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Two dimensional (2D) materials are currently gaining a lot of interest due to excellent properties that are different from their bulk
structures. Single and few-layered of Transition metal dichalcogenides (TMDCs) have a bandgap that ranges between 1-2 eV, which
is used for FET devices or any optoelectronic devices. Within TMDCs, a ton of consideration is focused on Molybdenum Disulfide
(MoS2) because of its promising band gap-tuning and transition between direct to indirect bandgap properties relies upon its thickness.
The density functional theory (DFT) calculations with different functionals and spin-orbit coupling (SOC) parameters were carried out
to study the electronic properties of bulk and monolayer MoS.. The addition of SOC brought about a noteworthy change in the profile
of the band energy, explicitly the splitting of the valence band maximum (VBM) into two sub-bands. The indirect bandgap in bulk
MoS: ranges from 1.17-1.71 eV and that of the monolayer bandgap was 1.6-1.71 eV. The calculated parameters were compared to the
obtained experimental and theoretical results. The obtained density of states (DOS) can be used in explaining the nature of bandgap in
both the bulk and monolayer MoS:. These electronic characteristics are important for applications in material devices and energy-
saving applications.
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One of the greatest discoveries in science is the successful flaking of graphene into a 2D sheet of carbon in 2004 by
Novoselov et al [1]. Graphene exhibits excellent mechanical, electronic, and physical properties. It’s unanticipated Zero
bandgap limits its applications [2, 3]. The introduction of graphene has resulted in a great interest in other 2D materials
such as phosphorene [4], silicone [5], TMDCs [6], and monochalcogenides [7, 8], creating huge attention in
Nanoelectronic and optoelectronic devices [9-11]. From the various available 2D materials, 2D TMDCs exhibits superb
physical properties like large bandgap which is needed in Photocatalytic water splitting [12,13].

Layered TMDCs materials are the best candidates for 2D materials because their bandgap lies between 1 to 2 eV [14].
Within the TMDCs, MoS, is the most sought for due to its industrial application starting from the use in lubricant [15],
energy storage [16], photovoltaics [17], and catalyst [18]. Bulk MoS; is a semiconductor having an indirect bandgap of
1.23 eV, with its monolayer possessing a direct energy bandgap of 1.8 eV [19]. The electronic structure undergoes an
excellent transition upon exfoliation from the bulk [1, 19-23]. Currently, field-effect transistor (FET) based on single-
layer MoS; using HfO, as a gate insulator has been experimentally implemented [21]. These extraordinary properties
have made monolayer MoS; an interesting material in optoelectronic devices and next-generation FET. Also, the transition
from indirect to direct bandgap upon thinning shows excellent photoluminescence in 2D monolayer [24]. Albeit various
brilliant investigations have been performed on the basic and electronic properties of MoS, [25-28]. The size-subordinate
tunability of the electronic properties makes MoS, a novel material for nanoscale field-effect transistors and optical
sensors [29-31]. However, as far as we could possibly know, the impact of SOC on both bulk and monolayer MoS; band
structure has not been widely examined.

In this study, the band structure of bulk and monolayer MoS, were numerically investigated by the plane-wave based
CASTEDP, and local density approximation (LDA) and generalized gradient approximation (GGA) exchange-correlation
functional were used. The influence of the spin-orbit coupling (SOC) effect on the electronic energy band structure of
both monolayer and bulk MoS, has also been calculated in this study. Our results indicate that both bulk and monolayer
MoS; materials are very good candidates for Opto- and spintronic device applications.

COMPUTATIONAL METHOD

First principle’s calculation based on the pseudopotential plane-wave method [32] is executed in the Cambridge
serial total energy package (CASTEP) [33]. This method has been used to study the electronic properties of monolayer
Gel [34] and bulk and monolayer WSe,. The generalized gradient approximations (GGA) of Perdew-Burke-Ernzerhof
(PBE) and Local density approximations (LDA) functional [35, 36] including the spin-orbit coupling (SOC) [37] for
exchange-correlation interactions. Furthermore, norm-conserving pseudopotential was used in the treatment of ion-
electron exchange. The energy cut off for all calculations in this work was 700 eV, for both bulk and monolayer MoS, a
k-points separation of 0.015/angstrom and SCF tolerance of 1.0x10™° eV/atom were employed. The electronic minimizer
was set to all bands/EDFT. Generally, the density mixing is the proposed choice for electronic minimizer, but to perform
the calculation with SOC effect, the required electronic minimizer is set to all bands/EDFT in order to make a meaningful
© M. Gyan, F.E. Botchway, J. Parbey, 2020
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comparism. The Monkhorst-Pack K-point was set to 7x7x7 and 7x7x1 for bulk and monolayer respectively. For
monolayer MoS; case, we created 20 A vacuum along Z axis in order to prevent any interaction between the layers. The
pseudo atomic calculation performed for S:3S*,3P* and Mo: 4d°,5S" . The simulation of the band structure is performed

in high symmetry direction ' - M — K -T.

RESULTS
Structural parameters
Molybdenum disulfide has a hexagonal crystal structure linked to space group P 6_3/mmc (194). The structure is
made up of the stacking of three atomic layers S-Mo-S layer. Monolayer MoS; has a single S-Mo-S layer as shown in
Fig. 1b, whiles the bulk MoS, has a two-layer monolayer MoS, with one-layer Mo atoms place on top of the Sulphur
atoms of the other layer, illustrated in Fig. 1b. From geometry optimization, the lattice constants for bulk MoS; are 3.192A
in a and b axis and 12.478 in the c-axis. The monolayer slab was cleaved in 001 direction and a vacuum layer of 20A.

Figure 1. A ball and stick model of one-unit cell of the (a) bulk MoS: and (b) Monolayer MoS:.
The blue atoms represent the Mo atoms, and the yellow atoms represent the S atoms.

Electronic properties and density of states
A series of calculations were performed on the bulk and monolayer MoS, with LDA CAPZ and GGA PBE
functionals incorporated with or without SOC. The electronic band pattern of monolayer MoS, as shown in Fig. 2 has a
direct bandgap situated at K — K of k point.
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Figure 2. Band structure of (a)-monolayer MoSz PBE without SOC, (b)-Monolayer LDA CAPZ without SOC, (c)-Monolayer MoS:
PBE with SOC, (d)-Monolayer MoS2 LDA CAPZ with SOC
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This transition in bandgap makes monolayer MoS; applicable to different devices. Interestingly, all the calculations
either with or without SOC captures the direct bandgap feature for monolayer MoS,. Also, the application of SOC for
monolayer MoS; affects the band gap value. Furthermore, the valence band maximum and that of the conduction band
both occur at high symmetric K point indicating a direct bandgap semiconductor as shown in Fig. 2(a-d) above. The
bandgap value for monolayer MoS, ranges from 1.60 to 1.71eV. The experimental result indicates a slight shift from the

theoretical result. The theoretical work gives a slight difference in bandgap than the experiment as illustrated in Table.

Table
Energy band gap (eV) and bandgap type for both Bulk and Monolayer
Bulk MoS, Monolayer MoS;
Functionals Indirect bandgap Bandgap value Direct bandgap Bandgap value
GGA PBE no SOC Yes 1.27 Yes 1.70
LDA CAPZ no Yes 1.23 Yes 1.73
SOC
GGA PBE SOC Yes 1.22 Yes 1.60
LDA CAPZ SOC Yes 1.17 Yes 1.64
EXP REF Yes 1.23(ref [19]) Yes 1.80 (ref [19])
1.29(ref [27])
THEOR REF Yes 0.7(ref [38]) Yes 1.55 (ref [25,26])
1.05(ref [26]) 1.70 (ref [40])
1.15(ref [39]) 1.78 (ref [41])
1.9 (ref [42])

From Fig. 2(a-d), the valence band maximum (VBM) and the conduction band minimum (CBM) lie below and
above the Femi level respectively along with the K- symmetry. For the monolayer MoS,, there is a reasonable band
splitting as seen in Fig 2 (¢) and (d), this band splitting is brought about by the utilization of SOC and can likewise help
in the application of spintronic and valleytronics [43-47]. The band splitting is observed distinctly in the valence band
(VB) of the high symmetry K-direction. This result is good agreement with previously reported literature [28, 43, 48].
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Figure 3. Band structure of (a) Bulk MoS2 PBE without SOC (b) Bulk LDA CAPZ without SOC (c) Bulk MoS: PBE with SOC
(d) Bulk MoS2 LDA CAPZ with SOC

Fig. 3. (a)- (d) represents the band structure of bulk MoS; for PBE and LDA functionals. The band structure profiles
obtained indicate an indirect semiconductor since the maxima of the valence band is situated at KT - path whiles that of
the minimum of the conduction band is located at T" -point. The obtained bandgap values range from 1.17-1.27 eV which
is consistent with the experimental value [19, 27] shown in Table. From the obtained results of the electronic structures,
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we realized that there are slight changes in the energy band with or without SOC. Also, it was observed that the bandgap
value Of the compound with SOC is smaller than the one without SOC. Fig. 3 (c) and (d) show a slight Valence band (VB)
splitting on a high symmetry K direction. This splitting can be ascribed to the utilization of SOC [43, 49-53]. The SOC
influences the valence band of the compound as appeared in Fig. 3(c,d).

Fig. 4. (a-d) represents the partial density of states of bulk and monolayer MoS, using two different functionals i.e.
PBE and LDA. MoS; exhibits a neutral charge due to the presence of +4 in the valence of Mo and a charge of -2 for the
S- atom. From Fig. 4(a-d), the partial density of states can be divided into three classes of states. For the first class, the
density around -14¢V is due to 3s orbital of S atom which is separated by a wide gap. The second class is the one below
the Fermi level in which the contributing orbitals the 3p orbitals of S atom and 4d orbitals of Mo. This class possesses a
strong hybridization. The third class is the one above the Fermi-level, here the contributing orbital is the 4d orbitals of
Mo and is separated by the second class with a narrow gap. For both functionals, the bandgap occurs due to the 4d orbitals
of Mo and 3p orbitals of S atoms in monolayer and bulk MoS,.
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Figure 4. Partial density of states of (a) Bulk MoS: using PBE functional (b) Bulk MoS: using LDA (c) MoS2 monolayer using PBE
functional (d) MoS2 monolayer using LDA

CONCLUSION

The electronic properties of bulk and monolayer MoS, have been studied using first-principle calculations based on
the pseudopotential plane-wave method. Our results show that monolayer MoS; is a direct semiconductor whiles bulk
MoS; has an indirect bandgap. Also, our calculations show that the bandgap of monolayer MoS, ranges from 1.6-1.73 eV
whereas the bulk is 1.17-1.27 eV which is consistent with the available experimental and theoretical results. The electronic
structure and density of states indicate many similarities between the monolayer and bulk MoS,. The main contribution
to the valence and conduction band are 4d states of Mo and 3p orbitals of s atom in both monolayer and bulk MoS,. We
have discovered that the incorporation of spin-orbit coupling influences the band structures and the splitting of degenerate
valence band occurs on high symmetry K-point.
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bIIIxona mamepianosnaecmea, Kumaticokuii ynisepcumem erexmponnux nayx i mexnonozii, Yendy, 610054, Kumaii
‘Kogpopiosa, Texniunuii ynigepcumem, I ana

JBoMmipHi (2D) marepianu B faHMIl Yac BHKJIMKAIOTH BEJIMKHI IHTEpEeC 3aBIIKM UyZOBHM BIIACTUBOCTSIM, IIO BIIPI3HSIOTH iX Bif
00’emMHUX cTpyKTYyp. OnHommaposi Ta Gararomaposi quxanbkoreHiau nepexignux meraiis (TMDC) MatoTs mupyuHy 3a00pOHEHOT 30HH,
AKa KONUBAaeThCcs B Mexax 1-2 eB, mo BuxopuctoByerbes mist npuctpois FET abo Oynp-fkuX ONTOENEKTPOHHUX HPUCTPOIB. Y
Bunanky TMDC posrisg 3ocepemxero Ha aucynbgini monibaery (MoSz2) dyepe3 mepcreKTHBHY peryoBaHHs 3a00pOHEHO1 30HH, a
Tepexi MK BIACTHBOCTSIMHU TIPSIMHX Ta HENPSAMHX NEPEXOAiB 30HU 3aJIEKUTH BiJ HOro TOBIMMHHU. Po3paxyHKH Teopil IIUIBHOCTI
¢yukmionana (DFT) 3 pisHumu ¢yHKIioHamaMu Ta mapamerpamu criH-opOitansHOi 3B's13ky (SOC) mpoBOAMINCH AT BUBUCHHS
SJIESKTPOHHUX BJIACTHBOCTEN 00'eMHOr0 Ta ogHouapoBoro MoSa. [lonasauus SOC cripH4rHIIO IIOMITHY 3MiHY HpO(LII0 eHeprii 30HU,
SIBHO PO3IIMMBIIM MakCMMyM BajeHTHOI 30Hu (VBM) nHa nBa nianmasonu. 3oHa 3 HenpsiMUMHU Tmepexojamu o0'emHoro MoS:
KOJNMBA€EThCS B Mexkax 1,17-1,71 eB, a 30Ha y BUnagKy ogHOro mapy ctaHoBuTh 1,6-1,71 eB. Po3paxoBani mapaMeTpy MOPiBHIOBAJH 3
OTPUMAaHHMH €KCIIEPUMEHTAIEHIMH Ta TEOPETHYHIMH pe3ynbTatamu. OTpuMana mineHICT craliB (DOS) moke OyTH BUKOpHCTaHa
JUISL TIOSICHEHHsI NPUPOJM 30HU SIK B 00'€eMHOMY, Tak i B ogHomapoBoMy MoS:. LIi enekTpoHHI XapaKTepHCTHKU BaXKIIUBI UIS
3aCTOCYBaHHS B MaTepiaJbHUX MPUCTPOSIX Ta EHEPro30epiralounx 3aCTOCyBaHHIX.

KJIFOYOBI CJIOBA: eneKTpoHHI BIACTUBOCTI, TEOPis MIIBHOCTI (PyHKIIOHATA, CHIH-0POITAIbHUN 3B'I30K, MIIIBHICTH CTaHiB, M0S2,
3a00pOHCHA 30Ha

MEPBOHAYAJILHBIE UCCJETOBAHUA SJEKTPOHHBIX CBOVICTB OFBEMHOI'O B O/THOCJIOMMHOI' O MoS:
C UCNTOJb30BAHUEM JII1®: TPUMEHEHUE MTAPAMETPOB CIIMH-OPEUTAJILHOM CBSI3M (SOC)
Maiika Iaiisin®, ®paucuc J. Borseit’*, [Ixozed MMapou™h<
“Kumaticoka wikona ¢usuxu Yuusepcumema snekmpounsix nayk u mexuonoauti Kumas, 4ondy 610054, Kumaii
bIIIxona mamepuanosedenus, Kumaiickuii yuueepcumem snekmponnix Hayk u mexuonoautl, Yonoy, 610054, Kumaii
‘Koghopuosa, Texnuueckuii ynusepcumem, I ana
JByxmepreie (2D) maTepuaisl B HACTOSIIEe BpeMs BBI3BIBAIOT OONBINOW HHTEpec Oyaromapss 3aMedaTelIbHBIM CBOMCTBaM,
OTIIMYAIONIHNX UX OT 00BbEMHBIX CTPYKTYp. OXHOCIIONHBIE 1 MHOTOCIIOWHBIE INXaIbKOTeHUIBI TepexoaHbix MeTamios (TMDC) umeror
IIMPUHY 3alpelieHHOH 30HBI, KOTopas KoneOuercss B mpexenax 1-2 3B, uro ucnomssyercs mis ycrpoiictB FET wmmm mo0bix
ONTO3JICKTPOHHBIX ycTpoiicTB. B cmyuyae TMDC paccMoTpeHune cocpefoToueHo Ha aucyibduae momubaena (MoS:2) wu3-3a
MIEPCTIEKTUBBI PETyITHPOBAHUS 3AMPEICHHON 30HBI, a IEPEX0] MEXTY CBOMCTBAMU MPAMBIX U KOCBEHHBIX MEPEXO0B 30HbI 3aBUCHT
oT ero TonuHbL PacueTsl Teopun mioTHOCTH QyHKIHOHaNA (DFT) ¢ pa3ninuHbIM QyHKIIOHATIOM U ITapaMeTpaMy CITHH-OPOUTANbEHON
cBsi3u (SOC) mpoBOIMITUCH ISl U3YUYCHUS DJICKTPOHHBIX CBOMCTB 0OBEMHOTO M OHOCIONHOTO M0S:. [lo6aBnenne SOC mpuseo k
3aMETHOMY M3MEHEHHIO NMPOGUIIS SHEPTHH 30HBI, SIBHO pa3lelIMB MaKCHMyM BajeHTHOH 30HbI (VBM) Ha nBa amamasona. 3oHa ¢
KOCBEHHBIM Ilepexofgamu o0beMHOro MoS: konebnercs B mpeznenax 1,17-1,71 3B, a 30Ha B ciydae ogHOro ciosi coctasisier 1,6-
1,71 3B. Paccunransle mapaMeTpbl CpPaBHHBAIM C MONYyYCHHBIMH SKCIIEPHMEHTAIbHBIMH M TEOPETHYECKUMHU pPEe3yIbTaTaMH.
[Nomyuennas maoTHOCTE coctosiamii (DOS) MoskeT OBITH HCHONB30BaHA Ul OOBSICHEHHS IIPUPOJBI 30HBI KaK B 0OBEMHOM, TaK M B
OIHOCIOHHOM MoS2. DTH  DNEKTPOHHBIE XapaKTEPUCTHKM BaXKHBI JUISl IPUMEHEHHS] B MaTepHaJbHBIX YCTPOHCTBaX U

9HeprocOeperaronX NPUIOKEHUSX.
KJIOUEBBIE CJIOBA: 3iexkTpoHHBIE CBOMCTBa, TEOpHs IUIOTHOCTH (yHKIMOHAA, CHHH-OPOWTAaNbHAas CBsI3b, IUIOTHOCTH
cocrostHUM, M0S2, 3anpenieHHas 30Ha





