Journal of Advanced Research in Applied Mechanics 107, Issue 1 (2023) 11-19

saptan iy

Journal of Advanced Research in
Applied Mechanics

Joumlof
ADVANCED RESEARCH
IN APPLIED MECHANICS

Journal homepage:

SEMARAK ILMU https://semarakilmu.com.my/journals/index.php/appl_mech/index
PUBLISHING | ISSN: 2289-7895

Ab-Initio and Experimental Study of the Electronic and Optical Properties
of Layered 2D Molybdenum Disulphide

Siti Nabilah Mohd Halim?!, Mohamad Fariz Mohamad Taib?, Siti Nur Fatin Zuikafly?, Husni Hani
Jameela Sapingi!, Mohamed Sukri Mat Ali, Hafizal Yahaya?, Fauzan Ahmad®*

1 Malaysia-Japan International Institute of Technology (MJIIT), Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra, 54100 Kuala Lumpur,

Malaysia
2 Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), Shah Alam, 45400 Selangor, Malaysia

ARTICLE INFO ABSTRACT

Article history: Molybdenum disulphide (MoS;) in its two-dimensional (2D) mono- to few layers is
Received 10 March 2023 applied in numerous photonic applications owing to its wide bandgap. In this work, the
Received in revised form 23 May 2023 electronic and optical properties of monolayer MoS; were successfully investigated by

Accepted 30 May 2023

- ! ab initio study through density functional theory (DFT) calculation and experimental
Available online 12 June 2023

work. A 2D monolayer MoS; model was simulated using CASTEP in the framework of
plane-wave pseudopotential. The simulated bandgap is 1.7 eV which is interestingly
close to those determined bandgap of MoS, prepared through the liquid-phase

Keywords: exfoliation method. This confirmed the successful formation of 2D layered MoS; in the
Molybdenum Disulphide; Density proposed fabrication process. The MoS, model also predict well the experimentally
Functional Theory; energy bandgap; derived absorption range which has a significant peak at around ~600 nm wavelength
absorption spectrum ascribed to the excitonic property.

1. Introduction

The energy bandgap of material plays a fundamentally important role in understanding the
interaction of light with matter. Among the numerous types of 2D material besides graphene,
molybdenum disulphide (MoS;) has garnered intense research interest due to its unique layer-
dependent energy bandgap. The large bandgap possessed by MoS, enables a wide potential
application in photonic, optoelectronic, energy storage, supercapacitors and sensors [1,2].

MoS; belongs to the transition metal dichalcogenides (TMDC) family and offers a broad range of
bandgaps from insulating and semiconducting to metallic. The single-layered material with confining
electrons into a single plane led to different properties than the bulk counterpart. Bulk MoS; exhibits
a lower bandgap of ~1.2 eV while monolayer MoS; shows an increasing bandgap of up to around
~1.89 eV [3]. This phenomenon primarily affects its other properties. For instance,
photoluminescence intensity increases by 1000-fold for single monolayer MoS, when compared to
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its bulk form [4]. MoS; also exhibits excellent mechanical strength in its layered form with electronic
properties that can be retained when bent to a specific curvature [5]. Besides, the carrier lifetime of
electron-hole radiative recombination has been recorded at 150 ps up to ~1 ps [6] which is
commensurate with graphene, making monolayer MoS, a promising candidate for ultrashort pulse
laser generation [7].

The possibility of positioning crystals in controlled proximity to attain such mono- or few layers
of MoS; is achievable through the chemical vapor deposition (CVD) technique [8]. Although this
technique allows a high quality of synthesized 2D material form, it requires expensive equipment and
involves a high-temperature procedure [9]. The inevitable structural defects formation during growth
transfer can also be cumbersome. Ellipsometry has been the go-to technique to study the optical
properties of materials in many forms [10-12]. The main challenge when using this technique is
usually in the crucial and time-consuming sample preparation process with ellipsometry requiring
smooth and homogenous sample surface. Errors in the measurements can be introduced and thus
affecting the accuracy of the results if there are irregularities, roughness, and non-uniformity in the
sample. On the other hand, the computational simulation of material modelling is particularly
interesting for studying the ideal 2D layered materials formation without compromising experimental
drawbacks, after which measurement methods such as ellipsometry can be utilized after successful
2D layered material fabrication. In other fields, it may also be used prior to physiochemical synthesis
to study materials compatibility or even used to understand formation of nanoparticles at the
molecular levels [13-15] and hence understanding their potential properties. Ab initio study using
density functional theory (DFT) calculation is a standard tool for materials modelling that can produce
reliable characteristics of materials with adequate exchange-correlation functions and basis sets [16].

In this work, the monolayer MoS; simulation is performed using DFT calculation to analyse the
electronic and optical properties of MoS;. In addition, a facile and straightforward liquid-phase
exfoliation method to fabricate MoS; is experimentally demonstrated. The fabricated MoS; is
successfully characterized with properties similar to the model structure.

2. Methodology
2.1 Ab Initio Simulation

The generated model of MoS; in the form of a monolayer is shown in Figure 1. All DFT calculations
are performed using Cambridge Serial Total Energy Package (CASTEP) based on plane-wave
pseudopotential with the exchange-correlation function described by the Perdew-Burke-Ernzerhorf
(PBE) of the generalized gradient approximation (GGA). An optimized supercell of 3 x 3 is employed
with 15 A vacuum to avoid the periodic interaction during calculation. The cut-off energy for plane
waves is 400 eV with 2 x 2 x 1 k-point for Brillouin zone integration. The conjugate-gradient algorithm
applies an energy of 1.0 x 10> eV and force convergence of 0.01 eV A to relax the ions to the ground
states. The stated parameters are adopted from the previous MoS; studies [3]. Monolayer MoS; is
built up of Molybdenum (Mo) and Sulphur (S) atomic layers in trigonal prismatic configuration, as
shown in Figure 1(b). The average bond length between Mo and S is ~2.409 A.
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(a) (b)

Fig. 1. Atomic structure model of monolayer MoS; (a) top and (b) side view

2.2 Experimental Fabrication of MoS;

MoS; solution is prepared with MoS; powder (99 % purity, Sigma Aldrich) as the starting material.
5 mg of MoS; powder is mixed with 5 ml tetrahydrofuran (THF) as the solvent by using a magnetic
stirrer for about three hours at ambient temperature and 1200 rpm until it homogeneously dissolved.
Since THF is a toxic organic solvent, the solution was carefully mixed using a proper sealed beaker
inside the fume hood as a precaution step. In order to form a free-standing MoS; film, MoS; solution
is then mixed with host polymer chitin and undergoes ultrasonication process in ultrasonic bath for
about three hours at room temperature. The preparation process of chitin solution is reported
elsewhere [17]. The process allows exfoliation of bulk crystal into nanosheet and reducing
crystallinity with a formation of 2D layer. The host polymer binds well with MoS; solution and form
a free-standing MoS;-chitin film which will be further used as based material for pulsed laser
application.

For characterization, Raman spectroscopy measurement by using WITec Alpha 300R with
excitation wavelength of 532 nm is performed to confirm the existence of MoS; structure through
the feature peaks along the Raman spectrum. Meanwhile, the UV-Vis-NIR spectrophotometer (Perkin
Elmer, Lambda 750) is used to characterize the optical transmission and absorption of the samples.
Transmission spectrum measures how much light can pass through the material [18] and its
logarithmic derivation can produce absorbance value with expression given by Eq. (1).

A=2—log(T) (1)

where A is the absorbance and T is the transmittance in percentage. Subsequently, a well-known
Tauc plot relation can be calculated to determine the bandgap (E4) of MoS,. Given that a represents
the absorption coefficient, hv is the photon energy, and n is the nature of transition either 2 or %
depending on the indirect and direct transition, respectively, the Tauc relation can be expressed by

[4]

(ahv)" = A(hv — E,) (2)
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3. Results
3.1 Theoretical Electronic Properties

Figure 2 shows the simulated electronic band structure and density of states of monolayer MoS;
with the dotted line representing the Fermi level. From the band structure, the x-axis represents the
high symmetric points of the Brillouin zone wavevector, while y-axis shows the corresponding energy
values. The bandgap value can be obtained from the difference between the maximum valence band
and minimum conduction band energy located around the Fermi level. The simulated bandgap of
MoS; is recorded to be 1.70 eV which is similar to the previously reported value of ~1.7 eV [3] and
~1.8 eV [19]. As shown in Figure 2(a), the wide gap of monolayer MoS; confirmed the semiconducting
properties with direct transition type at the k-point of Brillouin zone wavevector. In contrast to its
bulk form, monolayer exhibit an inversion symmetry loss that results in interesting properties
especially in the valley Hall effect [20].

The distribution of electronic configurations inside the MoS; structure is computed in details by
the density of states (DOS) as shown in Figure 2(b). The partial density of states (PDOS) shows that
the bottom of conduction band and the top of the valence band consists of p- and d-type
contributions, which is in agreement with studied by [21]. In addition, DOS can be used to understand
the effective dimensionality of the simulated material as the number of occupied electronic states
(N) filled with electrons are constrained within the material’s dimension (D), expressed by N ~ kP [22].
A band edge from the MoS; DOS can be observed especially at the top of the valence band indicating
the characteristic of 2D systems.
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Fig. 2. Theoretical band structure and density of states of monolayer MoS; with Fermi level
equalsto 0 eV
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3.2 Theoretical Optical Properties

Figure 3 shows the simulated real and imaginary part of dielectric function of monolayer MoS;
derived from the Kramers-Kronig relation [3], as expressed by €(w) = €real + Eimaginary- The complex
dielectric function (&) shows dependency to the incident frequency of light (w). It also describes the
dielectric response to the electric field in the medium. The monolayer MoS; has static dielectric
constant of 12 at the important telecommunication wavelength (~0.8 eV) which matches well with
the spectroscopic ellipsometry measurement retrieved from experimental work (€reas > 12) by
Ermolaev et al., [18]. The dielectric constant value is also in agreement with other theoretical work
[3]. The strong dielectric response is comparable to other photonics semiconductors such as Si (~13),
GaSb (~15) and Ge (~18) at the ~0.8 eV or wavelength around 1525 — 1565 nm [18]. The absent of A
and B excitonic peaks in imaginary part spectrum of MoS; is due to the exclusion of excitonic effects
by GW Bethe-Salpeter quasi particle approximation in the simulation.
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Fig. 3. Real and imaginary part of theoretical dielectric function
of simulated MoS;

The optical properties of MoS; are further explored by simulating its absorption spectrum in the
function of wavelength and energy, as shown in Figure 4. The absorption spectrum shows that MoS;
exhibits the highest peak at the visible region of ~678 nm corresponding to the excitonic property
and sharp decay afterward as observed in Figure 4(a). The obtained peaks are similar to the
previously reported mono and few layer MoS; which is high near the visible spectrum of ~500 nm
with a subsequent sharp decay [19]. A prominent peak is also observed at ~222 nm corresponds to
the strong absorption at ultra-violet region. Due to the quantum confinement, the presence of more
than one peak indicates that more than one inter-band transition is involved, and it is found to be
strongly dependent on photon energy [18]. Figure 4(b) shows the variation of the absorption
spectrum of MoS; as a function of photon energy. As shown in the figure, the simulated MoS; possess
strong absorption at ultra-violet region.
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Fig. 4. Theoretical absorption spectrum of simulated MoS; in the function of (a) wavelength and (b) energy
3.2 Experimental Section

Experimental data reveals that the electronic and optical characterization of MoS,-chitin has
relatively consistent values with that obtained simulation work. Firstly, the existence of fabricated
MoS; structure is confirmed by Raman measurement with prominent peaks at around ~371 cm™ and
~395 cm which corresponds to Ezz and Aig. Figure 5 shows that the two Raman peaks for MoS;-
chitin are similarly found in most literature [4,9,17,19,23] without other peaks can be observed
indicating the purity of the MoS;-chitin fabricated from the proposed method.
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Fig. 5. Raman spectrum of MoS;-chitin

Figure 6 shows that the linear optical properties of MoS;-chitin obtained from the UV-Vis-NIR
spectrophotometer. The transmittance of MoS;-chitin gives the absorbance value with A and B
excitonic peaks at 626 nm and 696 nm, respectively, which is well-known characteristic in TMDC
group [17-20], as shown in Figure 5(c). A significant peak at ultra-violet region of ~225 nm is
theoretically consistent with our simulated absorption spectrum of MoS;-chitin. The developed
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MoS;-chitin demonstrates the ability to absorb light in both visible and ultra-violet range of the
electromagnetic spectrum.

Next, the Tauc plot is displayed in Figure 5(d). The bandgap (Eg) is determined from the variation
of (ahv)? against hv. From the graph, the intersection of a tangent line to the x-axis giving a bandgap
value of 1.806 eV. The obtained bandgap value is close to the simulated bandgap from our DFT
calculation with a ~1 % difference. Besides, it is well-matched with the previous experimental
bandgap of 1.8 eV [18]. It can be deduced that the prepared MoS;-chitin has a 2D characteristic owing
to the successful exfoliation technique of bulk crystal into 2D layers during fabrication.
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Fig. 6. Linear optical characterization of MoS,-chitin; (a)
absorption spectrum and (b) Tauc plot

4. Conclusions

In summary, both theoretical and experimental study has successfully investigated the electronic
and optical properties of MoS,. As evidenced by the theoretical study, the bandgap of MoS; is
recorded at 1.70 eV with absorption spectrum ranging from visible to ultraviolet region. Overall, the
predicted results from simulated MoS; align with the experiment. The obtained results can be helpful
in many photonic applications that employ MoS; as the base material.
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