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 A B S T R A C T

In this study, we investigate metal–interface-driven O-vacancy formation within the amorphous molybdenum 
trioxide (a-MoO3) lattice, in multilayer heterostructures comprising alternating metal (Au or Ti) and a-MoO3
thin films. X-ray and Raman spectroscopies reveal a preferential depletion of O1 sites, leading to a Mo5+
concentration that scales with the metal reactivity. Combining structural and electronic transport analyses, we 
demonstrate the tunability of the polaronic hopping mechanism via O-vacancies, as well as their role in local 
structural distortions and consequent modulation of bonding stiffness. Our results establish multi-metal/oxide 
interface architectures as effective catalysts for oxygen-vacancy engineering in amorphous oxides, enabling 
tunable electronic functionality in disordered systems.
1. Introduction

MoO3 has been extensively investigated for several advanced ap-
plications ranging from electronic devices and sensors to energy stor-
age [1–4] due to its high work function (6.7 eV) and optical band gap 
(3.6 eV). Most applications relied on the crystalline 𝛼-MoO3 polymorph, 
due to its orthorhombic crystalline matrix characterized by distorted 
MoO6 octahedra arranged in a layered structure, weakly bound by van 
der Waals interactions. Each octahedra is constituted by three non-
equivalent oxygen sites: An apical oxygen allocated within the MoO6
interlayer regions (O1), two corner-sharing (O2) and three edge-sharing 
(O3) sites that connect the octahedra along the 𝑎 − 𝑐 crystallographic 
plane (see Fig.  1). The control of oxygen vacancies (O𝑉 ) within the 
crystalline MoO3 lattice has led to significant improvements in the 
material’s performance across a wide range of advanced applications, 
including green hydrogen production [5] and energy storage [6]. More-
over, the O𝑉  acts as n-type doping, modifying the electrical conduction 
of the material via creation of self-doping states that push Fermi’s level 
toward the conduction band [7]. Recent works suggest that the final 
electronic structure not only depends on the vacancy concentration, but 
also on the defect distribution within the distinct oxygen sites [8,9].

On the other hand, compared to the well-documented crystalline 
MoO3 [10], the control over the defect distribution in amorphous MoO3
(a-MoO3) structures remains less comprehensively addressed. Yet, even 
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if the lack of long-range order in amorphous materials complicates 
defect studies compared to its crystalline counterpart, a-MoO3 has 
shown superior performance in terms of electrochemical cycling [11], 
photothermal conversion [12], or photocatalytic activity [13] due to its 
thermal resistance and isotropic optical properties. Optimizing device 
performance also requires deep knowledge and control of the charge-
transport properties in the metal oxide, which depend directly on the 
oxygen stoichiometry [14]. O defects in metal oxides modulate the 
material conductivity by donating electrons to the conduction band, 
forming either delocalized free electrons or polarons. Additionally, 
local structure distortions induced by O𝑉  can also play a major role 
on the charge migration mechanism [15–18].

In the case of a-MoO3 a polaron-hopping charge transport was 
recently demonstrated [19], as a consequence of an ionic imbalance 
within the lattice matrix of the insulating material. However, the role 
of polarons in the conduction process and its evolution at different 
defects concentration is not yet largely explored. Among the available 
options to carry out defect engineering, thermal treatments can be 
intricate, since can lead to side-product formation or metastable vacant 
sites [8,20]. On the other hand, the ionic redistribution within the a-
MoO3 lattice can be stably modified in the presence of metal/MoO3
interfaces, which drives O𝑉  formation near the interface region, as 
https://doi.org/10.1016/j.surfin.2026.109468
Received 23 December 2025; Received in revised form 15 April 2026; Accepted 29
vailable online 2 May 2026 
468-0230/© 2026 The Authors. Published by Elsevier B.V. This is an open access a
 April 2026

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://orcid.org/0009-0000-8222-8284
https://orcid.org/0000-0002-8210-7586
https://orcid.org/0000-0001-7974-4421
https://orcid.org/0000-0001-6459-7000
https://orcid.org/0000-0003-4739-6375
https://orcid.org/0000-0002-6771-170X
mailto:francesco.paparoni@unicam.it
mailto:nicola.pinto@unicam.it
https://doi.org/10.1016/j.surfin.2026.109468
https://doi.org/10.1016/j.surfin.2026.109468
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2026.109468&domain=pdf
http://creativecommons.org/licenses/by/4.0/


B. Gianfelici et al. Surfaces and Interfaces 94 (2026) 109468 
Fig. 1. 𝛼-MoO3 structure. ∙ = Mo, ∙ = O1, ∙ = O2 and ∙ = O3.

a consequence of chemical potentials and oxidation enthalpies mis-
match [8,21–27]. The resulting defect concentration and propaga-
tion are influenced by the metal’s reactivity with the oxide matrix. A 
nanostructuring approach that creates multiple interfaces can also be 
expected to further enhance bulk propagation of these defects. Simi-
lar interface-engineering strategies on a-MoO3 were used to mitigate 
recombination losses in hole-selective heterojunctions [14], thereby 
improving photocatalytic conversion efficiencies.

In this work, we have fabricated multilayer a-MoO3/𝑀 thin film 
heterostructures using alternating RF/DC sputtering. The presence of 
multiple ultra-thin metallic interfaces resulted in an enhancement and 
greater uniformity of oxygen depletion within the metal oxide layers. 
Different concentrations of O𝑉  defects were formed using metal inter-
faces with low (Au) or high (Ti) oxidation reactivity. Heterostructured 
samples were compared with a single-layer a-MoO3 film. The defect 
distribution, local structural reconfiguration and resulting modulation 
of the conduction mechanisms within a-MoO3 are investigated by 
combining structural and transport properties.

2. Methods

Samples consist of three layers of MoO3 films and two thin metal 
layers (either Au or Ti) as schematized in Fig.  2, deposited both on 
pristine Corning glass substrates (Fig.  2) and interdigitated Corning 
glass substrates patterned with gold contacts to allow electrical mea-
surements, as detailed in another work [19]. The substrate features 
two individually addressable linear microelectrode arrays arranged in 
an interdigitated configuration. Interdigitated area is about 3.5 mm. 
A single-layer of 300 nm thick MoO3 film was also prepared. MoO3
layers were deposited via radio-frequency (RF) sputtering using a MoO3
target (99.9% purity) on a Cu backplate. Metal layers were deposited by 
direct current (DC) sputtering, using 99.99% pure Au and Ti metallic 
disk targets. A constant deposition rate of 0.3 Å s−1 was maintained 
in all cases. Both processes were conducted during the same run, 
maintaining an Ar partial pressure of 0.002 mbar over a base pressure 
of 10−5 mbar, while rotating the substrate holder to ensure uniform 
deposition. The thickness of the deposited films was monitored utilizing 
a quartz crystal microbalance calibrated for the density and Z-ratio of 
the deposited material. To ensure consistent achievement of relative 
layer thicknesses, tooling factors for both RF and DC sputtering sources 
were also accounted for, calibrating the actual thickness of a Ti film and 
a MoO3 film via Atomic force microscopy (AFM) measurements of film 
edge profiles.

Prior to deposition, Corning glass substrates underwent a cleaning 
consisting of 15 min of sonication in acetone, followed by rinsing in 
deionized water and drying under N2 flow. Interdigitated Corning glass 
substrates were cleaned by sequential rinsing in ethanol and deionized 
water, then dried under N  flow.
2

2 
Fig. 2. Schematic drawing of the investigated multilayer structures. Metal 
layers used are Au or Ti.

Micro-Raman spectroscopy measurements were performed using an 
excitation wavelength of 𝜆 = 532 nm, a 1800 ll/mm grating and a 
50× magnification long-distance optic. Laser power on the sample was 
kept below 3 mW to avoid possible laser-induced crystallization. X-
ray photoelectron spectroscopy (XPS) was conducted using an Al K𝛼
radiation source, with a base pressure of 2 × 10−8 mbar and a pass 
energy of 10 eV. Spectral calibration was performed aligning the C 1s
relative to the adventitious carbon to 284.8 eV. Mo 3d spectra were 
fitted according to the procedure described in a previous work [20], 
deconvoluting it into four components ascribable to the Mo6+ (Mo3∕2
232.7 ± 0.1 eV and Mo1∕2 235.9 ± 0.1 eV, with fixed FWHM of 1.49 
and 1.56) and Mo5+ (231.8 ± 0.1 eV and 234.95 ± 0.1 eV, with FWHM 
of 1.47 and 1.6). The intensity ratio between 𝑑5∕2 and 𝑑3∕2 components 
was fixed to 0.67 in agreement with the degeneracy of the spin–orbit 
splitting. X-ray absorption spectroscopy (XAS) data were collected at 
the SAMBA beamline (SOLEIL synchrotron) in fluorescence mode. Spec-
tra were normalized to the incident photon flux and calibrated with a 
reference Mo foil. Data analysis was carried out with FASTOSH and 
GNXAS packages [28,29]. Scanning electron microscopy (SEM) images 
were collected using ‘‘ZEISS SIGMA 300 FESEM’’, with a maximum 
resolution of 1.2 nm at 15 kV.

Electrical measurements were performed by cooling the samples in 
a closed-cycle He cryostat. DC resistance was measured using either 
an electrometer (Keithley model 6517B) or a source measure unit 
(Keysight model B2912A). Thin gold wires (25 μm diameter) were 
electrically connected to the interdigitated circuit pads on the substrate 
using a thin layer of carbon paste. Due to the high resistance values 
detected in the MoO3 films, a two-contact measurement configuration 
was used.

3. Results

The homogeneity of both metal and metal oxide layers was studied 
by collecting energy-dispersive spectroscopy (EDX) maps. As shown in 
Fig.  3, our maps highlight a uniform distribution of both molybdenum 
and the secondary metal (Au or Ti) content throughout the samples, 
resulting in a granular morphology with grains ranging in diameter 
from 40 nm to 50 nm. No clear elemental impurities were detected, 
as also confirmed via XPS wide scan (see Supporting information, S1).

The role of the distinct metal interfaces formation on the a-MoO3
surface stoichiometry was studied via XPS, fitting high-resolution Mo 
3𝑑 spectra as shown in Fig.  4. Fitting routine of the Mo 3𝑑5∕2 and 
3𝑑3∕2 doublet was carried out in agreement with previous works, as 
detailed in the methods section. All spectra were deconvoluted using 
two doublet components relative to Mo6+ (centered around 232.6 
eV and 235.7 eV) and Mo5+ (centered around 231.6 eV and 234.7 
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Fig. 3. SEM images (left column) of the investigated samples and elemental maps derived by EDX for Mo (center column) and for Au and Ti (right column). (a) 
Reference film of MoO3, 300 nm thick; (b) MoO3/Au; (c) MoO3/Ti.
Fig. 4. XPS spectra of Mo 3𝑑 for the single layer of a-MoO3 (left) and for the heterostructures of MoO3/Au (center) and of MoO3/Ti (right). Experimental data and 
least squares fits are shown as dashed and continuous lines, respectively. Mo6+ and Mo5+ contributions are reproduced as light and dark blue areas, respectively.
eV) [30,31]. No lower valent states such as Mo4+ or metallic Mo were 
detected.

The pristine MoO3 film shows a near stoichiometric structure, as 
indicated by the domination of Mo6+ species (95.2%). On the other 
hand, the Mo5+ concentration increases to 7% in MoO3/Au, and be-
comes extremely high (44%) in the MoO3/Ti sample. These results 
indicate a higher defect concentration in the heterostructure than in the 
single-layer a-MoO3 film, suggesting enhanced reactivity of the Ti at the 
MoO3/Ti interface. The presence of defective Mo5+ states can be related 
to 𝑂𝑉  formation as a consequence of the oxygen scavenging effect 
previously reported for metal/MoO3 interfaces [25,26]. To exclude 
significant metal-ion penetration within the MoO3 layers, we performed 
XPS and EDX analysis. The XPS wide-scan spectra did not reveal the 
presence of Au or Ti elements on the sample surfaces (see SI, Figure 
S1). EDX analysis was performed at different electron beam energies on 
200 nm MoO  layers on 100 nm thick Au and Ti layers. The selected 
3

3 
energies (5–8 keV) were chosen to have increasing penetration depths 
in the MoO3 layers (more details in SI, Fig. S7). Our results show no 
significant Ti or Au characteristic X-ray emissions at 5 keV, whereas 
Ti and Au are detectable at 8 keV due to the underlying metal layer 
contribution. Hence, it is reasonable to assume negligible diffusion of 
both metals into the MoO3 matrix.

To compare the surface stoichiometry with the bulk phase forma-
tion and O𝑉  concentration, samples were analyzed by Raman spec-
troscopy (see Fig.  5). All samples show broad spectroscopic features 
that can be deconvoluted into two bending modes around 235 and 
385 cm−1 followed by the three asymmetric stretching modes rela-
tive to triple-coordinated oxygens (∼716 cm−1), double-coordinated 
oxygens (∼860 cm−1) and double bonded terminal oxygen (Mo=O1, 
∼955 cm−1). The broadness and well-known positions of such vibra-
tional modes compared to the 𝛼-MoO3 crystalline phase (see powder 
spectra in Fig.  5) clearly confirm the formation of amorphous MoO
3
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Fig. 5. Normalized Raman spectra collected from the reference film of a-
MoO3 (light blue); the MoO3/Au (yellow) and the MoO3/Ti (dark gray) 
heterostructures. Colored dots show the position of the main vibrational modes 
at: ∙ = 235 cm−1, ∙ = 385 cm−1, ∙ = 716 cm−1, ∙ = 860 cm−1, ∙ = 955 cm−1. 
For comparison, the spectra of crystalline 𝛼-MoO3 (pink), collected from a 
reference powder, is reproduced.

in all samples. Our findings are in agreement with available data on 
amorphous MoO3 [19,25,32].

However, the heterostructured films evidence an increase of the 
relative intensity of the bending modes compared to the stretching 
modes. The effect is moderate in the MoO3/Au sample while is well 
evident in the MoO3/Ti case, where the bending mode at 385 cm−1

shifts upward around 415 cm−1 and its relative height increases 6 
times if compared to the stretching mode around 860 cm−1 of a-
MoO3. As observed in other works [33,34], since a bending mode 
around 400 cm−1 can be related to Mo5+-O vibrations, the modulation 
observed is consistent with a higher bulk concentration of Mo5+ ions in 
heterostructures, particularly in the Ti case. The presence of multiple 
metal interfaces enhance the defect concentration throughout the MoO3
volume, as demonstrated by the comparison with a sample with single 
Ti layer (see Fig. S4 in the SI). Moreover, Fig.  5 shows a hindering and 
moderate blueshift of the Mo=O1 component (red dot) in the MoO3/Ti 
sample. Since the position of this feature can be directly related to the 
Mo–O1 distance [35], the observation suggests an elongation of this 
bond.

Further insight into Mo local structural changes at distinct bulk O𝑉
levels was obtained using XAS at the Mo K-edge. As shown in Fig. 
6a, all XANES spectra evidence a pre-edge peak followed by a broad 
white line region. The presence of the pre-edge peak is assignable to 
dipole-forbidden 1𝑠 − 4𝑑 transitions, and can be expected to appear in 
the presence of distorted MoO6 octahedra, as a consequence of a more 
pronounced hybridization between the 5𝑝 and 4𝑝 orbitals of the Mo 
centers and the 2𝑝 orbitals of the bonded oxygens [36,37]. Our results 
show a modest hindering of the white line and increased pre-edge inten-
sity when comparing the MoO3/Au sample to the pristine a-MoO3. This 
suggests that the moderately higher concentration of O𝑉  introduced 
by the Au interface slightly enhances the octahedral distortion at the 
Mo sites, as also observed in the case of low-defective 𝛼-MoO3 [8]. On 
the other hand, in the MoO3/Ti case, we observe a hindering of the 
shoulder around 20045 eV and an increase of the rest of the white 
line. Concurrently, the pre-edge peak intensity is reduced, suggesting 
the presence of more symmetric MoO6 octahedra. Such modulations 
can be related to the higher concentration of Mo5+ in the presence of 
Ti interfaces, as confirmed by our linear combination fit analysis (see 
Figure S2) that gives a similar trend of bulk O  concentration to the 
𝑉
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one estimated via XPS. In agreement with Raman data, XANES analysis 
confirms similar O𝑉  concentrations in the samples’ bulk and surface, 
particularly in the MoO3/Ti case (17% ± 3%) case. The slightly higher 
bulk O𝑉  concentration estimated for the MoO3 and MoO3/Au bulk 
structures (7% ± 1% and 9% ± 1%, respectively) might be attributed 
to either surface re-oxidation and/or vacancy-enriched regions in the 
proximity of the metal interface. Moreover, the linear combination fit 
analysis also corroborates the enhanced octahedral distortion in the 
MoO3/Au case, since the best fit contains a higher concentration of 
references with more distorted MoO6 octahedra.

Fourier-transformed EXAFS spectra are shown in Fig.  6b. Our results 
show a main scattering peak centered around 1.3 Å, which can be 
attributed to Mo–O1 bonds, and a prominent shoulder near 2 Å, mainly 
due to Mo–O3 bonds. The weak scattering peak observed around 3 Å
can be assigned to Mo–Mo bonds, which are damped in amorphous 
structures due to the loss of long-range order. On the Mo–O coordi-
nation shell, we observe a significant increase of the Mo–O3/Mo–O1
intensity ratio between the pristine MoO3 case and the MoO3/Ti sam-
ple, suggesting a predominance of O1 defects. To confirm this assertion, 
EXAFS spectra were fitted following the procedure described in an-
other work [8]. Only the first O shell was fitted, using 5 two-body 
components related to the three non-equivalent O sites. The S20 con-
stant amplitude reduction factor was kept constant for all data. For 
the pristine sample data, the coordination numbers were fixed to the 
theoretical values while varying the Debye–Waller factors and bond 
lengths. The EXAFS signals from the heterostructures were then fitted, 
varying only the bond lengths and coordination numbers. Results are 
shown in Table S1 of the supporting information. Our analysis confirms 
a prevalence of O1 defects in the MoO3/Ti sample. On the other hand, 
all Mo–O bonds gradually elongate as the O vacancy concentration 
is increased, as a consequence of partial Mo center reduction upon 
free charge redistribution. In the MoO3/Ti case, the elongation of 
the Mo–O1 (+0.08 Å) and the shorter corner-sharing Mo–O2 bonds 
(+0.17 Å) is more pronounced compared to the expansion of the longer 
Mo–O3 lengths, in agreement with a symmetrization of the MoO6 octa-
hedra and Raman results. As shown in Figure S6, even though Mo–Mo 
shell fitting accuracy is limited, due to the damped long-range signal, 
our results do not evidence significant changes of the Mo–Mo length 
(∼3.23 Å) or coordination numbers (2), supporting that O𝑉  engineering 
mostly modulates the local MoO6 environment with minimal change in 
the long-range Mo framework in the amorphous structure.

Effects related to O𝑉  presence in the bulk of the MoO3 lattice are not 
limited to the composition and structure of the material, involving also 
the electrical conduction processes of charge carriers, as we found in a 
previous work on pristine a-MoO3 films [19]. Considering the relevance 
that the knowledge of the conduction mechanisms plays in device 
design and fabrication, we have carefully investigated the temperature 
dependence of the conductivity for the two kinds of heterostructures. 
Our findings evidence a sizeable upward shift of the conductivity curves 
for the two heterostructures if compared to that of the a-MoO3 film used 
as a reference (see Fig.  7). In detail, at room temperature (RT), 𝜎(𝑇 ) of 
the MoO3/Au sample, increases of more than one order of magnitude, 
while for the MoO3/Ti heterostructure, the rise is higher than 3 orders 
of magnitude. Moreover, 𝜎(𝑇 ) curves of the two heterostructures evi-
dence a relevant change of the slope, from 0.53 eV for the a-MoO3 to 
0.37 eV and 0.20 eV for MoO3/Au and MoO3/Ti, respectively.

As mentioned above and experimentally found, oxygen vacancies 
can form polarons in transition metal oxides [15,16,38] and their pres-
ence in crystalline MoO3 is widely demonstrated [9,39,40] and recently 
also in a-MoO3 [19]. There are two main conduction mechanisms for 
polarons, namely Polaronic Variable Range Hopping (PVRH) and Small 
Polaron Hopping (SPH). The former occurs as primary conduction 
mechanism below the half of the Debye temperature (𝜗𝐷∕2) while the 
latter occurs above 𝜗𝐷∕2. In SPH, the polaron moves predominantly 
by thermally activated, nearest-neighbor hops among equivalent lattice 
sites, with a well-defined activation energy overcoming the local lattice 
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Fig. 6. (a) Mo K-edge XANES; (b) Fourier-transformed EXAFS fit (continuous lines) and experimental data (dashed lines). MoO3/Ti FT-EXAFS is shown with an 
x2 multiplication factor to improve readability.
Fig. 7. Conductivity as a function of temperature of all investigated films. 
Noise issues have prevented detection of values below about 10−10 (Ω cm)−1
in MoO3/Ti and MoO3/Au samples.

distortion around a single site [16]. In contrast, in PVRH the polaron 
is still localized but can hop over different distances, choosing longer 
hops to more energetically favorable sites, so the hopping range and 
activation energy are broadly distributed rather than fixed [16].

The temperature dependence of the PVRH mechanism is expressed 
by the equation: 

𝜎𝑇 1∕2 = 𝐴𝑒𝑥𝑝
[(

− 𝐵
𝑇 1∕4

)]

(1)

with: 

𝐵 = 1.7
(

𝛼3

𝑁(𝐸𝑓 )𝑘𝐵

)1∕4
(2)

where 𝛼 is the wave function decay rate, 𝑘𝐵 is the Boltzmann constant 
and 𝑁(𝐸𝐹 ) the density of states close to the Fermi level.

On the other hand, for the SPH mechanism the temperature depen-
dence is given by the following relation: 

𝜎 = 𝜎0𝑒𝑥𝑝
[(

− 𝑊
𝑘𝐵𝑇

)]

(3)

with 𝑊  hopping energy and 𝜎0 a constant given by the relation 

𝜎0 =
(

𝜈0𝑁𝑒2𝑅2

𝑘𝐵𝑇

)

𝐶(1 − 𝐶)𝑒−2𝛼𝑅 (4)

where 𝜈0 denotes the optical phonon frequency, 𝐶 the concentration 
of reduced ions and 𝑅 the inter-ionic distance and 𝑊  the activation 
energy.
5 
In order to establish the prevailing conduction mechanism active in 
both heterostructures, 𝜎(𝑇 ) data have been suitably replotted in Fig. 
8. Our findings indicate that polarons remain the dominant transport 
mechanism even at the highest concentration of oxygen vacancies (Fig. 
8). For the pristine a-MoO3 film, the analysis reveals two distinct linear 
branches in the plotted quantities. From about 240 K up to 280 K the 
polaronic conduction mechanism appears to be PVRH-like (Fig.  8a). 
On the contrary, above 280 K the SPH mechanism prevails (Fig.  8b). 
Hence, 𝑇 = 280 K represents a breakpoint for the two mechanisms. For 
the MoO3/Au sample, a similar electrical behavior was detected, even 
if in a different 𝑇  range, namely the PVRH from 225 K to about 270 K 
(Fig.  8a) and the SPH above 270 K (Fig.  8b). Finally, for MoO3/Ti, the 
PVRH appears to be the dominant conduction mechanism up to 285 K.

Our findings suggest that the changeover temperature between the 
two polaronic mechanisms is modulated by the interfacial material, 
with a transition from 280 K for a-MoO3 to 270 K and 285 K for 
MoO3/Au and MoO3/Ti, respectively. Based on the polaronic con-
duction models, the changeover 𝑇  detected can be ascribed to 𝜗𝐷∕2. 
Therefore, we can estimate a Debye temperature of 560 K, 540 K and 
570 K for MoO3, MoO3/Au and MoO3/Ti, respectively.

Further details on the conduction mechanism can be inferred from 
𝑁(𝐸𝐹 ) and the polaron radius 𝑟𝑝. All results are quoted in Table  1. As 
can be expected, the density of states close to the Fermi level increases 
from about 1018 (eV cm)−1 for the a-MoO3 to 7.6 × 1018 for the 
MoO3/Au to about 3 × 1019 for MoO3/Ti. This fact can be related to the 
rise of the O𝑉  concentration, since the extra electrons left by the O𝑉  fill 
Mo 4d orbitals, producing narrow bands within the band gap [41]. The 
order of magnitude of 𝑁(𝐸𝐹 ) is in agreement with results reported for 
other materials [42]. The 𝑟𝑝 can be calculated using the relation [16]: 

𝑟𝑝 =
𝑅
2

(𝜋
6

)1∕3
(5)

with 𝑅 being the distance between two possible polaron trapping sites 
within the same layer, which, according to previous studies [19,40], 
are the Mo centers. Given the short Mo–Mo distance estimated via 
EXAFS, (3.23 Å ±0.05 Å for all samples), Eq. (5) yields a 𝑟𝑝 ≃ 0.13 nm, 
with a negligible difference among all the investigated samples. These 
findings confirm that polarons are highly localized, in agreement with 
a previous work on a-MoO3 [19]. The wave function decay rate of the 
order of 𝑟−1𝑝  results to be about 0.77 Å−1.

4. Discussion

The oxygen scavenging properties of metal interfaces in a-MoO3
have been observed in previous works [25,26]. The interface reactivity 
was linked to the metal’s Gibbs free energy of oxidation and to the 
mismatch between the metal and MoO  work functions (𝜑). In the 
3
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Fig. 8. Analysis of the conduction mechanisms of charge carriers in the investigated layers. PVRH (a) and SPH (b) for the reference film of MoO3 (300 nm thick), 
MoO3/Au and MoO3/Ti. Continuous lines denote the experimental data. Dashed lines are least squares fit of data to the Eq. (1) (panel a) and Eq. (3) (panel b), 
respectively. Red vertical dashes show the changeover 𝑇  for the polaronic conduction mechanism.
Table 1
Parameters derived from the analysis of the conductivity of all investigated 
samples. From left to right: Oxygen vacancy concentration estimated from XPS 
and XAS; resistivity at R.T.; estimated Debye temperature; density of states 
close to the Fermi level.
 Sample OV% (XPS) OV% 

(XAS)
𝜌 (Ω × cm) 𝜗𝐷 (K) N(E𝐹 ) 

(eV−1 cm−3)
 

 MoO3 2.4 ± 0.9 7 ± 1 6.99 × 108 560 1.13×1018  
 MoO3/Au 3.7 ± 1.0 9 ± 1 3.56 × 107 540 7.62×1018  
 MoO3/Ti 22 ± 2 17 ± 3 4.74 × 105 570 3.19×1019  

case of a single MoO3/Au interface, where Au oxidation is highly 
unfavorable, Grenier et al. [26] reported formation of Mo5+ species, 
N(Mo5+), confined near the metal interface. Such a reduction results 
from charge transfer from the Au Fermi level to the MoO3 conduction 
band. In this model, the increase of the Mo5+ cation has an exponential 
dependence with the difference in MoO3 conduction band minimum 
(𝐶𝐵𝑚𝑖𝑛 = 6.5 eV) and the metal work function (𝜑𝐴𝑢= 5.2 eV [43]): 

𝑁(𝑀𝑜5+) = 𝑒
𝐶𝐵𝑚𝑖𝑛−𝜑𝐴𝑢

𝑘𝐵𝑇 (6)

In our case, the moderately higher Mo5+ cation concentration ob-
served in the MoO3/Au bulk structure compared to pristine a-MoO3
suggests a propagation of these defects. This can be attributed to 
facilitated ionic redistribution within the amorphous structure and 
to the presence of multiple metallic Au interfaces, which serve as 
additional vacancy-generation sites. On the other hand, the far higher 
effectiveness of the Ti interface compared to Au is fully consistent with 
this description, considering the lower 𝜑 (4.3 eV [43]) and the very 
negative Gibbs free energy of oxidation of Ti, which for every mole 
of TiO2 formed (1/2Ti + O → 1/2TiO2 −660 kJ/mol [44]) can result 
in two moles of O vacancy formation in MoO3 (+275 kJ/mol [26]). 
Considering that O1 sites have the lowest-energy vacancy position in 
MoO3 [9,20], the observed predominance of O1 vacancies is thermody-
namically favored compared to other non-equivalent O sites. Moreover, 
in agreement with our results, the formation of O1 defects promotes 
the delocalization of the two electrons left in the vacant site, forming 
two Mo5+ cations for each O removal, instead of being collected at the 
nearest Mo site and forming a single Mo4+ [45].

Our analysis of the transport properties links the rise in Mo5+ con-
centration to a significant increase in the heterostructures’ conductivity, 
while the dominant conduction mechanism is due to polarons. This 
behavior can be assigned to the rise of the density of states near the 
Fermi level, as the two e− freed by each O𝑉  occupy Mo 4d defect bands 
and act as polaronic charge carriers. As a result, charge carriers’ motion 
6 
is facilitated and the polaron hopping activation energy decreases with 
the rise of O𝑉 , as predicted by theoretical calculations [9].

Our findings confirm the persistence of two distinct polaronic con-
duction mechanisms (PVRH and SPH) in different temperature ranges, 
as observed in nearly-stoichiometric a-MoO3 [19]. However, the non-
monotonic evolution of the transition temperature 𝜗𝐷∕2 with O𝑉  con-
centration indicates a complex interplay between the lattice dynamics 
and defect density. Indeed, the 𝜗𝐷 trend matches the modulation of the 
MoO6 distortions as demonstrated by our XANES analysis. In the low-
defect regime (Au interfaces), the removal of a moderate number of O 
atoms breaks the local Mo–O coordination without sufficient electronic 
compensation, enhancing the asymmetry of the MoO6 octahedra and 
softening the vibrational modes of the lattice, leading to the observed 
reduction in the average lattice stiffness (and then to a lowering of the 
Debye temperature) [38,46]. Conversely, at higher vacancy concentra-
tions (MoO3/Ti) we observe a mitigation of the octahedral distortions 
and an increase of 𝜗𝐷. The remarkably high concentration of O1 va-
cancy, estimated for MoO3/Ti, might relate this unexpected change of
𝜗𝐷 to a phase transition towards a Mo sub-oxide, as Mo4O11, which 
would be thermodynamically favored for the crystalline 𝛼-MoO3 [8,41]. 
However, our Raman data do not exhibit any known fingerprint of 
such phases, such as MoO4 vibrations (160–180 cm−1 [47]). Moreover, 
a metallic conductivity and a value of 𝜗𝐷 ∼ 400 K would have been 
expected in the case of Mo4O11 transition [48]. These considerations 
suggest the persistence of the orthorhombic layered phase even at such 
a high level of O defects, which can be linked to the higher flexibility of 
the amorphous structure that can stabilize mixed valence states [49]. 
In this case, the hindering of lattice distortions at high O1 defect 
concentration can be interpreted in terms of charge redistribution and 
Mo 4d - O 2p hybridization. The electronic structure of 𝛼-MoO3 close 
to the conduction band minimum is mainly derived from the Mo 4d
orbitals [39], specifically the 4d𝑥𝑧, 4d𝑦𝑧, and 4d𝑥𝑦 components, while 
the valence band maximum originates mainly from O 2p orbitals. This 
configuration produces a strong hybridization between the Mo 4d and 
O 2p states, which governs both the electronic transport properties and 
the local bonding within each MoO6 octahedron. The introduction of an 
𝑂𝑉  leaves two excess electrons that localize primarily in Mo 4d orbitals 
vacancy site neighboring, particularly in the 4d𝑦𝑧 orbital of the under-
coordinated Mo and the 4d𝑥𝑧 orbital of a neighboring Mo atom [39]. 
These vacancies create extended defect states associated with two-
dimensional polarons, in which the delocalized Mo 4𝑑 electrons interact 
with the O 2𝑝 orbitals. As the density of vacancies increases, the occu-
pancy of Mo 4d𝑥𝑧 orbitals modulates the local crystal field, reducing 
the anisotropy in Mo–O bond lengths and angles, in agreement with 
our EXAFS results. This vacancy-induced symmetrization is expected 
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to occur particularly in the case of O1 vacancies, as predicted by Inzani 
et al. [9]. Hence, the MoO6 octahedra distortion is hindered at high O1
vacancy concentration, resulting in an increase in the average lattice 
stiffness and, thus, Debye temperature.

5. Conclusions

In this work, we demonstrate that metal interface engineering in 
amorphous MoO3/M multilayer films enables fine-tuning of the oxygen 
vacancy concentration, thereby enhancing charge carriers transport 
properties. The higher reactivity of the Titanium interface with the 
a-MoO3 generates a remarkably high O defect concentration (44% of 
Mo5+) compared to Au (7% of Mo5+), which yields an increase of the 
electrical conductivity of three orders of magnitude with respect to 
pristine a-MoO3. The conduction mechanisms remain governed by ther-
mally activated polaron hopping, while the conductivity enhancement 
is due to an increase in the density of states near the MoO3 Fermi level 
and to a substantial reduction of hopping activation energy. Analysis of 
structural data suggests that O1 defect site progressively modulates the 
MoO6 distortions as its concentration increases. Combining XAS analy-
sis and conduction mechanisms, we uncover a non-monotone relation 
between the Debye temperature and the O𝑉  concentration, suggesting a 
transition from a low-defect regime with enhanced MoO6 distortion and 
lattice softening, to a high-defect regime where charge redistribution 
favors octahedral symmetrization and thus lattice stiffening. These 
findings establish multi-metal/a-MoO3 heterostructures as a viable ap-
proach to tune electronic functionality in highly resilient materials 
for advanced optoelectronic or electrochemical devices. Moreover, this 
interface-reactivity control provides a scalable approach for tuning 
defect-mediated transport in a wide range of disordered oxides without 
high-temperature processing.
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