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Abstract: Vanadium oxide thin films are increasingly explored for electronic, electrochemical, and energy-related applications due
to their variable oxidation states and versatile physicochemical properties. This study systematically compares the effects of pulsed
DC and RF magnetron sputtering techniques on the structural, morphological, and electrical characteristics of vanadium oxide films
deposited on 304 AISI stainless steel substrates. High-purity vanadium target was sputtered in a controlled Ar/O; environment. X-
ray diffraction (XRD) revealed that pulsed DC sputtering favored the formation of monoclinic VO3, while RF sputtering promoted
orthorhombic V,0s, indicating a phase transition driven by deposition parameters. The average crystallite size was smaller in pulsed
DC films (~10.12 nm) than in RF films (~12.26 nm). X-ray photoelectron spectroscopy (XPS) showed that pulsed DC sputtering
produced films with more stable V#*/V>* ratios and controlled stoichiometry. In contrast, RF-deposited films exhibited higher
oxidation states and greater surface contamination due to porosity. Fourier transform infrared (FTIR) spectra confirmed these phase
distinctions by identifying vibrational modes corresponding to VO,-rich and V,0Os-rich compositions. Scanning electron microscopy
(SEM) revealed that pulsed DC film was thinner, denser, and smoother, while RF film was thicker with a porous nanostructure.
Electrical measurements showed higher conductivity in pulsed DC films (~4.04 x 10 S/cm) than in RF films (~3.22 x 10 S/cm).
These findings highlight the critical role of deposition technique in tailoring vanadium oxide thin films for advanced smart devices
and energy systems.
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1. Introduction

In recent years, functional oxide materials exhibiting phase
transitions have attracted growing interest from researchers due
to their significance in a wide range of technological
applications [1-3]. Among them, vanadium oxides (VOx)—a
family  of transition-metal  oxides—display  various
stoichiometries as a result of the multivalent nature of the
vanadium cation. These include several sub-oxide phases such
as V703, V409, VO3, and the thermodynamically stable V»Os
phase, which is readily obtained under oxygen-rich conditions
[4-6]. Owing to their tunable electrical conductivity, optical
transparency, and semiconducting-to-metallic phase transitions
[7], vanadium oxides are promising candidates for diverse
applications. Their functional oxide phases have been utilized in
devices such as gas sensors [8], electrical switches [9],
thermochromic smart windows [10], thermal actuators [11],
memory devices [12], photonic devices [13], tunable optical
filters [14], optical switches [15], bolometers [16], and energy
storage devices [17]. Achieving precise control over their
structural, morphological, and physicochemical characteristics
is therefore essential for optimizing performance in these
applications.

A variety of synthesis routes have been employed to
fabricate VO thin films, including hydrothermal synthesis [18],
chemical vapor deposition (CVD) [19], pulsed laser deposition
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(PLD) [20], electron beam evaporation [21], sol-gel methods
[22], and chemical solution processing [23]. Among these,
magnetron sputtering stands out as an especially attractive
technique due to its scalability, environmental friendliness
(avoiding toxic solvents), and excellent reproducibility [24,25].
Direct current (DC) magnetron sputtering is a versatile physical
vapor deposition (PVD) technique that allows fine control over
film thickness, stoichiometry, crystallinity, and microstructure.
Two widely adopted sputtering modes—pulsed direct current
(pulsed DC) and radio frequency (RF)—offer distinct plasma
characteristics, ion bombardment energies, and growth kinetics,
which can result in notable differences in film formation. Pulsed
DC sputtering minimizes target arcing and enhances deposition
rates when working with partially insulating oxide targets,
whereas RF sputtering is particularly well-suited for insulating
or semi-insulating materials because it can process non-
conductive targets [26]. Furthermore, RF sputtering typically
operates at lower substrate temperatures, enabling high-quality
film deposition on a variety of substrates without causing
thermal damage. Films deposited by RF sputtering often exhibit
excellent uniformity, adhesion, and compositional control. By
adjusting parameters such as power, pressure, and gas
composition, RF sputtering can produce films with tailored
structural and electrical characteristics. However, direct
comparisons of VO thin films deposited by pulsed DC and RF
magnetron sputtering under identical reactive conditions are
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scarce. Most existing studies either focus on a single deposition
mode or vary multiple parameters simultaneously, making it
challenging to isolate the intrinsic influence of sputtering mode
on film growth mechanisms and resulting properties. This gap
in the literature limits our understanding of how deposition
mode alone governs phase evolution, grain structure, surface
morphology, and electrical behavior.

In this work, nanostructured vanadium oxide thin films were
deposited onto 304 AISI stainless steel substrates using both
pulsed DC and RF magnetron sputtering under identical reactive
gas composition, working pressure, target—substrate distance,
and substrate conditions. This controlled approach isolates the
role of sputtering mode in determining the structural,
morphological, and electrical characteristics of the films. The
findings provide clear insights into the deposition—structure—
property relationship, offering valuable guidelines for tailoring
vanadium oxide thin films in functional materials applications
where precise control over morphology and electrical properties
is crucial, such as advanced electronic devices, optical systems,
and energy storage technologies.

2. Materials and methods

In this study, vanadium oxide thin films were deposited onto
304 stainless steel substrates using both pulsed DC and RF
magnetron sputtering systems. A schematic representation of the
sputtering apparatus is provided in Fig. (1). A 304 AISI stainless
steel sheet with a thickness of 1 mm was sectioned into 10 x 10
mm samples. Prior to deposition, the substrates underwent
ultrasonic cleaning in ethanol for 10 minutes using an ultrasonic
cleaner (Struers Metason 120 T) to remove surface
contaminants. A high-purity vanadium target (99.99%), with a
diameter of 50.8 mm and a thickness of 3 mm, served as the
source material. The deposition was conducted in a reactive
environment composed of Ar and O,. Prior to initiating the
sputtering process, regardless of whether pulsed DC or RF
power was applied, the target-to-substrate distance was
precisely set to 7 cm. The vacuum chamber was initially
evacuated using a dual-stage rotary pump coupled with a
turbomolecular pump, reaching a base pressure of 5 x 1073 mbar
within approximately two hours. Once the desired vacuum level
was attained, a reactive gas mixture containing 5% O; and 95%
Ar was introduced to establish a working pressure of
approximately 9.5 x 10 mbar. After pressure stabilization
within the chamber, the appropriate power source—either
pulsed DC or RF—was employed to initiate the sputtering of the
vanadium target. For pulsed DC magnetron sputtering, a pulsed
DC power supply (Advanced Energy Pinnacle Plus) was
utilized. The system operated at a power level of 250 W, with a
pulse frequency of 150 kHz and an off-time of 2 us per cycle.
The deposition process was maintained for a total of 150
minutes, resulting in a final thickness of about 350 nm. In
contrast, the RF magnetron sputtering process used an RF power
generator (ENI OEM-12A) configured to deliver 250 W of
power. The process was conducted for 50 minutes, yielding a
vanadium oxide film with a thickness of approximately 400 nm.
Real-time monitoring of deposition rate and film thickness is
achieved using an integrated thickness sensor (Inficon SQM-
160). In addition, the final film thickness was verified after
deposition using a Form Talysurf Intra profilometer (Form
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Talysurf 50). Profilometry was chosen over cross-sectional
SEM as it offers higher accuracy for smooth films and is non-
destructive. This approach confirmed the measured thickness
values and validated the deposition rate differences between
pulsed DC and RF sputtering. To promote uniform film
deposition, the substrate holder was continuously rotated,
completing a full 360° revolution every 15 seconds, alternating
between clockwise and counterclockwise directions. This
motion is governed by a programmable oscillation controller
(Model: DCS-GP-SMC-2K12), which enables fine-tuned
regulation of both rotational speed and direction. To prevent
overheating and ensure thermal stability throughout the
sputtering process, the targets are actively cooled via an
industrial chiller system (Model: CW-5200), which maintains
the coolant at a stable temperature of 10 °C. Upon completion of
the sputtering process, the samples were allowed to cool within
the vacuum chamber for 30 minutes prior to exposure to
atmospheric conditions.

v, W P1: Pirani gauge head
P2: Low pressure gauge
G F: Mass flow controllers
| s.H Ty Vi1, V2, V3 and V4:
:@S :l G: [ |Normal valves
P

G R: Rotary pump

T: Turbo pump

~ S.H: Sample holder
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Va

S: Sample
W: Window
G1, G2 and G3: Guns

R T, T2 and T3: Targets

Fig. 1: Schematic diagram of the pulsed DC and RF magnetron
sputtering system

Post-deposition, the thin films underwent a comprehensive
set of characterization procedures to assess their structural and
morphological attributes. Structural evaluation was performed
using X-ray diffraction (XRD) on a Bruker D§ ADVANCED
diffractometer, utilizing Cu Ko radiation (A = 1.5406 A). Data
acquisition was conducted at a scan rate of 2°/min with a step
size of 0.02°, spanning a 20 range from 20° to 80°, ensuring
accurate identification of crystal phases and lattice
configurations. Surface morphology and topographical features
of the vanadium oxide thin films were investigated using field
emission scanning electron microscopy (FE-SEM) and
conventional SEM, employing FEI Quanta FEG 250 and Sigma
500 VP instruments, respectively. These techniques provided
high-resolution insights into grain size, surface texture, and
microstructural variations influenced by the sputtering method.
Both images were captured at a consistent magnification of
15,000x, but under different accelerating voltages (5kV and
30 kV), reflecting the operational conditions of the two SEM
systems used. This setup enabled the visualization of fine
surface details while preserving the inherent imaging
characteristics of each instrument. To further investigate the
chemical composition and bonding characteristics of the
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vanadium oxide layers, Fourier Transform Infrared (FTIR)
spectroscopy was performed using an Alpha Bruker Platinum
ATR spectrometer. Measurements were obtained in attenuated
total reflection (ATR) mode, with spectral output reported in
wavenumbers (cm™'). Spectra were collected within the 2500~
400 cm’! range, at a resolution of 4 cm™!, with each spectrum
representing the average of 32 scans to enhance signal clarity
and ensure accurate identification of vibrational modes. X-ray
photoelectron spectroscopy (XPS) analyses were conducted
using a K-ALPHA spectrometer (Thermo Fisher Scientific,
USA) equipped with a monochromated Al Ka radiation source
(photon energy = 1486.6 eV). Spectral data were collected
across a binding energy range of -10 to 1350 eV using a 400 pm
spot size and an electron take-off angle of 90°. The analysis
chamber was maintained at an ultra-high vacuum with a base
pressure below 6 x 10 mbar. Survey scans were acquired at a
pass energy of 200 eV, while high-resolution spectra were
recorded at 50 eV. No Ar* ion sputtering was performed to
preserve the native chemical composition of the sample
surfaces. All binding energies were calibrated against the C 1s
reference peak at 284.8 eV. To minimize contamination, all
samples were stored in a clean, controlled incubator with stable
temperature and humidity, sealed in individual containers, and
handled exclusively with clean gloves and tools. Electrical
characterization of the vanadium oxide thin films was carried
outusing a CORRTEST Instruments Bipotentiostat/Galvanostat
(Model CS2350M, China). Electrical conductivity was
measured via the potentiodynamic technique, employing a linear
voltage sweep ranging from —0.01 V to 0.1 V relative to the
open-circuit potential (OCP) at a scan rate of 0.5 mV/s. To
eliminate any influence from the conductive stainless-steel
substrate, electrical conductivity was measured using a clip-
based configuration in which the current flows laterally through
the thin film, with the film positioned between the two clip
contacts. All measurements were conducted under identical
ambient conditions to guarantee experimental consistency and
ensure the reproducibility of results.

3. Results and Discussion:
3.1. X-ray analysis:

The XRD patterns of vanadium oxide thin films deposited
via pulsed DC magnetron sputtering and RF magnetron
sputtering, as shown in Fig. (2), exhibit distinct differences in
phase composition and crystallinity. These differences indicate
a structural transition from predominantly monoclinic VO» in
DC-sputtered film to largely orthorhombic V,Os in RF-
sputtered film. Phase identification is consistent with ICSD
reference data for VO, [ICSD: 80928] and V.0Os [ICSD:
653926]. The monoclinic VO, phase is defined by a = 12.0536
A, b=3.6938 A, c=6.4217 A, and B = 106.9250°, whereas the
orthorhombic V,0Os phase is characterized by lattice parameters
a= 11519 A, b = 4373 A, and ¢ = 3.564 A. Table (1)
summarizes selected 20 values, Miller indices (hkl), and
corresponding phases, confirming the presence of both VO, and
V,0s in mixed-phase regions for both sputtering techniques.

The observed phase transition from VO; to V,Os is primarily
attributed to variations in deposition parameters, such as plasma
energy distribution, and sputtering power. In pulsed DC-
sputtered film, the XRD patterns are dominated by monoclinic
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VO; reflections corresponding to the (003), (511), (313), and
(203) planes at 44.1°, 44.85°, 50.75°, and 51.2°, respectively.
These peaks partially overlap with reflections corresponding to
orthorhombic V,0s, namely the (220), (510), (002), and (221)
planes, suggesting the presence of a mixed-phase region. The
preferential formation of VO, is linked to the higher ion
bombardment energy inherent in pulsed DC systems, which
promotes the stabilization of intermediate oxidation states (V")
[24,27]. The limited presence of V,Os peaks under these
conditions suggests a suppressed oxidation environment,
possibly due to reduced oxygen incorporation or partial
reduction of V»20s to VO, caused by energetic particle
interactions [28]. In contrast, RF-sputtered film displays a set of
orthorhombic V,Os reflections, including prominent peaks from
the (220), (331), and (612) planes at 44.1°, 74.85°, and 75.5°,
respectively. This enhanced phase complexity and crystallinity
are indicative of more complete oxidation processes. The
uniform energy distribution and higher plasma density typical of
RF sputtering favor the formation of fully oxidized V> states,
stabilizing the V,0s phase [29,30]. The coexistence of multiple
V1,05 peaks in RF-deposited film aligns with its ability to sustain
reactive oxygen species (e.g., O ions), which promote complete
oxidation and structural diversification [27,28]. Additionally,
the lower electron temperature in RF sputtering facilitate
controlled oxidation via extended interaction with oxygen
radicals [27,30]. In contrast, the intermittent, high-energy ion
bombardment in pulsed DC sputtering may induce localized
heating and favor the formation of metastable VO, over the
thermodynamically stable V,Os phase [24,31].
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Fig. 2: XRD patterns of vanadium oxide thin films deposited using
pulsed DC magnetron sputtering and RF magnetron sputtering.
Reference diffraction lines from ICSD cards for VO2 (blue) and V205
(red) are shown below the patterns.

From a thermodynamic perspective, vanadium oxide phase
stability is strongly dependent on oxygen partial pressure. The
Gibbs free energy of formation (AG') for VO, is favored under
moderately reduced oxygen environments, whereas V,0Os is
stabilized under oxygen-rich conditions due to its lower AGf at
higher oxygen chemical potentials. In pulsed DC sputtering,
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energetic ion bombardment reduces the effective oxygen
activity at the growth front, shifting the equilibrium toward VO..
By contrast, the lower ion energies and higher oxygen partial
pressure in RF sputtering thermodynamically stabilize the V3*
state, favoring V,Os formation. Collectively, the interplay
between plasma—substrate interactions and thermodynamic
driving forces explains the predominance of VO in pulsed DC
films and V,0Os in RF films.

Table 1: XRD results for selected diffraction peaks, including 20
values, Miller indices (hkl), and the corresponding crystalline phases

20 hkl (VO2) hkl (V205)
44.1 (003) (220)
44.85 511 (510)
bc 50.75 53133 (002)
51.2 (203) (221)
29.1 (002) --
44.1 (003) (220)
44.8 (511) (510)
RF 50.8 (313) (002)
51.2 (203) (221)
74.85 - (331)
75.5 - (612)

Crystallite sizes of the thin films were estimated using the
Scherrer equation ([32],

_ Ka
- B cosb

(1)

where D is the average crystallite size, K is the shape factor
(typically 0.9), 4 is the X-ray wavelength, f is the full width at
half maximum (FWHM) of the diffraction peak, and @ is the
diffraction angle (Bragg angle). The calculated crystallite sizes
are presented in Table (2). A multi-peak fitting procedure,
considering both dominant and minor diffraction reflections,
was used to evaluate average crystallite size, providing a more
precise and statistically reliable estimate than the traditional
single-peak method. The film deposited via pulsed DC
magnetron sputtering exhibited an average crystallite size of
~10.12 nm, whereas the RF-sputtered counterpart demonstrated
a slightly larger size of ~12.26 nm. This variation is primarily
attributed to the distinct plasma characteristics and ion
bombardment energies inherent to each sputtering technique.
Pulsed DC sputtering generates higher energy ions via its
unidirectional pulsed field, enhancing adatom mobility and
inducing frequent re-nucleation events that disrupt grain growth,
leading to finer grains and denser films [33,34]. In contrast, RF
sputtering's alternating electric field and lower ion energy
enable greater adatom diffusion, resulting in fewer nucleation
events, larger crystallite formation, and increased porosity. The
crystallite sizes reported in the present work are notably smaller
than those observed in a prior study by Margoni et al. [35], who
synthesized vanadium pentoxide (V,0s) thin films using spray
pyrolysis. Their method employed an aqueous solution of
ammonium metavanadate, supplemented with nitric acid, and
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deposition was conducted at substrate temperatures ranging
from 300°C to 400 °C. In their findings, crystallite size
increased from 24.2 nm at 300 °C to a peak of 42.3 nm at 375 °C,
followed by a reduction to 21 nm at 400 °C. The decrease at
higher temperature was attributed to partial amorphization or
increased structural disorder resulting from excessive thermal
input.

The nanocrystalline structure and phase coexistence
observed in both film types underscore the thermodynamic
instability of vanadium oxide systems and highlight the strong
dependence of structural characteristics on deposition
technique. These structural differences bear significant
implications for application. VO,, favored by pulsed DC
sputtering, undergoes a metal-insulator transition (MIT) near
room temperature, making it highly promising for
thermochromic coatings and electronic switching applications
due to its reversible changes in electrical and optical properties
[36]. In contrast, V20s, which is predominantly formed in RF-
sputtered film, exhibits a wider bandgap and high surface
reactivity, rendering it suitable for electrochemical and catalytic
applications such as LIBs and gas sensors [37,38]. The
coexistence of VO, and V,0s phases, in combination with
nanoscale crystallite dimensions, may impart multifunctional
properties to the films, enhancing surface activity and device
performance. Consequently, the chosen sputtering method
critically influences the crystalline phase composition,
microstructure, and functional potential of vanadium oxide thin
films. Moreover, tailoring deposition parameters—including
power, oxygen flow rate, substrate temperature, and chamber
pressure—is therefore essential for optimizing these materials
for specific technological applications [39,40].

Table 2: Average crystallite size (nm) of vanadium oxide thin films
deposited using pulsed DC magnetron sputtering and RF magnetron
sputtering.

sjsci.journals.ekb.eg

20 FWHM Cl"ystalllte Avera.ge crystallite
Size (nm) size (nm)
44.1 1.1567 7.41
44.85 | 09164 9.38
. + 1.
bc 50.75 0.9045 9.72 10.12 +1.38
51.2 0.6314 13.95
29.1 0.4889 16.79
44.1 1.2191 7.03
448 0.7058 12.17
RF| 5038 0.5685 15.47 12.26 + 1.65
51.2 0.9448 932
74.85 | 13072 7.65
75.5 0.5776 17.40

3.2 Scanning electron microscopy:

SEM was employed to investigate the surface morphology
of vanadium oxide thin films deposited via pulsed DC
magnetron sputtering and RF magnetron sputtering. As shown
in Fig. (3), the SEM images reveal distinct morphological
differences between the two film types, underscoring the critical
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influence of deposition technique on film microstructure. These
variations are primarily attributed to differences in energy
transfer mechanisms, plasma characteristics, and ion
bombardment dynamics inherent to each sputtering method.

Thin film deposited using pulsed DC magnetron sputtering
exhibits dense surfaces with a uniform and compact grain
structure. The average film thickness is approximately 350 nm.
This morphology reflects good continuity, low porosity, and
relatively larger grains with well-defined boundaries, indicative
of partial crystallinity and preferential growth orientation. The
enhanced surface rearrangement and minimized void formation,
driven by higher-energy ion bombardment, contribute to the
formation of dense microstructures [41]. Such characteristics,
often associated with limited adatom mobility and reduced
thermal energy input, also confer improved mechanical stability
and adhesion [42,43]. These features are especially
advantageous for LIB cathodes, where long-term cycling
stability and mechanical robustness are essential. Additionally,
the pulsed DC-sputtered film exhibits a characteristic blue
coloration, often associated with sub-stoichiometric vanadium
oxides (e.g., VO or mixed-valence V*/V>" phases). This
suggests the preferential formation of oxygen-deficient phases
under the pulsed DC regime, likely due to reduced oxygen
partial pressure during deposition, as supported by the XPS
analysis (Section 3.3).

Signal A = InlensDuo
Mag= 1500 KX

Fig. 3: SEM images of vanadium oxide thin films deposited using
pulsed DC magnetron sputtering and RF magnetron sputtering.

In contrast, film deposited via RF magnetron sputtering is
notably thicker (~400 nm) and exhibit a porous nanostructure
with rougher surface features. This morphology is characterized
by finer grains and a higher surface area, which is better for
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enhancing electrochemical activity. It should be noted that the
comparison of grain size between films deposited by pulsed DC
and RF magnetron sputtering is qualitative and based solely on
visual inspection of the SEM images, without quantitative
measurement. The increased thickness observed in RF-sputtered
film, relative to those deposited via pulsed DC sputtering, is
attributed to the differences in plasma behavior and power
delivery. RF sputtering operates at a continuous alternating
frequency (13.56 MHz), sustaining a denser plasma with higher
ionization efficiency, thereby resulting in a higher sputtering
yield and deposition rate. In contrast, pulsed DC sputtering
involves periodic power interruptions to suppress arcing and
mitigate target poisoning, especially relevant when working
with oxide targets. These interruptions inherently reduce the net
power delivered to the plasma, resulting in a lower overall
deposition rate. Moreover, RF sputtering offers notable
advantages, including compatibility with insulating targets and
reduced susceptibility to target poisoning, which contribute to
enhanced material removal efficiency. As a result, for equivalent
deposition durations, RF sputtering generally yields thicker
films. In contrast, pulsed DC sputtering tends to produce thinner,
denser, and more uniform coatings due to its more controlled
and energetic film growth kinetics. The increased porosity
observed in films produced by RF sputtering is primarily
attributed to fundamental differences in plasma characteristics
and growth mechanisms between the two techniques.
Specifically, RF sputtering generates lower ion bombardment
energy at the substrate surface, which limits the surface mobility
of adatoms during film growth. This insufficient energy
prevents the atoms from diffusing into more stable, densely
packed positions, leading to the development of a more porous
microstructure. Furthermore, RF plasmas generally exhibit
higher impedance compared to pulsed DC plasmas, which limits
the ion flux and reduces the average ion energy reaching the
substrate. Consequently, the level of energetic bombardment
required to compact and densify the growing film is less
effective in RF sputtering, further contributing to the
development of a porous morphology. Such features provide
larger surface areas and shorter ion diffusion paths, both of
which are beneficial for improving the electrochemical
reactivity of LIB cathodes. Furthermore, the yellow coloration
observed in RF-sputtered film indicates the predominance of
stoichiometric V,0s, characterized by a dominant V>* oxidation
state. This points to more complete oxidation during film
growth, facilitated by RF sputtering’s higher plasma density and
efficient energy transfer. The resulting V,Os-rich film not only
exhibits improved crystallinity but also offers superior charge-
transfer kinetics and electrochemical performance [44].

Overall, the morphological, structural, and optical
differences between pulsed DC- and RF-sputtered films
demonstrate that the choice of sputtering technique strongly
governs the composition and properties of vanadium oxide thin
films. Pulsed DC sputtering produces dense, smooth films that
are well suited for mechanically stable, long-cycling LIB
cathodes, whereas RF sputtering yields thicker, porous, and
more reactive films that are advantageous for applications
requiring high electrochemical performance. Thus, careful
optimization of the deposition method is critical for tailoring
vanadium oxide thin films to specific functional requirements.
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3.3 XPS analysis:

XPS was employed to examine the influence of deposition
technique on the surface chemistry, oxidation states, and
stoichiometry of vanadium oxide thin films fabricated via pulsed
DC magnetron sputtering and RF magnetron sputtering. High-
resolution spectra of the V 2p, O 1s, and C 1s core levels
revealed significant variations in both binding energies and
atomic concentrations depending on the sputtering method used.
Figures (4) and (5) present the XPS survey and high-resolution
spectra for the V 2p, O 1s, and C 1s regions of films deposited
by pulsed DC and RF magnetron sputtering, respectively. The
survey spectra for both techniques confirm the presence of the
primary constituent elements—vanadium, oxygen, and
carbon—which are clearly identified. Additionally, minor peaks
were observed, likely originating from substrate-related
impurities or adventitious contamination introduced during
sample handling. These secondary features do not interfere with
the core-level regions of interest and therefore do not influence
the chemical state analysis. As such, the discussion focuses on
the main elements, with particular attention to carbon as an
indicator of surface contamination resulting from brief
atmospheric exposure during sample transfer. Table (3)
summarizes the binding energies (eV) and corresponding atomic
percentages of the V 2p, O 1s, and C 1s core-level components
in vanadium oxide thin films produced by both deposition
methods. A comparative analysis reveals significant differences
between films produced by pulsed DC and RF sputtering,
reflecting the influence of plasma characteristics and energy
input inherent to each method.

In terms of vanadium oxidation states, both techniques yield
films containing mixed-valent vanadium species (V*" and V°"),
characteristic of sub-stoichiometric vanadium oxides or
amorphous phases [45]. The pulsed DC-sputtered film shows a
more balanced distribution, with approximately 60.8% V> and
39.2% V*, suggesting a moderately oxidized film consistent
with a near-stoichiometric V,0Os matrix that includes some VO»
phase. In contrast, the RF-deposited film contains over 69% V>*,
indicating a stronger tendency toward V,Os formation [46].
Analysis of the relative contributions of V4" (V 2psn + V 2pin)
and V3 (V 2psn + V 2pip) oxidation states yields estimated
VO,/V,0s ratios of 64.42% for the pulsed DC film and 44.84%
for the RF film. These findings are consistent with the XRD
results, which reveal additional diffraction peaks corresponding
to the orthorhombic V,0s phase in the RF-sputtered film.
Furthermore, a notable shift in the V 2p binding energies toward
higher values in the RF film may reflect stronger interactions
between vanadium and surface hydroxyl or carbon-oxygen
groups, or may arise from charging effects linked to the film’s
increased porosity or defect density [46]. The lower V*
contribution in RF-sputtered film suggests enhanced oxidation,
albeit at the expense of stoichiometric precision.

The O 1s spectra further support these trends. Multiple
components are present, corresponding to distinct oxygen
environments within the films. The primary peak at 530.1-
530.3 eV is attributed to lattice oxygen (O%) in vanadium-—
oxygen frameworks, typical of VO, and V,0s phases [30,47]. In
pulsed DC-sputtered film, this lattice oxygen peak (~530.34 eV)
constitutes more than half the total oxygen signal, with the
remainder attributed to surface hydroxyl groups (OH") from
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adsorbed moisture [48]. This high lattice oxygen content
indicates a well-oxidized, chemically stable matrix. Conversely,
the RF-deposited film exhibits a dramatically reduced lattice
oxygen fraction (only 8.2%), along with a dominant contribution
from hydroxyl groups (36%) and a strong signal at 533.69 eV
from oxygenated carbon species (C—O/C=0), absent in the DC
film. These features suggest substantial surface adsorption of
moisture or carbonaceous compounds, likely due to a more
porous surface. The presence of this peak is consistent with
literature reports that airborne organic molecules and water
readily adsorb on oxide surfaces with high surface energy or
structural disorder [48]. These observations are corroborated by
SEM analysis, which reveals a porous nanostructure with rough
surface morphology in the RF film.

Table.3: Binding energies (eV) and atomic percentages (%) of the
V2p, Ols, and C s core-level components in vanadium oxide thin
films deposited by pulsed DC and RF magnetron sputtering.

Binding energy | Atomic percentage
(eV) (%)
DC RF DC RF
V 2paz (V¥ 515.07 | 514.87 | 22.24 29.57
V 2ps2 (V) 516.5 518.02 53.45 40.2
V 2p1z (V) 522.55 523.7 7.37 28.84
V 2piz (V¥ 524 525.78 16.94 1.39
0O 1s (V-0) 530.34 | 530.25 52.42 8.23
O 1s (OH) 5314 532.11 47.58 35.97
0O 1s (C-0/C=0) -- 533.69 -- 55.8
C 1s (C-C/C-H) 284.77 | 284.86 75.28 66.65
C 1s (C-O/C-OH) | 286.04 | 286.26 4.98 22.33
C 1s (0-C=0) 288.72 | 288.62 19.74 11.02

sjsci.journals.ekb.eg

Despite precautions to limit contamination, the C 1s spectra
show the presence of surface carbon, primarily attributed to
ambient exposure during sample handling and transfer. A
dominant peak at ~284.8 eV corresponds to C—C and C—H bonds
typical of adventitious carbon [49,50]. Such contamination is
routinely observed in XPS and does not significantly affect the
interpretation of vanadium oxidation states [51]. However,
carbon speciation reveals differences in surface chemistry: the
pulsed DC film is dominated by hydrocarbon species (C—C/C—
H), while the RF film exhibits a higher proportion of oxidized
carbon groups (C-0, O-C=0) [49,50], reflecting stronger
surface interactions with atmospheric carbon-containing
species. This aligns with the increased hydroxyl and oxygenated
content in the RF film, suggesting greater surface reactivity or
moisture retention. Given that all samples were subjected to
identical handling and storage conditions after deposition, the
higher carbon content and contamination observed in RF-
sputtered films can therefore be attributed to intrinsic surface
chemistry associated with the deposition process rather than to
environmental exposure.
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The differences in surface chemistry, oxidation states, and
contaminant levels between the films highlight the influence of
plasma energy and ion bombardment associated with each
deposition technique, where pulsed DC sputtering yields
vanadium oxide films with more controlled stoichiometry and
stable oxidation states, while RF sputtering produces more
porous and reactive surfaces with higher oxidation, greater
defect density, and enhanced adsorption of hydroxyl and carbon
species.

3.4 FTIR analysis:

FTIR spectroscopy was employed to investigate the
vibrational characteristics and chemical bonding states of
vanadium oxide thin films deposited via pulsed DC and RF
magnetron sputtering. The resulting spectra, presented in Fig.
(6), reveal distinct absorption features that reflect the differences
in phase composition and oxidation states arising from the two
deposition techniques. These vibrational signatures show strong
correlation with the structural and morphological findings
obtained from XRD, SEM, and XPS analyses.

In the case of film deposited using pulsed DC magnetron
sputtering, prominent absorption bands are observed at 459,
605, and 664 cm’!, corresponding to V-O-V bending and
stretching modes typically associated with mixed-valence
vanadium oxides such as VO», V¢O13, or V203 [52]. A sharp and
well-defined band at 974 cm™! is attributed to the terminal V=0
(vanadyl) stretching vibration, indicative of VO»-like bonding
environments [52,53-55]. Furthermore, a band at 1110 cm’!,
associated with asymmetric V-O-V stretching, supports the
presence of a distorted vanadium oxide framework. The higher
wavenumber absorptions at 1887, 1988, 2094, and 2192 c¢cm'!
likely represent overtone and combination bands involving O—
H vibrations from surface hydroxyl groups and adsorbed water,
and may also be linked to polymorphic VO, phases or mixed
valence states involving V* and V> [52]. Their presence
suggests a hydrated or hydroxylated surface, often linked to
porous or disordered film structures. These FTIR features
suggest limited oxidation during pulsed DC sputtering and
reinforce the presence of oxygen-deficient phases, as supported
by the film’s characteristic blue coloration and the dominance
of VO, signatures. These findings are consistent with XRD
analysis, which revealed that pulsed DC-sputtered film is
primarily composed of monoclinic VO, with partial
contributions from orthorhombic V,0s reflections [52,56]. The
FTIR spectra further confirm this mixed-phase composition and
the presence of reduced vanadium oxidation states. SEM
micrographs complement these results by revealing a relatively
thin, smooth, and dense film morphology with compact grains,
which minimizes surface oxidation. This microstructural
compactness aligns with the reduced presence of V>' and
supports the FTIR-detected VOs-rich, sub-stoichiometric
composition.

In contrast, the FTIR spectrum of the film deposited via RF
magnetron sputtering exhibits a broader and more complex
vibrational profile, indicative of a higher oxidation state and the
formation of a more crystalline vanadium pentoxide (V.Os)
structure. Prominent absorption bands observed at 473, 566, and
720 cm™ are attributed to V—O-V stretching vibrations within
the orthorhombic V,Os lattice. The intense band at 1019 cm’!
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corresponds to the terminal V=O stretching vibration, a
definitive marker of well-ordered V,0Os. Additional bands at 868
and 1097 cm™! are associated with symmetric and asymmetric
stretching modes of bridging oxygen atoms in polymeric V-O—
V chains [57], further confirming the presence of a highly
oxidized, V3*-rich matrix. Moreover, the appearance of bands at
1247,1340, and 1590 cm™', along with broader features at 1713,
1936, 2009, and 2063 cm™!, suggests the presence of lattice
distortions, combination bands, and possibly coordinated water
molecules embedded within the crystalline framework [52,57].
The presence of these FTIR bands supports the XPS findings,
which indicate that ambient air exposure during sample handling
and transfer leads to the adsorption of surface-bound hydroxyl
groups, water molecules, and organic contaminants.
Collectively, these results confirm that even brief post-
deposition exposure to ambient conditions can contribute to the
O s and C 1s spectral features observed in XPS. These features
are commonly observed in hydrated or structurally complex
vanadium pentoxide networks, indicating an elevated degree of
oxidation and structural complexity in the RF-sputtered films.
The high porosity of the RF-deposited thin film, as observed
through morphological analysis, likely contributes to greater
exposure of the film surface to ambient oxygen. This facilitates
the stabilization of fully oxidized V>' states, favoring the
formation of stoichiometric V,Os rather than mixed-valence
(V#/V3") configurations. Thus, the FTIR results corroborate the
morphological and optical findings, highlighting the
pronounced oxidation and crystallinity achieved via RF
magnetron sputtering. These FTIR observations align well with
XRD results, which show that RF-sputtered film contains a
broader range of orthorhombic V,Os reflections, along with less
prominent VO, bands. The enhanced oxidation state and
crystallinity inferred from FTIR are also supported by SEM
analysis, which reveals a significantly thicker and porous
nanostructure.
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Fig. (6): FTIR Spectrum of vanadium oxide thin films deposited using
pulsed DC magnetron sputtering and RF magnetron sputtering.
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3.5 Electronic conductivity:

Figure (7) presents the current intensity—electric potential (I-
V) characteristics of vanadium oxide thin films deposited via
pulsed DC and RF magnetron sputtering. The corresponding
values of resistance, electrical conductivity, and film thickness
are summarized in Table (4). The electrical conductivity (o)
was calculated according to Equation (2):

1 L
o=(;) =) 2)
where L is the film thickness, R is the ohmic resistance, and A
is the cross-sectional area of the thin film, which is equal to 1
cm? for both films. The electrical and structural characteristics
of vanadium oxide thin films deposited via pulsed DC and RF
magnetron  sputtering  exhibit  significant performance
differences, primarily influenced by the deposition method and
resulting material properties. The I-V plots for both film types
display linear behavior, indicating Ohmic conduction, wherein
the current intensity is directly proportional to the applied
electric potential [58,59]. This linearity confirms that charge
transport is dominated by drift mechanisms rather than space-
charge-limited conduction. Notably, the pulsed DC-deposited
film exhibits a steeper [-V slope and a higher measured
electrical conductivity of ~4.04 x 10-*S/cm compared to ~3.22
x 10*S/cm for the RF-sputtered counterpart. Despite being
slightly thinner (~350nm vs. ~400nm), the DC film
demonstrates a lower resistance, indicative of more efficient
charge transport pathways [59,60]. These enhanced electrical
properties can be attributed to distinct structural and chemical
differences between the films, as evidenced by XRD, SEM,
XPS, and FTIR analyses. XRD patterns reveal that both films
consist of mixed VO, and V,0s phases; however, the DC-
sputtered film contain a higher proportion of monoclinic VO,, a
phase known for its metal—insulator transition (MIT) near 68 °C
and significantly higher electrical conductivity in the metallic
state [61,62]. In contrast, the RF-deposited film is dominated by
orthorhombic V,0s, a wide-bandgap semiconductor (E, = 2.2—
2.8 eV) with inherently lower electrical conductivity [61,62].
SEM micrographs further underscore these differences, with the
pulsed DC film exhibiting a denser, more uniform grain
structure and minimal porosity, leading to reduced grain
boundary scattering and enhanced carrier mobility [63,64].
Conversely, RF film shows higher porosity and surface
roughness, which increase carrier scattering and interrupt
conduction pathways [58,59]. The morphological disparities are
further reflected in the FTIR spectra. DC-deposited film
displays vibrational modes associated with VO, and mixed
V#/V>* bonding, suggesting the presence of sub-stoichiometric
phases that support electron hopping and delocalization. In
contrast, RF-sputtered film exhibits strong V=0 and V-O-V
bands characteristic of fully oxidized V** in V,0s, which limits
electrical conductivity [60,62]. Furthermore, pulsed DC
sputtering tends to promote nanocrystalline growth, which has
been linked to enhanced electronic transport [58,59]. The
vanadium oxide thin films developed in this study exhibited
superior electrical conductivity compared to values reported in
earlier literature [35,65-67], highlighting the effectiveness of
our optimized deposition conditions in improving charge
transport. For instance, Margoni et al. [35] employed spray
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pyrolysis to fabricate V,0Os thin films and reported a maximum
electrical conductivity of 1.0 x 10 Q'.cm™ at a substrate
temperature of 375°C. Similarly, Kovendhan et al. [65]
achieved a conductivity of 1.5 x 10 Q'.cm™ for V,0s films
prepared via spray deposition. Sanchez et al. [66] synthesized
bulk V,0s using a melt-quenching process and reported a
conductivity of 6.5 x 10° Q'lcm’. In another study,
Chakrabarty et al. [67] examined polycrystalline V,0s and
found its conductivity to be 5 x 10 Ql.em™.

In summary, the integration of I-V behavior with
structural, morphological, and chemical data highlights the
substantial impact of the sputtering technique on electronic
transport in vanadium oxide films. Pulsed DC magnetron
sputtering emerges as a superior deposition method for
producing vanadium oxide thin films with enhanced electrical
conductivity, optimized phase composition, and favorable
microstructural attributes, making them well-suited for
advanced applications such as smart windows, sensors, and
electrochromic devices.
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Fig. 7: Current intensity as a function of applied electric potential for
vanadium oxide thin films deposited by pulsed DC magnetron
sputtering and RF magnetron sputtering.

Table.4: Thickness, resistance, and electrical conductivity of vanadium
oxide thin films deposited by pulsed DC magnetron sputtering and RF
magnetron sputtering.

Deposition Thickness Resistance Electrlfa‘l
technique  (d, nm) (R, Q) Conductivity
q ’ ’ (6. 10 S/cm)
0.0866 + 5
Pulsed DC 350+ 10 9.98%10-6 4.04 £ 1.15x10
0.1242 + 6
RF 400+ 12 1.16x10° 3.22+£9.67x10

4. Conclusion

This study clearly demonstrates that the choice of sputtering
technique significantly affects the structural, morphological,
and electrical properties of vanadium oxide thin films. Pulsed
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DC magnetron sputtering resulted in VO»-rich films
characterized by compact morphology and superior electrical
conductivity (~4.04x10* S/cm). In contrast, RF magnetron
sputtering promoted the formation of V,0s-dominant films with
a porous microstructure and lower conductivity (~3.22 x 10
S/cm). XRD analysis revealed a phase transition from
monoclinic VO, to orthorhombic V,0s, accompanied by an
increase in average crystallite size from ~10.12 nm (pulsed DC)
to ~12.26 nm (RF). SEM analysis further indicated that pulsed
DC film was smoother and denser, whereas RF-deposited film
exhibited rougher surfaces. XPS confirmed distinct differences
in vanadium oxidation states, lattice oxygen content, and surface
contamination between the two deposition methods,
underscoring the role of sputtering conditions in controlling
surface chemistry and structural integrity. Complementary FTIR
analysis identified vibrational modes corresponding to both VO,
and V»0Os, supporting the observed phase composition. Overall,
these findings highlight the potential for tuning the properties of
vanadium oxide thin films through controlled deposition
parameters, offering valuable pathways for optimizing
performance in electronic and energy-related applications.
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