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MoS2 is a promising candidate for next-generation electrical and optoelectronic devices. The use of chemical vapor deposition 
allows obtaining high-quality MoS2 monolayers on a diamond substrate. However, it is not clear how firmly the MoS2 
monolayer is held on the diamond substrate at a high temperature and how the structure of the MoS2 monolayer changes 
after its deposition on the diamond substrate and subsequent heating on it. In this paper, the molecular dynamics method 
is used to study the stability of single-layer MoS2 in the temperature range of 250 – 550 K. The molybdenum disulfide film 
on a diamond substrate structure is studied by constructing Voronoi polyhedra. Polyhedra were built around Mo atoms, 
and faces are formed by neighboring S atoms. The distributions of polyhedrons by the number of faces were found.  
These distributions were also calculated for truncated polyhedra obtained by eliminating small geometric elements.  
A comparison of the obtained statistical distributions for a MoS2 monolayer on a diamond substrate with the corresponding 
characteristics of an autonomous monolayer MoS2 indicates a significant change in the structure of the monolayer. This 
change is a result of its deposition on the diamond substrate. When the temperature reaches 550 K, the MoS2 film is completely 
separated from the substrate. There is a singularity near this temperature, which indicates the thermal instability of the system 
under investigation.
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MoS2 является перспективным материалом для  создания на  его основе устройств в  отраслях электроники 
и  оптоэлектроники. Использование метода химического осаждения из  газовой фазы позволяет получать 
высококачественные однослойные пленки MoS2 на  алмазной подложке. Однако, остаются открытыми вопросы 
касающиеся прочности сцепления MoS2 с подложкой при высокой температуре, а также особенностей структурных 
изменений MoS2 после его осаждения на  подложку и  последующем росте температуры. В  настоящей работе 
методом молекулярной динамики была исследована устойчивость однослойного MoS2 в  диапазоне температур 
250 – 550  К.  Структура пленки дисульфида молибдена на  алмазной подложке изучалась методом построения 
многогранников Вороного. Многогранники строились с  центром в  атомах молибдена так, что  соседние атомы 
серы образовывали грани. Найдены распределения многогранников по  числу граней. Эти распределения были 
также рассчитаны для  усеченных многогранников, полученных методом исключения малых геометрических 
элементов. Сравнение полученных статистических распределений для  монослоя MoS2 на  алмазной подложке 
с  соответствующими характеристиками автономного MoS2 указывает на  значительное изменение структуры 
монослоя. Это изменение является результатом осаждения дисульфида молибдена на алмазную подложку. В случае 
достижения системой температуры в 550 К пленка полностью отделяется от подложки. При данной температуре 
исследуемая система становится термически не устойчива.
Ключевые слова: алмаз, молекулярная динамика, дисульфид молибдена, устойчивость.
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1. Introduction

Molybdenum disulfide (MoS2) is a semiconductor with 
a bulk band gap above 1.2  eV [1], which can be further 
modified by changing its thickness [2]. The change in the 
band structure with the layer number is due to quantum 
confinement and the resulting change in hybridization 
between pz orbitals of sulfur atoms and d-orbitals on Mo 
atoms. This final band gap is the key cause of excitation 
around MoS2 compared to graphene, since graphene has 
a zero band gap unless strain [3] or other gap-opening 
engineering is performed [4]. Because of its direct band 
gap, as well as its well-known properties as a lubricant, 
MoS2 has attracted considerable attention lately [5, 6]. 
The atomic-level mechanism for the growth of MoS2 phases 
by sulfidation of MoO3 crystals was identified in [7].Porous 
carbon and carbon nanotubes can be used as electrodes of 
lithium-ion batteries (LIB) and supercapacitors, especially 
in combination with organic electrolytes [8, 9]. The use of 
MoS2 as an anode for LIB will significantly increase the 
capacity of batteries [10].

Monolayer MoS2 has not only a direct band gap 
(~1.8  eV), but also a high mobility of carriers [11,12].  
The electronic, optoelectronic, and mechanical properties 
of MoS2 nanosystems have been determined theoretically 
[12 –14]. Experimentally, monolayer MoS2 transistors have 
been demonstrated, which show high performance, for 
example, mobility of at least 200  cm2 V−1 S−1 and on / off 
ratios at a room temperature of 1×108 [12,13]. These studies 
show that monolayer MoS2 can be an ideal electronic and 
optoelectronic material. However, the thermal conductivity 
of MoS2 is much lower, which can cause problems with its 
thermal stability and limit the development of devices based 
on this nanomaterial [12,13].

Extremely high hardness and thermal conductivity, 
radiation and chemical resistance, optical and electrical 
characteristics, as well as a number of other parameters 
make the diamond very promising for use in traditional and 
developing electronic technologies. Monolayer MoS2 on 
a diamond substrate can be used to fabricate a field effect 
transistor (FET). Diamond films on silicon having an average 
crystallite size of ~1  μm can be obtained by thermal gas-
phase deposition [15]. Diamond has a band gap ~ 6 eV [16]. 
The energy of formation of an electron-hole pair in diamond 
is very large (~10  eV), which is 2.8 times higher than in 
silicon. Estimates give a value of 1800 – 2200 cm2 V−1 S−1 for 
the mobility of electrons in diamond, which is noticeably 
higher than in silicon (1500 cm2 V−1 S−1). On a diamond 
substrate, films of various two-dimensional materials can 
be grown. The main purpose of MoS2 on diamond wafers 
can be its use in thermal-management schemes for high-
power semiconductor devices. Since diamond transports 
heat equally well in all three dimensions, it can act as an 
excellent heat spreader. MoS2 on diamond plates should 
dramatically reduce thermal resistance and, in turn, the gate 
temperature of semiconductor devices, leading to a higher 
power density.

The aim of this work is to study the structure and thermal 
stability of a monolayer MoS2 film on a diamond substrate in 
the temperature range 250 ≤ T ≤ 550 K.

2. Computer model

Using the LAMMPS program, calculations at each 
temperature were performed by the classical molecular 
dynamics [17]. A key element of molecular dynamics 
modeling is the selection of anappropriate empirical 
potential. In this paper, to describe the interaction of Mo and 
S atoms in the structure of MoS2, the many-body potential of 
the Stillinger-Weber type is used [18]. The weak van der Waals 
interaction of molybdenum disulfide and the substrate was 
described by the Morse potential, which decreases rapidly 
with distance [19]. The C atoms of the diamond substrate 
were immovable. Therefore, the interactions of C-C were 
not taken into account, which was justified, because the 
interaction between the substrate and the MoS2 film was 
weak. This significantly reduced the calculation time without 
affecting the simulation result.

The simulation was performed in the following order.  
At the beginning of the simulation, a MoS2 layer, measuring 
3.79 × 4.1  nm, was located on a diamond substrate at a 
distance of 0.351  nm. This distance is somewhat larger 
than the S-C distance (0.334 nm) between the plane of the 
S  atom of the MoS2  film and the graphene sheet adjacent 
to it that was determined by ab initio calculations in [20].  
The calculations were performed using a system of 
2040 atoms (1440 C atoms, 400 S atoms, and 200 Mo atoms).  
The C atoms in these calculations remained immobile, 
but interacted with the Mo and S atoms. The fixation of 
the C atoms of the substrate should not have a large effect 
on the simulation result. The highest of the temperatures 
we considered was only 11 % of the diamond “melting” 
temperature. In fact, heating up diamonds under the pressure 
of 0.1  MPa turns them into graphite first. Only further 
heating would cause “melting”. “Liquid diamond” could be 
achieved under the pressure of about 10 GPa and temperature 
of 5000 K. Therefore, thermal vibrations of diamond atoms 
even at T = 550 K can be neglected. This conclusion is also 
confirmed by the fact that the bonds between carbon atoms 
in diamond are much stronger than the bonds between the 
Mo-Mo, S-S or Mo-S  atoms. Such an approximation has 
already been used by us in models adequately representing 
the migration of Li+ ions through graphene membranes 
with holes [21, 22], also in the simulation of silicene on 
pyrolytic graphite [23]. In addition, this carbon substrate 
can be considered as part of an infinitely large flat C system, 
without resorting to periodic boundary conditions (PBC).  
The boundary conditions used make it possible to observe 
the behavior of the edges of the film on the substrate when 
the temperature changes. In the present model, the diamond 
substrate was turned to a MoS2 film by the (001) plane.  
The time step t∆ was 0.1  fs. This is a typical time step 
used to model low-dimensional systems with a complex 
interaction of atoms of various types [24 – 26]. The use of a 
larger time step leads to an increase in temperature during 
the calculation.

In 10 ps (100000 t∆ ), the system relaxed to a state with 
a predetermined temperature reaching the minimum value 
of internal energy. Further, the temperature was raised to 
the required temperature (from 250 K to 550 K) for 40 ps. 
Then, the system was in the state under the conditions of 
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the NPT ensemble (at P = 0.1 MPa) created by the Nose — 
Hoover barostat for 100 ps. The temperature dependence of 
enthalpy was determined in molecular dynamic calculations 
in the NPT ensemble. The isobaric heat capacity as a 
function of temperature cp(T) was calculated by numerical 
differentiation of this dependence. The calculations were 
performed both for an autonomous monolayer of MoS2 and 
for MoS2 on a diamond substrate. Eight processors were used 
in calculations that were performed on the “Uran” cluster 
at the Institute of Mathematics and Mechanics of the Ural 
Branch of the Russian Academy of Sciences. The duration of 
all calculations was 35 hours.

Structural analysis of small objects can be carried out using 
the statistical geometry method, based on the construction of 
the Voronoi polyhedra (VPs) [27]. In the case of a polyatomic 
system, atoms of one type may play the role of polyhedron 
centers, while atoms of another type may serve as their 
nearest neighbors, determining the polyhedron faces [28].  
For example, in the case of the MoS2 system, it is advantageous 
to use molybdenum atoms as the centers and select the nearest 
neighbors among the S  atoms. These hybrid polyhedra are 
easier to construct since the number of S atoms is twice that 
of the Mo ones. However, in the case where different sizes 
of atoms are used, the hybrid polyhedra are not Voronoi 
polyhedra, since they fail to fill completely all of the space 
occupied by molecules without voids and overlaps.

The VP faces determine the cyclic structures formed 
from Mo atoms, while hybrid polyhedron faces determine 
rings composed of S atoms. However, there is another way 
to construct the VPs in a multicomponent system when 
the sizes of all atoms are the same. Here we will not take 
into account the difference in the sizes of Mo and S atoms 
in the VP construction, and we will construct VP for Mo 
atoms when the geometric neighbors are only S  atoms.  
The polyhedra were constructed through every 1000  time 
steps around 162  Mo atoms. Mo atoms forming the edges 
of the sheet did not participate in the construction of 
polyhedra. The absence of boundary atoms among the 
centers of polyhedra avoids a situation when there is not 
a single atom S in the half-space considered for Mo atom.  
In this case, the polyhedron can be constructed in the 
presence of four or more neighboring S atoms, that is, under 
the condition realized in the model.

A sufficient condition for the thermal stability of a 
homogeneous system with respect to small changes in 
thermodynamic parameters with constant thermodynamic 
forces is defined as [29]
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where N is the number of C atoms on the lower surface of the 
MoS2 monolayer, rS Ci −

min  is the minimum distance between the 
i atom S of the lower surface of the MoS2 monolayer and the 
surface of the diamond substrate.

The cohesive energy between the mono-layer MoS2 film 
and the graphite substrate was calculated by the formula:

	          E E E Ecoh � � � �MoS C C MoS2 2
,		  (3)

where EС+MoS2
, EMoS2

, and EС are the total energies obtained, as 
a result, of calculations for two-dimensional molybdenum 
sulfide on a graphite substrate, MoS2 and a substrate, 
respectively.

3. Results

The MoS2 configuration on a diamond substrate, obtained 
at a time of 100 ps in a MD calculation at T = 550 K using 
an NPT ensemble, is shown in Fig.  1. It is seen that the 
MoS2 film turned out to be quite far from the substrate.  
In other words, the substrate practically lost its supporting 
function, and the film actually became autonomous.  
No significant damage to the film at this instance can be 
traced; the film retains its crystalline structure. However, 
the surface of the film (especially the lower one facing the 
substrate) is no longer ideally flat, although the vertical 
deviation of the extreme S atoms in the film from the mean 
z-coordinate of the entire film is not large (< 4 %).

The monolithicity and structural distortions of the 
film were verified using the method of statistical geometry, 
which is very sensitive to changes in the local order in the 
arrangement of atoms. In this case, this method was based 
on the construction of hybrid polyhedra. All the statistical 
distributions of the polyhedron elements obtained in the 
temperature interval turned out to be similar.

The Mo atoms in our system with substrate have a 
wide n-spectrum of geometric neighbors (Fig.  2 a), which 
is primarily due to the almost flat arrangement of S atoms 
in the upper and lower planes adjacent to the plane of the 
metal atoms. The maximum of this distribution is at n = 25. 
Consequently, approximately twelve S atoms in each of the 
planes are most often the nearest neighbors of the Mo atom. 
Most of these neighbors do not have a strong Mo-S bond. 

Fig. 1. A monolayer MoS2 film on a diamond substrate at the time 
moment of 100 ps and a temperature of 550 K. The distance between 
the MoS2 film and the diamond substrate is 0.41 nm.
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The n-spectrum of autonomous MoS2 is significantly 
different from the corresponding MoS2 spectrum on the 
substrate, in particular, the distribution maximum is shifted 
by n =18.

True polyhedra give a wide n-distribution (according to 
the number of faces), while for truncated polyhedrons this 
distribution is narrower and shifted to the left (Fig.  2 b).  
Note that in either case, the n-distribution for autonomous 
MoS2 differs markedly from the corresponding distribution 
for a MoS2 monolayer on a diamond substrate. The character 
of the intensities in the n-distributions of the polyhedra of 
the autonomous MoS2 varies, but the width of the spectra is 
unchanged.

During the simulation, the monolayer MoS2 was peeled off 
from the substrate material (Fig. 3). If the distance hg between 
MoS2 and the substrate material was 0.351 nm at T = 250 K, 
then at 350 K it increased by 0.03 nm, and at a temperature 
of 550  K it was 0.41  nm. An increase in temperature is 
accompanied not only by an increase in the distance from the 
film to the substrate but also by a reduction in the binding 
energy between them. The cohesive energy Ecoh between the 
MoS2 film and the substrate increases with temperature.  
This increase amounted to 0.68 eV with a temperature change 
from 250 K to 550 K (Fig. 3).

Both dependences in Fig.  3 show significant growth 
at T > 500  K.  In order to understand the cause for these 
changes, we calculated heat capacity cp as (∂H / ∂T)p of 
the “MoS2‑diamond substrate” system for each of the 
temperatures considered here.

To compare the calculated enthalpy of MoS2 with the 
experimental value, we determined its difference ΔH from the 
formation enthalpy at the reference temperature of 298.15 K. 
The ΔH value obtained by us was −264 ± 22 kJ / mol, whereas 
this value for such a real system was −285 kJ / mol [30].

The temperature dependence of the criterion for the 
thermal stability T / cp of the MoS2 film on a diamond substrate 
is shown in Fig. 4. Deformation of the MoS2 film is due to the 
inherent lattice mismatch of the diamond and molybdenum 
disulfide. The gap between the film and the surface increases 
with increasing temperature. At a certain temperature 
T* = 550  K, the heterostructure loses stability due to the 
detachment of the Si film from the diamond surface.

4. Discussion

Thin-layer MoS2 is well suited as a channel material in 
field-effect transistor applications [12,13]. It exhibits high 
mobility, almost ideal switching characteristics and low 
standby power dissipation. The mobility of the MoS2 FETs 
could be significantly improved by using HfO2, as gate 
materials. Recently developed field-effect SiC transistors can 
function fairly stablyat 723 K for 600 hours [31]. According 

			           a 							                   b
Fig. 2. Distribution of hybrid polyhedra by the number of faces in an autonomous MoS2 film and that on a diamond substrate at a temperature 
of 550 K: (a) true polyhedra, (b) truncated polyhedra.

Fig. 3. Temperature dependence of mean distance and cohesion 
energy between MoS2 and substrate; statistical errors in simulations 
are shown in error bars.

Fig. 4. Temperature dependence of the isodynamic thermal stability 
coefficient; T* is the temperature loss of thermal stability.
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to the data obtained by us the “MoS2‑diamond” field-effect 
transistor can operate only at temperatures lower than 550 K.  
The gap hg between the MoS2 film and the diamond substrate 
is the most pronounced change with increasing temperature. 
This value increases by 19 % when the temperature changes 
from 250 K to 550 K.

Even at the lowest temperature (250  K) the MoS2 film 
took on a wave form. As the temperature increased over 
the middle of the substrate, a “hump” or “troughs” of the 
film could be found, but at 550 K the film was substantially 
straightened, so that its wave-like profile was almost invisible.

The isobaric specific heat for monolayer MoS2 on 
diamond, calculated within the framework of the NPT 
ensemble, has a maximum of 300 K. A distinctive feature of 
the consideration of the specific heat of the film is that in the 
enthalpy it is necessary to include not only the enthalpy of 
the volume phase, but also the surface enthalpy introduced in 
due time by Guggenheim [32]

		         H H Hb s� �
			   (4)

Since the pressure p does not belong to the parameters 
of the nonautonomous surface phase, the surface enthalpy 
coincides with the excess surface energy

		            
H u Ss s� � ,			   (5)

here us is the specific total surface energy, S is the surface area 
of the film. Taking into account (3) and (4), the expression 
for the specific heat can be written in the form

	         c c c c u S
Tp p

b
p
s

p
b s� � � �� �

( ) ( ) ( ) ( ) ,		  (6)

where cp
(b) is the volume part of the specific heat, cp

(b) > 0.
The area of the entire surface can be expressed in terms of 

the number N of atoms and the density ρ of atoms
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where Lz is the thickness of the film, which varies more 
slightly with an increase in temperature than the horizontal 
dimensions Lx and Ly of the film. Therefore, the lateral surface 
of the film is neglected.

Expressions for the surface enthalpy and its temperature 
derivative are written as follows:
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The first term in expression (9) is negative and decreases 
with increasing the temperature much faster (more rapidly 
than linearly) than the positive second term (in curly brackets) 
increases [33]. Such a change in the derivative (∂us / ∂T) is 
associated with the formation of a wave-like profile of the 
film at high temperatures. The vertical displacement of atoms 
in the film sharply reduces its elasticity in the horizontal 
direction. The limit of thermodynamic stability is reached 
when the absolute values of the contributions (∂Hb / ∂T) and 
(∂Hs / ∂T) to the heat capacity become equal.

5. Conclusions

In this paper, we have considered the possibility of using a 
monolayer MoS2 film on a diamond substrate in electronic 
devices, such as a field-effect transistoror a heat-generating 
gate junction. The detailed structure and thermal stability 
of such a film were studied in the temperature range of 
250 ≤ T ≤ 550  K.  We showed that the structure of a MoS2 
film on a diamond substrate differs from that of an MoS2 
autonomous monolayer. At the same time, the structure of 
the film on the substrate is not very sensitive to temperature 
changes. However, the thermal stability of the “MoS2‑diamond 
substrate” system decreases with increasing temperature. 
This is due to a significant increase in the distance between 
the film and the substrate as the temperature rises. Finally, at 
a temperature of 550 K, the film completely separates from 
the substrate. Using a MoS2 film on a diamond substrate at a 
temperature of 550 K and above can lead to the folding of the 
film and disrupting the operation of the electronic device.
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