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A B S T R A C T

Sub-stoichiometric molybdenum oxide (MoOx) has attracted significant attention as hole-transport/selective 
layer in optoelectronic devices. However, its integration on Si is hindered by interfacial redox-reactions that 
can alter oxide stoichiometry and electronic properties.

In this work, MoOx films, 5 nm thick, were deposited by non-reactive RF sputtering from a stoichiometric 
MoO3 ceramic target onto bare and thermally-oxidized Si substrates. Morphological analyses confirmed the 
formation of continuous and dense coatings, Kelvin probe mapping revealed spatially uniform WF of 5.06 eV. 
Angle-resolved XPS showed sub-stoichiometric composition (x = 2.6) regardless of substrate, with no variations 
across the film thickness. These results were corroborated by HAADF-STEM, which revealed uniform Mo and O 
distributions, confirming the absence of interfacial oxide reactions. Compared to thermally evaporated coun
terparts, sputtered films exhibit superior compositional stability due to the higher kinetic energy of sputtered 
species involved in the film growth. Overall, non-reactive sputtering enables the growth of stable films suitable 
for optoelectronic and photovoltaic applications.

Introduction

Optoelectronic conversion plays a central role in a wide range of 
technologies that enable the generation, detection, and manipulation of 
light. The development of next-generation devices increasingly relies on 
advanced functional materials that serve as key components within 
complex device architectures. In this context, significant efforts have 
been devoted to tailoring material properties through strategies such as 
dimensional control, doping, interface engineering, defect modulation, 
and structural design. These approaches have enabled the emergence of 
a broad class of optoelectronic materials, including two-dimensional 
semiconductors, hybrid perovskites, and transition metal oxides 
(TMOs), which are widely investigated for applications in photo
detection, photovoltaics and sensing [1,2]. TMOs have attracted sig
nificant attention in recent years due to their unique combination of 
tunable electrical, optical, and chemical properties [3,4]. Among them, 
molybdenum oxide stands out for its remarkable versatility. It is an 
n-type semiconductor with high melting and boiling points (795 ◦C and 

1155 ◦C, respectively), a wide bandgap (~3 eV), which guarantees 
excellent transparency in the visible and infrared regions, and high 
carrier mobility [5,6]. These features make it highly suitable, particu
larly in the form of thin or ultra-thin film, for use as hole transport or 
selective layer in optoelectronic devices, especially in its 
sub-stoichiometric form (MoOx), characterized by the presence of lower 
oxidation states such as Mo5+ [3,5,6]. The chemical and physical 
properties of MoOx, with 2 < x < 3, are strongly dependent on its 
oxidation state and defect chemistry. In particular, its intrinsic redox 
flexibility, primarily governed by O vacancies, can significantly alter its 
electronic structure, enabling tunability of electrical conductivity, work 
function (WF), and optical absorption [7–11]. This tunability makes 
MoOx highly attractive for a wide range of applications, including 
electrochemical storage, photocatalysis, photovoltaics (PV), organic 
light-emitting diodes, and transistors [3,8,9,12–14]. This is particularly 
relevant in the broader context of ongoing efforts to develop efficient 
and stable charge-selective materials for next-generation optoelectronic 
devices, including silicon heterojunctions, organic photovoltaics and 
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perovskite-based system [15,16]. Specifically, for silicon-based opto
electronic devices, MoOx composition and electronic properties play a 
crucial role in determining band alignment at the interface, directly 
affecting hole-selective transport properties [17,18]. However, the same 
redox activity that provides its functional adaptability also poses chal
lenges in terms of chemical stability, especially at interfaces. MoOx, like 
other TMOs, exhibits a strong tendency to undergo interfacial redox 
reactions when in contact with reducing substrates [19,20]. Addition
ally, its oxidation state and overall composition can evolve upon air 
exposure, resulting in variations in WF and conductivity [21,22]. 
Therefore, precise control over oxidation state and stoichiometry, as 
well as overall structural and chemical stability, becomes critical for 
device performance, particularly when MoOx is integrated as ultra-thin 
layer in electronic or optoelectronic devices [8,9,14,19].

Physical vapour deposition (PVD) techniques are widely adopted to 
fabricate molybdenum oxide thin films [3,4,8,23]. Among these, ther
mal evaporation is the most established approach. However, achieving a 
well-controlled oxide stoichiometry remains challenging due to oxygen 
loss during film growth. Moreover, it is well-documented that molyb
denum oxide films deposited by thermal evaporation onto Si substrates 
undergo interfacial redox reactions, leading to the formation of a SiOx 
interlayer and partial reduction of Mo6+ to lower oxidation states (Mo5+

or Mo4+) in the near-interface region, in some cases extending up to 
~3–4 nm into the film [19,24,25]. These undesirable interfacial re
actions hinder reliable stoichiometric control and can significantly alter 
the optoelectronic properties of the overall oxide layer [26,27]. Sput
tering, on the other hand, represents a compelling alternative, particu
larly for industrial-scale applications, due to its compatibility with 
automated, high-throughput deposition systems and its ability to pro
duce dense, uniform films with excellent adhesion [28,29]. MoOx is 
commonly deposited via reactive sputtering of metallic Mo targets in 
oxygen-rich atmosphere [3,10]. However, this approach suffers from 
process instabilities due to target poisoning, which lead to uncontrolled 
stoichiometry, especially in the ultra-thin regime, where even slight 
deviations critically affect electronic properties [28,29]. Alternative 
strategies can involve the use of sub-stoichiometric target[30], or direct 
sputtering from a stoichiometric MoO3 ceramic target, which can pro
vide improved process stability and reproducibility [7]. However, 
despite these potential advantages, these deposition routes remain 
largely unexplored. To the best of our knowledge, only a few studies 
have addressed non-reactive sputter-deposited MoOx films[7,31], and 
none has systematically investigated their stoichiometry, oxidation 
states, and interfacial chemistry in the ultra-thin regime (<10 nm), 
where even small deviations from the desired composition can critically 
affect device performance.

In this work, we investigate the chemical composition of 5 nm-thick 
MoOx films deposited by non-reactive sputtering from a stoichiometric 
MoO3 target onto bare and thermally oxidized FZ-Si substrates, with the 
aim of assessing their stability on silicon platform. Surface morphology 
was characterized using scanning electron microscopy and atomic force 
microscopy to establish the formation of continuous and dense coatings 
despite their reduced thickness. Kelvin probe mapping, performed at 
micrometric and nanometric scales, were carried out to evaluate uni
formity of electronic properties by work function measurements. Angle- 
resolved X-ray photoelectron spectroscopy and cross-sectional trans
mission electron microscopy were employed to analyse film stoichiom
etry, probe depth-dependent oxidation states, and investigate MoOx/Si 
interface. Our results demonstrated that sputtered ultra-thin MoOx films 
preserve high spatial uniformity in terms of morphology and electronic 
properties together to high composition integrity on silicon substrate, 
without evidence of any interfacial reductions arising from substrate- 
induced redox interactions. This behaviour is particularly significant 
because it guarantees high stability of optoelectronic properties, not 
commonly reported for thermally evaporated counterparts. This pecu
liarity is crucial for maintaining high optical transparency, favourable 
band alignment, efficient charge-carrier transport, and ultimately 

improved device performance. Overall, the proposed approach repre
sents as a scalable and reliable route for fabricating stable ultra-thin 
MoOx layers suitable for photovoltaics and optoelectronic device 
applications.

Experimental section

Molybdenum oxide thin films, 5 nm thick, were deposited using an 
AJA ultra-high vacuum magnetron sputtering system. Depositions were 
carried out via radiofrequency (RF) sputtering from a 4-inch diameter 
stoichiometric MoO3 target (Kurt J. Lesker, purity 99.95%). Sputtering 
depositions were conducted under an Ar atmosphere at 8.0 × 10–3 mbar, 
with a radio-frequency (RF) power of 100 W applied to the target. No 
intentional substrate heating was employed during deposition. Films 
were simultaneously deposited on two type of 6-inches wafers: (i) n- 
doped float zone silicon (FZ-Si) substrates (280 μm thick, (100)-ori
ented, double-side polished, resistivity 1–5 Ω•cm), and (ii) the same FZ- 
Si substrates coated with a 100 nm-thick thermally grown silicon oxide 
(SiO2). Prior to deposition and thermal oxidation, FZ-Si substrates were 
immersed in a 1–2% (w/v) aqueous HF solution for 2 min to remove the 
native oxide, followed by drying under N2 flow. To limit uncontrolled 
reoxidation, HF-treated substrates were handled under minimized air 
exposure conditions and transferred into the load-lock of the sputtering 
system, followed by deposition in a main chamber with a base pressure 
below 1 × 10− 8 mbar. For thermally oxidized substrates, SiO2 growth 
was performed in a quartz furnace at 1100 ◦C for 60 min.

Films thickness was measured using a J. A. Woollam M2000 spec
troscopic ellipsometer. Data analysis was performed using Complete 
EASE software employing a Cauchy dispersion model.

Surface morphology was investigated by scanning electron micro
scopy (SEM) and atomic force microscopy (AFM). SEM images were 
acquired using a Carl Zeiss Supra 25 microscope, operating at 5.0 kV in 
InLens mode with an aperture size of 10 µm. AFM scans were performed 
in non-contact mode using a Nanosurf Drive AFM system equipped with 
Bruker SCM-PIT-V2 probes (resonance frequency ~ 75 kHz). Images 
were collected with 512 × 512 lines at a scan rate of 0.5 Hz. Data pro
cessing was carried out using “Gwyddion 2.67″ software, which pro
vided two- and three-dimensional reconstructions and statistical surface 
parameters such as roughness.

Kelvin Probe Force Microscopy (KPFM) analysis was used to measure 
the film work function (WF) and KP maps were carried out to evaluate 
WF on film surface at the nanometric scale. An oscillating potential of 
2–3 V at 20 kHz was applied between the conductive tip and the sample 
simultaneously with morphology acquisition. Surface potential maps 
were acquired using the second lock-in amplifier of the DriveAFM sys
tem, with a bandwidth of 6 kHz. Large-area WF mapping was performed 
using an APS04 system by KP Technology, equipped with a 2 mm gold- 
alloy vibrating tip. Measurements were carried out over a 3.42 mm ×
3.42 mm area with a scan step of 95.3 µm and a scan rate of 66.8 µm/s. 
At both length scales, the contact potential difference (VCPD) between 
the tip and the sample surface was used to calculate the sample WF 
according to the relation: WF = VCPD + WFTip, where WFTip is the tip WF.

X-ray photoelectron spectroscopy (XPS) was used to investigate film 
composition and oxidation states using a PHI 5000 VersaProbe II system 
equipped with a monochromatic Al-Kα source (1486.7 eV), excited by a 
micro-focused electron beam. Angle-resolved XPS (AR-XPS) measure
ments were performed to probe film composition and oxidation states 
with depth-resolution. Photoelectron spectra were acquired at different 
take-off angles (α = 25◦, 45◦, and 70◦), defined as the angles between the 
sample surface and the analyser axis, by varying the inclination of the 
sample holder. Peak deconvolution was carried out using XPS Peak 4.1 
software.

High-resolution micrographs and local elemental mapping were 
performed by scanning transmission electron microscopy (STEM) and 
Energy-Dispersive X-ray Spectroscopy (EDS). The microscopical ana
lyses have been operated by using a JEOL ARM200F Cs-corrected 
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microscope, which is equipped with a cold-field emission gun and 
operating at 200 keV. Micrographs were acquired in Z-contrast mode by 
high-angle annular dark field (HAADF). A JEOL Centurio, with a 100 
mm2 SDD detector, was used for EDS measurements, through Gatan 
DigitalMicrograph software, in spectrum imaging (SI) mode.

Cross-sectional TEM lamellae were prepared by focused ion beam 
(FIB) milling in a Thermo Scientific™ Helios™ 5 UC DualBeam system 
using 30 keV Ga+ ions, followed by low-energy (2 keV Ga+) polishing to 
minimize FIB-induced amorphization.

Results and discussion

Ultra-thin molybdenum oxide (MoOx) films were deposited via RF 
non-reactive sputtering from a stoichiometric molybdenum trioxide 
(MoO3) target in a pure Ar atmosphere. Depositions were carried out 
simultaneously on FZ-Si and thermally oxidized FZ-Si substrates. 
Deposition conditions were optimized to ensure a stable plasma and a 
controlled growth rate of 0.9 nm/min, enabling the reproducible 
fabrication of films with a nominal thickness of 5 nm. Spectroscopic 
ellipsometry confirmed the target thickness for both substrates. Thick
ness measurements performed at multiple positions across the 6-inch 
wafer showed variations within ±4%, indicating a high degree of 
thickness uniformity over the sampled areas.

Morphological analysis based on plan-view SEM images acquired at 
different magnifications was used to assess the uniformity and conti
nuity of the deposited films, which is a critical requirement at such low 
thicknesses. Figure S1 shows a magnified view of the film surface, 
revealing a uniform, finely granular surface morphology with no 
observable voids, cracks, or discontinuities, indicating a continuous and 
well-adhered ultra-thin films. These observations are fully corroborated 
by atomic force microscopy (AFM) measurements. The two-dimensional 
AFM topographic image acquired over a 1 μm × 1 μm area shown in 
Fig. 1(a), together with the corresponding three-dimensional recon
struction and a representative line profile, reported in Fig. S2(a) and 
(b), respectively, confirmed the smooth and homogeneous nature of the 
film surface, characterized by a finely textured morphology. The surface 
roughness, σ, defined as the root mean square (RMS) variation of the 
height profile, was calculated according to Eq. (1): 

σ =

[
1
N

∑N

i=1
(Zi − Zm)

2

]1/2

(1) 

where N is the number of data points, Zi is the height of the individual 
point, and Zm is the mean surface height. The estimated RMS roughness 
was only 0.22 nm, a value consistent with a dense and continuous layer. 

Taken together, SEM and AFM results demonstrate that the sputtered 
ultra-thin films formed a conformal coating, which is essential for 
photovoltaic and optoelectronic applications requiring uniform func
tional layers at the nanometer scale.

To investigate the electronic properties of MoOx ultra-thin film at the 
nanometric scale, Kelvin probe force microscopy (KPFM) measurements 
was performed using the same equipment. KPFM image shown in Fig. 1
(b), depicts the surface potential map acquired over the same 1 μm × 1 
μm scanned area. Contact potential difference (CPD) remains uniform 
across the entire observed area, with a total variation of approximately 
46.0 mV and a standard deviation of ±5 mV, as indicated by the colour 
scale bar. The average work function (WF), estimated from these mea
surements was 5.1 eV, with an excellent lateral uniformity at nanometric 
scale.

To extend the analysis to larger length scales, spatially resolved KP 
measurements were carried out using a different KP system based on the 
off-null detection method. This approach improves measurement accu
racy by minimizing the influence of laboratory noise, stray capacitance, 
and interference from probe vibration frequency and its harmonics [32]. 
The average CPD, obtained from multiple measurement points across 
the film surface, was +430 ± 20 mV relative to the tip, corresponding to 
a WF of 5.06 ± 0.02 eV, in excellent agreement with the 
nanometric-scale KPFM results. The WF spatial distribution was 
remarkably uniform, as clearly shown in the 2D WF map acquired over a 
3.0 mm × 3.0 mm area, reported in Fig. 2(a), where X and Y axes 
represent the scanned lateral position on the film surface and the colour 
scale corresponds to the measured WF values. This representation re
veals that the WF values remain confined within a narrow range be
tween 5.04 eV and 5.08 eV. The higher CPD variation observed at the 
nanoscale (~46 mV) is mainly attributed to measurement conditions, in 
particular the reduced tip-sample distance required to resolve the 
extremely smooth surface morphology, which enhances tip-sample in
teractions and increases noise in the KPFM signal. In contrast, macro
scopic Kelvin probe measurements (Fig. 2) show significantly lower 
variation, confirming an excellent large-area uniformity of the films.

For comparison, Fig. 2(b) also includes the 2D WF map of the MoOx 
film deposited on a thermally oxidized FZ-Si substrate, which exhibits an 
average WF value of 5.04 ± 0.02 eV. The two samples exhibit compa
rable WF values within experimental uncertainty and a similar degree of 
spatial uniformity, with no appreciable differences between films grown 
on FZ-Si and SiO2/FZ-Si substrates. Thus, the excellent WF homogeneity, 
at both nanometric and micrometric scales, confirms the uniformity of 
the electronic properties across the film surface independently of the 
underlying substrate. Moreover, the stability of the WF under ambient 
conditions was further assessed by repeating the measurements monthly 

Fig. 1. Two-dimensional AFM topographic image (a) and KPFM contact potential difference (CPD) map (b) of a 5 nm thick sputter-deposited MoOx film on FZ-Si, 
acquired over a 1 μm × 1 μm area.
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over a period of 6 months, with the samples stored under controlled 
environmental conditions (temperature 25 ◦C and relative humidity 
40%). No significant variations were observed, with WF values 
remaining unchanged within the experimental uncertainty, indicating 
good environmental stability of the films.

Although the measured values may appear lower compared to the 
expected intrinsic WF of stoichiometric MoO3, typically exceeding 6 eV, 
it is well established that WF measurements performed under ambient 
conditions are strongly affected by surface adsorption phenomena [21,
22]. In particular, a reduction of approximately 1 eV after air exposure 
has been reported due to chemisorption of oxygen and moisture on the 
film surface [21,22]. Accordingly, sub-stoichiometric MoOx films 
commonly exhibit WF values in the range of 4.9–5.7 eV following 
air-exposure [21,22,31,33,34]. The WF values measured ex situ for the 
sputtered films investigated in this work therefore fall well within the 
expected range. On this basis, the intrinsic WF of the as-deposited MoOx 
films can be reasonably inferred to be close to 6 eV. Such values are well 
suited for optoelectronic applications, where MoOx layers are typically 
integrated within device stacks and capped by adjacent functional 
layers, effectively preventing direct air-exposure. Previous experimental 
studies and numerical simulations have shown that MoOx WF values in 
the range of ~ 4.8–5.6 eV can effectively operate as hole-selective 
contacts in silicon-based devices [17]. In particular, a critical 
threshold is typically identified around ~5.1 eV: below this value, 

insufficient band bending may lead to the formation of a barrier for hole 
transport, resulting in S-shaped J-V characteristics and reduced device 
performance, whereas higher WF values promote efficient carrier 
extraction and favourable band alignment [17]. More quantitatively, 
WF values above ~5.1 eV have been shown to reduce the hole transport 
barrier to only a few tens of meV (e.g., ~0.06 eV), enabling quasi-ohmic 
hole transport, while simultaneously maintaining a large electron bar
rier (>1 eV), thus ensuring effective carrier selectivity [18]. For WF 
values approaching ~6 eV, carrier transport can occur via band-to-band 
or defect-assisted tunnelling, enabling low-resistance hole-selective 
contacts, with reported improvements in key device parameters such as 
open-circuit voltage and fill factor [17]. Consequently, intrinsic WF 
values of 6 eV obtained in this work, together with their high spatial 
uniformity, align perfectly with the technologically relevant re
quirements for hole-selective operation in Si-based heterostructure.

To investigate the chemical composition of non-reactive sputtered 
MoOx thin films, X-ray Photoelectron Spectroscopy (XPS) was per
formed. Mo3d and O1s core levels peaks recorded for films deposited on 
FZ-Si substrate are presented in Fig. 3(a) and (b), respectively.

The presence of various Mo oxidation states was identified by ana
lysing XPS spectra of Mo3d core-level doublet, as shown in Fig. 3(a). The 
multi-peak deconvolution, performed using standard constraints for 
Mo3d doublet (fixed area ratio of 1.5 and spin-orbit separation of 3.15 
eV), revealed the presence of two Mo oxidation states, corresponding to 

Fig. 2. 2D work function (WF) maps for sputter-deposited molybdenum oxide films acquired over a 3.0 mm × 3.0 mm area: (a) film grown on FZ-Si substrate and (b) 
film grown on thermally oxidized SiO2/FZ-Si substrate.

Fig. 3. XPS spectra of Mo3d (a) and O1s (b) core levels of sputter-deposited molybdenum oxide film grown on FZ-Si. The relative fitting curves are shown as yellow 
line, they are obtained after Shirley background subtraction (gray line) and the Gaussian–Lorentzian fitting curves of Mo6+ (green) and Mo5+ (blue) in (a), O-Mo 
(light blue) and OH-Mo (purple) in (b).
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Mo6+ and Mo5+ cations. The first doublet (green), peaked at binding 
energies of 232.50 and 235.65 eV, corresponds to the 3d5/2 and 3d3/2 
levels associated to Mo cations in the higher oxidation state, Mo6+ [11,
35,36]. The presence of the lower oxidation state, Mo5+, is evident from 
the other Mo doublet (blue), with 3d5/2 and 3d3/2 centred at 231.30 eV 
and at 234.45 eV respectively [11,35,36]. The main fitting parameters, 
including Mo3d5/2 peak position, Full Width at Half Maximum (FWHM), 
total Mo3d integrated area, and Lorentzian-Gaussian (L-G) percentage, 
are summarized in Table 1. XPS peak relative to O1s core level was also 
recorded and fitted, as shown in Fig. 3(b). The fitting curves revealed 
two components, a dominant peak (light blue) at 530.30 eV, attributed 
to lattice oxygen in MoOx[35,37–40], and a weaker peak (purple) at 
531.70 eV, associated to surface -OH groups from atmospheric exposure 
[35,37,40–42], as commonly observed in MoO3 and other transition 
metal oxides [19] Corresponding fitting parameters are listed in Table 1.

The relative percentage of each Mo oxidation state was determined 
by integrating the area of the corresponding Mo3d components and 
calculating the ratio between the Mo6+ or Mo5+ contributions and the 
total Mo signal. It revealed values of 56% and 44%, respectively, by 
evidencing a sub-stoichiometric nature of the grown film. In addition, by 
integrating the total areas of O1s and Mo3d signals, and correcting them 
for the respective Wagner sensitivity factor[43], the O/Mo atomic ratio 
was estimated to be 2.6.

The obtained composition supports the WF value obtained from KP 
measurements, as lower oxidation states of molybdenum are typically 
associated with reduced WF values [33,34]. The observed 
sub-stoichiometric composition, despite the use of a stoichiometric 
MoO3 target, is likely related to preferential sputtering and differential 
scattering of O species during RF sputtering, which results in a lower 
effective O incorporation rate in the growing film [44].

To assess the suitability of sputter-deposited MoOx ultra-thin films 
for integration into optoelectronic architectures, their environmental 
stability was investigated. The environmental chemical stability of 
sputter-deposited MoOx film was evaluated by XPS analysis. The Mo3d 
core-level spectra acquired after 3 (t = 1) and 6 (t = 2) months of air 
exposure retained an identical shape to that recorded immediately after 
deposition (t = 0), as shown in Fig. S3. The absence of spectral changes 
indicates that the film preserved its stoichiometry and compositional 
integrity over time, with no detectable oxidation or reduction upon 
long-term air exposure. These results are consistent with the stable WF 
values measured over the same time interval, confirming that the elec
tronic properties of the films are not significantly affected by prolonged 
exposure to ambient conditions.

To evaluate the role of substrate in determining film compositional 
stability, XPS analysis was carried out by comparing MoOx film depos
ited by non-reactive sputtering on FZ-Si and on 100 nm-thick thermally 
grown SiO2 layer on FZ-Si substrate. This comparison allows the iden
tification of any substrate-dependent differences in film composition 
arising from the reducing or oxidized nature of the underlying substrate 
[19,24,27,45]. The Mo3d spectra of the two films, reported in Fig. 4(a), 
exhibit nearly identical line shapes. Peak deconvolution confirms the 
same Mo5+ content, equal to 44.0%, in both cases. These findings 
demonstrate that the chemical composition of sputter-deposited MoOx 

film does not exhibit variations regardless of the underlying substrate. 
This behaviour contrasts with that reported by Tong et al. [24], for 
thermally evaporated films where the appearance of Mo4+ species and 
an increased Mo5+fraction at the expenses of Mo6+ were observed for 
MoOx deposited on FZ-Si compared to films grown on a SiOx layer. Such 
substrate-dependent features were attributed to redox reactions induced 
by the reducing nature of bare silicon. The absence of similar evidence in 
sputtered films suggests that substrate-induced oxide reduction is 
effectively suppressed under these deposition conditions.

However, since XPS is a surface sensitive technique, possible inter
facial reactions involving only a few nanometers near the silicon inter
face cannot be excluded. Thus, angle-resolved X-ray photoelectron 
spectroscopy (AR-XPS) was employed to probe the depth-profile of the 
ultra-thin film grown on FZ-Si. This approach was preferred over 
sputter-depth profiling, as the latter is well-known to induce artefactual 
reduction of metal oxides due to ion-induced damage and charging ef
fects [24]. By varying the take-off angles (α), defined as the angle be
tween the sample surface and the electron analyser, different effective 
sampling depths can be accessed without altering the sample [46]. The 
sampled depth, d, is given by the Eq. (2): 

d = 3λsinα (2) 

where λ is the inelastic mean free path of the photoelectron within the 
material.

At α = 90◦, where the sample surface is perpendicular to the analyser 
axis, the maximum sampling depth is reached (i.e., d = 3λ). As α de
creases, the analysis becomes progressively more surface-sensitive. 
Fig. 4(a) shows the Mo3d XPS spectra acquired at take-off angles ranging 
from α = 25◦ to α = 70◦ for the film deposited on FZ-Si.

The Mo3d line shape remains essentially unchanged for all α values, 
and the same behaviour is observed for O1s core level (not shown). This 
invariance indicates that, within the sensitivity limits of AR-XPS (< 1 
nm), no appreciable interfacial reduced layer is detected at the MoOx/Si 
interface. The Si2p core-level signal was also monitored as a function of α 
to further assess possible oxidation of the silicon substrate. Fig. 4(b) 
shows the spectra acquired in the Si2p binding energy region for α values 
between 25◦ and 70◦ While no signal is detected at α = 25◦, a distinct 
signal peaked at 99.4 eV appears at α = 45◦ and further increases in 
intensity at α = 70◦ This signal is attributable to elemental Si◦ from the 
FZ-Si substrate. No additional components corresponding to oxidized 
silicon species (e.g. Si4+, Si2+, Si3+) are detected at higher binding en
ergy for any α values. For comparison, Fig. 4(b) also includes the Si2p 
spectrum acquired from the film grown on SiO2/FZ-Si substrate at α =
45◦ In this case, only a peak centred at ~103.4 eV is observed, corre
sponding to the Si4+ oxidation state of thermally grown SiO2.

Fig. 5 compares the estimated Mo6+ fraction, obtained by the Mo3d 
peak fit, (left axis) together with the normalized Si0 signal (right axis) as 
a function of the take-off angle.

Based on literature values of the inelastic mean free path in 
MoOx[47–49], λ = 2.5 ± 0.3 nm was assumed, yielding an estimated 
maximum sampling depth of approximately 7.5 nm. It should be noted 
that these values are derived from models by Seah and Dench or by 
Tanuma et al. [47,49,50], and experimental deviations of 20–30% from 
theoretical predictions have been reported [51]. Using this λ value, the 
effective sampling depths at 25◦, 45◦ and 70◦ are estimated to be 
approximately 3.2 nm, 5.3 nm, and 7.0 nm, respectively. Therefore, 
measurements at lower angle, 25◦, provide enhanced surface sensitivity 
and exclude substrate contributions, whereas higher angles, 45◦ and 
70◦, probe the entire film thickness and the MoOx/Si interface. While the 
Si0 signal appears for α ≥ 45◦ and progressively increases with 
increasing take-off angle, reflecting the larger effective sampling depth 
and the growing contribution from the underlying Si substrate, the 
relative Mo6+ fraction remains essentially constant within experimental 
uncertainty over the entire angular range investigated. These results 
suggest that no appreciable oxide reduction is detected within the first 

Table 1 
Fitting parameters for Mo6+ and Mo5+ of Mo3d core level and O-Mo and OH-Mo 
of O1s core level of sputter-deposited molybdenum oxide films grown on FZ-Si. 
Reported values include peak positions, full width at half maximum (FWHM), 
total integrated area, and Lorentzian-Gaussian (L-G) percentage.

Mo3d O1s

Mo6+ Mo5+ O-Mo OH-Mo

Position 232.50 231.30 530.30 531.70
FWHM 1.76 1.76 1.36 1.36
Area 6834 5290 5016 924
%L-G 22 22 14 14
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nanometers near the MoOx/Si interface, within the sensitivity limits of 
AR-XPS.

To probe the MoOx/Si interface with nanometric resolution, HAADF- 
STEM measurements were performed, as shown in Fig. 6(a). The HAADF 
image reveals a uniform MoOx layer with a thickness of ~5.5 nm, in 
good agreement with spectroscopic ellipsometry measurements. This is 
further confirmed by HAADF intensity line profile reported in Fig. 6(c), 
which indicates a constant signal across the film thickness, consistent 
with a homogeneous composition.

However, at the same time, a thin amorphous interlayer with a 
thickness of approximately 1.5–2 nm thick is observed at the MoOx/Si 
interface, as highlighted in Fig. 6(a). This interlayer is clearly 

distinguished by its contrast relative to the adjacent materials and ap
pears comparatively thinner than the interfacial layers commonly re
ported for thermally evaporated counterparts, which in several studies 
are found to extend over a thickness of approximately 2–4 nm [52,19,
27]. The observed interlayer is most likely attributable to a thin SiOx 
layer, originating either from partial reoxidation of the HF-treated FZ-Si 
surface during the ~10 min air exposure prior to transfer into the 
sputtering chamber, or from a limited O transfer from the MoOx film to 
the FZ-Si substrate. Both phenomena are expected to contribute to the 
formation of an amorphous interfacial layer. The chemical nature of the 
interface was further investigated by EDS analysis, reported in Fig. 6(b) 
and (c). The EDS elemental profiles corroborate the AR-XPS results, 

Fig. 4. (a) XPS spectra of the Mo3d core level for sputter-deposited molybdenum oxide film grown on SiO2/FZ-Si substrate, acquired at a take-off angle (α) of 45◦ For 
comparison, Mo3d spectra of films deposited on FZ-Si are shown at different α values of 25◦, 45◦ and 70◦ (b) XPS spectra of Si2p core level for molybdenum oxide films 
grown on FZ-Si, measured at α values of 25◦, 45◦ and 70◦ For comparison, the Si2p spectrum of the film deposited on SiO2/FZ-Si substrate is also shown at α = 45◦.

Fig. 5. Angle-resolved XPS analysis of the 5 nm-thick MoOx film deposited on FZ-Si substrate. Normalized Mo6+ peak, extracted from the deconvolution of the Mo3d 
core-level spectra (left axis), and the normalized Si2p peak (right axis) are reported as a function of the photoelectron take-off angle (α) and sample depth. In the insert 
a scheme of geometrical configuration at different take-off angles.
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revealing neither a decrease in the O signal at the onset of the Mo signal 
nor any variation in the Mo signal across the entire film thickness. This 
demonstrates that the MoOx layer preserves a uniform elemental 
composition up to the near-interface region. The absence of detectable 
oxygen depletion within the MoOx film indicates that the observed 
interlayer does not originate from substrate-induced redox reactions 
involving MoOx but is instead associated with the presence of a thin SiOx 

layer. Overall, the EDS results confirm the absence of MoOx reduction at 
the interface in sputtered films, thus underlying its stability and sug
gesting that the oxide layer observed is mainly related to an uncon
trolled substrate oxidation before deposition.

Thus, the 5 nm-thick sputtered film on Si preserves its stoichiometry 
throughout the entire thickness, with no evidence of extended interfa
cial redox reactions, in contrast to what is commonly reported for 

Fig. 6. (a) Cross-sectional HAADF-STEM micrograph of the MoOx/FZ-Si interface, showing the overall film thickness and structural uniformity. An amorphous 
interface of about 2 nm, attributable to SiOx, is also highlighted. (b) EDS map overlapped to HAADF micrograph and (c) elemental and HAADF line profiles acquired 
across the MoOx/FZ-Si interface, showing the spatial distribution of Mo, O, Si and HAADF (Z-contrast) signals across the film thickness and the interfacial region.
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thermally evaporated TMOs [19,24,27,45].
This behaviour markedly differs from that reported by Gerling et al. 

[19] for thermally evaporated V2O5 films on Si, where oxide reduction 
extends to 3–4 nanometers from the SiOx interlayer, as evidenced by the 
presence of V4+ species generated by V5+→V4+ reduction. A comparable 
trend has also been reported for evaporated MoO3 on Si, where reduced 
Mo5+ states are detected within the first 2–3 nm from the interface and 
gradually decrease toward bulk-like composition away from the inter
facial region [25]. The stoichiometry preservation observed for sput
tered films can be rationalized in terms of the distinct deposition 
kinetics. In thermal evaporation, atoms condense onto the substrate 
surface with very low kinetic energies, tipically below 1 eV, which may 
facilitate the activation of interfacial redox reactions due to limited 
surface mobility and slower film densification [19]. Conversely, sput
tered species possess significantly higher kinetic energies, typically in 
the range of several eV up to ~10 eV[53,54], mainly due to energetic ion 
bombardment. These conditions are known to promote enhanced 
two-dimensional surface diffusion, rapid film densification, and high 
sticking probabilities (>95%), ultimately favouring smooth and 
compact layer-by-layer growth [55,56]. Such growth conditions can 
limit the interaction of reactive species with the substrate and are 
therefore expected to reduce the extent of interfacial reactions [56]. The 
absence of detectable oxygen depletion and reduced Mo states near the 
interface observed in this work is consistent with this interpretation.

Overall, sputtering favours the formation of dense and composi
tionally uniform MoOx film and is associated with a reduced extent of 
interfacial reactions compared to low-energy deposition techniques such 
as thermal evaporation. Altogether, these results underscore the chem
ical resilience and compositional integrity of sputter-deposited MoOx 
ultra-thin films.

Conclusions

This work demonstrates that non-reactive RF magnetron sputtering 
from a stoichiometric target provides a reliable and scalable route for 
the growth of 5 nm-thick MoOx films on silicon. Beyond achieving 
uniform surface morphology, homogeneous electronic properties with a 
WF of 5.06 eV, and a stable sub-stoichiometric composition (x = 2.6), 
non-reactive sputtered films exhibit superior compositional integrity on 
silicon compared to thermally evaporated counterparts, for which 
extended redox-driven modification is commonly reported. The higher 
kinetic energy of sputtered species promotes two-dimensional surface 
diffusion and rapid film densification, thereby limiting substrate- 
induced interfacial reactions and ensuring chemical robustness even 
on bare silicon substrates. Collectively, these findings establish non- 
reactive sputtering as a robust and industrially relevant approach for 
integrating ultra-thin MoOx into next-generation electronic, optoelec
tronic, and photovoltaic devices.
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