., 1999), high-hardness coatings (Escobar-Alarcén et al.,
2005), and surface enhanced Raman spectroscopy (Morales
Méndez et al., 2023), among others. In this work, we present
results on the deposition and characterization of vanadium
oxide thin films prepared by PLD. Thin films were
characterized by several techniques to know their physical and
chemical properties. X-ray photoelectron spectroscopy (XPS)
was used to determine the elemental chemical composition and
the oxidation state of the elements present; UV-Vis
spectroscopy was used to determine the band gap energy, the
microstructure  was  characterized by  micro-Raman
spectroscopy, the surface morphology was examined by
scanning electron microscopy (SEM) and Photoluminescence
was employed to determine the defects present in the material.

2. Experimental

2.1. Thin film deposition

Vanadium oxide thin films were deposited by PLD on glass
substrates (2.5 x 2.5 cm). The target was a high-purity
vanadium disk (99.99%) with a diameter of 2.54 ¢cm and a
thickness of 0.63 cm. It was ablated with a Nd: YAG laser
(1064 nm, 5 ns pulse duration) operating at 10 Hz. Depositions
were carried out at 310 Torr, with a target-substrate distance
of 5 cm. The deposition time was 60 min for all samples. Films
were prepared at three laser fluences: 7.3, 13.3 and 30.6 J/cm?.
After deposition, the films were subjected to a thermal
treatment at 450°C for 3 hours in an open-atmosphere furnace
to completely oxidize any remaining metallic vanadium and to
improve crystallinity. The samples exhibited yellowish to
reddish-brown colors, consistent with vanadium oxides.

2.2. Physicochemical characterization

Raman spectra were acquired with a micro-Raman system
equipped with an Olympus BX40 confocal microscope. The
532 nm line of a Nd:YAG laser was used, and two positions
were measured on each film. Surface morphology was
examined with a JEOL JSM 6510LV scanning electron
microscope (SEM). X-ray photoelectron spectroscopy (XPS)
was performed with a Thermo Scientific K-alpha XPS
spectrometer, to determine surface composition and oxidation
states. Photoluminescence (PL) spectra were collected on a
Horiba Jobin Yvon FluoroMax-4 spectrofluorometer using a
500 nm excitation. Diffuse reflectance UV-Vis spectra were
obtained with a Varian Cary 100 Conc spectrophotometer to
estimate optical properties.

3. Results and discussion
3.1. SEM characterization

SEM images (Figure 1) show that the film deposited at the
lowest fluence (7.3 Jlcm?) presents agglomerated needle-
shaped micrometer-scale structures (Figure 1a). A closer view
reveals two-dimensional arrangements formed by ordered
agglomeration of needles which are aligned, by group, in the
same direction (Figure 1b). The sample deposited at 13.3 J/cm?
shows individual needles dispersed on the surface with little
agglomeration (Figure 1c); higher magnification reveals
microbars approximately 20 um in length (Figure 1d). For the
sample prepared at 30.6 J/cm? in addition to microscale
droplets, some needles are observed (Figure 1e), and at a
higher magnification nanoribbons or nanotubes are evident
(Figure 1f). All three films display needle-like morphologies,
suggesting a common vanadium oxide phase, and the possible
formation of vanadium oxide nanotubes, consistent with
reported elongated, needle-like nanotube morphologies
characteristic of vanadium oxide with outer diameters of 15-
100 nm (Muhr et al., 2000).

3.2. Microstructural characterization

Raman spectra corresponding to the sample prepared at 7.3
Jlcm? are very similar in the two different points measured
(Figure 2a). Features at 87, 112, 136, 196, 288, 320, 476, and
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992 cm™! are assigned to the vibrational modes of vanadium
pentoxide (V20s) (Liu et al., 2006; Urefia-Begara et al., 2017).
Signals at 223, 254, and 430 cm™!' correspond to vanadium
dioxide (VOy) (Schilbe, 2002; Pan et al., 2004; Théry et al.,
2016). Bands at 170, 805, 885, and 912 cm™' are consistent
with V7016 nanotubes (Julien, et al., 1997; Urefia-Begara, et
al., 2017). Peaks at 429, 556, 731, 886, 909, and 943 cm™!
indicate NaVO3 (Utegulov et al., 2003; Neuville, 2006).
Raman spectra of the 13.3 J/cm? sample are also similar at
both measurement positions (Figure 2b). V.05 bands appear at
84, 110, 136, 192, 277, 304, and 480 cm™! (Liu et al., 2006;
Urefa-Begara et al., 2017). Signals at 220, 255, 503, 594 and
672 cm™' are assigned to VO, (Schilbe, 2002; Pan et al., 2004;
Théry et al., 2016); while features at 160, 255, and 809 cm!
are consistent with V7016 nanotubes (Julien, et al., 1997;

203

Urefia-Begara, et al., 2017). Low intensity peaks at 429 and
731 cm™! can be attributed to NaVO3 (Utegulov et al., 2003;
Neuville, 2006). Different Raman spectra were obtained for
the film prepared at 30.6 J/cm2, indicating a non-uniform phase
distribution (Figure 2c). V2Os signals are located at 107, 137,
198, 282, 510, and 992 cm™' (Liu et al., 2006; Urefia-Begara,
et al, 2017). VO, bands occur at 262, 344, 430, 603, and 668
cm! (Schilbe, 2002; Pan et al., 2004; Théry et al., 2016).
Vibrational modes at 170, 885, 916, and 940 cm™' may arise
from V7016 nanotubes (Julien et al., 1997; Urefia-Begara et al.,
2017). Low intensity peaks at 430, 635, 886, 916, and 954
cm! are attributed to NaVOs (Utegulov et al., 2003; Neuville,
2006). Overall, Raman results indicate that the films consist of
mixtures of different vanadium-oxide phases.
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Figure 2. Raman spectra for films deposited at 7.3 J/cm? (a), 13.3 J/cm? (b) and 30.6 J/cm? (c). P1 and P2 refer to the different points in which Raman
measurements were performed.

3.3. XPS Characterization

Figure 3a shows the high-resolution XPS spectra for the
sample deposited at 7.3 J/cm? in the region from 540 to 510
eV, which includes the O1s and the V2p orbitals. Four peaks
are observed close to 533, 530, 524, and 517 eV. The first two
correspond to the O1s, while the last two correspond to the

V2p12 and V2ps, doublet. For a detailed analysis the peaks
were fitted using Voigt profile line shapes. In the O1s region,
components at 533.4 and 531.1 eV are assigned to Si-O (SiO)
and O-V bonds, respectively. In the VV2p region, two doublets
are present: 524.8 and 517.9, and 523.4 and 516.0 eV,
corresponding to V°* and V* oxidation states respectively
(Moulder et al., 1992; Urefia-Begara et al., 2017).
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These results suggest a mixture of V4* and V°* composing
the film. Additionally, it is observed that the signal
corresponding to the V°* state (V,Os) is of higher intensity than
the V# (VO,), indicating a higher amount of V,0s on the
surface of this sample. The shape of the V2pi, and V2pspe
signals is bell-shaped with a broad base. It has been reported
that the presence of V** decreases the slope of the signals
corresponding to V20s (Mendialdua et al., 1995).

In Figure 3b, the XPS high-resolution spectrum of the film
prepared at 13.3 J/cm? is presented. The same features are
observed with intensity changes: the Si—-O component is
weaker relative to O-V, and the V** signal increases relative to
V# indicating a higher V2Os fraction. Notably, vanadium-
oxide nanotubes typically contain V4" and V** oxidation states
mixed (Souza Filho et al., 2004).
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Figure 3. High resolution XPS spectra (O1s and V2p regions) for films deposited at laser fluences of: a) 7.3 J/cm?, b)13.3 J/cm? and ¢)30.6 J/cm?.

For the 30.6 J/cm? film (Figure 3c), the substrate (Si—O)
signal is the most intense among the three samples, while the
vanadium signals behave similarly to the other spectra. The Si
signal likely arises from film discontinuities that expose the
glass substrate, consistent with SEM and Raman observations.

3.4. Optical properties

Diffuse reflectance UV-Vis spectroscopy was selected
because needle-, bar-, and droplet-like morphologies act as
scattering centers for incident light (Murphy, 2007). The
spectra shown in Figure 4 reveals an absorption edge
beginning at approximately 340 nm and a broad band from
~500 to 700 nm consistent with previous reports (Abdullahi et
al., 2016). Optical band gaps were estimated using the
Kubelka-Munk (K-M) function and Tauc plots (Tauc et al.,

Reflectance (%)
.
<

—VO-1
—VO0-2
—V0-3

0Fr

200 400 600 800 1000
Wavelength (nm)

Figure 4. UV-Vis diffuse reflectance spectra for samples deposited at 7.3
Jiem? (VO-1), 13.3 J/cm? (VO-2), and 30.6 J/cm? (VO-3).

1966; Abdullahi et al., 2016). Figure 5 shows Tauc plots for
the film deposited at 30.6 J/cm? considering both indirect and
direct band transitions. For an indirect transition, two linear
regions yield two bandgap values; for a direct transition, only
one value is obtained.

The calculated band gap values are shown in Table 1. Direct
transitions values (~ 3.2 eV) do not match reported values for
the phases present in the films. Reported band gaps for V205
are ~ 2.4 (direct) and ~2.0 eV (indirect); for single-walled
V205 nanotubes, the band gap decreases as tube diameter
decreases. For semiconducting VO, values of 0.6-0.7 eV have
been reported (Parker et al., 1990; Chain, 1991; Ivanovskaya
et al., 2003; Murphy, 2007). When indirect transitions are
considered, the obtained values are closer to literature.
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Figure 5. Tauc plots (Kubelka—Munk) for the 30.6 J/cm? film: (a) indirect vs
direct comparison; (b) indirect extrapolation; (c) direct extrapolation.
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Table 1. Band gap values from diffuse reflectance UV-Vis spectra.

Laser fluence (J/cm?) Band gap (eV)

Direct Indirect
7.3 325 291 174
13.3 320 219 164
30.6 335 295 1.96

Figure 6 shows the photoluminescence emission spectra of
the deposited films excited with a wavelength of 500 nm.
Three emission lines at 544 nm (2.28 eV), 655 nm (1.89 eV)
and 730 nm (1.70 eV) for the three films are observed. The
655, and 730 nm emissions can be attributed to split off
conduction bands of V205 due to its layered structure (Wang
et al., 2021).

544 nm —VO0-1
228 eV —_—V0-2
—\/()-3

655 nm

1.89 eV 730 nm

Intensity (a.u.)

500 550 600 650 700 750

Wavelength (nm)

Figure 6. Photoluminescence spectra of the films deposited at 7.3 J/cm? (VO-
1), 13.3 J/em? (VO-2), and 30.6 J/cm? (VO-3).

4, Conclusions

Thin films composed of mixtures of vanadium oxides were
obtained by PLD. The multiple oxidation states of vanadium
favor the formation of different oxides, including nanotubular
structures with mixed oxidation states. Raman and XPS reveal
the presence of V205, VO, and possibly vanadium oxide
nanotubes; NaVOs) and SiO; were also detected. XPS shows
V7,05 as the predominant phase, consistent of the higher
stability of V5 under these conditions. SEM reveals
microneedles and microbars on the film surfaces. The
employed approach enables obtaining V,0s and VO, from
metallic vanadium without hazardous chemical reagents.
These thin film vanadium oxides have potential applications in
catalysis, solar cells, smart windows, and optoelectronics.
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