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We report calculations of the electronic and optical properties for HéVdX, (X=S, Se, T¢& compounds

using the full potential linear augmented plane wave method within the local density approximation. When S
is replaced by Se and Te, the energy gap changes and the bandwidth of ttidodmals reduces. From the
partial density of states we find a strong hybridization betweend\dmd X-p states below the Fermi energy

Er. On going from S to Se to Te the structures in the frequency-dependent imaginary part of the dielectric
function e,(w) shifts towards lower energies. The frequency-dependent reflectivity and absorption show that
the plasma minimum also shifts towards lower energies. We compare our calculations with the experimental
optical data and find a good agreement.
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I. INTRODUCTION The physical and structural properties df-MoX, com-
pounds have been reviewed extensively by Wilson and

2H-MoX, (X=S, Se and Tecompounds are interesting Yoffe.!* There is some disagreement regarding the magnitude
members of the transition metal dichalcogenide compoundsf the energy gap in2-MoS,. Wilson and Yoffe attributed a
(TMDC’s). These compounds are used for electrodes iveak indirect edge of 0.2 eV to the semiconducting energy
high-efficiency photoelectrochemic4PEQ cells! As the ~ 9ap. Huisman and Jellinékbelieve that this 0.2 eV struc--
phototransitions involve nonbondimtorbitals of Mo atoms, ture is extrinsic and proposed that the intrinsic gap is
these Compounds can be expected to resist ho|e_inducédl.4 ev. Matthe|s@ calculated the electronic band structure
corrosion? Studies have shown that the texture of thin films 0f 2H-MoS; using the nonrelativisitic augmented plane wave
of these compounds is an important factor for their photoactAPW) method and found an indirect gap of about 1.16 eV.
tivity. The (001) texture is favorable for application in solar Coehoorn and co-workei®** calculated the band structure
cells because such films have low surface states and henfé 2H-MoS,/Se, using the augmented spherical wave
fewer charge-carrier recombination cente®-MoX, com-  (ASW) method. They conclude that the top of the valence
pounds are known to be extremely good solid lubricants, an@and is situated &, and the bottom of the conduction band
they present ideal surfaces on which to carry out absorptioriS halfway betweerd™ andK, resulting in an indirect gap of
In addition to this they can also act as catalysts. These conf.15 and 0.35 eV, respectively. Seifet al?? studied the
pounds have highly anisotropic physical properties. Hencétructural and electronic properties as well as the stability of

they can be intercalated with foreign atoms. The intercalatio?H-M0S, nanotubes using a density-functional-based tight-
of lithium in MoS, (Refs. 4—7 has led to its use in lithium Pinding method. Kobayashi and Yamauchtalculated the

batteries. band structure and the scanning tunneling micros¢§iw)
Santiagoet al® synthesized Mognanotubes with diam- images of 2-MoS,/Se, surfaces using the ultrasoft pseudo-

eters greater than 10 nm, using the template method. ZherRftential with the plane-wavé®W) basis and the linear com-

et al? applied a simple ultrasound-assisted cracking proces@ination of atomic orbital§LCAO) methods. Bokeet al**

to prepare high-crystallinity i2-MoS, nanorods using MoS TABLE |. Lattice parameters and energy gaps fdi-RI0X,

micron particles as raw materials. Rettenbergteal 1° used compounds.

femtosecond laser photoemission to investigate the electron

dynamics in the layered semiconductdi-2oSe,. 2H-MoS, 2H-MoSe, 2H-MoTe,
Optical absorption measurements and reflection spectros
copy have been performed ofaVioX, (Refs. 11-1Ycom-  a (A) 3.160 3.288 3518
pounds. Beakt all® measured the transmission spectra ofc (&) 12.2¢ 12.9¢ 13.97
2H-MoX, compounds in the energy range of 0—4.0 eV for, 0.62F 0.62F 0.627P
the electric field ELc. Liang'® measured the reflectivity EXpEqy (eV) 1.29, 1.2# 1.1 1.0¢
spectra using polarized light with Ec as well as Hc, inthe  Th. E4 (eV) 0.2, 1.45, 0.33 0.7
energy range between 0 and 5.0 eV fdét-RloTe,. Hughes 119, 0.15, 0.79 0.59'
and Liang” measured the vacuum ultraviolet reflectivity 0.77,0.7

spectra of Bi-MoX, compounds in the range of 4.5-14 eV
- . aRefs. 11 and 19. Ref. 26.
for E_L c. Beal and Hughé$ measured the reflectivity spec- bRef. 11.

R 9Ref. 19.
trum of 2H-MoX, for E L c. Amirtharajet all? reported an  cRef. 24. hThis work.
electrolyte electroreflectand&€ER) study of 2H-MoSe in  9Refs. 31 and 32. iRef. 23.

the energy range of 0.7-6 eV. fRefs. 18, 20, and 21.
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FIG. 1. Band structure and total DA@S-) in states/eV unit cell, along with the partial DOS, whére ) denotes chalcoges)-(- - ), and
(- - ) Mo-d states for H-MoSe, and H-MoTe,. All the partial DOS are multiplied by 3.

presented the valence band structure &f-MoX, com-  are based on the muffin tin approximation, which is known
pounds using both angle-resolved photoelectron spectrose be a poor approximation for the layered structure materi-
copy (ARPES with synchrotron radiation, as well @b ini-  als. These calculations show a large variation in the energy
tio band-structure calculations. Boket al.25 presented_ @ gaps(Table ) and discrepancies in the VBM and CBM lo-
complete band structure of2MoTe;, using ARPES with  cations We have therefore, perform calculations using the
synchrotron radiation. Dawson and Bulféttalculated the ¢, potential method to throw light on these discrepancies.
electronic structure of 2-MoTe, using theab inito LCAO ) i
method. Hindt and L&& used the Korringa-Kohn-Rostoker Even though there exist many measurements of the optical

(KKR) method to calculate the electronic band structure fOIproperties for thg B-MoX, compounds, there Seems tobe a
2H-MoTe,. All of the above calculations showed that the dearth of theoretical calculations. We present detailed calcu-
valence- band maximufvBM) is located af’. Dawson and lations of the optical properties of théd2MoX, compounds
Bullett?® showed the VBM atVl for 2H-MoTe,. The PW with the intent to compare them with the experimental data.

calculations of Kobayashi and Yamauthifound the In Sec. Il we give the details of our calculations. The band
conduction-band minimuniCBM) at I'. All other calcula- Structure and density of state are presented and discussed in
tions yielded the CBM betweeh andK. Sec. lll. The frequency-dependent dielectric function and

There exist many band-structure calculations for theother optical properties are given in Sec. IV, and Sec. V
2H-MoX, compounds. However, most of these calculationssummarizes our conclusions.
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FIG. 2. Calculatecbj(w) (—) and eg(w) (—) along with the
aé(w) experimental dat& - -) of Beal and Hughes$Ref. 14 for
2H-MoSe, and H-MoTe,.

FIG. 3. Calculatedef(w) (—) and e”l(w) (—) along with the
&1 (w) experimental daté - ) of Beal and HughegRef. 14 for
2H-MoSe, and H-MoTe,.

Il. METHOD OF CALCULATION ) ) .
tions are carried out using the tetrahedron metfotihe

In our work we use the full potential linear augmented gensity of states, band structures, and frequency-dependent

plane wave (FPLAPW) method as incorporated in the nisotropic optical properties are calculated using %00
WIEN97 code?® The exchange-correlatiofXC) potential is points in the IBZ.

constructed following von Barth and Hedih.2H-MoX,

crystallizes in a hexagonal structure with space group

[P63/mmc(Dgh)]. The two equivalent Mo atoms are located IIl. RESULT AND DISCUSSION

at 2 sites £1/3,2/3,1/4 and the four chalcogen atoms at

4f sites £1/3,2/3 z) and §2/3,1/3 (z+1/2)]. The experi-

mental lattice parameters are listed in Table |. Self- The band structure and the total density of stdi299

consistency is obtained using 2R(oints in the irreducible along with the chalcoges- chalcogerp, and Mod partial

Brillouin zone (IBZ), and the Brillouin zongBZ) integra- DOS for 2H-MoSe,/Te, are shown in Fig. 1. As the

2H-MoS, calculations were published earlfere choose

TABLE Il. The approximate location of the structuréa eV) not to show them. Our calculations show that

Band structure and density of states

shown in Fig. 2 and the values of calculated0). 2H-Mo0Se, and H-MoTe, are semiconductors with indirect
energy gaps of 0.75 eV and 0.55 eV, respectively. The VBM
2H-MoS, 2H-MoSe 2H-MoTe, is located atl’ and the CBM betwee’ and K. From the
partial DOS we are able to identify the angular momentum
A 3.0 28 18 character of the various structures. The lowest four bands are
B 4.5 3.9 2.2 mainly due to the chalcogemstates. The bands in the energy
© 5.5 5 3.9 range of -6 to -1 eV for B-MoSe, (-6.5to -1 eV for
D 9 8.5 6.2 2H-MoTe,) are mainly chalcogep- states. Bands between
E 105 10 8.5 -1 eV to the Fermi energyEg) and above it, between 0.7
££(0) 16 17.5 20.5 and 4 eV (0.5t0 4 eV for H-MoTe,), are mainly Mo
I states. The last structure from 4.5 eV and above is composed
£1(0) 10 12 14 .
o(0) exp 170 18.0 20.0 of chalcogenp and Mospd states. The last two groups in
1 2H-MoTe, are merged. Our calculated band structures for
ARef. 14 2H-MoS, (Ref. 7 and H-MoSe, are similar to the band
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FIG. 4. Calculated reflectivity spectruii—) for E L ¢ along _FIG. 5. Calculated absorption coefficieft) for E L ¢ along
with the experimental datéRefs. 14 and 17(- - -) for 2H-Mox, ~ With the experimental datéRef. 14 (- - -) for the ZH-MoX,
compounds. compounds.

structures obtained by the APW ASW?2° ARPES?® and
PW?2 methods and different from that obtained by the
LCAO? method. The band structure foH2VoTe, is simi-

lar to that obtained by the ARPESS and KKKZ? methods
and different from that obtained by the LCAO meti8dn
terms of VBM and CBM locations. In Table |, we compare
our calculated energy gaps with those of the other calcula- IV. OPTICAL PROPERTIES

tions. We see that there are significant differences. This indi-

cates the relevance of a full potential calculation. Our calcu- Figure 2 shows the calculated; (w) and ej(w) for
lated energy gaps are always less then the measured ened@y-MoSe/Te,. We find that the transitions from the
gaps. This is consistent with the fact that local density apchalcogerp states(valence bandto the Mod states(con-
proximation(LDA) is known to underestimate bands g&ps duction bandsare responsible for the structures ép(w).

by around 40%. As we move from S to Se to Te the bande; (w) shows structures a, B, andE, while ej(w) shows
width of the Mod and chalcogeis-bands reduces and the them atC andD. The location of these structures is listed in
Mo-d bands shift towards higher energies by around 0.5 eVlable Il. We note that the structures move towards lower
with respect toEg. The chalcogers-bands shift to lower energies as we go from S to Se to Te. Since agijw) has

energies when we move from S to Se and to higher energies
when we move from Se to Te. TheBand Sep states hy-
bridize strongly with the Mdd states belowEg, while the
Te-p states shows less hybridization.
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been measured, we compare our calculatgt) with the V. CONCLUSIONS
experimental data of Beal and HugHésand find a good We have studied the electronic and optical properties of
agreement. the H-MoX, compounds with the intent to ascertain the

From the imaginary part of the. dielectric functmns the effect of replacing S by Se and Te. When we moved from S
real part can be i:alculated|| by using Kramers-Kronig relayy ge to Te the bandwidth of the Mb-and chalcogers-
tions. We present; (w) andey(w) for 2H-MoSe,/Te, along  pands reduced and the Mbbands shifted towards higher
with the experimental data of Beal and HugHefr s1(w)  energies. The chalcogerbands shifted towards lower ener-
in Fig. 3. The calculated values of (0) ande)(0) are given  gies when S was replaced by Se and towards higher energies
in Table 1l. A good agreement is found with the when Se was replaced by Te. All the compounds showed four
experimentdf* values. groups and/or structures in the band structure and DOS cor-

The calculated reflectivity spectra is shown in Fig. 4. It isresponding to the chalcogenchalcogerp, and Mod states
immediately apparent that the gross features are very similaand Mospd and chalcogem- states. There is a strong hy-
This is due to the fact that the band structures for theséridization between chalcoggnand Mod states belowEg
compounds are indeed quite similar. We notice a strong rein 2H-MoS, and 2H-MoSe,, while in 2H-MoTe, it is weak.
flectivity minimum that indicates a collective plasma reso-Our calculated band structure and DOS showed a better
nance. The depth of the plasma minimum is determined bygreement with the experimental work than some of the ear-
the imaginary part of the dielectric function at the plasmalier calculations in the matters of the energy-gap
resonance, and it is representative of the degree of overlayglues®1°202> and VBM and CBM location$®*?6 The
between the interband absorption regions on either side dfequency-dependent optical properties showed that the
the energy window*1” The plasma minimum shifts towards Structures in the dielectric function moved towards lower en-
lower energies with increasing depth as we move from S t@rgies on going from S to Se to Te. In the reflectivity spec-
Se to Te. Our calculations show a very good agreement witfrum and the absorption coefficient the plasma frequency
the experimental data of Beal and Hughemnd Hughes and minimum shifted towards lower energies with increased
Liang’ depth. An excellent agreement is found with the experimen-

The frequency-dependent absorption coefficient is showital data.
in Fig. 5. The plasma resonance, corresponding to the
minima in the absorption coefficient, shifts towards lower
energies when we move from S to Se to Te. We compare our We would like to thank the Institute Computer Center and
calculated absorption coefficient with the experimental datdhysics Department for providing the computational facili-
of Beal and Hughé$ and find an excellent agreement. ties.
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