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Abstract. The transport properties of semiconductors are key to the performance of many
solid-state devices (transistors, data storage, thermoelectric cooling and power generation
devices, etc). In recent years simulation tools based on first-principles calculations have been
greatly improved, being able to obtain the fundamental ground-state properties of materials
accurately. The quasi harmonic thermal properties of bulk and monolayer of MoS, has been
computed with ab initio periodic simulations based of density functional theory (DFT). The
temperature dependence of bulk modulus, specific heat, thermal expansion and gruneisen
parameter have been calculated in our work within the temperature range of 0K to 900K with
projected augmented wave (PAW) method using generalized gradient approximation (GGA).
Our results show that the optimized lattice parameters are in good agreement with the earlier
reported works and also for thermoelastic parameter, i.e. isothermal bulk modulus (B) at 0K
indicates that monolayer MoS; (48.5 GPa)is more compressible than the bulk structure (159.23
GPa). The thermal expansion of monolayer structure is slightly less than the bulk. Similarly,
other parameters like heat capacity and gruneisen parameter shows different nature which is
due to the confinement of 3 dimensional structure to 2 dimension (2D) for improving its
transport characteristics.

1. Introduction

Molybdenum disulfide MoS, is a 'layered' transition metal dichalcogenide (TMD) in its bulk state with
an indirect band gap has attracted many of the researchers for its various electronic and catalytic
applications [1-5]. The crystal structure of MoS; is similar to graphene, having Mo and S atoms
stacked together forming a sandwich where S-Mo-S sandwiches are bonded with weak Van-der-Waals
forces. The 2D materials possess unique properties. Hexagonal boron nitride (h-BN), graphene, MoS.,
MoSez, WSez, WS, etc TMDs offered promising candidature for novel nanoelectronics, large band
gap insulators, semiconductors and semimetals [6-10]. In particular, 2D semiconductors show high
bendability, high on-off current ratio that offers low power consumption and flexible electronics for
future generations [11-15]. The confinement of bulk MoS; from ploy layer to monolayer has shown
drastic improvements in its transport mechanism as its monolayer gives a direct semiconducting band
gap which makes it an efficient candidate for thermoelectric, optical, and many other application
areas. However, a great amount of work has been carried out in the research filed for its electronic,
optical and vibrational properties but very less is available regarding its thermodynamic properties
under the temperature change. In the present work, we have explored the temperature dependent
thermodynamic nature of MoS; in bulk and monolayer both. In the following sections, the results
obtained in our study for isothermal bulk modulus (B), specific heat (Cp), thermal expansion
coefficient (o) and gruneisen parameter with temperature variation has been discussed.
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2. Computational details
In the present work, all the calculations are performed using PWSCF code [15] based on DFT. Using
the plane-wave pseudopotential method and employing the generalized gradient approximation (GGA)
[16]. The all electron projector augmented wave (PAW) method [17]was employed with a plane-wave
cutoff energy of 55 Rydberg. The k-point samplings with 11x11x7 for bulk and 9x9x1 for monolayer
structures has been used after convergence test in the Brillouin zone using the Monkhorst-Pack
scheme [18].The total energy convergence tests showed that convergence to within 1 meV/atom was
achieved with the above calculation parameters. To simulate the monolayer of a vacuum of 20A is
included along Z direction to avoid any interactions between the periodic images. In order to
investigate the thermodynamic properties, we have used quasi harmonic approximation (QHA) as
implemented in Phonopy code [ 19], which includes the phononic effects. This model is very quick
and easy, and it has been successfully applied to predict the thermodynamic properties of some
materials [20, 21].

The isothermal bulk modulus (B), specific heat (C,), thermal expansion coefficient (o) and
gruneisen parameter (y) in QHA are defined by the following relations [22, 23]
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where, E is the total energy per unit cell, V is the unit cell volume, C.is the specific heat at constant
volume, and T denotes the temperature.

3. Results and discussions

The crystal structure shown in figure 1, of MoS; is hexagonal (honeycomb). The space group of bulk
MoS; is P3ml (point group Den) and that is of the single layer is Pém2 (point group Dsn). To obtain the
ground state structure of both (bulk and monolayer MoS,), we have fully relaxed the lattice constants
and atomic coordinates by using a DFT code Quantum Espresso [16], and obtained a=3.17 A and
c=11.79 A for bulk and a= 3.15 A for monolayer structure, which is in good agreement with the
available literature [24, 25]. Phonopy [19] based on QHA has been used to calculate the
thermodynamic quantities. The variation of isothermal bulk modulus (B) with temperature is shown is
figure 2(a). It can be seen that with upto 300K, B is nearly unchanged for both the structures, but on
further increasing the temperature, for bulk structure, B start to decrease and in monolayer structure
this decreasing trend is very nominal. This is due to the change in the equilibrium volume of the
compound. The different variation trends in bulk and monolayer reveals the fact that the rigidity in
bulk structure is along the z-direction, where atoms are interacting under Van-der-Waals interactions
[26]. This provides hardness to the bulk and high bendability to the monolayer structure of MoS,. One
of the most important thermodynamic properties is specific heat of the material, as it provides
information about many applications and vibrational properties. The response of Cpwith temperature
can be seen in figure 2(b). Upto 400K, Cpincreases with increasing temperature and it is noteworthy,
for T>400K, it is tending to a converging value which is called as Dulong-Petit limit. For low
temperatures i.e. T<I00K, it follows the T® law. In the QHA model, the Gruneisen parameter y
describes the anharmonic effects of the crystal lattice thermal vibration [24, 25]. It is observed from
figure 2(c) for both structures, the effect of temperature over y is not much significant. At T> 150K, y
reaches to a constant value in both structures, i.e. 1.25 for bulk and 1.19 for monolayer. The
temperature dependence of thermal expansiona, is presented in figure 2(d). It is observed that it
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increases rapidly with T upto 400K. And after that, it gently increases at further high temperatures.
The values obtained of each thermodynamic quantity at 300K, is listed in table 1.
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Figure 1. Error! No sequence specified.
crystal structure of MoS;
(top view)

Figure 2. Thermodynamic response of bulk and
monolayer of MoS; in the temperature
range OK<T<900K

Table 1. Thermodynamic quantities of bulk and monolayer MoS; at 300 K

Quantities Bulk Monolayer
B (GPa) 158.3 47.9
Cp(J/mol K) | 62.23 30.76

Y 1.25 1.17

a(10¢ K') |78 7.2
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