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SOLID BODIES AND LIQUIDS

CHANGES IN TRANSITION METAL DICHALCOGENIDE FILMS
PROPERTIES ON VARIOUS STAGES OF CHEMICAL VAPOR
DEPOSITION
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Abstract. Transition metal dichalcogenides (TMDs) are attracting continuously growing attention due
to a number of their unique properties. Possibilities of their application are significantly defined by im-
provement of obtaining methods. In this work we study formation of TMD (MoS,, WS,) mesoporous
films during chemical vapor deposition with the use of gaseous H2S and thermally evaporated transition
metals (Mo or W). Morphology, Raman spectra, photoluminescent properties and electrical conductiv-
ity of TMD films are investigated at different precursors concentrations and deposition duration times.
The analysis revealed main stages of TMD films growth: isolated 2D monocrystalline islands formation
(i), partial overlapping of these crystallites with their gradual growth in the plane of the substrate (ii),
formation and growth of plate-like crystallites oriented perpendicular to the substrate surface (iv). Qual-
itative changes of morphology, electrical conductivity and PL properties of TMD films are explained
with taking into account interaction of TMD electronic sub-system with the substrate and neighboring
crystallites.
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1. INTRODUCTION

Transition metal dichalcogenides (TMD) is a class
of compounds that, due to their unique properties,
have attracted considerable attention in the scientif-
ic and technical community in recent decades [1-3].
The crystal lattice of the TMD has a layered struc-
ture. A distinctive feature of this structure is that all
covalent bonds between the atoms are closed inside
the layer, and interlayer communication is realized
by weak van-der-Waals interaction, which, in par-
ticular, makes it easy to separate layers from each
other and use isolated layers for research, to create
electronics devices based on TMD monolayers and
for other purposes. The chemical formula of TMDs
is usually written as MoX,, where M is a transition

metal atom (Mo, W,Re,V,Ta etc.), and X is a hal-
ogen (S,Se, Te). A single layer of TMD can be rep-
resented in the form of alternating two-dimension-
al hexagonal structures, two of which are formed
by chalcogen atoms, and a third of transition metal
atoms is located between them. The resulting struc-
ture of the TM D monolayer with such a packing of
X —M — X atoms turns out to be devoid of an in-
version center, which leads, together with a com-
paratively large mass of atoms, to the emergence
of a number of unique properties (the presence

of nonequivalent lines (K and K') in the law of elec-
tron dispersion, a new splitting of the valence band,
etc.) and it makes it possible to consider such mate-
rials as the basis for creating promising spintronics
and dolintronics devices [4, 5].
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Individual single crystals of TMDs contain-
ing one or more layers exhibit pronounced two-
dimensional properties. The effects of dimensional
quantization associated with the small thickness
of such crystallites (up to 10 nm) lead to the man-
ifestation of physical properties due to the two-di-
mensional nature of the electron gas in these
structures [6, 7]. In particular, significantly reduced
dielectric screening leads to an increase in the bind-
ing energy of the bound states of electrons and holes
and leads to the possibility of the existence of exci-
tons and trions (and the observation of related ef-
fects) at room temperatures, which opens the way
to their practical use [8,9]. The replacement of the
type of transition atoms in the chemical structure
with a little-changing crystal lattice can radically
change the properties of TMDs. Thus, depending
on the number of d-electrons in the transition atom,
the zones in the electron spectrum are filled in var-
ious ways, and the TM Ds can exhibit both metallic
and semi-semiconductor or dielectric properties.
The combination of various types of TMDs with
a similar crystal lattice leads to the formation of epi-
taxial heterojunctions, which can be used in various
electronic devices [10-12].

TMDs are of particular interest for optoelectron-
ics. When the number of layers in a crystal is reduced
to one, semiconductor TMD move from the non-di-
rect band state to the direct band, as a result of which
the frequency of electronic transitions and the effi-
ciency of the corresponding processes associated
with the absorption or emission of photons increase
many times. For example, the MoS, monolayer (one
of the most common representatives of TM Ds) can
absorb up to 20% of the light radiation that affects
it in a certain wavelength range [13, 14]. The mor-
phology of the studied samples has an important
influence on the properties of TMD. The over-
whelming number of works is concentrated on the
study and application of films or separate crystallites
of TMD, the planes of atomic layers in which are
parallel to the substrate (the so-called planar crys-
tallites) [15-17]. However, since the properties of the
TMD of a crystallite depend, among other things,
on its environment (for example, on the charac-
teristics of the substrate in contact with it), TMD
films consisting of crystallites, whose atomic layers
are oriented perpendicular to the substrate, and the
contact between them is limited to a relatively small
area, represent a certain interest. These crystallites
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are called “vertically oriented” crystallites. Films
consisting of a large number of such vertically ori-
ented crystals have a higher specific surface area
and volume of material per unit area of the substrate
compared to planar layers, which can significantly
and qualitatively improve some parameters of devic-
es created on their basis [18, 19].

One of the simplest (and most widely used to date)
methods for producing various two-dimensional
materials, including TMDs, has become the method
of mechanical exfoliation of a bulk crystal [20]. The
TMD planar crystallites obtained in this way have
dimensions up to several tens of micrometers and
have the best structural quality compared to other
methods. The method of mechanical exfoliation
is widely used in the study of the fundamental prop-
erties of planar TMD structures, however, it is not
suitable for use in industrial production due to poor
reproducibility of the results and the impossibility
of scaling such a technology.

The CVD (Chemical vapor deposition) method
is currently considered as one of the most promising
alternative methods for the production of thin-film
transition metal dichalcogenides [21]. Using this
method, it is possible to synthesize materials with
a sufficiently high degree of purity, controlled
by morphology and chemical composition. The
CVD process consists in the formation of mate-
rials as a result of a chemical reaction occurring
on the surface of a substrate in contact with a gas
phase containing the necessary precursors. To ob-
tain TMDs, precursors containing transition met-
als and chalcogens are introduced into the reaction
chamber, usually by thermal decomposition of the
resulting reagents. The advantages of the method
of chemical deposition from the gas phase include
the ability to control the thickness of the film, its
structure and chemical composition, as well as the
ability to precipitate over large areas and surfaces
of various profiles.

The development of this method is necessary
to improve the technology of production of TMD-
based electronics and optoelectronics devices, such
as transistors, solar cells, LEDs and others [10, 12,
22]. The morphology of TMD films, which signifi-
cantly affects all their properties and the possibil-
ity of application, strongly depends on the param-
eters of CVD synthesis. Despite the widespread
use of the CVD method, the synthesis parameters
in most cases are chosen empirically based on fairly
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general initial concepts. In particular, in this re-
gard, it seems necessary to investigate the mech-
anisms of formation of TMD films, including the
identification of the relationship between changes
in their physical properties and the parameters of the
synthesis processes used. A detailed study of the pro-
cess of forming TMD films is also necessary to de-
velop methods for controlled changes in the physi-
cal properties, morphology and structural features
of the materials obtained.

This paper presents the results of an experimental
study of the formation of MoS, and WS, films in or-
der to identify the peculiarities of changes in their
morphological and physical properties when using
a new type of CVD synthesis technique proposed
by us [23], including the use of gaseous hydrogen
sulfide and thermally decomposable Mo or W. The
structural and morphological properties and com-
position of the obtained film materials were ana-
lyzed using scanning electron microscopy (SEM),
Raman spectroscopy (RAMAN) and fluorescence
(FL) spectroscopy. The electrical conductivity of the
samples of the obtained films was also studied.

LOGINOV et al.

2. EXPERIMENTAL PART

For the synthesis of MoS, and WS, films, a new
variation of the CVD method was used, which
we presented earlier [23]. A distinctive feature
of this method is the use of gaseous hydrogen sulfide
and metallic molybdenum or tungsten in the form
of thin filaments as initial reagents.

The reaction chamber with a volume of 5 litres
is pre-pumped by a two-stage rotary vane vacuum

pump to a pressure of 8.0 - 1073 mbar. Hydrogen sul-
fide flows into the reaction chamber through a nee-
dle flow control device. The pressure level in the
reaction chamber, controlled by a Pirani sensor,
is achieved by equalizing the pumping speeds set
by the pre-vacuum pump and the intake of hydro-
gen sulfide through a controlled leak. The synthe-
sis of all samples studied in this work was carried
out at a hydrogen sulfide pressure in a chamber of
8.0-10~! mbar. The flow of hydrogen sulfide enter-
ing the chamber through a quartz tube is direct-
ed to a system of parallel filaments made of Mo or
W. The filaments are attached to metal holders and
heated by an electric current flowing through them of

H_S flow

Fig. 1. The scheme of the method of CVD synthesis of TMD films (MoS, or WS,) used in the work on a substrate in the form of oxidized
silicon using hydrogen sulfide gas (H,S) as pre-cursors and obtained by thermal spraying of metal filaments (Mo or W, respectively)

JETP, Vol. 165, No. 3, 2024
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500—900 mA per filament to a temperature rang-

ing from 1000 to 2000 °C. The temperature of the
filaments is controlled using an optical pyrometer
through the glass lid of the reaction chamber. As a re-
sult of the gradual thermal evaporation of the heated
filaments, a gaseous stream of metal atoms is created,
entrained by a stream of hydrogen sulfide. Hydrogen
sulfide blowing on heated filaments partially decom-
poses into hydrogen and sulfur. The substrate is po-

sitioned perpendicular (or at an angle of up to 40°)
to the total gas flow at a predetermined distance of
5°=30 mm from the filaments. The substrate is at-
tached to a silicon wafer, which also acts as a heater.

Resistive heating of the silicon wafer during cur-
rent transmission allows the temperature of the
substrate fixed on it to be set at a selected level

from room temperature to 1300 °C. The tempera-
ture of the substrate is also controlled by an opti-
cal pyrometer. At the same time, the heterogeneity
of the temperature distribution over the substrate
surface was taken into account using the technique
presented in [24].

Figure 1 schematically shows the method of depo-
sition of TMD films using CVD synthesis in a mix-
ture of metal vapor (Mo or W) and hydrogen sul-
fide (H,S), activated by contact with heated metal
filaments. The example shown in Fig. 1 shows the
use of oxidized silicon (Si(100)) with an oxide layer
thickness (Si0,) of 300 nm as substrate. Other types
of substrates were also used in the work: polished
Si plates with a crystallographic orientation of the
surface (100) and (111); fused quartz plates; fused
quartz plates with a 3 nm thick molybdenum film
deposited by magnetron sputtering; freshly ground
mica; polycrystalline corundum ceramics with a size
of grains 1-10 microns; the same ceramic with a lay-
er of Pt deposited electrolytically.

The possibility of a rapid (characteristic time
of the order of 1 s) and independent change in the
concentrations of precursors in the gas mixture sig-
nificantly distinguishes the method used from the
traditional one using precursors formed, for exam-
ple, by the decomposition of powdered S and MoO,
or WO; [25]. One of the results of this advantage
was the short duration of the formation of a con-
tinuous MoS, coating, which was about 15 seconds,
which is an order of magnitude less than, for ex-
ample, with the traditional method [25]. Also, the
technique used provides the possibility of controlled
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deposition and, accordingly, the study of the process
of film formation, including changes in their struc-
tural and morphological features, at the earliest
stages, which was used in the current work. The rate
of formation of a continuous coating in the CVD
synthesis configuration used by us is determined
by metal flows entering the reaction zone on the
substrate surface (determined by the evaporation
rate of metallic filaments and depends, in particular,
on their temperature) and hydrogen sulfide, as well
as on the distance between the substrate and the fil-
aments. At the same time, as will be shown below,
the deposition results are weakly dependent on the

material and temperature (in the range 500—800 °C)
of the substrate.

To identify and study the various stages of the
formation of MoS, and WS, films, several series
of CVD synthesis experiments were conducted,
differing from each other in the temperature of the
filaments, the flow of hydrogen sulfide and the dis-
tance from the filaments to the substrate at a con-

stant substrate temperature of 780 °C. The obtained
film samples were studied using a scanning electron
microscope (SEM, Supra 40, Carl Zeiss) equipped
with a confocal optical microscope of a Raman
spectroscopy meter (HORIBA LabRam HR Evo-
Iution UV-VIS-NIR-Open) with an Nd : YAG
(532 nm, 14 MW) and a spectrometer for measur-
ing photoluminescence (Horiba Jobin-Yvon Nano-
Log-4), equipped with an InGaAs CCD detector (for
operation in the range of§50—1600 nm) and an R928P
FEU (for operation in the range 180—850 nm).
The electrical conductivity of the films was mea-
sured using a Keithley 6487 pico ammeter.

3. RESULTS AND DISCUSSION

The composition of the deposition products ob-
tained in the course of the conducted studies was
determined by the material of the metal filaments
used (Mo or W). Fig. 1 shows the characteristic
SEM images of MoS, films obtained with a varia-
tion in the deposition duration from 15 to 120 s. Ac-
cording to the data of previous studies [23], as well
as in accordance with the results of Raman spec-
troscopy given below, the composition of the ob-
tained films corresponds to MoS,. In these exper-
iments, single crystal Si plates with an oxide layer
300 nm thick were used as a substrate. The tempera-
ture of the substrates was maintained at 780 ° C.
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Fig. 2. SEM images of MoS, material obtained on oxidized silicon substrates at various durations of the CVD synthesis process: a, b — the
duration of the process is 5 minutes, the incandescent current is 0.77 A per strand, the distance between the substrate and the filaments
is6 and 5 mm, respectively; ¢, d, e, f — current the filament is 0.83 A per filament, the distance between the substrate and the filaments is
5 mm, the deposition duration is 15, 30, 60, 120 seconds, respectively. The arrow indicates the place of formation of a vertically oriented
crystallite. The images were obtained at the same scale, the scale segment in all images is 300 nm

A current of 0.83 A flowed through each of the sev-
en molybdenum filaments with a thickness of 60
microns, which led to their heating to temperatures
of the order of 1500 ° C. The hydrogen sulfide flow
was set in such a way that the pressure in the cham-
ber pumped out by the smart pump was 8.0 - 107!
mbar. The distance from the molybdenum filaments
to the substrate is 5 mm. It can be seen from the
SEM images that even with a minimum deposition
time of 15 seconds, an almost continuous coating
in the form of a smooth film is formed on the sur-
face of the substrate without obvious signs of mor-
phological protrusions (Fig. 2¢). With an increase
in the deposition time, formations protruding above
the main smooth surface, oriented perpendicular
to the substrate, were observed. Plate shape and ori-
entation of such formations relative to the substrate
becomes more pronounced with an increase in the
duration of the deposition process (Fig. 2 d, e, f).
At 120 sec duration, plate formations of nanometre
thickness reach lateral dimensions (along and per-
pendicular to the substrate surface) of 100—200 nm
(Fig. 2 f). To study the earlier stages of the formation
of the MoS, film, CVD synthesis experiments were

conducted in which, to reduce the deposition rate,
the current flowing through each of the seven mo-
lybdenum filaments was reduced to 0.77 A.

With such a filament current and a distance of
6 mm between the filaments and the substrate, coat-
ings were formed in 5 minutes, the characteristic
morphology of which is shown in Fig. 2a. As seen
from the SEM image shown in this figure, the de-
posited material consists of islands of a flat shape
isolated from each other with transverse dimensions
of 50 —150 nm. Some of the islands have a shape
corresponding to the crystalline structure of MoS,.
At the same height, but with a decrease in the dis-
tance between the filaments and the substrate to
5 mm (Fig. 2b), the deposition rate increased, and
the morphology of the film changed. With an in-
crease in the duration of deposition, a gradual merg-
ing of the islets is observed. At the same time, linear
structures are formed in the places of their contact,
which, after filling the main part of the substrate
surface, apparently become the centers of nucleation
of lamellar formations oriented perpendicular to the
substrate and observed, for example, in Fig. 2 d, e, f-

JETP, Vol. 165, No. 3, 2024
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Fig. 3. SEM images of WS, material obtained during synthesis, carried out at different distances between the W - filaments and the
substrate: 5 mm (a); 4.6 mm (b); 4.2 mm (c); 3.8 mm (d). 3.4 mm (e); 3 mm (f). The arrows indicate the places of formation of vertically
oriented crystallites. All images are presented at the same scale, the scale segment is 1 micron

Fig. 4. SEM images of MoS, films obtained on different substrates using the same parameters of the CVD process: polished Si plates
(a); fused quartz plates (b); Mo on fused quartz (c); freshly cast mica (d); corundum polycrystalline ceramics Al,O5 (e); Pt on corundum
ceramics (f). All images are presented at the same scale, the scale segment is 500 nm

Similar changes in the morphology of films
during deposition were observed during synthesis
using tungsten filaments with a diameter of 10 um.
microns. Due to the lower vapor pressure of the
evaporated metal (W) [26], such filaments had
to be heated to high temperatures of the order of

1700 °C, passing a current of 0.42 A through each
of the seven filaments. Fig. 3 shows SEM images
of the obtained WS, films, the deposition process
of which took place on substrates whose plane was
located at an angle to the plane of the filaments.
Thus, the effect of the distance between the sub-
strate and the niches on the deposition rate and,
as a result, on the morphology of the film could

JETP, Vol. 165, No. 3, 2024

be determined on each of the samples. Si plates with
an oxide layer of 300 nm thickness were also used
as substrates. The temperature of the substrates was

set t0 920 ° C, the pressure of hydrogen sulfide in the
chamber was 8.0- 107! mbar, the synthesis time was

8 min. At such parameters, in those areas on the
substrate, the distance to which from the tungsten
filaments was the maximum (5 mm), the growth
of individual WS, crystallites of regular triangular
shape with lateral dimensions of about 1 um was
observed (Fig. 3a). With a decrease in the distance
to the filaments (i.e., at a higher deposition rate), the
WS, crystals, as in the case of MoS, (see Figure 2 d),
began to “collide” with each other, which finally led
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to the formation of a solid film, and the linear struc-
tures formed at the points of contact of the islands
of two-dimensional WS,were used as nucleation
for the subsequent formation of lamellar crystals
oriented perpendicular to the surface of the substrate
(Fig. 3 b,c).

In the areas of the substrate located at short-
er distances to the filaments, the film completely
covered the substrate and there was a pronounced
growth of vertically oriented crystallites (walls)
from their nucleation sites on inter-island (inter-
granular) boundaries. A significant difference in the
growth dynamics of WS, films compared to MoS,
was a significantly lower rate of formation of initial
islands. The size of the WS, crystallites, before they
began to come into contact with each other, was
about 1 um, and the crystallites managed to acquire
a regular triangular shape. The size of the MoS,
crystals before their fusion was almost an order
of magnitude smaller and averaged about 150 nm.

Experiments on the deposition of MoS, films
were also carried out using substrates prepared from
various materials, differing in composition, crystal-
lographic orientation and degree of surface rough-
ness. The following substrates were used: polished
Si plates with crystallographic orientation along
the top (100) and (111); Si(100) plates with an oxide
layer 300 nm thick; fused quartz plates; fused quartz
plates with a 3 nm thick molybdenum film deposited
by magnetron sputtering; freshly ground mica; poly-
crystalline corundum ceramics with a size of rum
grains 1 - 10 um; the same ceramic with a layer of

Pt applied electrolytically. The synthesis process
took place at substrate temperatures of 500—700 °C,
at an incandescent current of 0.83 A molybdenum
filaments, a distance of 5 mm from the substrate
surface to the filaments, a hydrogen sulfide pressure
of 8.0-10~! mbar and a deposition time of 7 min.
As it follows from the SEM images, some of which are
shown in Fig. 4, the morphology of the films obtained
under these conditions was approximately the same
for all types of substrates, regardless of the composi-
tion of the material and the degree of roughness (the
roughness of corundum ceramics and electrolytically
deposited platinum was significantly higher than that
of substrates of other types). When trying to use me-
tallic Ni as a substrate instead of deposition of a MoS,
film, nickel sulfidation with the formation of NiS.
Resistance to hydrogen sulfide at temperatures of
500—800 °C is probably the only limitation when
choosing spoons for producing MoS, films. If this
condition is met, the substrate material does not sig-
nificantly affect the mechanism of formation of MoS,
films.

This, in particular, can serve as a basis for the pos-
sibility of generalizing the results of studies conducted
by various methods (Raman spectroscopy, PL, mea-
surement of electrical resistance) for films grown on dif-
ferent substrates, selected for reasons of convenience
of implementing each specific technique.

The results of the SEM studies revealed
morphological changes in the material obtained
during deposition, which indicate the presence
of certain stages in the formation of TMD films,

JETP, Vol. 165, No. 3, 2024
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the same for both types. Such similarity of the
morphological characteristics of these materi-
als, as well as the morphology of mesoporous
nanographite films, also obtained using CVD [27],
can be explained by their layered atomic structure.
The MoS, samples corresponding to different stages
of film growth were also studied by the Raman spec-
troscopy method. As an example, the Raman spec-
tra for a material obtained on substrates of polished
Si at deposition durations of 15, 30, 60, 90 seconds
are shown in Fig. 5a. The spectra were normalized
to the intensity of the 520 cm™! line corresponding
to silicon. At the same time, in Fig. 5, the spectra
are shifted in the vertical direction for clarity. These
spectra show the characteristic MoS, lines (E; = and
A g—modes), located at frequencies 383 and 407 cm’l,
as well as the Raman line of silicon (521 cm_l),
from which the substrate was made [18]. With
an increase in the deposition duration, an increase
in the intensity of the MoS, lines and a slight shift
of their maxima relative to each other and to the Si
line in the Raman spectra were observed. Figure
5b shows the dependence of the distance between
the maxima of the MoS, lines on the duration of the
stay. Taking into account the fact that the position
of the maxima of the MoS, Raman lines is deter-
mined, among other things, by the number of atom-
ic layers [18], the data presented in Fig. 5b indicate
a non-linear dependence of the number of atomic
layers in the MoS,, crystallites composing the ob-
tained material on the duration of the deposition
process: at the initial stage, the thickness of the
crystallites increases from about 2—3 to 4—5 atomic
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layers, and then, after 60 seconds, the number of lay-
ers decreases.

This relationship between the number of layers
and the position of the Raman spectroscopy lines
correlates with SEM observations, in which at the
initial stages there is a formation and a gradual in-
crease in the transverse dimensions and thickness
of lamellar crystallites while maintaining the pre-
dominantly horizontal position of their constituent
atomic layers. At the second stage, the formation
and growth of MoS, crystallites formed by atomic
layers oriented vertically (i.e. perpendicular to the
substrate) with a smaller thickness corresponding to
2-3 layers is advantageous.

Together with the measurement of the Raman
spectra, the spectra of PLMoS, films were also re-
corded, the characteristic examples of which are
shown in Fig. 6a. The PL spectra were normalized

in intensity to a maximum of the 408 cm™!. Such
normalization makes it possible to take into account
the additive contribution to the intensity of PL, de-
termined by the volume of material falling into the
excitation region. As can be seen in Fig. 6a, the
normalized PL spectra change significantly as the
deposition duration increases. The normalization
coefficients are shown in the figure for each of the
spectra. At short deposition durations (15 —30 s)
two bands with a maximum at wavelengths of 632
and 680 nm are visible in the PL spectra. According
to the literature data, such PL bands are associated
with a B-exciton [28] and an A-exciton (trion) [29].
With a further increase in the deposition time, the
PL spectrum changes significantly: a peak occurs
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at a wavelength of 655 nm, which is associated with
the decay of the A -exciton, and the intensity of the
B-exciton peak decreases significantly.

A further increase in the duration of the precipi-
tation leads to the fact that the intensity of the A-ex-
citon peak increases by several orders of magnitude,
and the peaks of B- and A -exciton cease to be dis-
tinguishable against its background. The noted
modification of the PL spectra can be explained
by the fact that at the initial stages of film growth,
the MoS, crystallites are located mainly parallel
to the substrate, in contact with it with their entire
plane. Such an arrangement is optimal for ensuring
the interaction of the electronic subsystems of the
crystallite and the substrate, which can lead to the
creation of n-type conductivity in MoS, and, as a re-
sult, to a decrease in the intensity of the A-exciton
peak of the PL [30,31].

With an increase in the deposition duration MoS,
crystallites begin to form from linear defects at the
boundaries of flat grains, oriented perpendicular
to the surface, which are connected to the sub-
strate not by the entire plane, but only by a small
area at their end. The lack of effective contact
with the substrate leads to a decrease in the degree
of doping and, consequently, a decrease in the ef-
fectiveness of suppressing the intensity of the A-ex-
citon PL band, i.e., to an increase in the intensity
of this band with an increase in the size of vertically

oriented crystallites. Figure 6b shows the depen-
dence of the maximum intensity of PL (when nor-

malizing the spectrum of PL on 408 cm~! Raman
spectroscopy line) on the deposition duration,
which, as well as the dependence shown in Fig. 55,
has a non-monotonic character, reflecting the
presence of various stages of formation of the MoS,
material.

A further increase in the duration of deposition
leads, as previously shown [23], to a thickening
of vertically oriented crystallites, and a decrease
in the intensity of PL due to the fact that MoS,
ceases to be a straight-band semiconductor with
an increase in the number of layers and electron
transitions with photon radiation proceed at a lower
rate [29].

In addition to the described studies of Raman
spectroscopy and PL, measurements of the elec-
trical conductivity of the formed MoS, material
were carried out directly during the CVD process
(in situ). To do this, two Pt contacts in the form
of nested combs were applied to the surface of the
Al,O, substrate by an electrolytic method. During
the measurement, the current was measured (us-
ing a Keithley 6487 picoammeter) between the
platinum contacts at a constant applied voltage
of 2 V. The graph of the dependence of the flow-
ing current (conductivity) on the deposition time
is shown in Fig. 7a. In this graph, 4 areas are clearly
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distinguished, which indicate the presence of vari-
ous stages of material formation. Region I is charac-
terized by a minimum value of the flowing current,
the value of which is determined by the intrinsic
conductivity of the Al,O, substrate.

In areas II, III, IV, highlighted in Fig. 7a,
a change in the magnitude of the flowing current
was observed, which can be approximated by degree
dependencies with various indicators shown on the
graph presented in double logarithmic coordinates.
The presence of these 4 regions, depending on the
change in the electrical conductivity of the depos-
ited material from time to time, is consistent with
the data on the change on the Raman spectroscopy
(Fig. 5b) and PL (Fig. 6b). At the initial stage, cor-
responding to the region I in Fig. 7a, MoS, crys-
tallites are being formed, isolated (including elec-
trically) from each other. Accordingly, the electrical
conductivity between the contacts on the substrate
turns out to be minimal and unchanged until the
moment when contact occurs between the separate
crystallites and the first cluster of MoS, crystals
connecting two electrical contacts is formed. At the
stage of formation of the material corresponding
to region II in Fig. 7a, the contact area between the
individual crystallites increases, i.e. their gradual
accretion and formation of a continuous film. After
the first continuous channel of electric current flow
from one electrical contact to another through the
MoS, film is formed, the conductivity begins to in-
crease sharply. The observed sharp increase in con-
ductivity can be described using a percolation model
of conductivity, in which the conductivity increases
with an increase in the number of paths of electric
current through the film [32].

This stage can be characterized by a pow-
er dependence with the index B;; =3.6+0.1.
At the stage of formation of the deposited mate-
rial corresponding to region III in Fig. 7a, a fur-
ther increase in electrical conductivity is de-
termined by an increase in the thickness of the
MoS,-film. The recorded current value varies
almost linearly with an increase in the deposi-
tion duration (the step index is By;; =1.0 £0.2).
It can be noted that logical dependencies containing
three stages could be obtained to change the con-
ductivity for carbon nanotube films with an increase
in their concentration [32]. Differences in the expo-
nential dependences for nanotubes (see [32]) and
MoS, plates (see Fig. 7a) are determined, apparently,
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by the fact that the contacts between the nanotubes
are point-like, and for flat MoS, crystallites they are
linear. In addition, during the formation of MoS,
films, a stage corresponding to region IV in Fig. 7a,
at which the increase in electrical conductivity can
be explained by the formation of vertically oriented
crystallites. The contact area of these crystallites
increases with increasing duration of the deposition
process, which leads to an increase in the exponen-
tial dependence of the amount of electric current
flowing between the contacts: B, = 1.266 4 0.003.

After completion of the CVD process, accom-
panied by in situ measurement of film resistance,
the morphology of the samples was analyzed using
SEM. The corresponding SEM images for samples
obtained with a synthesis duration of 500, 120 s are
shown in Fig. 7 a, b. The morphology of the film
obtained at a synthesis duration of 500 s (Fig. 7b)
is identical to films obtained on substrates of oth-
er types (see Fig. 4). At a deposition duration of
120 s (Fig. 7c), noticeable differences are observed,
determined, among other things, by the granular
structure of the Al,O; substrate material: vertically
oriented MoS, crystallites are formed on the surface
in the central part of the Al,O; zone (the lateral part
of the frame in Fig. 7c), however, at the boundary
between the grains (in the center of the frame), the
number of such crystallites is significantly smaller,
and the film corresponds to the structure of MoS,
with the crystalline orientation of the layers mainly
parallel to the substrate surface.

This observation can be explained by the fact that
with a constant flow of gaseous precursors on a sur-
face inclined relative to it, the number of precur-
sor molecules falling per unit area (hence the film
growth rate) is less than on a surface perpendicular
to the gas flow. Thus, in Fig. 7¢, the film at the
grain boundary is still at the final stage of forma-
tion of a continuous film, and the area far from the
boundary is already at the stage of formation of ver-
tically oriented crystallites.

Thus, the data obtained using various tech-
niques (SEM, Raman spectroscopy, PL and in situ
measurements of electrical conductivity) are consis-
tent with each other and, in particular, indicate the
presence of several stages in the formation of matter,
which are schematically presented in Fig. 8 and in-
clude the following stages.

I. Formation of individual crystallites on the
surface of the substrate. The atomic layers in the
crystals are oriented parallel to the surface of the
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Fig. 8. Stages of growth of TMD films: I — formation of isolated islands; II — percolation stage I1I — formation of a continuous film;

IV — nucleation and growth of vertically oriented crystallites

spoon. The absence of contacts between the crystals
leads to a lack of electrical conductivity. In this case,
good contact with the substrate leads to a redistri-
bution of charges and doping of crystallites by elec-
trons, which manifests itself in the predominance
of bands of A~ and B-excitons in the PL spectrum
and suppression of the band associated with the A
exciton. The thickness of such crystallites, in accor-
dance with the data of the Raman spectroscopy is
2—3 atomic layers of MoS,,.

II. The union of crystallites growing along the
surface of the substrate. The increase in the size
of the crystals along the surface of the substrate leads
to the appearance of contacts between them, includ-
ing electrical ones. The resulting electrical conduc-
tivity increases with increasing deposition duration.
However, the thickness of the individual crystallites
remains similar to stage I (2—3 atomic layers).

III. An increase in the number of atomic lay-
ers in MoS, crystals forming a continuous film.
The continuation of the deposition process leads
to an increase in the thickness of the MoS, film,
which is accompanied by an increase in its elec-
trical conductivity and PL intensity, the absence
of an A -exciton peak in the spectrum of which in-
dicates a constant interaction with the substrate and
effective electron doping.

I'V. Formation and growth of MoS, crystallites
oriented perpendicular to the substrate. Linear
structural defects caused by contact of crystallites
growing along the substrate surface serve as centers
of formation of crystallites growing perpendicular
to the substrate. The absence of direct contact with
the substrate leads to the elimination of doping and
the corresponding reduction of the A -exciton peak
in the PL spectrum. The thickness of vertically ori-
ented crystals at the initial stages of their growth is
2—3 atomic layers. As the deposition duration in-
creases, the thickness and lateral dimensions of the
crystallites increase, which leads to a decrease in the
intensity of the A - exciton peak and a shift in its
position to the long-wave region (see [23]).

This model of growth and transition from
the “lateral” morphology of films to the “verti-
cal” can also be used to describe the deposition
of other two-dimensional (layered) materials such
as graphene, hexagonal boron nitride, etc.

4. CONCLUSION

As a result of the work carried out, data were
obtained indicating the presence of several stag-
es in the process of obtaining TMD materials
during deposition from the gas phase. The observed
changes in the PL spectra are consistent with the
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proposed model for the formation of such materi-
als in terms of explaining the manifestation of ex-
citons of various types due to the interaction or ab-
sence of the formed MoS, and WS, TMD crystals
with the substrate. A model has been developed for
the growth of TMD films (such as MoS, and WS,)
during chemical deposition from the gas phase,
in which gaseous hydrogen sulfide and thermally
sprayed molybdenum or tungsten are used as pre-
cursors. The stages of film formation identified for
MoS, and WS, include the following stages: 1) the
formation of isolated crystalline islands; 2) the for-
mation of contacts between expanding crystals; 3)
the formation of a continuous polycrystalline film;
4) the formation and growth of vertically orient-
ed crystallites. Morphological features of the films
at these stages were revealed using raster electron
microscopy (SEM). Based on the results of Raman
and PL spectroscopy, it was found that the average
number of layers in the crystallites of the film varies
nonmonotonously. Until the film becomes solid, the
crystallites consist of 2—3 layers, then the number
of layers grows to 4—5. However, after the formation
of vertically oriented crystallites, their thickness de-
creases again to 2—3 which is reflected in the posi-
tion of the lines in the Raman spectra. The PL spec-
tra also change qualitatively during film deposition.
At the initial stages, the PL spectrum is dominated
by lines associated with the recombination of A"-ex-
citon and B-excitons, however, during the formation
of vertical structures, a new peak appears associated
with the recombination of A -exciton, against which
the initial exciton peaks cease to be distinguish-
able after a certain deposition time. Measurements
of the conductivity of the film during its deposition
also confirm the described model. The dependence
of conductivity on time corresponds to four stages,
which can be compared with the film growth stages
presented in the proposed growth model. The deter-
mination of the stages of formation of TMD films
and the physical properties characteristic of each
of the stages contribute to the development of tech-
nologies for the CVD synthesis of TM D materials
with predetermined properties.
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