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ABSTRACT: Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have L —2H
demonstrated a very strong application potential. In order to realize it, the synthesis of
stoichiometric 2D TMDCs on a large scale is crucial. Here, we consider a typical TMDC
representative, MoS,, and present an approach for the fabrication of well-ordered crystalline films
via the crystallization of a thin amorphous layer by annealing at 800 °C, which was investigated in
terms of long-range and short-range orders. Strong preferential crystal growth of layered MoS,
along the (002) crystallographic plane from the as-deposited 3D amorphous phase is discussed
together with the mechanism of the crystallization process disclosed by molecular dynamic
simulations using the Vienna Ab initio Simulation Package. We believe that the obtained results may be generalized for other 2D
materials. The proposed approach demonstrates a simple and efficient way to fabricate thin 2D TMDCs for applications in nano-
and optoelectronic devices.
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B INTRODUCTION organic and/or inorganic precursors together with the difficulty
of determining proper deposition conditions to obtain

Recent advances in nanotechnology have led to the discovery o . ) o
stoichiometric layers of TMDCs without additional contam-

of the unique properties of two-dimensional transition metal

dichalcogenides (TMDCs), which have found potential in ination fro.m organic remnants. . .
numerous applications such as optoelectronics,”* biosensors,” The stoichiometric growth of TMDCs is also challenging
photocurrent generation,” photocatalytic degradation of using near equilibrium physical deposition techniques due to
organic pollutants.,é’7 electrocatalytic hydrogen evolution,®’ the large differences in vapor pressure among the constituent
and energy storage9’10 among others. In contrast to graphene, a elements. Therefore, two-step processes must be considered as
monolayer of TMDC such as MoS, is a semiconductor with a an alternative path for fabrication of crystalline TMDCs on a
direct band gap'' which can be further tuned by external large scale. Such processes include thermal decomposition of
stimuli, ' >"? cloping,l4’15 or by use of controlled artificial dipped or spin-coated (NH,),Mo(W)S, under an inert or
layering of 2D materials with different properties to form sulfur atmosphere,””*" deposition of a thin film of a transition
heterostructures.'® metal*” or a transition metal oxide™® on a substrate in the first
Nevertheless, the growth of compositionally uniform thin step and subsequent conversion of this layer to a TMDC in a
layers on a large scale still remains challenging. In general, vapor of chalcogen, or simply crystallization of an as-deposited
covalently bonded TMDC layers can be easily prepared by two amorphous thin film of TMDC. In the latter approach, the
approaches, that is top-down and bottom-up techniques.” Top- formation of the layered crystalline phase via transformation

down fabrication methods include mechanical and chemical
exfoliation using techniques such as direct ultrasonication or
ion intercalation.'” While exfoliation is widely used to fabricate
monolayers of van der Waals-based chalcogenides, the
obtained layers are few and in the form of micron-sized
small flakes, which strongly limit their potential use. On the
other hand, bottom-up deposition methods, such as chemical
vapor deposition and atomic layer deposition (ALD),”'®"”
serve to coat a large area with free-standing or flat flakes with
monolayer precision. However, the disadvantage of these
techniques can be found in the necessity of using very toxic

from a 3D continuous amorphous phase avoids nonstoichio-
metric growth as has been very recently demonstrated for
MoTe,.”* In addition, deposition of amorphous chalcogenide
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thin films has been intensively investigated for many decades,
and thus, this technology can be easily transferred to nanoscale
applications as demonstrated, for instance, in phase-change
materials.”

Since there is very limited information about the physics of
the amorphous-to-crystal (or 3D—2D) transformation in
TMDC s, in this paper, we present a study of the amorphous
and crystalline phases of MoS,, examined in terms of long-
range and short-range orders. In addition, the experimental
preferential crystal growth of layered MoS, along the (002)
direction from the as-deposited amorphous phase is discussed
based upon X-ray diffraction (XRD) measurements. The
underlying mechanism of the crystallization process is then
explored by means of ab initio molecular dynamic (AIMD)
simulations. The proposed approach demonstrates a simple
and efficient way to fabricate thin 2D TMDCs for applications
in nano- and optoelectronic devices.

B EXPERIMENTAL DETAILS

Amorphous MoS, films were deposited at room temperature using
radio-frequency magnetron sputtering onto silica and silicon
substrates. The thickness of the as-deposited films was about S0
nm. To prevent sample oxidation during crystallization, a part of the
sample was placed into a clean quartz ampoule, which was
subsequently evacuated to 107> Pa and sealed. The crystallization
process was subsequently carried out in a furnace with a 2 °C/min
heating rate, heating the sample at 800 °C for 1 h and then allowing it
to naturally cool down to room temperature (see Figure 1).

Deposition chamber

(A) (B)  Tube furnace : 800 °C
P=10%Pa o o o o o o
rota@t’l’cm/ Si substrate
Plasma a-MoS, thin film
-
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Figure 1. (Color online) (A) Schematic showing a deposition of
amorphous MoS, thin films using magnetron sputtering. (B)
Schematic showing crystallization of the amorphous MoS, thin film
at 800 °C under a residual pressure of 107> Pa.

XRD measurements were carried out on both amorphous and
crystalline samples of MoS,, including the MoS, powder as a reference
sample, using a diffractometer (Empyrean Malvern Panalytical)
operating in two-theta/omega mode to fully satisfy the Bragg—
Brentano geometry. Background subtraction was performed using the
FullProf software package* to remove the contribution to the XRD
signal from the substrate.

Ellipsometric spectra were recorded using a VASE ellipsometer
(Woollam Co. Ltd.) over a spectral range 0.7—6.5 eV. The angle of
incidence was varied from 50 to 80° in 10° steps. The obtained
spectra were simultaneously fitted with optical reflectivity measured
using the same instrument. The fitting model consisted of a c-Si semi-
infinite substrate covered with SiO,, a native oxide, and a MoS, single
layer. The surface roughness was considered by means of the
Bruggeman effective medium approximation with a mixture of 50%
voids and 50% MoS,. The optical constants of the polycrystalline
(amorphous) MoS, film were parameterized by a sum of eight (three)
Gaussian oscillators.

Surface compositional analyses were carried out by X-ray
photoelectron spectroscopy (XPS, ESCA2SR, Scienta-Omicron)
using a monochromatized Al Ka (1486.7 eV) X-ray source. The

binding energy scale was normalized to the adventitious carbon peak
located at 284.8 eV. The spectra were fitted using Shirley-type
background removal and Gaussian and Lorentzian functions. Mo 3d
and S 2p doublet separations were fixed at 3.14 and 1.19 eV,
respectively. These values were determined by fitting the MoS,
reference sample spectra.

Mo K-edge X-ray absorption spectroscopy (XAS) for the as-
deposited and crystalline samples was performed at a low temperature
(10 K) in fluorescence mode using grazing incidence geometry at the
beamline BLO1B1 at SPring-8. S K-edge XAS spectra were measured
at the beamline BL11 at the Hiroshima Synchrotron Radiation Center
(HiSOR). The experiment was conducted in a He atmosphere, at
room temperature. S L,; X-ray absorption was carried out at the
BACH beamline of CNR at the Elettra synchrotron facility. XAS
measurements were performed in total electron yield by measuring
the drain current through the sample using a picoammeter. S L, ; XAS
spectra were acquired using linearly polarized radiation with a
polarization vector 80° off the surface plane. The photon energy
resolution was set to 75 meV. XAS data were 7processed and fitted
using Athena and Arthemis software packages.”

The melt-quenched (MQ) amorphous phase of MoS, was
generated via molecular dynamics using the Vienna ab initio
simulation package (VASP).*® Projector-augmented wave pseudopo-
tentials that included the electron configurations 3s* 3p* and 4d° Ss'
as valence states for S and Mo, respectively, were used. The PBE
exchange—correlation functional® was used with a plane-wave basis
and with a cutoff energy of 260 eV. The initial 108 atom cell (the 2H
phase containing 36 and 72 atoms of Mo and S, respectively) was
randomized at 5000 K for 10 ps to reach a molten phase. The
temperature of the structure was subsequently decreased to 2200 K in
another 10 ps and maintained at this temperature for 10 ps to obtain
an equilibrate state and then quenched to 200 K in 10 ps. The
crystallization of MQ-MoS, was performed at 1800 K for 200 ps.

X-ray absorption near-edge structure (XANES) spectra were
calculated using the ab initio real-space full multiple-scattering code
FEFF9.*® FEFF is a fully relativistic, all-electron Green function code
that utilizes a Barth-Hedin formulation for the exchange—correlation
part of the potential and Hedin—Lundqpvist self-energy correction. In
our FEFF calculations, the cluster radius was set to 9 A around the
central atom, which corresponds to about 108 atoms in the model
used. The XANES spectra were calculated for each of the 36 Mo and
72 S atoms in the unit cell and subsequently averaged for comparison
with the experimental data.

B RESULTS AND DISCUSSION

Figure 2 shows XRD patterns of as-deposited (a-MoS,) and
annealed (c-MoS,) thin films of MoS, at 800 °C. One can see
from Figure 2 that there is no evidence of distinct Bragg
reflection peaks in a-MoS,, which confirms its amorphous
character. On the other hand, the XRD pattern of the c-MoS,
sample is characterized by a single reflection peak at 26 = 14.3°

= — a-MoS,
8 — ¢-Mos,
| —ref-MoS,

Intensity (a.u.)

- (006)

L I Y

20 30 40 50
2 Theta (deg)

Figure 2. (Color online) XRD patterns of the as-deposited and
crystallized MoS, thin films. The dashed line represents a MoS,
powder sample as the reference material.
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across the whole 26 range from S to 60°, which corresponds to
an interlayer distance of 6.2 A along the c-axis,”" a typical value
for c-MoS,. In comparison with the powder diffraction pattern
of the reference MoS, sample, the reflection peak is a good fit
to the most intensive reflection peak along the (002)
crystallographic plane, which indicates that we have prepared
the crystalline single phase of 2H-MoS, upon crystallization of
the initial amorphous phase. Considering that both the
reference and c-MoS, samples are polycrystalline materials,
the existence of the single reflection peak in c-MoS, can be
attributed to strong preferential crystal growth of the 2H-MoS,
phase with out-of-plane c-axis orientation along the (002)
direction from the a-MoS, amorphous counterpart, which was
annealed at 800 °C in a vacuum ambience. We would like to
note that preferential crystallization was observed on MoS,
samples deposited on both (100) Si and fused silica substrates,
which underscores that such crystallization behavior is an
intrinsic property of a-MoS, rather than being a template
effect. At first glance, it is clear that the reflection peak of c-
MoS, is distinctly broader compared to the same peak
originating from the reference sample, which probably reflects
the formation of a smaller grain size during crystallization of a-
MoS, at 800 °C.

The optical properties of the as-deposited and crystallized
MoS, films were investigated using spectroscopic ellipsometry.
Figure 3 shows the resulting refractive, n, and extinction, k,
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Figure 3. (Color online) Index of refraction (solid lines) and
extinction coefficients (dashed lines) of the as-deposited and
crystallized MoS, thin films.

coefficients for the corresponding MoS, samples. One can see
that the optical constants n (k) for a-MoS, monotonically
decrease (increase) with increasing photon energy (without
excitonic features). On the other hand, the optical constants
for c-MoS, display a clear excitonic behavior, which
corresponds to the splitting of the valence band by spin
orbit coupling.”** The presence of excitons is associated with
the symmetry of the Brillouin zone,”” which additionally
confirms the formation of the crystalline phase in c-MoS,.

In general, sulfur-based amorphous chalcogenides, also
called chalcogenide vitreous semiconductors, or chalcogenide
glasses, have negligible absorption in the transparent spectral
region.”* This fact has been stressed as very unusual by Sir
Nevill Mott in his Nobel lecture® because transparent means
having an energy gap between the conduction and valence
bands and the formation of such a gap has been traditionally
attributed to the presence of the long-range order, which does
not exist in amorphous materials. Consequently, it was
demonstrated that the formation of the energy gap is
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determined by the short-range order and, in particular, is
due to the presence of saturated covalent bonds.

This clearly is not the case for a-MoS,. The observed strong
absorption in the near-infrared spectral region indicates a high
concentration of defects within the mobility gap of a-MoS,. At
the same time, it is known that many defects in the mobility
gap also exist in chalcogenide glasses, such as As,S;, which are
nonetheless highly transparent in the infrared spectral region.
This unusual coexistence of a large concentration of defect
states and high transparency in chalcogenide glasses was linked
to the formation of the so-called valence alternation pairs
(VAPs), where in addition to negatively charged dangling
bonds, positively charged three-fold coordinated defects are
formed due to the presence of lone-pair electrons.’® The
presence of VAPs in amorphous As,S; and related materials
results in the Fermi level being pinned to the midgap. In MoS,,
at least in the crystalline phase, lone-pair electrons are not
present. One may thus speculate that the absence of VAPs and
the existence of homopolar “metallic” Mo—Mo bonds in a-
MoS, may be an important factor behind the presence of
defect levels in the mobility gap.

While the average elemental composition was the same for
both samples, we performed the XPS and XAS analyses to
discern the main differences between a- and c-MoS, on the
oxidation state and the local arrangements around Mo and S
atoms. Figure 4 shows XPS spectra for the Mo 3d and S 2p
core levels of the prepared a-MoS, and c-MoS, layers. The
corresponding spectra from the reference MoS, powder are
also given for comparison. It is obvious from the XPS spectra
that the composition and the oxidation state distributions in
the a-MoS, and c-MoS, samples are different, while the
comparison of Mo 3d and S 2p core levels for the c-MoS, film
and the MoS, reference sample clearly manifests very similar
spectral shapes. A deeper analysis of the Mo 3d core level for a-
MoS, disclosed that the as-deposited thin film is a mixture of
three contributions of nearly equal intensity signals attributable
to Mo(IV)—S in the 1T'—like symmetry (magenta)
containing Mo—Mo homopolar bonds with the binding energy
Ey(3ds,) = 22886 eV,”” Mo(IV)—S in the 2H—like
symmetry (light blue) with Eg(3ds,) = 229.3 eV,*® and
molybdenum oxo-sulfides Mo(IV)—0O/S (brown) with
E(3ds,,) = 230.3 eV.*” MoS, satellites derived from final-
state screening effects could also contribute to the last
component.””*" A weak signal at high binding energies with
Eg(3ds/,) = 232.93 eV can be ascribed to the doublet of
Mo(VI)—0 in MoO; (green)*” coming from surface oxidation
after air exposure. An additional broad band ascribed to S-
based units can be found at Ez(2s) = 226.8 €V,® which is
consistent with the Mo 3d XPS spectrum of MoS,. The c-
MoS, spectra mainly consists of the Mo(IV)—S bonds in the
2H symmetry with a small contribution of Mo(VI)—O.

Analysis of the S 2p core level led to identification of two
different sulfur oxidation states in a-MoS,, namely S(-II) with
the binding energy Ep(2p;/,) = 162.1 eV® and S,(-I1) with
Eg(2p;/,) = 162—163.8 eV assigned to polysulfides with a
variable number of sulfur atoms in the chain.*” On the other
hand, c-MoS, is characterized exclusively by the S(-II)
oxidation state in the 2H symmetry, which demonstrates the
presence of a single crystalline phase of MoS,. The percentage
contributions of the Mo and S oxidation states observed in a-
and c-MoS, are summarized in Table 1.

The characteristic features in the valence bands of a- and c-
MoS, also unambiguously describe the amorphous-to-crystal

https://doi.org/10.1021/acsanm.1c01504
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Figure 4. (Color online) XPS spectra of the as-deposited (A,C) and crystalline (B,D) MoS, thin films. Figure (E) shows differences in the
corresponding valence band spectra and (F) calculated contributions of S 3p and Mo 4d orbitals (IDOS) to the valence band of crystalline MoS, in

the 2H phase.

Table 1. Contribution in Percentage of Individual
Components to the XPS Signal of As-Deposited,
Crystallized, and Reference Powder MoS,”

Mo—-S Mo-S
sample (1T'-like)  (2H-like) Mo—0O/S MoO; S—Mo S,(-II)
a-MoS, 8.26 10.89 9.89 2.65 54.30 14.06
c-MoS, 33.32 2.40 64.27
powder 30.99 3.64 65.37
MoS,

“The relative contributions are calculated from integrated intensities
after the normalization to the corresponding Mo 3d and S 2p
sensitivity factors.

transition observed in MoS, as shown in Figure 4E. First, the
mobility gap edge of a-MoS, shifts by ~0.8 eV toward lower
energy compared to that of c-MoS,, which is consistent with
the aforementioned stronger absorption of a-MoS, in the near-
infrared spectral region. Second, the valence band of the 2H
reference MoS, sample is formed by the hybridization of Mo
4d and S 3p, which generates five major bands within the
binding energy range 0—10 eV.*’ An additional band peaking
at 714 eV is assigned to the S 3s orbitals. The contribution of
the S 3p and Mo 4d states to the overall valence band structure
can be understood by an examination of the local projected
density of states of the 2H-MoS, structure, which was
calculated using the FEFF code (see Figure 4F). The first
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band at ~2 eV is mainly determined by S 3p orbitals with a
small contribution from Mo 4d. With increasing binding
energy, the band at ~3.3 eV consists of both S 3p and Mo 4d
orbitals in about the same ratio and the last three bands at
~4.6, ~5.4, and ~6.6 eV are mainly due to Mo 4d orbitals.
One can see from Figure 4E that the main difference in the
valence band between a- and c-MoS, can be observed in the
intensity of the first two bands that are associated with the
hybridized S 3p orbitals and the intensity of S 3s orbitals. We
assume that these main changes are connected to the existence
of the homopolar S—S bonds in a-MoS, within polysulfide
chains that do not form Mo—S bonds. Another explanation
could be due to Mo 4d from the Mo—Mo homopolar bonds
and/or Mo 4d—S 3p hybridized states from the 1T’-like
structure. Note the similarities with the 1T’ phase valence
band in the recent report.”* In contrast, very similar valence
band spectra for the reference and c-MoS, manifest the high
crystalline quality of the c-MoS, thin film.

Complementary structural information to the XPS results
was obtained by XAS, which provides information on
electronic transitions around the X-ray absorption edge
represented by XANES spectra as well as the coordination
numbers (CNs), bond lengths (BLs), and mean-square relative
displacements (MSRDs). It is important to note that XAS
probes samples across the total thickness, while XPS only
investigates the upper 2 nm, where the composition may

https://doi.org/10.1021/acsanm.1c01504
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data of the as-deposited amorphous and crystalline MoS, thin films.

Table 2. CNs, BLs, and MSRD of As-Deposited and Crystallized MoS,

bonds CN BL/A MSRD/A? refs (BL/A)
a-Mo—S§ 526 + 028 2.41 + 0.01 0.0085 + 0.0005 2.43%%
a-Mo—Mo 1.33 + 0.42 2.81 + 0.02 0.008 + 0.002 2.77%4
a-Mo—0 0.39 + 0.32 1.62 + 0.08 1.69"
c-Mo—S$ 6.65 + 0.33 241 + 0.01 0.002 + 0.0003 2414946
c-Mo—Mo 6.8 + 0.61 3.16 + 0.01 0.003 =+ 0.0003 3.155%%%

change due to redeposition or spontaneous air oxidation.
Figure SA,B shows XANES spectra for both the Mo K- and S
K-edges in the a- and c-MoS, states. Although differences are
evident at both X-ray absorption edges, more pronounced
changes, especially in the intensity of the “white line”, can be
observed at the S K-edge, suggesting that the main structural
change in the local arrangement occurs around the S atoms.
However, oscillations above the “white line” are also clearly
visible at the Mo K-edge for both MoS, phases, and therefore,
the change in the local structure around the Mo species also
cannot be neglected.

Figure SC,D depicts the Mo K-edge real-space fitting of
EXAFS data for a- and c-MoS, showing the Mo—S and
homopolar Mo—Mo BLs. Note that the displayed data are
phase-shifted due to the effect of the atomic potentials
involved in the scattering process; the phase-shifts have been
accounted for in the fitting process. After data fitting using the
Demeter software packages,27 we found that the first
coordination shell around the Mo atoms in as-deposited
MoS, contains S and Mo as first nearest neighbors located at
distances of 2.41 and 2.81 A, respectively. The latter is
significantly shorter than the Mo—Mo distance in the
crystalline phase and indicates the formation of Mo—Mo
bonds, in agreement with the XPS results.

These values are in good agreement with recent reports on
a-MoS, prepared using different technicgues such as plasma-
enhanced ALD® and electrodeposition.”® The analysis further
reveals that partial CNs of both Mo—S and Mo—Mo bonds are
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5.26 and 1.33, respectively, which suggest that approximately
20% of Mo atoms form homopolar bonds. Note that the
concentrations of homopolar Mo—Mo bonds obtained from
XPS and EXAFS analyses are very similar, which may imply
good homogeneity of the sample throughout the film
thickness. While the Mo—O bonds are at the limit of
detection, their contribution noticeably improves the final fit.
On the other hand, the first coordination shell of c-MoS, is
exclusively formed by the heteropolar Mo—S bonds with an
identical BL of 2.41 A and a CN of 6.65, which is consistent
with the total CN of the Mo atoms observed in a-MoS,. Thus,
we can conclude that during crystallization, the Mo—Mo bonds
dissociate and new Mo—S bonds are formed.

The second nearest neighbor is represented by the Mo
atoms with an interatomic distance of 3.16 A, which
unequivocally indicates the formation of 2H modification
after crystallization. The results obtained from the EXAFS
analysis are summarized in Table 2.

To gain deeper insights into the structure at the atomic level,
we have employed a model of “MQ” amorphous MoS,
obtained via AIMD simulations using the VASP code.”® Figure
6 shows our MQ-MoS, structural model, which is composed of
108 atoms in the simulation cell (36 Mo atoms and 72 S
atoms). By thorough analysis of the MQ structure, we
constructed a distribution of bonds in the form of histograms
with a bin size of 0.05 A as demonstrated in Figure 6A—C. One
can see that the Mo atoms in MQ-MoS, form the heteropolar
Mo—S bonds with their BLs peaking at 2.4 A and the partial
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MoS, phase.

CN equals to 5.22 and the homopolar Mo—Mo bonds with a
relatively broad BL distribution peaking at 2.9 A with the
partial CN reaching ~2. These values are in excellent
agreement with the fitted Mo K-edge experimental data
suggesting that the MQ model well describes the local
structure of the Mo atoms in a-MoS,. In addition, a small
quantity of homopolar S—S bonds was observed in the MQ_
model having a BL of 2.1 A and a partial CN 0.11. The S—S BL
agrees well with that of covalently bonded S atoms, which is
calculated from the atomic radii of the S atoms; however, the
presence of the homopolar S—S bonds to a lesser extent
compared to the value obtained from XPS can be attributed to
the difference between the as-deposited and MQ amorphous
phases.48 In addition, the total CN of S atoms is 2.71, which is
~10% less than 3 in the crystalline phase, suggesting that a
certain number of S atoms are two-fold coordinated. Note that
the presence of such S atoms in the MQ phase suggests the
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existence of lone-pair electrons, which is a typical feature of
amorphous chalcogenides.

To better understand the mechanism of the phase transition
between a- and c-MoS,, we performed subsequent “in silico”
crystallization of the MQ-MoS, phase (details of this work will
be published elsewhere). We found that the MQ-MoS, phase
gradually transformed to the 1T’-MoS, phase rather than the
2H stable modification found experimentally (see Figure 6).
This is understandable because the crystallization took place
just below the melting point (to achieve crystallization on
AIMD time scales). Indeed, electronically analogous MoTe,
has a metastable high-temperature 1T’ phase. It is not
unreasonable to assume that a similar phase can be formed
for MoS, at elevated temperatures. The transition from the 1T’
to the 2H phase, taking place at a lower temperature, requires
time scales inaccessible to AIMD.

https://doi.org/10.1021/acsanm.1c01504
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The 1T’ phase is characterized (i) by the presence of a Mo—
Mo BL of 2.9 A, which is very similar to the Mo—Mo BLs in
the amorphous phase; that is, the Mo—Mo bonds are
preserved and (ii) the layers are buckled (i.e. not flat). The
former may be the underlying reason why the 1T’ phase is
initially formed from the amorphous phase. The buckling of
the layers may be attributable to the positional and
compositional disorder that still exists during the initial stages
of crystallization into a 2D layered structure. We note here that
a similar process, namely, the formation of the layered
structure with the remaining local disorder, was also observed
during the crystallization of a different 2D chalcogenide
Cr,Ge,Teg,"”*" suggesting that this may be a typical feature of
a 3D—2D crystallization process.

We would like to note that the layers in our crystallized
MoS, model are less buckled than which would be expected for
the 1T’ phase either due to the thermal effect (crystallization
takes place at 1800 K) or because this is an intermediate phase
between the 1T’ and 1T phases.51 In this work, since the local
arrangement is similar to the 1T’ phase, we use this term for
the “in silico” crystallized MoS, phase.

Values obtained from the analysis of the MoS, models
including the BL cutoffs used are summarized in Table 3.

Table 3. CNs and BLs of MQ Amorphous Mo§, and
Crystallized MoS, in 1T’ and 2H—MoS,“

bonds CN BL/A cut off/A
MQ-Mo—S$ 522 237 26
MQ-Mo—Mo 2 29 3
MQ-S—Mo 2.61 2.37 2.6
MQ-S-S 0.11 2.1 2.1
1T'-Mo—S1 3.1 2.37 2.4S
1T'-Mo—S2 3.16 2.52 2.45-2.65
1T’-S1-Mo 1.55 2.37 2.45
1T'-S2—Mo 1.58 2.52 2.45-2.65
1T'-Mo—Mo 3.17 29 3.1
2H-Mo-S 6 2.37 2.6
2H-Mo—Mo 6 3.16 32
2H-S—Mo 3 2.37 2.4

“The 2H-MoS, phase, taken from a database, represents the final
stable phase.

It is remarkable that a-MoS, crystallizes directly into a
hexagonal layered structure with van der Waals gaps. This is in
stark contrast to a different typical representative van der
Waals crystal Sb,Te;, which initially crystallizes into a cubic
phase with random distribution of vacancies, which sub-
sequently form vacancy layers and van der Waals gaps.”” We
hypothesize that the observed direct transformation of a-MoS,
into a layered structure could be the key point of the
preferential crystal growth along the (002) axis even on
nontemplating substrates. Therefore, we believe that crystal-
lization of a thin film of a-MoS, is a promising approach to
fabricate preferentially oriented thin films of c-MoS, in a large
scale.

Experimentally, we could not observe the a-MoS, to 1T’
phase transformation; however, the crystallization process can
be observed in MoTe,** where amorphous MoTe, first
converts to the 1T’ phase and after long-term annealing above
600 °C gradually recrystallizes to 2H modification. Therefore,
it can be assumed that the 1T’ phase appears to be an
intermediate phase on the path between a-MoS, and 2H-MoS,.
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This fact is also evident from the BL analyses shown in Figure
6A—1, which demonstrate that the broad distributions of the
BLs in the MQ phase gradually narrow through the 1T’ to 2H
phases. To prove this idea and at the same time to verify the
quality of all MoS, models against the experimental data, we
calculated Mo K-, S K-edge, and SL;-edge XANES spectra for
all three models using a FEFF code and compared them with
experimentally recorded counterparts. Note that the valence
band spectra (Figure 4F) clearly show that the crystallization
process is accompanied by a strong influence on S 3p-Mo 4d
hybridization, which justifies the possibility to examine SL;-
edge XANES spectra, which provide complementary informa-
tion to the S K-edge data due to different selection rules. We
would like to emphasize that, different from EXAFS, the
XANES spectra provide three-dimensional structural informa-
tion and therefore functions as an unmistakable fingerprint for
each structure. Figure 7 shows (A, C, E) experimental and (B,
D, F) calculated Mo K-edge, S K-edge, and SL;-edge XANES
spectra of amorphous and crystalline MoS,. While the XANES
spectra calculated for each of the 36 Mo atoms and 72 S atoms
in the cluster of the MQ phase all differ, as to be expected for
an amorphous material,*® the corresponding average XANES
spectra are in very good agreement with experimental curves
considering both the positions and amplitudes of all features.
Strikingly, an even more remarkable agreement in the XANES
spectra can be observed between c-MoS, and the 2H-MoS,
model, which are nearly identical. We thus conclude that the
MQ and 2H-MoS, models properly represent the real a-MoS,
and c-MoS, phases.

As mentioned before, the major change during crystal-
lization can be monitored around the S atoms. In the case of
the S K-edge, the so-called “white line” is more intense for the
2H phase, and at the same time, a new sharp peak appears
directly above the white line in the 2H phase as a result of the
coherent arrangement of atoms. One can notice that,
compared to the 2H phase, the less pronounced peak right
above the white line also exists in the 1T’ phase. However, the
white-line intensity for the 1T’ phase is very similar to the MQ_
phase. It means that the two sets of the Mo—S bonds in the
1T’ phase significantly reduce the white-line intensity, which
can help discriminate between the 1T’ and 2H phases using S
K-edge XANES spectra. Similarly, using different selection
rules for electronic transitions, the SL;-edge XANES spectrum
of the a-MoS, phase is characterized by a featureless prepeak
and a smooth curve above the absorption edge. When the 2H
phase is formed, characteristic peaks appear on both the pre-
edge area and the rest of the XANES spectrum.

Last but not least, the corresponding XANES spectra for the
1T’ phase represent transient curves between the MQ_and the
2H phases, which supports the idea that the 1T’ phase is an
intermediate phase during the crystallization of a-MoS,. We
argue that this behavior may be general for all amorphous
TMDCs.

Finally, we would like to point out that the experimental
techniques used in this work examine the average structure of
the studied area and they have some limitations. For example,
using XRD, it is difficult to discern crystals with a size below
1-2 nm. Even molecular dynamics reveal a phase trans-
formation within a periodically repeated cell and does not
provide information on how crystals are oriented with respect
to each other. To investigate crystallization of a-MoS, from the
initial state, the use of transmission electron microscopy
(TEM) is advantageous. We believe that it is worth discussing

https://doi.org/10.1021/acsanm.1c01504
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crystalline MoS, thin films.

our findings in connection with recently published results using
this powerful technique. Detailed TEM probing of magnetron-
sputtered a-MoS, on Si substrates preheated to 300 °C
disclosed the presence of some MoS, crystals, which grew both

parallel to the substrate (at the substrate/MoS, interface) up to
10 nm in thickness of MoS, and perpendicular to the substrate
and deeper into the film.>>>* Additional annealing of a-MoS$, at
500 °C under vacuum generated crystals that randomly
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oriented in the whole film, even at the interface.”® The recent
report on crystallization of amorphous MoS, studied by TEM
shows that the perpendicular crystal growth of MoS, can be
observed at 400 °C and the preferentially oriented crystals
along the (002) crystallographic plane were exclusively formed
above 780 °C.>*

We believe that room temperature deposition has a strong
impact on the amorphous character of the as-deposited a-MoS,
films, and thus, the as-deposited a-MoS, described in the
present work should be mainly free of these nanocrystals or
their seeds. This opinion is corroborated by the SL;-edge
XANES spectra, which provide an unmistakable fingerprint for
each structure. As discussed earlier, the SL;-edge XANES
spectrum of a-MoS, is very smooth, whereas characteristic
peaks appear on the SL;-edge XANES spectrum in the case of
the 2H phase. These findings are in a perfect agreement with
the TEM study of amorphous MoS, and the 2H MoS, phase in
combination with electron energy loss spectroscopy.”® Second,
in this work, we annealed the a-MoS, thin film at 800 °C,
which should only lead to the formation of preferentially
oriented crystals along the (002) crystallographic plane™
rather than randomly oriented crystals or crystals perpendic-
ularly grown on the substrate. In light of the obtained results,
we Dbelieve that the fabrication of preferentially oriented c-
MoS, thin films in 2H modification with a thickness of a few
nanometers using the transformation of a thin a-MoS, layer is a
promising approach providing a similar output as more
complicated two-step preparation methods such as sulfidation
of Mo0O,.””

B CONCLUSIONS

In conclusion, through a combination of experimental and
theoretical studies, we presented a promising approach to
fabricate crystalline MoS, via transformation of a thin
amorphous layer of MoS, (which was singled out as the
prototypical TMDC) examined in terms of long-range and
short-range orders. We found that the structural analysis of
both a-MoS, and c-MoS, via the XPS and XAS techniques is in
excellent agreement with theoretical models. While the total
CN for the Mo atoms is the same in both phases, £25% of the
Mo atoms in a-MoS, forms homopolar Mo—Mo bonds, which
can explain strong absorption of a-MoS, in the infrared spectral
region. Next, we revealed the crystallization mechanism of a-
MoS,, where a-MoS, first converts to the 1T’ phase and, after
long-term annealing, transforms to the stable 2H modification.
We suppose that the observed transformation of three-
dimensional a-MoS, into a layered structure is an intrinsic
property of TMDCs and it could be the key point of
preferential crystal growth along the (002) symmetry even on
nontemplating substrates. The proposed approach demon-
strates a simple and efficient way to fabricate thin 2D TMDCs
for applications in nano- and optoelectronic devices.
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