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We report calculations of the electronic and optical properties for the 2H-MoX2 sX=S,Se,Ted 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 the Mo-d bands reduces. From the
partial density of states we find a strong hybridization between Mo-d andX-p states below the Fermi energy
EF. On going from S to Se to Te the structures in the frequency-dependent imaginary part of the dielectric
function «2svd 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

2H-MoX2 sX=S, Se and Ted compounds are interesting
members of the transition metal dichalcogenide compounds
sTMDC’sd. These compounds are used for electrodes in
high-efficiency photoelectrochemicalsPECd cells.1 As the
phototransitions involve nonbondingd orbitals of Mo atoms,
these compounds can be expected to resist hole-induced
corrosion.2 Studies have shown that the texture of thin films
of these compounds is an important factor for their photoac-
tivity. The s001d texture is favorable for application in solar
cells because such films have low surface states and hence
fewer charge-carrier recombination centers.3 2H-MoX2 com-
pounds are known to be extremely good solid lubricants, and
they present ideal surfaces on which to carry out absorption.
In addition to this they can also act as catalysts. These com-
pounds have highly anisotropic physical properties. Hence
they can be intercalated with foreign atoms. The intercalation
of lithium in MoS2 sRefs. 4–7d has led to its use in lithium
batteries.

Santiagoet al.8 synthesized MoS2 nanotubes with diam-
eters greater than 10 nm, using the template method. Zheng
et al.9 applied a simple ultrasound-assisted cracking process
to prepare high-crystallinity 2H-MoS2 nanorods using MoS2
micron particles as raw materials. Rettenbergeret al.10 used
femtosecond laser photoemission to investigate the electron
dynamics in the layered semiconductor 2H-MoSe2.

Optical absorption measurements and reflection spectros-
copy have been performed on 2H-MoX2 sRefs. 11–17d com-
pounds. Bealet al.13 measured the transmission spectra of
2H-MoX2 compounds in the energy range of 0–4.0 eV for

the electric field EW 'c. Liang16 measured the reflectivity

spectra using polarized light with EW 'c as well as EW ic, in the
energy range between 0 and 5.0 eV for 2H-MoTe2. Hughes
and Liang17 measured the vacuum ultraviolet reflectivity
spectra of 2H-MoX2 compounds in the range of 4.5–14 eV

for EW 'c. Beal and Hughes14 measured the reflectivity spec-

trum of 2H-MoX2 for EW 'c. Amirtharaj et al.12 reported an
electrolyte electroreflectancesEERd study of 2H-MoSe2 in
the energy range of 0.7–6 eV.

The physical and structural properties of 2H-MoX2 com-
pounds have been reviewed extensively by Wilson and
Yoffe.11 There is some disagreement regarding the magnitude
of the energy gap in 2H-MoS2. Wilson and Yoffe attributed a
weak indirect edge of 0.2 eV to the semiconducting energy
gap. Huisman and Jellinek18 believe that this 0.2 eV struc-
ture is extrinsic and proposed that the intrinsic gap is
,1.4 eV. Mattheiss19 calculated the electronic band structure
of 2H-MoS2 using the nonrelativisitic augmented plane wave
sAPWd method and found an indirect gap of about 1.16 eV.
Coehoorn and co-workers20,21 calculated the band structure
of 2H-MoS2/Se2 using the augmented spherical wave
sASWd method. They conclude that the top of the valence
band is situated atG, and the bottom of the conduction band
is halfway betweenG andK, resulting in an indirect gap of
0.15 and 0.35 eV, respectively. Seifertet al.22 studied the
structural and electronic properties as well as the stability of
2H-MoS2 nanotubes using a density-functional-based tight-
binding method. Kobayashi and Yamauchi23 calculated the
band structure and the scanning tunneling microscopysSTMd
images of 2H-MoS2/Se2 surfaces using the ultrasoft pseudo-
potential with the plane-wavesPWd basis and the linear com-
bination of atomic orbitalssLCAOd methods. Bokeret al.24

TABLE I. Lattice parameters and energy gaps for 2H-MoX2

compounds.

2H-MoS2 2H-MoSe2 2H-MoTe2

a sÅd 3.160a 3.288a 3.518b

c sÅd 12.29a 12.90a 13.97b

z 0.621a 0.621a 0.621b

ExpEg seVd 1.29c, 1.23d 1.1c 1.0c

Th. Eg seVd 0.2b, 1.45e,
1.15g, 0.15e,
0.77i, 0.7i

0.35e

0.75h
0.7f

0.55h

aRefs. 11 and 19.
bRef. 11.
cRef. 24.
dRefs. 31 and 32.
eRefs. 18, 20, and 21.

fRef. 26.
gRef. 19.
hThis work.
iRef. 23.
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presented the valence band structure of 2H-MoX2 com-
pounds using both angle-resolved photoelectron spectros-
copy sARPESd with synchrotron radiation, as well asab ini-
tio band-structure calculations. Bokeret al.25 presented a
complete band structure of 2H-MoTe2 using ARPES with
synchrotron radiation. Dawson and Bullett26 calculated the
electronic structure of 2H-MoTe2 using theab inito LCAO
method. Hindt and Lee27 used the Korringa-Kohn-Rostoker
sKKRd method to calculate the electronic band structure for
2H-MoTe2. All of the above calculations showed that the
valence- band maximumsVBM d is located atG. Dawson and
Bullett26 showed the VBM atM for 2H-MoTe2. The PW
calculations of Kobayashi and Yamauchi23 found the
conduction-band minimumsCBMd at G. All other calcula-
tions yielded the CBM betweenG andK.

There exist many band-structure calculations for the
2H-MoX2 compounds. However, most of these calculations

are based on the muffin tin approximation, which is known
to be a poor approximation for the layered structure materi-
als. These calculations show a large variation in the energy
gapssTable Id and discrepancies in the VBM and CBM lo-
cations. We have therefore, perform calculations using the
full potential method to throw light on these discrepancies.
Even though there exist many measurements of the optical
properties for the 2H-MoX2 compounds, there seems to be a
dearth of theoretical calculations. We present detailed calcu-
lations of the optical properties of the 2H-MoX2 compounds
with the intent to compare them with the experimental data.

In Sec. II we give the details of our calculations. The band
structure and density of state are presented and discussed in
Sec. III. The frequency-dependent dielectric function and
other optical properties are given in Sec. IV, and Sec. V
summarizes our conclusions.

FIG. 1. Band structure and total DOSs—d in states/eV unit cell, along with the partial DOS, wheres· · ·d denotes chalcogen-s, s· · ·dd, and
s· · ·d Mo-d states for 2H-MoSe2 and 2H-MoTe2. All the partial DOS are multiplied by 3.
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II. METHOD OF CALCULATION

In our work we use the full potential linear augmented
plane wave sFPLAPWd method as incorporated in the
WIEN97 code.28 The exchange-correlationsXCd potential is
constructed following von Barth and Hedin.29 2H-MoX2
crystallizes in a hexagonal structure with space group
fP63/mmcsD6h

4 dg. The two equivalent Mo atoms are located
at 2c sites ±s1/3,2/3,1/4d and the four chalcogen atoms at
4f sites ±s1/3,2/3,zd and ±f2/3,1/3,sz+1/2dg. The experi-
mental lattice parameters are listed in Table I. Self-
consistency is obtained using 200k points in the irreducible
Brillouin zone sIBZd, and the Brillouin zonesBZd integra-

tions are carried out using the tetrahedron method.30 The
density of states, band structures, and frequency-dependent
anisotropic optical properties are calculated using 500k
points in the IBZ.

III. RESULT AND DISCUSSION

Band structure and density of states

The band structure and the total density of statessDOSd
along with the chalcogen-s, chalcogen-p, and Mo-d partial
DOS for 2H-MoSe2/Te2 are shown in Fig. 1. As the
2H-MoS2 calculations were published earlier,7 we choose
not to show them. Our calculations show that
2H-MoSe2 and 2H-MoTe2 are semiconductors with indirect
energy gaps of 0.75 eV and 0.55 eV, respectively. The VBM
is located atG and the CBM betweenG and K. From the
partial DOS we are able to identify the angular momentum
character of the various structures. The lowest four bands are
mainly due to the chalcogen-s states. The bands in the energy
range of −6 to −1 eV for 2H-MoSe2 s−6.5 to −1 eV for
2H-MoTe2d are mainly chalcogen-p states. Bands between
−1 eV to the Fermi energysEFd and above it, between 0.7
and 4 eV s0.5 to 4 eV for 2H-MoTe2d, are mainly Mo-d
states. The last structure from 4.5 eV and above is composed
of chalcogen-p and Mo-spd states. The last two groups in
2H-MoTe2 are merged. Our calculated band structures for
2H-MoS2 sRef. 7d and 2H-MoSe2 are similar to the band

TABLE II. The approximate location of the structuressin eVd
shown in Fig. 2 and the values of calculated«1s0d.

2H-MoS2 2H-MoSe2 2H-MoTe2

A 3.0 2.8 1.8

B 4.5 3.9 2.2

C 5.5 5 3.9

D 9 8.5 6.2

E 10.5 10 8.5

«1
's0d 16 17.5 20.5

«1
i s0d 10 12 14

«1
's0d expa 17.0 18.0 20.0

asRef. 14d

FIG. 2. Calculated«2
'svd s—d and «2

i svd s—d along with the
«2

'svd experimental datas- - -d of Beal and HughessRef. 14d for
2H-MoSe2 and 2H-MoTe2.

FIG. 3. Calculated«1
'svd s—d and «1

i svd s—d along with the
«1

'svd experimental datas· · ·d of Beal and HughessRef. 14d for
2H-MoSe2 and 2H-MoTe2.
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structures obtained by the APW,19 ASW,20 ARPES,25 and
PW23 methods and different from that obtained by the
LCAO23 method. The band structure for 2H-MoTe2 is simi-
lar to that obtained by the ARPES24,25 and KKK27 methods
and different from that obtained by the LCAO method,26 in
terms of VBM and CBM locations. In Table I, we compare
our calculated energy gaps with those of the other calcula-
tions. We see that there are significant differences. This indi-
cates the relevance of a full potential calculation. Our calcu-
lated energy gaps are always less then the measured energy
gaps. This is consistent with the fact that local density ap-
proximationsLDA d is known to underestimate bands gaps33

by around 40%. As we move from S to Se to Te the band-
width of the Mo-d and chalcogen-s bands reduces and the
Mo-d bands shift towards higher energies by around 0.5 eV
with respect toEF. The chalcogen-s bands shift to lower

energies when we move from S to Se and to higher energies
when we move from Se to Te. The S-p and Se-p states hy-
bridize strongly with the Mo-d states belowEF, while the
Te-p states shows less hybridization.

IV. OPTICAL PROPERTIES

Figure 2 shows the calculated«2
'svd and «2

i svd for
2H-MoSe2/Te2. We find that the transitions from the
chalcogen-p statessvalence bandd to the Mo-d statesscon-
duction bandsd are responsible for the structures in«2svd.
«2

'svd shows structures atA, B, andE, while «2
i svd shows

them atC andD. The location of these structures is listed in
Table II. We note that the structures move towards lower
energies as we go from S to Se to Te. Since only«2

'svd has

FIG. 4. Calculated reflectivity spectrums—d for EW 'c along
with the experimental datasRefs. 14 and 17d s- - -d for 2H-MoX2

compounds.

FIG. 5. Calculated absorption coefficients—d for EW 'c along
with the experimental datasRef. 14d s- - -d for the 2H-MoX2

compounds.
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been measured, we compare our calculated«2
'svd with the

experimental data of Beal and Hughes,14 and find a good
agreement.

From the imaginary part of the dielectric functions the
real part can be calculated by using Kramers-Kronig rela-
tions. We present«1

'svd and«1
i svd for 2H-MoSe2/Te2 along

with the experimental data of Beal and Hughes14 for «1
'svd

in Fig. 3. The calculated values of«1
's0d and«1

i s0d are given
in Table II. A good agreement is found with the
experimental14 values.

The calculated reflectivity spectra is shown in Fig. 4. It is
immediately apparent that the gross features are very similar.
This is due to the fact that the band structures for these
compounds are indeed quite similar. We notice a strong re-
flectivity minimum that indicates a collective plasma reso-
nance. The depth of the plasma minimum is determined by
the imaginary part of the dielectric function at the plasma
resonance, and it is representative of the degree of overlap
between the interband absorption regions on either side of
the energy window.14,17The plasma minimum shifts towards
lower energies with increasing depth as we move from S to
Se to Te. Our calculations show a very good agreement with
the experimental data of Beal and Hughes14 and Hughes and
Liang.17

The frequency-dependent absorption coefficient is shown
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
calculated absorption coefficient with the experimental data
of Beal and Hughes14 and find an excellent agreement.

V. CONCLUSIONS

We have studied the electronic and optical properties of
the 2H-MoX2 compounds with the intent to ascertain the
effect of replacing S by Se and Te. When we moved from S
to Se to Te the bandwidth of the Mo-d and chalcogen-s
bands reduced and the Mo-d bands shifted towards higher
energies. The chalcogen-s bands shifted towards lower ener-
gies when S was replaced by Se and towards higher energies
when Se was replaced by Te. All the compounds showed four
groups and/or structures in the band structure and DOS cor-
responding to the chalcogen-s, chalcogen-p, and Mo-d states
and Mo-spd and chalcogen-p states. There is a strong hy-
bridization between chalcogen-p and Mo-d states belowEF
in 2H-MoS2 and 2H-MoSe2, while in 2H-MoTe2 it is weak.
Our calculated band structure and DOS showed a better
agreement with the experimental work than some of the ear-
lier calculations in the matters of the energy-gap
values11,19,20,23 and VBM and CBM locations.23,26 The
frequency-dependent optical properties showed that the
structures in the dielectric function moved towards lower en-
ergies on going from S to Se to Te. In the reflectivity spec-
trum and the absorption coefficient the plasma frequency
minimum shifted towards lower energies with increased
depth. An excellent agreement is found with the experimen-
tal data.
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