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Abstract

The synthesis of stoichiometric two-dimensional (2D) transition metal dichalco-
genides (TMDC) over large areas remains challenging. Using a combination of X-ray
diffraction and X-ray absorption spectroscopy, we demonstrate the advantages of using a
thin amorphous layer of S-rich MoSs (MoSy in this paper) for the growth of well-ordered
crystalline MoS» films by annealing at 900 °C. In contrast to the crystallization of stoi-
chiometric amorphous MoSs , crystallization of the as-deposited amorphous MoS,4 phase
shows strong preferred ordering of layered MoSs on a Si/SiOy non-templating substrate
with the [002] crystallographic plane dominant and accompanied by Kiessig fringes in-
dicating the improved crystallinity of the MoSs layers. A similar effect can be only
achieved by templated crystallization of an amorphous MoSs thin film deposited on a
c-plane sapphire substrate. We suggest that the crystal growth improvement originates
from the lower coordination number (CN) of the Mo atoms in the MoS4 amorphous
phase (CN = 4) in comparison with the CN = 6 of amorphous MoSs and the gradual

release of free sulfur atoms from the thin film during crystallization.
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Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDC) have demonstrated a very
strong application potential in many areas depending on the form of the crystalline phase.
Flat, large single-layer crystals have been used for fabrication of optoelectronics and sen-
sors, 3 while standing flakes, nanoparticles or thin films have shown their potential in ap-
plications such as photocurrent generation,*® photocatalytic degradation of organic pollu-

1012 or data storage.'®'* An

tants,”® electrocatalytic evolution of hydrogen®!' and energy
urgent task in the application of TMDCs is therefore the development of synthesis techniques

for the growth of well-defined crystals with a controlled number of layers over large areas.



A number of processes have been proposed to prepare the desired sizes and orientation
of TMDC layers.>1%15:16 Exfoliation of chalcogenide single crystals with a van der Waals
gap is a widely used top-down method of preparing chalcogenide monolayers to obtain lay-
ers in the form of small flakes with sizes typically on the order of a few pum. In contrast,
bottom-up growth technology utilizes the transformation of precursors by physical and chem-
ical processes. Currently, chemical vapor deposition (CVD) is one of the most widely used
bottom-up techniques for TMDC synthesis. Using this strategy, various 2D TMDCs can
be easily grown over large areas on different substrates, which determine both the size and
shape of the prepared monolayer crystals.!” Although the crystalline planes exhibit strong
out of plane orientation with crystallites mostly triangular in shape, the in-plane orienta-
tion tends to be random making conformal coverage of entire substrate surface challenging.
Atomic layer deposition (ALD), for example, can successfully coat a large surface area of
nanostructures with a high aspect ratio (a length : diameter ratio) using vertically oriented

flakes of TMDCs with a typical size of several nm, 1819

allowing the creation of a high density
of active centers for catalytic applications. However, the necessity of the use of very toxic
organic and/or inorganic precursors in conjunction with the proper deposition conditions are
critical disadvantages of this technique.

Nearly perfect surface coverage over a large substrate area can be achieved by either
thermal decomposition of dipped or spin-coated (NH4)oMo(W)S, under an inert or sulfur

2021 or using near equilibrium physical vapour deposition techniques.??23 Due

atmosphere
to the large differences in vapour pressure among the constituent elements, the desired
composition can be ensured by reactive deposition under a HyS atmosphere with substate
temperatures above 400 °C,2* which results in the desorption of excess sulphur from the film.
Since thio-compounds can only be used and HySe and HyTe gases are toxic and even unstable
at elevated temperature, both approaches are strictly limited to the preparation of transition

metal disulphides. Therefore, two-step bottom-up processes were developed as an alternative

path for the fabrication of crystalline TMDCs. In principle, they include deposition of a



12° or a transition metal oxide?® on a substrate in the first

thin film of a transition meta
step and subsequent conversion of this layer to a TMDC in a vapour of chalcogen or the
formation of layered crystalline phase via transformation from a 3D continuous amorphous
phase as has been very recently demonstrated for MoTe;?” and MoS,.2® In the latter study,
it was reported that an amorphous MoS, thin film crystallized with a strong [002] preferred
orientation even on non-templating substrates and its conversion to the 2H layered phase was
shown to proceed via the 1T’ phase as disclosed by means of ab initio molecular dynamics
simulations. To date, only the transformation of a stoichiometric amorphous phase has been
considered. In general, the composition of the amorphous phases can be easily tuned by
deposition conditions and thus non-stoichiometric compositions of amorphous phases can
be utilized. Because the amorphous phase crystallizes in a stoichiometric composition with
the general formula MXs and excess chalcogen can be desorbed from the film during the
transformation process due to its large vapour pressure, chalcogen-rich amorphous phases
may provide an essential platform for improving crystal order.

In this paper, we investigate the role of sulfur content on the amorphous-to-crystal (or
3D-2D) transformation starting from stoichiometric amorphous MoS, and S-rich amorphous
MoS, , and examine both long- and short-range order. Using a combination of X-ray diffrac-
tion and X-ray absorption spectroscopy, we demonstrate the advantages of the use of amor-
phous S-rich MoS, for the production of well-ordered crystalline MoSs films by crystallization
of a thin amorphous layer by annealing at 900°C. In contrast to crystalline films pro-
duced from stoichiometric amorphous MoS, , crystallization of the as-deposited amorphous
MoS, phase shows strong [002] preferred crystal growth of layered MoSs on a Si/SiOy non-
templating substrate along with Kiessig fringes indicating improved ordering of the MoS,
layers. A similar effect can be only achieved by templated crystallization of an amorphous
MoS, thin film deposited on a c-plane oriented sapphire substrate. The proposed approach
demonstrates a simple and efficient way to fabricate well-ordered thin 2D TMDCs even on

non-templating substrates for applications in nano- and optoelectronic devices.



Experimental details

Amorphous MoS, and MoS, thin films were deposited at room temperature by pulsed laser
deposition in an off-axis geometry using a KrF laser with a wavelength of 248 nm and the
pulse length of 30 ns. The distance between the MoS, target and the substrate holder was
~ 4 cm. For deposition of the amorphous thin films, the laser frequency was set to 1 Hz
while the laser output intensities of 0.5 J/cm? and 21 J/cm? were used to grow amorphous
films with the compositions MoS,; and MoSs , respectively. All depositions were performed
with a base pressure of 2.8 x 107* Pa. A [100] silicon wafer covered with a native oxide layer
was used as a substrate. The thickness of the as-deposited films was about 50 nm, which
corresponds to about 1500 pulses. Prior to opening the chamber, the deposited samples
remained under vacuum for an additional 2 hours to allow the samples to cool and release
stress.

Amorphous MoS, films were deposited at room temperature using magnetron sputtering
onto a silicon/SiO, wafer and sapphire substrates with c¢- and a- surface orientations. The
thickness of the as-deposited films was about 50 nm.

To prevent sample oxidation during crystallization, samples ware placed into a clean
quartz ampoule which was subsequently evacuated to 1072 Pa and sealed. The crystallization
process was carried out in a furnace with a heating rate of 2°C/ min, with heating at
temperatures ranging from 100 — 900 °C for one hour and which they were allow to cool
down to room temperature naturally.

X-ray diffraction measurements were carried out on both amorphous and crystalline sam-
ples of MoS, and MoS, , using a diffractometer (Empyrean Malvern Panalytical) operated
in two-theta/omega mode to fully satisfy the Bragg-Brentano geometry.

Surface compositional analyses were carried out by X-ray photoelectron spectroscopy
(XPS, ESCA2SR, Scienta-Omicron) using a monochromatic Al Ka (1486.7 V) X-ray source.
The binding energy scale was calibrated to the carbon peak at 284.8 eV. The spectra were

fit using Shirley-type background and Voigt line-shapes. The S 2p and Mo 3d peak doublet



separation and intensity ratios were calibrated on a MoSy powder reference sample.

Mo K-edge X-ray absorption spectra (XAS) for the as-deposited and crystalline samples
were measured in fluorescence mode using grazing incidence geometry at beamline BLO1B1
at SPring-8. XAS data were processed and fitted using the Athena and Arthemis software

packages.

Results and discussion

Figure 1 A and B shows the evolution of XRD patterns during the transformation of the
amorphous MoSy; and MoS, thin films, respectively, into the crystalline MoS, phase by ex-
situ annealing up to 900 °C. It is obvious from figure 1 that albeit both amorphous phases
crystallize in the 2H layered phase of MoSs with a strong preferred [002] out-of-plane c-axis
orientation,®® the onset of the phase transformation in MoS, appears at 700°C, a value
almost about 200 °C lower than that of stoichiometric amorphous MoS, . Additional Bragg
reflections, the [006] and [008], of crystalline MoSs were present in XRD pattern of crystalline
MoS, originating from MoS, , which indicates the ordering of the two-dimensional layers into
a well-crystallized multilayer MoSy phase. Focusing on the first diffraction peak along the
[002] direction of 2H-MoS, prepared from both amorphous phases annealed at 900 °C shown
in figure 1C, at first glance, it is clear that the reflection peak of 2H-MoS, originating from
the amorphous MoS, is more intense, narrower and shifted to higher 26 values in comparison
with the same phase grown from stoichiometric amorphous MoS, . Furthermore, the Bragg
reflection peak is unexpectedly accompanied by Kiessig fringes3! due to interference from
the surface of the layer and the layer/substrate interface. The presence of these satellites
equivocally underscores the presence of a ordered 2H-MoS, phase with strong out-of-plane
c-axis orientation formed by crystallization of amorphous MoS;, .

Under the assumption that even higher crystal order could be achieved by templated

32

crystallization®® of an amorphous MoS, thin film, we deposited a 50 nm thick amorphous



MoS; film (by magnetron sputtering) on a c-axis oriented sapphire substrate, which is ex-
pected to strongly promote the growth of the 2H-MoSs phase in a given direction and at
the same time on an a-axis oriented sapphire as well as Si/SiOy substrates whose surface is
expected not to support the growth of 2H-MoS, crystals with the same out-of-plane c-axis
orientation. As anticipated, Figure 1D shows that a similar XRD pattern observed after
crystallization of MoS, in terms of the increased Bragg peak intensity as well as the presence
of satellite reflections can be only reproduced by the templated crystallization of an amor-
phous MoS, thin film deposited on c-axis oriented sapphire. On the other hand, the use of
non-templated substrates does not affect the ordering in the 2H-MoS, crystals because the
corresponding XRD patterns do not differ significantly from each other.

Complementary local structural information to the XRD results was obtained by X-ray
Absorption Spectroscopy (XAS), which provides information on electronic transitions around
the X-ray absorption Mo:K-edge represented by X-ray Absorption Near Edge Spectroscopy
(XANES) spectra as well as the coordination numbers and bond lengths. Figure 2 compares
the Mo:K-edge XANES spectra of amorphous (A) and crystalline (B) MoS, and MoS, and
their corresponding Fourier transformed Extended X-ray Absorption Fine Structure (EX-
AFS) data (C-F) including the relevant fitting curves. Comparing the Mo:K-edge XANES
spectra of both amorphous phases, it can be seen that the absorption edge for MoS, shifts
to lower X-ray photon energy by 3 eV and the oscillations above the absorption edge are less
pronounced, indicating a difference in the local structure of the two amorphous phases. On
the other hand, the Mo:K-edge XANES spectra for both crystallized MoSs are very similar,
corroborating that the final products of both amorphous phases after their crystallization
are the same structure.?®33 However, a detailed comparison disclosed that the intensity of
the so-called white-line is lower for crystallized MoS, originating from amorphous MoS, as
well as that the overall shape of the XANES spectrum is more rounded in contrast to the
counterpart XANES spectrum originating from MoS, , suggesting that the former structure

is less ordered. The results of the real-space fitting of the EXAFS data for amorphous and
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Figure 1: (Color online) XRD patterns of the as-deposited (A) MoS, and (B) MoS, and
both compositions crystallized in the range of temperatures from 600 to 900 °C with a step
of 100°C. (C) zoomed XRD patterns near the [002] reflection of crystallized MoS, at 900°C
grown from amorphous MoSs and MoS, grown by pulsed laser deposition (PLD). (D) zoomed
XRD pattern near the [002] reflection of crystallized MoS, at 900 °C grown from amorphous
MoS, and deposited on sapphire (c- and a-plane) and Si/SiOy substrates grown by magnetron
sputtering (MS).



crystalline phases are summarized in Table 1. Focusing on the local structure of both amor-
phous phases shown in Figure 2 C and E, we found that the first coordination shells around
the Mo atoms in both as-deposited MoSs; and MoS, include S and Mo with first-nearest
neighbours located at distances of about 2.41 A and 2.8 A, respectively. While bond lengths
are the same in both amorphous phases, the analysis further reveals that partial coordina-
tion numbers of both Mo-S and Mo-Mo bonds differ significantly. The obtained values are
5.11, 1.56 and 2.56, 0.83 for as-deposited amorphous MoSy and MoS, , respectively, clearly
demonstrating that the total coordination numbers for the Mo atom are roughly 6 and 4 in
the case of amorphous MoS,; and MoS, , respectively. Our results are in good agreement

with recent reports.343°

The lower total coordination number of Mo atoms in amorphous
MoS, explains the lower magnitude of oscillations on the corresponding XANES spectrum
and possibly the shift of the absorption edge to lower X-ray photon energy, which is usually
associated with the formal oxidation state of the absorbing species. Note the Mo-O bonds
are near the detection limit but their contribution noticeably improves the quality of the
final fit.

The first coordination shell of both crystallized MoSs phases is, on the other hand,
exclusively formed by the heteropolar Mo-S bonds with identical bond lengths of 2.41 A and
the second nearest distance is represented by Mo atoms with an interatomic distance of
approximately 3.15 A | which confirms the formation the 2H phase after crystallization.
These values are in line with previously reported results. 283336537 The coordination numbers
of the first (Mo-S) and second (Mo-Mo) coordination shells are 5.90, 4.19 and 6.29, 7.67 for
crystallized MoS, originating from MoS, and MoS, , respectively, leading to the conclusion
that the crystalline MoS, phase beginning from MoS, is clearly better ordered. We would
like to emphasize that the conclusion from the EXAFS experiment is in excellent agreement
with the XRD analysis.

To reveal the role of sulfur excess on crystallization, we performed an XPS analysis of as-

deposited and crystallized MoS, and MoS, at 900 °C. Figure 3 A and B show the Mo 3d core
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Figure 2: (Color online) Experimental Mo:K-edge XANES spectra of (A) as-deposited amor-
phous MoS; and MoS, and (B) MoSs crystallized at 900 °C starting from amorphous MoS,
and MoS, . The lower curves show zoomed-in Mo:K-edge XANES spectra above the absorp-
tion edge. Real-space fitting of EXAFS data of as-deposited amorphous (C) MoS, and (E)
MoS, and (D and F) corresponding crystallized MoS, at 900 °C.
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Table 1: Coordination numbers (CN) and bond lengths (BL) of as-deposited and crystallized
MoS, and MoS,

CN BL/A
a-MoSy
aMo-S 2.56 = 0.12 2.43 +0.01
aMo-Mo 0.83 £0.21 2.8 £0.02
aMo-O 0.08 £0.07 1.57 £+ 0.08
a-MoS»
aMo-S 5.114+0.22 2.41£0.01
aMo-Mo 1.56 £0.39 2.84+0.02
aMo-O 0.37+0.23 1.57 £ 0.02
c-MoSs from a-MoSy
cMo-S 6.29 £ 0.5 2.41 +£0.01
cMo-Mo 7.67 £ 0.93 3.18£0.01
c-MoSy from a-MoSs
cMo-S 5.90 £ 0.27 2.41 £0.01
cMo-Mo 4.19 +£0.61 3.154+0.01
c-MoSs, the ideal 2H phase?’
cMo-S 6 2.37
cMo-Mo 6 3.16

level for as-deposited amorphous MoS; and MoS, . As recently reported,? the Mo 3d core
level spectra of both amorphous phases contain a mixture of four doublets attributable to
Mo(IV)-S in 1T - like phase (magenta) containing Mo-Mo homopolar bonds with the binding
energy, Ep(3ds/2) = 228.8 ¢V, %% Mo(IV)-S in 2H - like symmetry (light blue) with E(3d5/2)
= 229.3 eV, a weak signal attributable to Mo(VI)-O in MoOj (green) with Eg(3ds/2) =
232.4 eV* and molybdenum oxo-sulphides Mo(IV)-O/S or Mo(V) (brown) with Eg(3ds/2)
= 230.3 V.44 Broad bands at Ep(2s) = 226.3 ¢V and Ep(2s) = 227.4 €V are attributable
to S(II-)? and (S),,(II-), respectively. Comparison of Mo 3d core levels of both as-deposited
amorphous phases clearly reveals a difference in Mo(IV)-S in 1T” - like : Mo(IV)-S in 2H -
like structural units ratio, which is mainly due to a significant decrease in Mo(IV)-O/S or
Mo(V) as a result of Mo(IV)-S in 2H - like unit formation in the case of amorphous MoSy
. As expected, amorphous MoS, contains more polysulfide units than amorphous MoS, , as
shown by the greater contribution of these units by a S 2s analysis.

Although the results from the Mo 3d and EXAFS core levels of the amorphous phases
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are mutually supportive, the S 2p analysis provides the missing information on the sul-
fur arrangement. Analysis of the S 2p core level identified three contributed doublets in
both amorphous phases, namely S(-II) in 1T" - like phase (green) with the binding energy,
Ep(2ps/2) = 161.62 ¢V,**2 % S(-II) in 2H - like phase (orange) with the binding energy,
Ep(2ps/2) = 162.24 eV? and S,,(-II) with Ep(2ps/2) = 162-164 €V assigned to polysulphides
with a variable number of sulfur atoms in the chain.*® At first glance, amorphous MoS,
contains more S-S bonds compared to amorphous MoS, . A significant excess of S atoms in
the amorphous phase could therefore play a key role in the improved ordering of layers in
the crystalline MoS, phase.

On the other hand, after crystallization of both amorphous phases at 900°C for 1h, the
Mo 3d and S 2p core levels are characterized exclusively by Mo(IV)-S and S(-II) oxidation
states with 2H symmetry, which demonstrates the presence of a single crystalline phase of
MoS, . The percentage contributions of the Mo and S oxidation states in all studied phases

are summarized in Table 2.

Table 2: Contribution in % of individual components to the XPS signal of as-deposited
MoS, and MoS, and corresponding crystallized MoSs . The relative contributions are calcu-
lated from integrated intensities after the normalization to corresponding Mo 3d and S 2p
sensitivity factors.

Sample Mo-S (1T"-like) Mo-S (2H-like) Mo-O/S MoOs3 S-Mo Sp(-11)

aMoSs 9 7.5 9 6.4 33.9 34.2
cMoS, - 31.2 - 3.5 65 -
aMoSy 7.6 10.7 3.6 3.2 30.5 44.5
cMoS2 - 29.7 - 3.7 66.3 -

Differences between amorphous MoS,; and MoS, can also be observed by comparison of
their valence band (VB) spectra. The binding energy range 0 - 10 eV4° is characterized by
the hybridization of Mo 4d and S 3p. While VB edges of both amorphous phases appear at
the same binding energy, The VB of amorphous MoS, has a more intense band above 6 ¢V
compared to amorphous MoSy . The VB spectra of the corresponding crystalline phases do
not differ significantly, indicating the same crystalline phase remains after crystallization.

Our results clearly reveal the connection between the composition of the amorphous Mo-S
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phase and the use of substrate orientation on the improved preferential ordering of the 2H
layered MoS, phase after the amorphous-to-crystal phase transformation. It is well known
that the use of a template greatly reduces the nucleation energy. Subsequent crystal growth
proceeds "epitaxially" provided that the lattice constants of the template and the grown
material do not differ significantly. However, the origin of the observed transformation of
three-dimensional amorphous S-rich MoS, into a well-ordered 2H-MoS, layered structure
grown on non-templated substrates seems to be an intrinsic property of TMDC. In light of
the obtained results, we believe that the perfect layer-by-layer growth of the MoSs crystals
starting from amorphous MoS, may result from the lower coordination number of the Mo
atoms along with a gradual release of the S atoms from the layer during crystallization,
which probably offer the higher degree of freedom for Mo-S structural units to be organized
into the well-ordered 2H-MoS, phase. We would like to note that a similar perfect layer-by-
layer growth of the 2H-MoS, crystals has been recently observed by sulfurization of a MoO3
layer. 4" Therefore, we suppose that the change in the local environment of Mo atoms supports
nearly perfect layer-by-layer growth and at the same time suppresses for the formation of

lamellar structures (crystallites with random orientation).

Conclusion

To conclude, we have demonstrated the advantages of the use of amorphous S-rich MoSy for
the production of well-ordered crystalline MoS, films by means of an amorphous-to-crystal
(or 3D-2D) transformation of a thin amorphous layer by annealing at 900°C. Unlike the
case for amorphous stoichiometric MoS, , crystallization of the as-deposited amorphous MoSy
phase resulted in strong layer-by-layer preferred crystal growth of MoS, even on a Si/SiOy
non-templating substrate with only the [002] reflections present accompanied by Kiessig
fringes indicating the improved ordering of MoS, layers. We demonstrated that a similar

effect could be only achieved by templated crystallization of an amorphous MoSs thin film
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deposited on c-plane sapphire substrate. We suggest that the observed improved ordering
in MoS, crystals starting from amorphous MoS, originates from the lower coordination
number of the Mo atoms (CN=4 instead of 6) along with a gradual release of the S atoms
from the layer during crystallization, which allow the arrangement of Mo-S structural units
into the well-ordered 2H-MoSy phase. The proposed approach demonstrates a simple and
efficient way to fabricate well-ordered thin 2D TMDCs even on non-templating substrates

for applications in nano- and optoelectronic devices.
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The arrangement of the MoSs layers is improved by the crystallization of an amorphous

Sulfur-rich MoSs, thin film.
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