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Abstract

®
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Molybdenum oxides with distinct structures and phases have shown unique properties that are
of interest in many scientific and technological applications. However, the scalability to large
area deposition and in particular the deposition of surfaces with specific topology, with a
uniform and controlled structure still remains a challenge. In this work, a uniform MoOj film
with amorphous structure was achieved via electrospray deposition from fine particle dispersion
in water. A high vapor pressure solvent was utilized for the progress of the deposition.
As-deposited films with large thicknesses (<1 pm) show amorphous structures with a mean
roughness lower than ~32 nm. The deposited film was subsequently subject to thermal
treatment with optimal thermodynamic parameters in order to modify the structure, the phase,
the defect density and subsequently the electronic properties of the final structure. It is shown
that a uniform coating layer with controlled structure and defect density can be achieved. This
method facilitates the deposition of oxide layers on a variety of unconventional surfaces with

large area as well as curved geometry.

Supplementary material for this article is available online
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1. Introduction

Transition metal oxides (TMOs), exhibiting elevated work
functions and favorable opto-electronic characteristics have
attracted considerable attention due to their promising
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potential in advanced applications such as photonics, ther-
mochromic materials and protective coatings [1-6]. Among
TMOs, molybdenum oxides in particular have been subject to
extensive investigations due to their interplay between lattice
configurations and multiple valence states of molybdenum
[7, 8]. For instance, molybdenum trioxide (MoOQs3) is a high
dielectric constant insulator (high-k), while its electronic
structure can be precisely tailored by adjusting oxygen sub-
stoichiometry (MoO;3;_,, where 0 < x < 1), thereby intro-
ducing electronic states in the gap that significantly impact
the oxides’ electrical properties. In its stoichiometric form,
MoOj; exhibits n-type doped semiconducting characteristics.
However, there is often an equilibrium concentration of

© 2025 The Author(s). Published by IOP Publishing Ltd
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defects, primarily oxygen vacancies, resulting in the creation
of gap states. These n-type dopants result in a further adjust-
ment of the MoO3 Fermi level toward the conduction band
[9-12]. A continuous reduction of oxygen content may fur-
ther transform MoQO3 into MoQO,. MoQO; is a low valence state
of molybdenum that is stable, having Mo** cations with par-
tially filled 4d band that results in a semi-metallic state [13].

Several attempts have been carried out for the deposition of
MoO; with pre-designed properties, namely chemical vapor
deposition [14], thermal evaporation [15], sol—gel process and
ion-beam deposition method [16]. However, the methods men-
tioned above limit their application in fabrication of large-area
devices with specific electronic properties. Moreover, most
synthesis methods used in research laboratories are not eco-
nomically feasible for industrial applications. The electros-
pray deposition method, on the other hand, offers numerous
advantages in the synthesis and deposition of nanostructures
due to the high precision control over droplet size and dis-
tribution. The electrospray deposition method allows uniform
deposition of mesoscopic thin films with relatively large thick-
nesses. The use of diluted solutions in this method facilit-
ates the deposition of materials with limited solubility, being
extremely crucial for their scalability. The process also allows
coating of high surface area and particular geometries such
as curved surfaces. Electrospray can be used for both organic
[17, 18] and inorganic compounds [19] as well as simultan-
eous multiple deposition which can facilitate the formation
of multi-layer and hybrid structures. Moreover, its scalability,
low-temperature processing, and lack of high vacuum require-
ments make it economically feasible.

Several attempts have been made to deposit TMOs using
the electrospray method. Back et al [20] deposited vana-
dium suboxide (VO,) functional inter-layers. They investig-
ated several solvents such as methanol, isopropyl alcohol, n-
butanol, and n-pentanol, to optimize the uniformity of the
fabricated VO, film. Chaturvedi et al [21] used electros-
pray deposition for zinc oxide (ZnO) films both with and
without an electric field. Their solution consisted of zinc
acetate dihydrate and ammonium acetate dissolved in meth-
anol. ZnO films deposited with an electric field displayed
more homogeneous and granular structures compared to those
deposited without an electric field. Several studies have also
been done on the electrospray fabrication of nanocompos-
ites of aluminum/MoQj3 nanostripes [22] and aluminum/MoO3
nanoparticles [23] using nitrocellulose and poly(vinylidene
fluoride) as binders, respectively. Both studies employed a syr-
inge pump with a flow rate of 4.0 ml-h~! and applied high
voltages (20 kV for the former and 13.5 kV for the latter)
to successfully fabricate nanocomposites using electrospray.
However, the use of chemical binders and high voltages are
notable disadvantages of the fabrication method in this case.
Suzuki et al [19] has conducted the only research on the elec-
trospray deposition of MoOs nanofilms using an aqueous,
chemical-free solution. Their study demonstrated the success-
ful deposition of MoOj films via the electrospray technique

and explored its potential application in organic photovol-
taic cells. Although specific voltage magnitudes were not
provided, they used additive solvents such as acetone, acetoni-
trile, N,N-dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO) to improve the surface morphology and uniformity
of the MoQOj thin film. The results indicate that acetone is the
most suitable solvent for depositing the MoOs aqueous solu-
tion. However, the effects of deposition parameters, precise
control over the material phase, and subsequent treatments on
the deposited films require further investigation. Additionally,
a comprehensive analysis of the structural and electronic prop-
erties of the fabricated films and strategies to tailor these prop-
erties remain unexplored.

In the present investigation, an electrospray method with
optimized parameters using MoO;3; aqueous solution was
employed with a subsequent thermal treatment in order to pro-
duce uniform MoQOj films with a controlled phase and struc-
ture. The structural dynamics was investigated starting from an
amorphous structure to a crystalline phase, using low anneal-
ing temperatures (<400 °C). The role of each parameter on the
subsequent structural evolution and defect formation is invest-
igated by various characterization methods and detailed ana-
lysis of the deposited films.

2. Experimental procedure

Electrospray deposition was performed using MoOj; solu-
tion in deionized water (DI) with a nominal concentration of
0.05 wt% and a molarity of 3.45 mM. The solution of MoO;
powder and DI water was kept under stirring for a period of
24 h. Acetone was added to the stirred solution afterward in
an amount corresponding to approximately 30% of the total
solution volume. The acetone can enhance the deposition rate
due to its higher vapor pressure compared with the water. The
higher vapor pressure of acetone can result in a higher droplet
generation. The higher evaporation ratio prevents undesirable
droplet spreading or coalescence and ensures the production of
fine and evenly distributed particles that enhances the homo-
geneity of the fabricated films. Acetone can also reduce the
surface tension of the solution as it fosters the formation of
smaller and highly uniform droplets during electrospraying.
This effect increases the precision and control in the nucle-
ation process [19, 24, 25]. Finally, the resulting solution was
filtered using a 0.45 pm pore size filter in order to eliminate
possible residues or dispersed large particles.

The electrospray deposition setup is depicted in figure 1.
The setup is entirely made of stainless-steel with a skimmer
hole diameter of 2 mm. The exit slit has the same dimension
as the skimmer hole diameter (2 mm). The sample is mounted
on the holder using a mounting tongue. The chamber is a 4 cm
diameter tube and maintained under atmospheric pressure. A
pressure gradient is established between the low pressure cre-
ated by the rotary pumps (down to 10~2 mbar) and the atmo-
spheric pressure (AP). Regardless of the specific value of the
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Figure 1. Schematic of the electrospray deposition apparatus employed for the MoO3 deposition. The target solution is not connected to any
electrical source and is injected into the chamber solely through precisely controlled nitrogen pressure. The solution passes through a needle
connected to a negative potential. Then, the spray passes through the skimmers due to the pressure gradient created by pump P1, which
removes large droplets after the explosion.The deposition chamber is under atmospheric pressure and the air is introduced into the chamber
via an open flange. The pressure gradient is the difference between the minimum pressure of 10~2 mbar of the rotary pumps and the
atmospheric pressure relative to the distance of the pump from the source needle. The small droplets afterwards pass through the exit slit via

secondary gradient (P2) and are deposited on the grounded substrate.

AP which remains the same in all processes, the pressure is
compensated via the N, pressure inserted into the solution.
This is the pressure that results in the spray cone formation.
In our case, it is considered that the rough pumps can achieve
a few mTorr in the vacuum chamber and that the spray nozzle
is at ambient pressure. Differential pumping guarantees only
tens of Torr and is able to remove the larger neutral particles in
the first section (in the transfer zone by AP1), while the hun-
dreds of mTorr available for the P2 region (due to the pin-hole
and skimmer separating transfer and deposition zones) can dir-
ect the residual smaller charged liquid particles to the sample.
Lower N, pressure results in a large droplet formation and a
higher pressure in a continuous flow of the solution. The AP1
helps in the evaporation of the larger droplets that are condens-
ate majorly due to gravity, while the P2 guarantees a continu-
ous flow toward the sample holder. In the absence of the P2,
the particle will condensate on the chamber's wall due to the
gravity and Coulomb force. The higher AP2 can increase the
density of droplet deposition (e.g. using the TMP). The dis-
tance was chosen in a way to ensure that the uniform density
of the particles arrive at the substrate (~40 cm from the hole of
the skimmer) [17, 18]. The lower AP2 results in the wetting
of the substrate and non-uniform deposition (see supporting
information). The pressure gradients depend on the geometry
of the deposition chamber, which can be tuned via the N, pres-
sure. In our case, a constant solution flow rate was achieved by
precise regulation of the N, gas inlet pressure, using a mass
flow meter (MKS type 1259CC-05000SV) with the optimized
N inlet pressure set at 750 sccm (0.75 slm—see supporting
information). The solution then transits through the stainless

steel tip (inner diameter of 0.1 mm) with a negative poten-
tial of 2 kV to facilitate the Coulomb explosion process [26]
while the substrate is kept grounded. The applied electric field
at the spray needle causes the target aqueous solution to form
a conical shape, known as a Taylor cone [27], and induces the
emission of a thin jet from the cone’s apex. This jet is then ejec-
ted from the tip of the Taylor cone and breaks up into charged
microdroplets [26-29]. The voltage magnitude was setto 2kV,
depending on the specific design of the apparatus, mainly the
distance from the tip to the skimmer (2 mm) and the pumping
system (for more details see [17, 18, 30]).

Silicon wafers were chosen as substrates due to their wide-
spread use in semiconductor and thin film deposition applic-
ations. The cleaning procedure of silicon wafers is relat-
ively simple, ensuring a reproducible surface for the electro-
spray deposition process. It is also adapted for subsequent
characterization techniques. Prior to the deposition, ~1 x
1 cm? silicon wafers were cleaned via ultrasonic cleaner in
acetone and ethanol and rinsed with DI water. The silicon
wafers were then dipped in 10% HF solution in order to
remove the native oxide and rinsed subsequently with DI
water. The samples were deposited at room temperature for
a 30 minute deposition period and subsequently underwent
thermal treatment in air for 10 minute. Morphology of the
samples was then examined using ZEISS Sigma 300 scanning
electron microscopy (SEM), as well as atomic force micro-
scopy (AFM) using a CSI Nano-Observer microscope in res-
onant mode. For AFM, an n-type Si cantilever was used,
coated with Pt at a resonance frequency of ~72 kHz with
an elastic constant of 1-5 N m~' (AppNano). Furthermore,
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for detailed information about the atomic composition and
the structure of the MoO; films, micro-Raman spectroscopy
was performed using a green (A = 532 nm) laser source
and a Horiba iHR320 spectrometer equipped with a 1800
line/mm grating. The surface chemistry of the deposited film
was also investigated via X-ray Photoelectron Spectroscopy
(XPS) using a non-monochromatic aluminium source (K, =
1486.6 eV). The crystalline structure of the films was studied
by x-ray diffraction measurements in grazing incidence con-
figuration (GIXRD) at an incident angle of the x-ray beam,
with respect to the sample surface, of 1° using a Siemens
D5000 diffractometer, equipped with copper anode (K., A =
1.5406 10\) and a Gobel mirror used to collimate the incident
x-ray beam.

3. Results and discussions

The deposition parameters such as the nitrogen flow pres-
sure and the solution concentration were optimised in order
to achieve the most uniform and homogeneous films. Our res-
ults show the optimal pressure of nitrogen flow to be 750 sccm
with a solution concentration of 0.05 wt% (see the supporting
information). Paparoni ef al [15] have investigated the struc-
tural dynamics of amorphous MoOs films synthesized by the
physical vapor deposition (PVD) method by in-situ Raman
spectroscopy during the annealing process. Their results indic-
ate that the amorphous films show the initiation of the phase
transitions at around 200 °C with formation of the crystal-
line MoQOj at around 400 °C. Hence, in this work we chose
these two strategic temperature points in order to investigate
the phase transition in our samples.

X-ray diffraction signals were used to investigate the
crystallinity and lattice parameters of the synthesized films.
Shown in figure 2 are the GIXRD diffractograms for the
different samples of MoOs; films. For the as-deposited
(AD) samples and those annealed at 250 °C (A250), no
peaks are observable, confirming their completely amorph-
ous nature. In the upcoming analysis, SEM will reveal
large flakes with increased crystallinity in the sample
annealed at 250 °C, which are widely dispersed on the
surface. However, the overall diffraction of the thick films
shows no trace of crystallinity in this sample, consistent
with the Raman spectra of the predominantly amorphous
areas.

The intermediate amorphous phase formation via thermal
treatment was also observed by Camacho-Lépez et al [31] in
which they report progression from an initial amorphous state
to an intermediate amorphous state before crystallization into
the stable orthorhombic -Mo0Oj3 phase, emphasizing the com-
plexity of the transformation process. In the case of samples
annealed at 400 °C (A400) a crystalline structure is visible.
The peaks are located at 20 = 12.78°, 23.42°,25.77°, 27.41°,
33.26°, 33.90°, 35.58° and 39° are attributed the (020), (110),
(040), (021), (101), (111), (041) and (060) crystallographic
planes, respectively, and are specified as orthorhombic MoO3
of JCPDS-ICDD card number 05-0508 [32]. These peaks are
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Figure 2. GIXRD patterns of MoOj as deposited film as well as
after annealing at 250 °C and 400 °C in air.

in agreement with the XRD patterns reported for deposited
a-MoOj; films by microwave plasma [33] and hot wire-CVD
[34] techniques.

The XRD results confirm that annealing at 400 °C causes
the recrystallization of the amorphous MoO3 and Mo suboxide
into «-MoOj phase. This is a result of reoxidation in air dur-
ing annealing and replenishment of the oxygen vacancies with
available atmospheric oxygen, as reported previously [35].
Finally, the crystallite (D) size of the sample treated at 400 °C
was estimated using the Scherrer equation D = K\/Scos(6)
where K is the Scherrer constant that most commonly is taken
as 0.9 and characterizes the shape of the particle, X is the
wavelength (1.5406 A), [ is the full width of half maximum
of the XRD peak, and 6 is the Bragg angle. The D is calcu-
lated to be around 60 nm. This value is in excellent agreement
with the small particles responsible for the signal broadening
in the XRD spectrum. The large crystallites in the SEM image
act like a bulk material while can affect the Raman signal to
detect the enlargement by the signal ratio as discussed above.

The lattice spacing, d () and the lattice parameters (a, b, ¢)
were estimated using Bragg’s law, dyy = n\/2sinf, where
(hkl) is the Miller indices of the plane being analysed, and
n is the diffraction order. For the orthorhombic structure,
d-spacing can also be written as 1/d(,,, =h*/a* +k* /b? +
2 / ¢*. The calculated lattice parameters are a= 3.95A,
b=13.84A, and c = 3.68A which are also in good agreement
with the reported values for the reference orthorhombic MoO3
crystalline structure at the JCPDS-ICDD card number 05-0508
(a=3.96A, b=13.85A and c = 3.69A) [32].

The morphology of the AD and after-thermal treatment
MoO; films were investigated via SEM and illustrated in
figure 3. The AD films show a disordered porous-like struc-
ture with aggregated particles forming a continuous film. After
annealing at 250 °C the sample shows the formation of large
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Figure 3. SEM images of (a) AD sample, along with the sample (b)
A250, and (c) A400. The crystalline grains are clear in the sample
thermally treated at 400 °C (c).

particles with a relative dimension of ~200 nm with whisker-
like shapes atop the continuous film. These structures likely
arise from the Mo suboxide matrix, with a larger volumet-
ric cell, leading to the formation of distinct islands. Further
annealing at 400 °C demonstrates the nucleation and crys-
tallization of the film into a granular structure with the grain
dimension of ~300-400 nm decorated with smaller particles
of ~30-50 nm. Energy-Dispersive X-ray Spectroscopy on all
the samples shows the presence of Mo and O peaks as well
as Si, with the exception of carbon, and does not evidence any
further contamination (as shown in figure 4 in the supplement-
ary information).

The detailed surface topography of the samples was invest-
igated using atomic force microscopy. The AFM topography
is in agreement with the observed morphology by SEM, indic-
ating the formation of a smooth uniform AD film with a thick-
ness and mean roughness of 1 ym and ~ 9 nm, respectively
(see figure 4). Microscopy on thermally treated samples at 250
°C was performed on areas without sharp whiskers to pre-
vent instrumental damage. The samples also show a uniform
film with a large particle formation on top increasing the mean
roughness to ~25 nm. On the other hand, the sample annealed
at 400 °C, in agreement with the GIXRD results shows clear
crystalline grains and a mean roughness of ~32 nm.

Structural analysis of the samples was conducted via micro-
Raman spectroscopy. Figure 5 presents the micro-Raman
spectra of the AD sample and the annealed ones, as well as,
the reference powder (used for the deposition). The spectrum
of the AD sample exhibits broad features at 840-860 cm ! and
950 cm~!. These components can be assigned to amorphous

MoO;. The low frequency components at around 120, 136,
284 cm~! are also assigned to amorphous MoOs [15, 31, 36].
The sample also shows components at about 180, 220, 370
and 440 cm~!' that can be attributed to MoO, and Mo4O;
or reduced oxides, i.e. M0,03,_; [35, 37-40]. Features of the
silicon substrate (with native oxide) are visible at 521 cm™!
(removed from all the spectra) and ~965 cm~!. The sample
annealed at 250 °C (labeled as A250 in figure 5) exhibits
features, similar to the as deposited sample indicative of a
mixed complex structure, composed of both amorphous MoO3
and reduced suboxide, e.g. Mo4O;;, and MoO,. However,
while the micro Raman spectra measured on the wiskers show
similar phase distribution, they demonstrate a higher level of
crystallinity. It is evident that the sample exhibits structural
variation with top layer whiskers containing crystalline struc-
tures, while the main sample structure remains predominantly
amorphous. In general, while the A250 spectrum in red shows
amorphous MoOs features, for the blue spectrum, the Raman
peaks at 126, 150, 240, 284, 337, 374, 817 and 989 cm™!
display the typical vibrational features of the o-MoOj3 (see
table 1). Despite the presence of this component at 816 cm ™!,
a significant amorphous component is still present. Moreover,
it is evident that the intensity of the peaks ranging from 168
to 240 cm™~! and around 370 cm~! increases after annealing
at 250 °C and a broad peak appears at 670 cm~!, which was
not present in the AD sample. These peaks are associated with
mainly orthorhombic Mo4O;; as well as MoO, [37, 39, 41].
The reduction of the MoO3 to lower states has been reported
in several previous investigations, particularly via annealing
in vacuum conditions. The MoO, formation is also known to
occur via an intermediate metastable phase, namely Mo4Oy;.
These results suggest the initiation of oxygen configuration
rearrangement in the defective structures at high temperatures,
leading to partial reduction and metastable phase formation.
On the other hand, the sample annealed at 400 °C evid-
ences sharp Raman components at 118, 129, 158, 198, 216,
246, 285, 292, 337, 364, 378, 470, 665, 816 and 992 cm™!
that are in good agreement with the peak positions of the ref-
erence MoO3; powder (see table 1). This observation suggests
the reoxidation and rearrangement of the matrix into a pre-
dominantly crystalline a-MoOs structure at this temperature.
It has been previously suggested that thermal treatment of
MoOs; in air can result in the formation of a defective crystal
matrix, while annealing in vacuum results in the reduction of
MoO; to MoQ; [15, 42—44]. In the case of the present study,
this phase transformation is closely related to the inherent oxy-
gen reactivity of disordered MoO3, which tends to lose inter-
layer oxygen easily during the annealing process. Specifically,
in a rapid annealing process similar to our experiment, it is
suggested that MoOj3 can readily interact with nitrogen and
water vapor from the air, leading to the loss of interlayer oxy-
gen in the initial stages. As a result, metastable phases such
as MoOs_, (with oxygen vacancies) or Mo4O1; can form as
will be discussed later. If this reduction persists for a short
period, a stable MoO, phase may also emerge. However, at
higher temperatures, the increased kinetic energy of diffus-
ing oxygen atoms from the air can compensate for the oxygen
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Figure 4. Left) AFM thickness profile measurement of the AD sample at the border of the film with the substrate, using a 20 x 20 zm>
AFM image. The dashed line shows the border between the film and the substrate and the profile is taken along the line indicated with the
solid line. Right) AFM 5 x 5 um? images of MoO3 samples deposited on Si substrates: (a) The AD sample reveals a spongy-like structure,
uniformly distributed across the entire sample surface. (b) Upon annealing at 250 °C, the A250 sample exhibits formation of dispersed
crystallites and (c) Following annealing at 400 °C, the sample undergoes crystallization.
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Figure 5. Raman spectra of amorphous MoO3 (a- MoO3) films
as-deposited (AD), after annealing at 250 °C (A250), 400 °C
(A400) and the bulk MoO3 powder used for the deposition.

deficiencies, allowing the intermediate phases to reoxidize and
stabilize back to the MoOj3 phase [35, 40, 45].

The defective structures resulting from the annealing pro-
cess are usually evidenced via the presence of oxygen vacan-
cies and distorted crystalline structures. The former condition
results in the modification of the Mo/O intensity ratio of the
B,0(0 = Mo) and B3,0(O = Mo) modes and the latter condi-
tion leads to the shift in the B, and B3, scattering features. The
ratio of the components I»g4/I59; is proposed to be a fingerprint
of the stoichiometry of the MoOj3. Moreover, the ratio of the
B,, and B3, modes (at 118 and 129 cm™ !, respectively), here-
after called I,9/1; 3, is suggested to be correlated to the dimen-
sions of crystalline grains [46, 47]. Our sample, annealed
at 400 °C shows an inversion of the intensity of the peaks
at 284 and 292 cm™! (B2,0(0O = Mo) and B3,0(0O = Mo)

modes), in comparison with the powder reference, confirm-
ing the presence of the defective structure, primarily due
to distortions on the c-axis induced by oxygen vacancies
[46].

To quantify the oxygen concentration in our samples, the
I»g4/129p Raman intensity ratios were used by application of a
linear fit, based on the approach reported by Dieterle et al [46].
in bulk MoOj3 powder with different treatment conditions. In
figure 6, the results of our analysis on the ratio of oxygen-to-
molybdenum and the final stoichiometry of the samples (x in
MoO,) along with the MoO3 powder are depicted. Our results
(in red) are also compared with the observations of Dieterle
et al [46], as well as, with the outcomes of Castro Silva et al
[36], derived from the annealing of MoOj3 at 400 °C in an O,
atmosphere. Furthermore, recent results on amorphous MoO3
films deposited via PVD on silicon substrate and subjected to
thermal treatment at 410°C under different air partial pressures
are also depicted in the image. The x values in our samples
were annealed at 250 °C and 400 °C, i.e. A250 and A400, have
been determined to be x =2.945 that deviates from the source
powder (x =2.957) indicating the presence of a larger defect
density in the resulted film. When the sample is annealed at
250 °C since the splitting of the peaks is hampered, it is sug-
gested that x is definitely lower than 2.94, having a larger dens-
ity of defects, while the approximate x using the flake spectra
of the sample A250 is calculated to be slightly higher value of
x>2.942.

Raman analysis shows that the partial dissolution of MoO3
powder in DI water and the subsequent deposition using elec-
trospray results in the formation of disordered films with
high density defects/vacancies. However, thermal treatment
in an oxygen rich environment can lead to the reoxidation
of the vacancies, resulting in a more stoichiometric state
through oxygen incorporation. This process speeds up via a
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Table 1. Raman peaks obtained from the source powder, samples A400 and A250.

Powder A400 A250 Assignments
116 cm™! 118 cm™! B,
129 cm™! 129 cm™! 127 cm™! Bi,
158 cm ™! 158 cm ™! 150 cm ! Ag-0(02Moy),
198 cm™! 198 cm™! Bag-7(Mo = 0)
217 cm™! 216 cm™! 217 cm™! Ag-0(OMoy)
245 cm™! 246 cm ™! 240 cm ™! B3,-7(Mo = O)
284 cm™! 285cm™! Bo,-0(0O = Mo)
292 cm™! 292 cm™! 288 cm™! B3,-0(0 = Mo)
337 cm™! 337 cm™! 335cm™! Ag-0(OMo3)
364 cm™! 364 cm™! Ag-0(0O = Mo)
378 cm™! 378 cm™! 374 cm™! Bi,-0(0O = Mo)
470 cm™! 470 cm™! 457 cm™! Bi,-v(OMos)
665 cm™! 665 cm™! B3,-v/(OMos)
816 cm ™! 816 cm ™! 818 cm ™! Bi,-v(OMoy)
992 cm ™! 992 cm ™! 990 cm ™! B1,-v(0 = Mo)
3.00} @ Dieterle II\/IoO3 [ &
B Silva Singlecrystal
H Paparoni
2.991 & Present Work
298|
[ .
6?< 550°C-02 650°C-Air
O 297}
s MoOQOg powder
c e . 400°C-Op
= 2.96} 400°C-20%0, | ®
¢ i — MoO3 powder
A400 NG SiB0a-Alr
295F Si-20,,,,-Air
\ \ mbar’
%" 400°C-Hop
Si-50,,p,~Air-RTA
293 L 1 1 L L L 1

1 2. 3 4 5
Raman Shift ratio (I284/I292)

Figure 6. The stoichiometry of the samples is determined based on the intensity ratio of the B,,0(O = Mo) and B3,0(O = Mo) modes of
MoQs at around 284 and 292 cm ™!, respectively. The value of x, has been computed using the linear trend equation reported by Dieterle

et al [46]. Additionally, comparisons with the results of de Castro Silva et al [47] have been incorporated into the analysis. The results of
Paparoni et al [15], after thermal treatment at 410°C in 20 mbar and 50 mbar air pressure, as well as rapid thermal annealing (20 °C min™")

in 50 mbar air, labeled RTA.

temperature increase resulting in the formation of meta-stable
suboxides (e.g. Mo4Oy;) at 250 and a-MoOs at 400 °C.

The phase structure and surface chemistry of the samples
were also investigated via x-ray photoemission spectroscopy
(see figure 7). The deconvolution of the Mo 3d 5/, core level
reveals three distinct components for all three samples at
~233.2, ~232.6, ~231.5 eV attributed to the Mo®*, Mo"*
(4 < n < 6) and Mo** corresponding to MoQ3, suboxide such
as Mo4O;; as well as the defective structure and MoO,,

respectively, with distinct relative intensities. At higher bind-
ing energy Mo 3d3/, peaks with the same components as the
Mo 3ds , peaks (with spin-orbit splitting equal to 3.15 eV) and
small satellite lines are visible. The slight shift in the peak pos-
itions of similar compounds in different samples (see table 2)
can be attributed to the presence of disordered phases and the
absence of a well-defined crystal lattice [48].

The as deposited sample shows a higher concentration of
Mo signal (~40% of the whole peak area) that corresponds
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Figure 7. Mo 3d spectra of the AD sample, as well as the samples annealed at 250 °C and 400 °C along with the corresponding fits.

Table 2. Parameters used for peak-fitting of the Mo 3ds /, peaks of
the samples. The spin-orbit splitting between 3d3/; and 3ds, states
is approximately 3.2 eV.

Peak position (eV)
Valence state AD A250 A400
MoS+t 233.20 233.20 233.15
Mo"* 232.45 232.55 232.65
Mo*t 231.5 231.55 231.6
Satellite 234.5 234.5 234.5

to the formation of the defective structures and/or suboxide.
On the other hand, this sample shows a lower concentration of
Mo** (28%) and Mo®*+ (23%). The sample, annealed at 250
°C, shows an increase in the concentration of Mo®t (27% of
peak area) while the Mo"" component intensity increases to
49% as well. The Mo** relative intensity decreases to 21%. In
samples annealed at 400 °C, the Mo®t (62%) phase is dom-
inant although the suboxide and Mo** phases are still present
at lower intensities (27% and 9%, respectively).

These results are in agreement with Raman spectroscopy,
indicating a disordered structure in the AD film which trans-
forms into meta-stable phases (e.g. MosO;; and MoQ,) by
thermal treatment at intermediate temperatures (250 °C) due
to the loss of interlayer oxygen in the MoOj structure. This is
confirmed via an increase in the Mo>* components observed
in the XPS spectra. Finally, thermal treatment at 400 °C trig-
gers the reoxidation of the films into the MoOj crystalline
phase (indicated by a relative increase in the Mo®" in the XPS
spectra). These results are also in good agreement with the res-
ults of Diskus et al., describing the annealing-induced trans-
formation of MoOj3 films into polycrystalline «-MoO3 [49].
However, they have reported a crystallization pathway that
involves significant mass transport and the formation of meta-
stable 5-MoOj3 before transforming into the orthorhombic «-
MoO; phase. In the present study, no trace of 5-MoO3 was
observed during the phase transition, neither by Raman spec-
troscopy nor by x-ray diffraction (see figure 2). The S-phase
formation is believed, however, to be dependent on the treat-
ment velocity and the rate that has a significant role in the
formation of the S-phase. Upon annealing at 250 °C, we have

observed the formation of Mo4Oy, which is in agreement with
numerous previous results identifying Mo4Oy; as an interme-
diate product during the MoOj3 reduction or the reoxidation of
MoO, to MoOs3. Dang et al [50] report formation of Mo4Oy; as
the intermediate phase, while hydrogen reduction from MoOj3
to MoO, at high temperatures. Similarly, Lalik [51] proposes
a reduction mechanism of well crystalline MoOj3 at 550 °C
with hydrogen gas, which confirms the formation of Mo4O1;
in oxygen transport from MoO3; to MoO,. In another study,
Wang et al [52] investigates reduction of high-purity MoOj3
to MoO, using mixed CO and CO, gases at elevated temper-
atures and reported a three-step reduction process: MoO3; —
MogOy6 — M0401; — M0O,. These results suggest that crys-
tallization and phase formation paths can be modulated by
tuning the thermodynamic parameters of the thermal treat-
ment procedure, which can result in distinct phase dynamics.
However, the detailed thermodynamics of the nucleation and
growth of the electrospray deposited MoOs still requires fur-
ther investigation.

4. Conclusions

In the present work, the structural and electronic properties
of the electrospray deposited amorphous molybdenum triox-
ide layers by the dissolution of the dispersed crystalline nano-
particles were investigated. The results show the formation of
the amorphous/disordered layer at the initial stage with large
density of defects. The defect density is a result of oxygen
vacancy formation as well as metastable suboxide formation.
It has been shown that the structure and defect density of the
synthesized film can be tuned via further thermal treatments.
The thermal treatment at low temperatures leads to the domin-
ation of metastable and intermediate suboxides (e.g. M0oygOyg
and Mo4O1) due to the reduction of the MoOj interlayer oxy-
gen atoms. While at higher temperatures, the oxygen vacan-
cies dominate the defect density in the highly crystalline a-
MoO:s lattice. The defect density is calculated to be ~5%—6%
which is in agreement with the previously reported results on
films fabricated via PVD. This method facilitates the fabrica-
tion of scalable deposition of metal oxides with predesigned
structure and relative defect density that can be exploited in
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several applications at the industrial level. Further investiga-
tions on precise electronic configuration and electronic trans-
port properties of the films are needed for establishment of the
defect dynamics and improvements of the film characteristics.
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