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This study describes the sol-gel processing of MoOy, on Si (100) to subsequently achieve out-of-plane MoTes/
MoSe; flake composite films by an isothermal closed space vapor transformation. The oxide precursor films have
been prepared from a Mo isopropoxide solution in isopropanol and acid catalysis induced by HCl. Thermal
annealing at 200, 400 and 600 °C enhanced the condensation after xerogel formation. An x-ray absorption
analysis demonstrates that films condensed at 200 °C are at an intermediate chemical state between MoO3 and
MoO,. To achieve MoTey/MoSe, composite films, the precursor oxide films were reduced in H, and exposed to
the chalcogenides by isothermal closed space vapor transport at 600 °C. The multilayered nanocomposite films
grow with an out-of-plane flake-like structure and an evident integration of Se in the MoTe; phase according to a
MoTey(1x)Seax alloy, with an estimation of x of 0.25. The alloy and the orientation of the flakes are consistent
with the bands present in the Raman spectrum. These films are attractive for applications requiring high surface
area interfaces favoring gas or ion exchange reactions with transition metal dichalcogenides.

1. Introduction structures, although not yet confirmed experimentally [17].

Although most of these properties are exhibited by monolayer

Monolayer and few-layered 2D materials are attracting a great
attention recently due to their outstanding electronic properties, which
give rise to a panorama of new applications in the fields of electronic
[1,2], optical [2,3], chemical [4-6] and biomedical [7,8] devices.
Among the different families of 2D materials, transition metal dichal-
cogenides (TMDs) are in advance in the confirmation of new interrelated
properties and exhibit quantum spin Hall effect [9], band gap opening
phase transformations [10] and tuneable magnetotransport [11], to cite
a few. Especially attractive fundamental properties stem from the
innovative ways to engineer the band gap structure, giving rise to
strongly bound [12,13] and interlayer excitons [14], and additional
phenomena contributing to valley optoelectronics [15,16]. Addition-
ally, topological insulation has been theoretically predicted in TMD

structures, TMDs tend naturally to form multi-layers [18] and hetero-
structures [19] rather than extended single or patch islands. This phe-
nomenon has pushed research towards the modification of these Van der
Waals materials by different techniques like elemental [20] or molecular
intercalation [21] or strain engineering [22] that allow activating spe-
cific electrical conductivity and excitonic properties.

From the point of view of the processing of supported TMDs, there is
a huge demand for protocols responding to the specific constraints of i.e.
electrode derived applications. Although in-plane processing has been a
fundamental step towards the confirmation of the solid-state properties
of TMDs, a new input towards applications calls for the processing of
porous [23] and out-of-plane TMDs [24]. In out of plane configurations,
TMDs exhibit roughness and high surface area along with a strong
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Fig. 1. Preparation and synthesis of MoTe;/MoSe, composite films via reduction and tellurization/selenization of MoO3 grown by drop-casting sol-gel method.

bonding to the surface, which is achieved through boundary atoms in
the 2D material plane and the substrate. This latter feature adds
complexity to the properties since the monolayers/multilayers acquire
an interface induced asymmetry. These, and other kinds of porous TMDs
are key in applications calling for ion or gas exchange, as in many cat-
alytic, energy storage or sensing applications [25,26].

Relevantly, conventional SiO5/Si substrates have been described as
an ideal support for the growth of vertically oriented flake-like TMDs
[27]. This interface is especially attractive due to its ease of intercon-
nection with Si electronics that would enormously facilitate the transfer
of technology to industry. The processing of vertically oriented TMDs
has been thus the focus of different gas phase studies using chemical
vapour deposition (CVD) [28], sputtering [29], hybrid ALD/CVD [30]
and sequential plasma processes [31]. With respect to wet routes, a huge
progress has been done using the sol-gel process to adapt the synthesis
of TMD precipitates [32] to the direct deposition of large surface ho-
mogeneous films [33]. The most recurrent wet alternative is electrode-
position, although in this case the process is not direct and requires
reduction and substitution post-processing [34] or implies the previous
synthesis and functionalization of the TMDs [35].

In the current work, we focus on demonstrating the feasibility of out-
of-plane ordered TMDs by a hybrid wet-gas phase process. We rely on
the sol-gel process for the low temperature nucleation of MoOy com-
pounds over wafer-scale areas of a precursor transition metal oxide on
silicon substrates [36] using molybdenum alkoxides [37]. We then post
process the oxide through thermally activated reduction and isothermal
closed-space vapour transformation, a technique previously used for the
formation of TMDs from precursor transition metal oxide films [18]. We
further aim at describing the microstructural and compositional changes
through XRD, Raman Spectroscopy and SEM, which can explore the
obtained surfaces after annealing from low temperature (200 °C) up to
600 °C in the search of the out-of-plane ordered TMD films. We
concentrate on MoTey/MoSe; composites with a fixed processing stoi-
chiometry as a proof of concept of the processability of TMD films with
intermediate properties between MoTe; and MoSe; [38].

2. Experimental methods
2.1. MoO, film preparation

The MoOy precursor sol was prepared using molybdenum (V) iso-
propoxide (Mo[OCH(CH3s)3]s, 99.5% metal basis), to 5% w/v in iso-
propanol (Alfa Aesar), with pH = 1.3 regulated by using fuming
hydrochloric acid 37% (HCI, Merck). The prepared solution was evap-
orated at room temperature for 48 h, to obtain a Mo concentration of
0.42 M. Before the deposition, the native oxide of the (100) Si wafer was
removed with a piranha solution bath at room temperature. The solution

and substrate preparation parts are illustrated in the bottom left part of
Fig. 1. A precursor drop of 12 pL was deposited onto the activated (100)
Si surface and left to dry at room temperature. Finally, samples were
annealed in open air for 5 min at three different temperatures. The
annealing temperature determined the deposited film label according to
the following rule: MoOxT, with T being the annealing temperature
value (200, 400 or 600) expressed in °C. The whole process drop-
casting/evaporation/annealing was repeated 7 times (see the top left
cycle, Fig. 1) to produce conformal flaky films.

2.2. MoOy and MoTexy(1.x)Sezy film preparation

The nucleated structures produced by sol-gel drop casting were
subsequently reduced at atmospheric pressure in Hy:Ar atmosphere at
the same temperature as the first 5 min annealing but for 2 h, which
eventually allowed achieving MoO films according to the reaction [18]:

MoO;(s) + Hy(g)—=MoO,(s) + H,0(g)

For the isothermal closed space vapour (ICSV) tellurization-
selenization, a graphite boat with a solid mix of Te:Se equal to 8:2
was used. The sample annealed at 600 °C with a reducing gas mixture
composed of Hy:Ar at 3:2 was exposed to the Te/Se source for 15 min at
atmospheric pressure [18]. The ICSV process is illustrated in the bottom
right part of Fig. 1.

2.3. Characterization of the samples

A structural analysis was performed using a Field Emission Scanning
Electron Microscope (FESEM) Philips XL.30 S-FEG and X-ray diffraction
(XRD) with a Panalytical diffractometer X'Pert PRO (6/26 geometry,
Cu anode and no monochromatic (K,) radiation). Ellipsometry was used
to analyse the precursor MoOy films through comparison with reference
optical properties using a J.A. Woolman Co. Inc. M-2000FI ellipsometer
and EC-400 electronics. To determine the structural properties of the
MoOy nucleated at low temperature, an X-ray absorption (XAS) mea-
surement in fluorescence configuration was performed in the CRG
BM25A SpLine beamline of the European Synchrotron Radiation Facility
(ESRF), which is equipped with a double Si (111) crystal mono-
chromator. RBS was used to determinate the in-depth relative concen-
tration of Mo, Te and Se. The incident ions were *yHe with an energy of
4.3 MeV collected at a scattering angle of 70°, which provides conditions
for the determination of C traces. For the simulation of the spectra, we
used SIMNRA software [39] with calculations using the resonant cross
section provided by SigmaCalc 2.0.

Raman spectra were obtained with a Renishaw Ramascope 2000
spectrometer and an Argon ion laser emitting at a wavelength of 514.5
nm. The laser power was maintained low to avoid sample damage. A
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Fig. 2. a), b) and c¢) SEM images of the surface for the samples after annealing at 200, 400 and 600 °C; respectively. d), €) and f) cross section SEM images for the
same samples, respectively.

metallographic optical microscope Olympus BH-2 was used to focus the

homogeneity of the film.

laser light on the film and to collect the light scattered by the sample in a
backscattering geometry. The optical axis was perpendicular to the
sample surface. Several points of the sample were probed to check the
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Fig. 3. (a) y and A dependence with light wavelength as derived from ellipsometry for the MoO,/SiO,/Si stack produced by sol-gel drop-casting after annealing at
600 °C. (b) XAS spectrum at the molybdenum K edge from the MoO, sample produced by sol-gel drop-casting and annealing at 200 °C along with the fitting resulting
from linear combination of reference MoO3 and MoO; as indicated. (c) XRD diagrams of the MoO, samples produced by sol-gel drop-casting and annealing at 200
(bottom), 400 (middle) and 600 °C (top).
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3. Results and discussion
3.1. Intermediate MoO, films

Fig. 2 shows a comparison of the surface morphology of the MoOy
films obtained after drop casting the MoOy, precursor sols and annealing
at 200 (a, d), 400 (b, e) and 600 °C (c, f). The film obtained at 200 °C
shows a porous structure with circular pores at different strata as
derived from the observation of internal pores within the bigger surface
pores (see arrow in Fig. 2a). The presence of the multi-layer porosity is
confirmed in the cross section image (Fig. 2d), which suggest that pores
may result from cavities created by gas evolving species during sol
condensation. It can be observed (Fig. 2b) that the increase of the
annealing temperature allows forming a film of sub-micrometer size
clusters. Consequently, the thickness was reduced due to the reinforced
densification leading to occlusion of the pores (see cross section in
Fig. 2e) and, plausibly also, to the desorption of additional by-products
of the condensation whose desorption is activated at annealing tem-
peratures up to 400 °C. By increasing the annealing temperature to
600 °C, the crystal growth is drastically activated. The derived in-plane
arranged rod-like structures observed (Fig. 2c) resemble previously
processed stacking molybdenum oxide [40,41]. Note the arrow indi-
cating an incomplete stacking layer on top of the surface standing rod
(Fig. 2¢). The cross section view clearly illustrates that the resulting
surface standing rods reach thicknesses of circa 200 nm. Meanwhile, the
surface roughness is very low and comparable to the roughness of the
underlying Si substrate (Fig. 2f). These observations confirm thus that
the initially porous conformable layer obtained at low temperature
condensation transforms into a discontinuous film of thick surface-
standing layered islands.

Ellipsometry was used as a fast analytical technique to identify the
nature of the coating resulting after the seven cycles of casting-
condensation of MoOy precursor sol. The ellipsometric parameters
and A for the MoOy/Si0,/Si stack annealed at 600 °C are shown in Fig. 3
(a). The experimental data were compared with a model based on a
polycrystalline MoOs thin film deposited onto SiO/Si substrate. The
agreement between the model and the data is a first good indicator that
the synthesized oxide is MoOs.

In order to deepen our knowledge in the properties of the low tem-
perature processed MoOy film, a XAS experiment was conducted at the
Mo K edge. The XAS spectrum of the sample annealed at 200 °C is shown
in Fig. 3b. In the region close to the absorption edge one can distinguish
a small ankle at an energy below 20,050 eV, which has been identified
through reversible bulk reduction and oxidation processes with a MoO3
phase [42]. However, the absence of structure at the adsorption edge
maximum above 20,050 eV is characteristic of MoO», [42]. This indicates
that the sample is at a mixed state between MoO3 and MoO5. In fact, the
experimental spectrum was simulated (see additional fitting curve) by
the linear combination of the spectra associated to reference MoO3 and
MoO3 (with a circa 85% and 15% contribution, respectively, as illus-
trated in Fig. 3b). Additionally, it was not possible to obtain information
from the fine structure oscillations due to the high noise/oscillation-
signal ratio, which is most probably influenced by the fluorescence
measurement mode and the low degree of crystallinity/order of the
sample itself. Thus, the data suggest that the MoOy films condensed at
low temperature are poorly condensed and in an undetermined oxida-
tion state, which can be induced by the presence of carbonyl byproducts
of the xerogel formation reaction.

The X-ray diffractograms of MoOx200, MoOx400 and MoOx600 are
shown in Fig. 3c. The bump in the 20-30° 20 range present in the dif-
fractogram of the sample annealed at 200 °C confirms the absence of
long-range order of MoOy phases, in agreement with the XAS spectrum.
Note that the well-defined diffraction peaks observed in this sample (i.e.
at circa 39, 45 and 56 °C are related to the substrate). The diffraction
peaks of the samples annealed at 400 and 600 °C correspond to ortho-
rhombic a-MoO3 (Pbnm or group 62, COD 969009670), which is the
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Fig. 4. (a) y and A dependence with light wavelength as derived from ellips-
ometry for the MoO,/SiO»/Si stack after reduction at 600 °C. (b) XRD diagrams
of the MoOy samples produced by sol-gel drop-casting and annealing at 200
(bottom), 400 (middle) and 600 °C (top) after reduction treatment at the
respective annealing temperature.

most stable MoOs phase [40,41] with lattice parameters a = 3.96 A, b=
13.86 A and ¢ = 3.69 A. However, the sample annealed at 600 °C pre-
sents peaks corresponding to the orthorhombic Mo40;; suboxide (Pna21
or group 33, COD 961521062), which is activated at high temperature
[40]. The morphologic changes observed by SEM upon annealing at
600 °C correlate well with additional changes observed in the diffraction
diagram. In fact, the intensity of the (040) a-MoOs3 peak drastically
increases, which suggests that the observed rod structures are oriented
with their b axis pointing out of the substrate. The considerable decrease
of the full width at half maximum (FWHM) of the diffraction peaks also
denotes a thermally induced crystallite growth, in agreement with SEM
images.

3.2. Reduction of MoO, films

Fig. 4 shows the results of characterization of the MoOy samples after
a reduction process. Ellipsometry was used to characterize the sample
annealed and reduced at 600 °C. Fig. 4a depicts the behavior of the
ellipsometric parameters y and A for the reduced MoOy/SiO»/Si stack.
In this case, the oxide used in the model was MoO instead of MoOs. The
good agreement between the data and the model suggests that the
reduction process was successful.

The X-Ray diffractograms of the samples reduced at 200, 400 and
600 °C are shown in Fig. 4b. The diffractogram corresponding to the
sample reduced at the lowest temperature confirms that there is no
activation of a crystallization and no evidence can be extracted from the
efficiency of the reduction process at 200 °C. At 400 °C the diffracto-
grams show that, along with peaks corresponding to the starting a-MoOs3
phase, there is a set of additional peaks attributed to monoclinic MoO,
(P121ncl or group 14, COD 1548687) which is its most stable phase
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Fig. 5. (a) SEM micrograph from the surface
e of a MoTe,/MoSe, composite film produced
by isothermal closed space vapour trans-
formation of the MoOy film. (b) RBS spec-
trum of the MoTe,/MoSe, composite film. ¢)
XRD diagram of the MoTey/MoSe, compos-
ite produced at 600 °C, showing the presence
of a transformed 2H-MoTe, (pdf:15-658)
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with MoTey(1.x)Seay structure and 2H-MoSe,
(pdf:29-914). Inset. Mean Raman spectrum
obtained at normal incidence from the
MoTe,/MoSe, composite.

U

I B B R
500 1000 1500 2000 2500 3000 3500 4000
Energy (KeV)
,\0'»
c) | 3 Q° 514.5 nm
2 29 3
) S S
2 TN 2
s ° =
s 3 | §
> ™
[z S ‘6 ‘ o @
g S ° S —
£ 4 - \ 100 150 200 250 300 350 400 450 500 550 600
= ‘ 0 © © o Raman Shift (cm™)
pag o o (==}
0 o o ©
S M 5 T
S | S
11 o ‘ 1’ V) ! l )
S ‘ ‘\ ' ‘h |
| € H | | I ‘
M A jU ,‘” '\}L AW A J “\ LTSI M . o S
T T T T T T T T T T T T T T 1
20 30 40 50 60 70

20 (degree)

[18,40] and presents lattice parameters a = 5.58 1°X, b=4.84 f\, c=5.61
A y B = 120.98°. Therefore, it can be deduced that, although the
reduction is considerably activated at 400 °C, it is not complete. How-
ever, by increasing the temperature of the reduction process to 600 °C,
the diffractogram changes notably with a disappearance of the peaks
associated to a-MoQOj3 (only peaks related to the substrate appear along
the peaks corresponding to m-MoO3). As in the case of the samples
without reduction, the FWHM decrease for samples obtained at the
highest reduction temperature confirms a thermally activated increase
of the crystallite size.

3.3. Isothermal closed space vapor transformation

Molybdenum oxides are commonly used as precursors for the growth
of molybdenum dichalcogenides by exposing the oxide to the chalcogen
element vapor. In the present study, in order to illustrate that bi-
chalcogen structures can be grown, the chalcogen source was a Te-Se
mixture. Fig. 5a shows the SEM image of the sample annealed,
reduced and telluro-selenized at 600 °C. This condition was chosen as
the optimal from the previous studies for the preparation of a MoO,
starting layer. A drastic change in the surface morphology is observed
with multi-oriented flake-like structures standing off the Si substrate.
Relevantly, the density of nucleated structures is drastically increased
with respect to the structure of the starting «a-MoOjs film. This observa-
tion suggests that the growth, rather than a substitution process, passes
through deposition of the chalcogen atoms and consumption of the
molybdenum oxide structures.

An RBS study was performed to estimate the stoichiometry of the
synthesized TMD (Fig. 5b). The simulation of this spectrum allows
determining the composition and average thickness of the deposited
structures, leading to the determination of a Te/Se atomic ratio of 3.64
and a Mo/(Te + Se) ratio of 0.54, near the expected stoichiometric
MoXs. The result confirms that for the considered Te:Se atomic ratio of
8:2 (i.e. Te/Se = 4), Se is considerably more efficiently transported and
condensed on the film. This effect is produced by the higher vapor
pressure of Se as compared to Te during ICSV at 600 °C. Additionally,
the RBS experiment performed at C-resonant conditions magnifies the
intensity related to the carbon peak and also that associated to oxygen.
The spectrum shows that after the processing from sol to TMD, there is
still a clear trace of carbonyl-carboxy species, which are known to
strongly bond to TMO structures.

An XRD study confirmed the polycrystalline structure of the pro-
cessed TMD. The main peaks in the diffractograms plotted in Fig. 5c
were indexed according to the reference data for hexagonal (P63/mmc
symmetry group) MoTe; and MoSe; with pdf numbers 15-658 and
29-914, respectively. Two main observations can be derived from the
results. Firstly, the diffractogram shows no peaks of pure Se or Te,
suggesting that the temperatures and reaction times were well adapted
to the processing of a TMD composite or solid solution. Secondly, the
presence of a solid solution derived from Se substituted MoTey is
confirmed by the shifted diffraction peaks of hexagonal 2H-MoTey. This
solution consists of a pure MoTez(;.x)Seax hexagonal phase (a mix of 2H-
MoTe, and 2H-MoSe;) with no traces of the distorted octahedral (1T')
phase as indicated by the absence of splitting in the (O0L) peaks [43-45].
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The peaks in our sample are slightly shifted to higher 20 values with
respect to the 2H-MoTe, reference positions. In fact, since lattice pa-
rameters of MoSe; (a/c = 0.3288/1.2900 nm) are smaller than those of
MoTey (a/c = 0.3519/1.3964 nm), such shift is explained by assuming
the formation of a MoTey(;.x)Seax alloy phase. Using the Vegard Law for
the interplanar distances of the observed planes, (dyigre2(1—x)se2x =
(1 —x)dmote2 +Xdpmose2) We obtained an average molar fraction (x) of
MoSe; of 0.25, which means a MoTe; 5Se 5 alloy. This represents a Te/
Se relation of 3.0 in relatively good agreement with the RBS result
(0.275), although denoting some missing phase accounting for more Se.
In fact, the XRD diagram of Fig. 5.c, presents a peak at 38° denoting the
presence of some 2H-MoSe; crystals. A phase refinement based in lor-
entzian fitting of the (01 3) peaks corresponding to the two hexagonal
phases resulted in an estimation of a 14.8% for the 2H-MoSe, phase.
Finally, it is observed that there is a preferential growth of MoTey(-
xSeox along the (001) direction. This growth has been related to the Si
(100) plane in other similar works [43,44], but SEM images do not
allow to establish such relationship in the current investigation. The
main difference between those works and the present one is that the
precursor MoOy had been synthesized by sputtering [43] and by CVD
[44].

The inset to Fig. 5¢c shows the averaged Raman spectrum taken from
nine different points on the sample surface and reflects a combination of
the spectra of film and substrate. In fact, the strong peak at 520 cm™!
corresponds to the one-phonon peak of crystalline silicon and the weak
feature at 300 cm ! is a silicon second order Raman band [46]. The
other peaks of the Raman spectrum originate from the film. The wide
band around 250 cm™! corresponds to the Ellg phonon mode of 2H-
MoTe; and the effect of alloying with MoSey [47].

The peak at 125 cm ™! corresponds to the E1g phonon of 2H-MoTe;
[48]. This peak appears only for backscattering on the edge of the layers
[48], as would occur for flakes oriented normal to the substrate. The
peak at 142 cm™! could be a second order mode [49] activated by the
substitution of Te atoms by Se. Alternative explanations based on the
presence of pure Te phases [50] or degraded 1T°-MoTe;, [51] do not
agree with the XRD analysis of the present MoTey/MoSey composites.
Overall, Raman analysis suggests that the 2H-MoTe; layers are oriented
perpendicular to the substrate, which is in agreement with SEM
observations.

4. Conclusions

The present work demonstrates that the sol-gel process can be used
to condensate MoOs from an isopropoxide precursor at low tempera-
tures of 200 °C. The films formed by sol casting can be further processed
by thermal reduction in Ar:Hy at 600 °C to obtain conformal in-plane-
ordered MoOs islands. Such films have been used to produce MoTey/
MoSe, composite films by isothermal closed space vapour telluro-
selenization at 600 °C. The process parameters adapt well to the for-
mation of MoTez/MoSe; dichalcogenide phases, with no trace of pure Se
or Te. The Te rich phase corresponds rather to a hexagonal MoTey(;.
xSeax pseudo binary alloy, being x close to 0.25. The Se rich phase
represents approximately a 15% of the total MoTe;/MoSey composite. In
contrast with the structure of the starting MoO» phase, these films show
a flaky structure with flakes standing out-of-plane, as supported by
morphological observations and Raman scattering. This suggests that
the films grow by consumption of the previously nucleated MoO; crys-
tals, rather than by a soft exchange of oxygen by the chalcogen atoms.
This further suggests a strong interaction of the flakes with the substrate
since dangling bonds on the edge of 2D materials are highly reactive
leading to covalent bonding with affine structures.

The abundance of out-of plane TMD crystals suggests the presence of
a high porosity and a large surface area, ideal for ion or gas exchange,
which is extremely attractive for the processing of sensing and catalytic
devices.
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