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Accurate prediction of band gap for new emerging materials is highly
desirable for the exploration of potential applications. The band gaps of bulk
and monolayer TMDs (MoS,, MoSe,, WS;, and WSe,) are calculated with the
recently proposed by us GVJ-2e method, which is implemented within DFT
framework without adjustable parameters and is based on the total energies
only. The calculated band gaps are in very good agreement with experimental
ones for both bulk and monolayer TMDs. For monolayer MoS,, MoSe,, WS,
and WSe,, direct band gaps are predicted to be 1.88 eV, 1.57 eV, 2.03 eV,

1.67 eV correspondingly, and for bulk TMDs, indirect band gaps of 1.23 eV
(MoS;), 1.09eV (MoSe,), 1.32eV (WS;), 1.21 eV (WSe,) are predicted. The
GV)-2e method demonstrates good accuracy with mean absolute error (MAE)
of about 0.03 eV for TMDs PL gaps (and 0.06 eV for QP gaps). GV|J-2e
method allows to equally accurately obtain band gaps for 3D and 2D
materials. The errors of GV)-2e method are significantly smaller than errors
of other widely used methods such as GW (MAE 0.23 eV), hybrid functional

much attention owing to their rich physics
and promising applications in nanoelec-
tronics and photonics.® %

Significant amount of effort has been
devoted to the synthesis of TMD materials
and as well to the exploration of their
properties.*® Electronic properties of
these materials are of a great importance
when it comes to applications. In general,
the variation of electronic properties of
TMDs is determined by the variation of the
band structure with the transitions from
bulk to monolayer.!"*

Density functional theory (DFT)!'¥ is a
method of choice for theoretical explora-
tion of solids. The approximation of the
exchange-correlation energy plays a key
role in DFT computations. So, various

HSE (MAE 0.17 eV), TB-mB] functional (MAE 0.14eV).

1. Introduction

Transition metal dichalcogenides (MX2, M stands for transition
metal and X stands for chalcogen) are layered materials, which
possess strong bonding in-plane and weak bonding between
planes (van der Waals).!"! The first exploration of bulk transition
metal dichalcogenides (TMDs) was done decades ago.!"” In the
recent decades monolayers of TMDs,>”) as one kind of the
representatives of two dimensional (2D) materials, have attracted
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approximations of the exchange-correla-
tion energy have been developed starting
with local density approximation (LDA)
and generalized gradient approximation
(GGA),">) which allow accurate predic-
tion of many ground state properties
including structural properties and stabil-
ity. Unfortunately, the same is not always true for the electronic
properties, where the lack of correlation between experimental
and theoretical results could be found as the band gap could be
significantly underestimated, and errors can reach even 40%.!"®)
The latter essentially complicates the theoretical search for new
materials with desired electronic properties.

In order to improve the efficiency and accuracy of theoretically
obtained electronic properties, hybrid functionals (HSE,!"**"
PBE0,*? B3LYP****) and screened exchange (sX) hybrid
functionals®! have been developed. As another attempt to
improve the prediction of electronic properties by DFT, LDA + U
has been developed in which physics of Hubbard model was
incorporated into density functionals.?*?® Also, the modified
version of Becke-Johnson exchange potential®® has been
developed by Tran and Blaha,*% which contains adjustable
parameters. On the other hand, theoretically sophisticated way to
solve the band gap problem was suggested by Green’s function
based methods as in GW approach.>"*? Nevertheless, although
quite often GW (or GOWO0) becomes the method of choice, it is
known to be quite computationally expensive method, as is the
use of hybrid functionals in DFT.
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Along with experimental exploration of the TMDs, theoretical
investigation of TMDs has been performed to contribute to the
search for new materials with desirable electronic properties.
The use of LDA for TMD monolayers leads to band gap values
underestimated for about 30%.3% Similarly PBEP* GGA and
GGA + U underestimate band gap for about 309%,1335-38] while
B3LYP overcorrects band gap values for about 0.7 eV.*® It has
been shown that for bulk TMDs PBE performs better than hybrid
PBEQ, the latter of which tends to overestimate the band gap for
about 1eV.’¥ When HSE hybrid functional was used, band gaps
for both bulk and monolayer TMDs were overestimated for
about 0.2eV.2%?*"! Very similar performance has been shown
with the use of screened exchange functional (sX).*” GW (or
GoW)) is also used to compute electronic properties and band
gaps of TMD. Although GW produces satisfactory results for
bulk forms,>#**% it usually significantly overestimates band
gaps for monolayers for about 0.5-0.7 eV.****! The large errors
make it difficult to predict the electronic properties of new
materials precisely with current calculation methods.

It should also be noted that methods and approximations,
which perform well on bulk TMDs, will not necessarily
demonstrate good performance on monolayer TMDs. Thus,
method which will perform equally well in estimation of the
band gap of both bulk (3D) and monolayer (2D) TMDs is needed.

Recently, a new general method (GV]-2e) was proposed by us
for band gap computation within DFT framework,** which is
based solely on the total energy computations and is adjustable
parameter free. The method has been verified on a set of
traditional bulk semiconductors (Si, C, etc.) and wide gap
insulators (Xe, Kr), and the calculated band gap values were
obtained almost with experimental accuracy.!*”!

In this paper, we present detailed analysis of the theoretical
band gap of both bulk and monolayer TMDs (MoS,, MoSe,,
WS,, and WSe,) calculated with GVJ-2e method.*”! We extend
the application of GVJ-2e method beyond  traditional 3D
materials to the band gap calculations of bulk TMDs and
monolayer TMDs as one of representatives of 2D materials and
analyze the theoretical GVJ-2e band gap in comparison with the
experimental data collected from the reported references and our
own PL measurements. In addition, we compare the accuracy of
GVJ-2e method with other well-accepted theoretical methods.

2. Theoretical Background

The fundamental band gap is defined as the difference between
the ionization potential and electron affinity****! which are
determined when one particle is added or removed from a solid:

Ep=1-A=EQ, + By, — 2B, (1)

where EﬁlhEg@’lhE‘;}) are the ground state total energy func-
tionals of the system with N+ 1, N-1, and N electrons. The total
energy functional is traditionally represented as a sum of the
kinetic energy functional, Hartree functional, the functional
representing interaction with external field, and the exchange-
correlation energy functional. In order to compute a band gap
through Eq. (1), one should select an approximation for the
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exchange-correlation energy functional, the analytical expression
of which is not available. The local density approximation
(LDA)!**is one of the most widely used, and it has demonstrated
satisfactory results for the ground state properties of solids.
However, when electronic properties, and especially the band
gap, are considered, results do not always correlate with the
experiment. Germanium is an example, where computation of
the band gap with LDA approximation for the exchange-
correlation energy fails, as the calculated band gap turns out to
be about 0eV.[*’!

In the previous work,**) we have determined the fundamental
band gap through the ground state total energies of a system
when pair of electrons is removed from HOMO orbital
(ionization) and added to LUMO orbital (electron affinity):

0 0 0
E, = o.5<15<N)+2 +EO 2E§V)>, )
where ESLZ,ESQ,EQ are the ground state total energy

functionals of the system with N+2, N-2, and N electrons
(two charged systems with total charge Z=-2, Z=+2 and a
neutral system with Z = 0 respectively). It is important to note
that the Eq. (2) is more accurate in LDA approximation in
comparison with the traditionally used Eq. (1).**

In GVJ-2e method, we have derived a final nonlinear equation
for the band gap based only on the total energy functionals of
density. In order to obtain the final nonlinear equation of the
band gap we considered two ensembles. The first ensemble
consisted of two identical neutral systems of solid. The second
ensemble contained two charged systems; one system had the
total charge +2, and the other had the total charge —2. The
systems in these ensembles did not interact with each other.
Also, in order to obtain the final equation within derivation, we
decomposed the exact exchange-correlation energy functional in
two terms: a local part of exchange-correlation energy (which
could be calculated in LDA) and a nonlocal part of exchange-
correlation energy. The insight on the derivation could be found
in the paper.[*”)

The final nonlinear equation for the fundamental band gap
includes LDA band gap and two correction terms taking into
account nonlocal part of the exchange correlation energy
functional and has the form:

(0)
O = pom 4 Laee Lpoeno(y o f B 3)
g = Eg 7 2xc T 5 510 P Fo )

where Eém is the band gap, Ey is used for the dimensionless
energy in the exponent (in the following calculations is taken
equal Ey = 1eV). The EéLDA) is the band gap calculated according
to the Eq. (2), where the total energies for neutral and charged

systems are calculated in LDA approximation (LDA2e). A% and

(o0x0)
Eiro).

precision of the band gap value calculation. These correction
terms could be obtained from the following equations:

are the correction terms and their precision defines the

A)D(OC - (Eens_z - Eens'l)(o> - (Eens.Z - Eens.l)<LDA)v (4)
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00X LDA LDA
EELO)C) = (E( Lo - E< )) - (E(Z>+2 E(Z +g>7 (5)

where the total energies of ensembles are equal to
Eensa = Ez—42 + Ez——) and Eens1 = 2Ez—¢ correspondingly.

The correction term EE°° 9 describes a nonlocal part of the

exchange-correlation interaction of the pair of electrons at
HOMO with the rest of the neutral system. In Egs. (3), (4),
and (5), all the quantities included are the total energies of
neutral (Z=0) and charged systems (Z=+42 and Z=-2).
The final form of the Eq. (3) has been obtained with the
assumption for the limit of nonlocal part of the exchange-
correlation energy between the two outer pairs of electrons of

system with N + 2 electrons: ]:I;TOE fzzcg) = EE;’; gc) ~ E 2e%) The
(00,xc)
(12,Eg)
correlation energy between (1) and (2) pairs of electrons in
the system with N +2 electrons. It has been demonstrated*’)
that such approximation gives good results for band gap
computation for such 3D materials as C, Si, Ge, LiF, BN and as
well for Wide gap insulators (Xe, Kr). In general case, the

limit of B (12, Eg

electron pairs (1) and (2) belong. In the case of TMDs, pair (1)
belongs to d orbital (molybdenum) or to f orbital (tungsten)
which are more delocalized comparing to s and p orbitals. Thus,
we have used the following approximation of the limit

P}HnoEEfZ) E;)) = EEE g‘;) ~E x))m) - E(OC ) for TMD materials. It
g*}

should be emphasized that the accuracy of the band ‘gap
calculation is determined by the accuracy of calculation A% and

(003
Eio)

for the exchange-correlation energy and used pseudopotentials.
There are two approaches for calculating correction terms, the
one is a molecular cluster method without using the
pseudopotentials, and the other is a crystal supercell method.
In this study, all calculations are made within the framework of a
supercell method.

term E;5 describes a nonlocal part of the exchange-

when E, — 0 depends on the orbitals to which

, while the last is determined by the approximation used

3. Experiment Materials

MoO; powder (99.5%), WO powder (99.9%), S powder (99.5%),
Se powder (99.9%).

3.1. Growth of Monolayers

In this work, besides the experimental data collected from
reported references, MoS,, MoSe,, WS,, and WSe, monolayers
were also grown to determine their direct gaps. All the TMDs
were grown with chemical vapor deposition, which have been
widely used for the growth of TMD monolayers with high
quality.**~*¥ MoO; and WO; powders were used as precursors
of molybdenum dichalcogenides (MoX,, X stands for S and Se)
and tungsten dichalcogenides (WX;) respectively. Sulfur and
selenium powders were used for the growth of sulfides and
selenides respectively. For the growth, the oxides with a piece of
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SiO, wafer suspended were heated up to the reaction
temperature (800°C for MoX,, while 900°C for WX;), while
the chalcogen powders were heated to their melting points. The
heating rate was 50°Cmin ', After reaching the reaction
temperature, the system was kept at this temperature for 15 min
for the material growth. Then system was cooled down to room
temperature naturally. Ar was used as carrier gas to carry the
chalcogen vapor into the high temperature region with 60 sccm
flow rate. It should be noted that for the growth of selenides
10 sccm H; was also required to assist the reduction of the oxides
during the reaction.!*”**!

3.2. Characterization

After CVD growth, the direct band gap of each monolayer was
characterized and the photoluminescence (PL) spectra were
collected with a WITEC alpha 300R system. A diode laser of
532 nm was used as an excitation light source. The power of the
laser was less than 1mW to avoid the thermal effect. Optical
images of monolayers and PL spectra after Lorentz fitting are
presented on the Figure S1 in supporting information. The
peaks were located at 1.87 eV (MoS,), 1.52eV (MoSe;), 1.99eV
(WS,), and 1.62eV (WSe,).

4, Results and Discussion

We have considered following semiconducting TMDs: MoS,,
MoSe,, WS,, WSe,, all of which possessing the hexagonal
symmetry with the space group P6;/mmc. The TMD monolayer
(1L) contains three atomic planes in the configuration when
two chalcogen (S or Se) planes sandwich the plane of metal
atoms (Mo or W). Bulk TMD is formed when monolayers are
stacked together with weak inter-plane but strong intra-plane
interactions.

Quantum Espresso implementation of the DFT was used for
the computation of structural and electronic properties of bulk
and monolayer TMDs. We used PZ LDA" and PBE GGAP**
approximations of the exchange-correlation energy and pseu-
dopotentials. Brillouin zone was sampled using Monkhorst-Pack
approach, 12 x 12 x 3 and 10 x 10 x 1 meshes were used for the
bulk and monolayer correspondingly. The kinetic energy cutoff
was set to 40 Ry (MoS, and MoSe;) and 50 Ry (WS, and WSe,).

First, we performed the lattice relaxation computation for all
bulk materials under consideration in order to obtain optimum
lattice parameters. The calculated values of the relaxed lattice
parameters and experimental ones are presented in Table 1. The
deviation of the relaxed lattice parameters a and ¢ for both PZ
LDA and PBE GGA is mostly within 1% when compared to the
experimental ones. In all subsequent computations, the relaxed
lattice parameters were used.

For the bulk and monolayer TMDs (MoS,;, MoSe,, WS,
WSe;) the band gaps were computed using GVJ-2e method
according to the Eq. (3). With the GVJ-2e approach first
we obtained the quasi-particle (QP) gap, from which PL
band gap (EgL) has been calculated wusing equation

PL _ P
Eg = EQP _

g
exciton binding energies (Eexbinding) Were obtained from the

Eexcbinding- In the present work the values of the
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Table 1. Relaxed lattice parameters for bulk MoS,, MoSe,, WS,, WSe,,
and experimental lattice parameters. All lattice parameters are given in
A.

MoS, MoSe, WS, WSe,

PZ LDA

a 3.139 3.276 3.136 3.261

c 12.182 12.948 12.375 13.005
PBE GGA

a 3.194 3.338 3.194 3.312

c 12.435 12.983 12.640 13.199
Experiment

a 3.160 3.288 3.153 3.280

c 12.295 12.900 12.323 12.950
Ref. [50] [50] [51] [50]

Bethe-Salpeter equation (BSE),®*! as there exists variability in
the experimental values for exciton binding energies in
monolayer TMDs. The results for GV]-2e QP gap and GV]J-
2e optical band gap (GV]J-2e PL) are provided in Tables 2 and 3.
In the Table 2 we present comparison of the theoretically
obtained values for GVJ-2e QP gap with the experimentally
obtained QP gap from the scanning tunnelling spectroscopy
(STS). Here we also give values for GW and GoW, band gaps
which are compared with STS QP gap values.

From the Table 2 follows that GVJ-2e QP gaps of TMD
monolayers are in good agreement with STS QP experimentally
obtained values having mean absolute error (MAE) of about
0.10 eV and mean absolute percentage deviation (MAPD) of 4%.
Comparison of QP gaps with experimental STS data for TMD
monolayers for GW yields MAE of 0.42 eV (MAPD. 18%) and for
GoWo method MAE is about 0.09eV (MAPD 3%).

In the Table 3 both QP and PL band gaps obtained with GV]J-2e
method are provided. As it follows from the Tables 2 and 3, the
GVJ-2e method allows obtaining the band gap values correlating
well with the experimentally obtained band gap for both bulk and
monolayer TMDs. For bulk and monolayer TMDs, the GV]-2e
method demonstrates MAE of 0.03 eV and MAPD of about 2%
for optical gap evaluation; for the GVJ-2e QP gap MAE is of

Table 2. TMD monolayers QP gaps: theoretical — obtained from GW
and GoWy; calculated with GVJ-2e method (Eq. (3)); experimental —
obtained from STS measurement. BSE are the theoretical exciton
binding energies in TMD 1L. All values are in eV.

L GoWo & GW Exciton BSE GV)-2e QP Exp.

MoS, 2.48% 0.5019 2.38 2.409
2.979 2.59

MoSe, 2.18% 0.465°9 2.03 2.18"
2.41%

WS, 2439 0.4819 2.51 2,739

WSe, 2.08% 0.4429 2.1 2.12"

2 GOWO Ref. 3 PGW Ref. #1: IBSE Ref. [°; IRef. 5%): ©IRef. (6] DRef, [67); &Ref,
[68]; MRef. 1,
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0.06eV (MAPD 2%). The comparison of the theoretical and
experimental PL band gap values is demonstrated in the
Figure 1. The theoretical set of band gaps includes values
calculated with our GVJ-2e method and well-accepted HSE, TB-
mBJ, sX methods.

There exists variability in the published experimental values
(including our own values from the PL measurement) for the
band gap of monolayers of TMDs (as listed in Table 3).°*** The
experimentally obtained band gaps are 1.87-1.92eV (MoS,),
1.55-1.58eV  (MoSe;), 1.98-2.05eV (WS, 1.6-1.66eV
(WSe,).?2*4 1t should be noted that PL band gaps obtained
theoretically with our GVJ-2e method are 1.88 eV (MoS,), 1.57 eV
(MoSey), 2.03eV (WS,), 1.67eV (WSe,), which correlate well
with both our experimental results and the experimental results
published by other groups.

In order to compute the band gap according to the Eq. (3), one
first needs to compute the LDA band gap. It is important to
underline that the equation for LDA,. (Eq. (2)) should be used.
Equation (2) produces LDA,. band gap, which usually has better
correlation with experiment than LDA band gaps obtained with
Eq. (1).*”) Calculated LDA,. band gap values for bulk and
monolayer TMDs are presented in Table 3. For monolayers, the
following values are available from the literature for the LDA
band gap: 1.58eV (MoS;), 1.32 (MoSe,), 1.51eV (WS,), and
1.22eV_(WSe,).>*) Thus the mean absolute error for TMD
monolayer of LDA band gap is 0.37 eV, while for LDA,, this error
is about 0.32eV (compare with LDA,. mean absolute error for
bulk TMDs of 0.10eV).

The comparison of the band gap calculated with GVJ-2e and
LDA,. methods reveals that taking account of nonlocal part of
the exchange-correlation energy plays a crucial role for precision
of band gap calculation. The latter is implemented by means of
including correction terms. Quite often, the correction terms
have magnitudes, which are comparable with magnitudes of the
band gap.

(c0,xC
(1,0)

exchange-correlation energy of pair of electrons on HOMO of a
neutral system with the rest of the system. There is a significant
difference in HOMO of MoX; and WX, systems, where d and f
orbitals correspond to the first and the second case (X is either S

The correction term E\°* represents a nonlocal part of the

or Se). Thus, for MoX, EE;CJ;C) takes into account a nonlocal part

of the exchange-correlation interaction of electrons of d orbitals
with the rest of the system. For WX, more delocalized electrons

of the f orbitals contribute the value of EE;”(;’;C). It is conceivable

that the shift to more localized electrons corresponds to a more
negative nonlocal part of the exchange-correlation energy

(o030
(—Eqrg)

from W to Mo monolayer compounds.

The calculation of Kohn-Sham (KS) band gaps was performed
for bulk and monolayer TMDs. For bulk materials using LDA (or
PBE) we obtained the following KS band gaps 0.79eV (0.93eV)
for MoS,, 0.84eV (0.81 eV) for MoSe,, 0.98 eV (1.00 eV) for WS,.
The Kohn-Sham band gap obtained in LDA (or PBE)
approximation for bulk TMD tend to underestimate the
experimental band gap for about 0.31eV (29%) for LDA and
0.35eV (25%) for PBE GGA. Nevertheless for monolayers LDA
(or PBE) KS band gaps of MoS, 1.87 eV (1.62eV), MoSe, 1.62eV

value), which is observed with the transition

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Theoretically obtained QP band gaps with GVJ-2e method (Eq. (3)), calculated GV)-2e PL values, LDA2e band gaps (Eq. (2)), and

correction terms Ag- and E<?0'xc)for bulk and monolayer MoS,, MoSe,, WS,, WSe,. Experimental values and theoretical band gaps obtained with

other methods (GW, GoW,, HSE, TB-mB], sX) are referenced from the literature. All values are given in eV.

TMD LDA A Etmc) GW & GoWo HSE TB-mB) sX GVJ-2e QP (GV)-2e PL) Exp.
MoS, Bulk 1.04 0.193 2.664 1.23% 1.46% 1.119 1.358) 1.23 1.23"
1307

MoS, 1L 2.33 —0.200 1.638 2.489 2.029 1.620 1.889 2.38 (PL 1.88) 1.89"
2,97 1.87, 1.9, 1.92)

1.879

MoSe, Bulk 1.17 —0.047 2.891 1.112 @ 1.36% 1.029 1.168 1.09 1.09"

MoSe, 1L 1.80 —0.134 1.636 2.189 1.729 1.400 1.719 2.03 (PL 1.57) 1.569
2.41% 1.55, 1.57, 1.58"

1.529

WS, Bulk 1.24 0.009 2.714 1.30% 1.60°) 1319 1.448) 1.32 1.35"

WS2 1L 2.34 —0.190 —0.443 2.439 1.989 1.740 2.138) 2.51 (PL 2.03) 2.01™
1.98, 2.02, 2.05"

1.999

WSe, Bulk 1.23 —0.011 —0.541 1.19¥ 1.449 1.209 1.338) 1.21 1.20"

WSe, 1L 1.90 —0.136 —0.221 2.089 1.639 1.439 1.829 2.11 (PL 1.67) 1.66°
1.6, 1.64, 1.65P)

1.629

3 GW Ref. 3%, "GW Ref. !); 9IGOWO Ref. ®%; YHSE for 1L TMDs Ref. B, “HSE and TB-mB] for bulk TMDs Ref. *%; /TB-mB]J for 1L TMDs Ref. %}, ®sX Ref. *%; PBulk
TMDs experimental band gaps from Ref. ), "MoS, 1L exp. Ref. 53, "MoS, 1L exp. Refs. 57757, ¥MoSe, 1L exp. Ref. ®*; )MoSe, 1L exp. Refs. 58061 s, 11 exp. Ref. 5,
WS, 1L exp. Refs. F263L; ©Wse, 1L exp. Ref. % PWSe, 1L exp. Refs. P***%; 9Qur experimentally obtained band gaps.

(1.42eV), WS, 1.96eV (1.73eV), WSe, 1.70eV (1.51eV) are
much closer to the experimental values.

We calculated also the electronic band structures for bulk
and monolayer TMDs. The bulk form of MoS,, MoSe;, WS,,
and WSe, are indirect band gap semiconductors with the

valence band maximum (VBM) and conduction band mini-
mum (CBM) located at G point and middle of K-G line in k-
space, respectively. At the same time MoS,, MoSe,, WS, and
WSe, monolayers are direct band semiconductors with both
VBM and CBM located at K point (see Figure 2)). With
transition from bulk to monolayer is observed transition from
indirect to direct semiconductor. In Figure 2 the projected
density of states (pDOS) is depicted. The density of states of the

HSE conduction band is formed largely by d states from metal atoms

24r - TE ~mBJ . S (Mo or W), which agree with published data.
. iD A We have evaluated as well other well-accepted methods
20k, Gv JZ-eZe 4 presented in Tables 2 and 3 and obtained the following results for
MAE (and MAPD) on bulk and monolayer TMDs: GW 0.23 eV
el (10%), GoW, 0.09 eV (3%), HSE 0.17 eV (13%), TB-mBJ 0.14 eV

. MoSe2

=

N
T
L

Theoretical Band Gap, eV

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Experimental Band Gap, eV

Figure 1. Comparison of the experimental PL and theoretical PL band
gaps for bulk and monolayer TMDs. Theoretical PL band gaps include
computed GVJ-2e and LDA,.; HSE, TB-mB]J, sX values are taken from
literature, see Table 3. As experimental band gap value is taken the first
value from column Exp. PL in Table 3.
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(9%), sX 0.11eV (8%) (see Figure 3). These results clearly
demonstrate that the recently proposed method GVJ-2e imple-
ments a way to compute band gap values with much smaller

<« " Monolayers average errors MAE 0.06eV (2%) for GV]-2e QP gaps and of
08l MoSe, MoS, 0.03eV (2%) for PL band gaps. Although the precision of the
Bulk GVJ-2e method overcomes the precision of hybrid functionals

and GW methods, the GVJ-2e computational costs are
comparable with one of LDA/GGA calculation. From Figure 3
follows that LDA,, calculation could be also used for qualitative
analysis of the fundamental band gap for new materials, as the
accuracy of LDA,. is comparable with accuracy of HSE method.

It is interesting to compare the behavior of the methods for
the calculated band gap values for 3D (bulk) and 2D (monolayer)
TMDs. GW and GoW, methods tend to give a more accurate

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Theoretically obtained electronic band structures from LDA calculation (MoS; and MoSe;) and from PBE calculation (WS; and WSe;). The
arrow indicates direct transition between VBM and CBM. On the right to the band structure, the projected density of states (pDOS [States/eV]) is plotted
for each material (dark blue color corresponds to transition metal d states, red color corresponds to chalcogen p states).

band gap values for bulk TMDs, while larger errors occur for
monolayers. The similar behavior is demonstrated by TB-mB]
functional, while opposite trend occurs for HSE which turns out
to give better results for 2D structures. Proposed GVJ-2e method
works equally well for both bulk and monolayer forms of TMDs.

:IGVJ-Ze PL 0.03 (2%) i
©
o (LDA |0.21 (14%)
N 2e
g sX 0.11 (8%) PL Gaps
— |1B-mB3 0.14 (9%)
E HSE 0.17 (13%)
2 i
©
= L
a GVI-2e QP 0.06 (2%)
§ G,W, 0.09 (3%) QP Gaps
GW |0.23 (10%)
" " " " 1 " " " " 1 " " " " 1 " " " " 1 2 " " " 1
0.0 0.1 0.2 0.3 0.4 0.5

Mean Absolute Error (MAE), eV

Figure 3. Calculated band gap mean absolute errors (MAE) for widely
used methods (GW, GoWo, HSE, TB-mBJ, sX) and proposed GV|-2e
method for bulk and monolayer TMDs (band gap computed according to
Eq. (3)). Also MAE for LDA,. band gap is displayed (band gap computed
according to Eq. (2)). Mean absolute percentage deviations (MAPD) are
provided in %.

5. Conclusions

In this work, we have applied the general approach for the band
gap calculations GVJ-2e (proposed by us earlier'*) to analyze the
electronic structure of the TMDs, which include the bulk form
(3D representative with layered structure) and monolayer (2D
structure). Similar to the case of conventional semiconductors
and wide gap dielectrics, the calculated values of the band gap for
bulk and monolayer TMDs are in very good agreement with the
experimental values.

For bulk TMDs, the calculated band gaps are 1.23 eV (MoS,),
1.09eV (MoSe;,), 1.32eV (WS;), 1.21 eV (WSe,). For monolayer
TMDs, the calculated QP (and PL) band gaps are 2.38eV
(1.88eV) for MoS;, 2.03 eV (1.57 eV) for MoSe,, 2.51eV (2.03 eV)
for WS,, and 2.11 eV (1.67 eV) WSe,. Although the precision of

Phys. Status Solidi A 2017, 1700218
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the GVJ-2e for TMD monolayers is close to one of GoW, method,
on both bulk and monolayer TMDs the GV]J-2e method has the
smallest error of all. Thus the mean absolute error (MAE) of QP
gaps for bulk and monolayer TMDs obtained with GV]J-2e
method is 0.06 eV, which overcomes MAE of GW (0.23 eV) and
GoWy (0.09eV) methods. For the GVJ-2e PL band gaps
(calculated from GVJ-2e QP gaps) MAE is 0.03eV, which is
lower than MAE of other widely used methods such as HSE
0.17 eV, TB-mBJ 0.14 eV, and sX 0.11 eV. It should be mentioned
that GVJ-2e method does not have inner limitations to a type of
2D system under investigation, thus could be potentially used
for variety of other 2D materials (ex. AuPHU%). We have
demonstrated that, in agreement with the case of conventional
semiconductors, the accuracy of the calculated band gaps is
largely affected by the nonlocal part of the exchange-correlation
energy. Accuracy and computational efficiency of the proposed
GV]J-2e method enables using it for search and exploration of
new materials (both 3D and 2D systems) with desired electronic
properties.
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