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Abstract

Two-dimensional transition metal dichalcogenides (TMDs) are promising low-dimensional materials
which can produce diverse electronic properties and band alignment in van der Waals hetero-
structures. Systematic density functional theory (DFT) calculations are performed for 24 different
TMD monolayers and their bilayer heterostacks. DFT calculations show that monolayer TMDs can
behave as semiconducting, metallic or semimetallic depending on their structures; we also calculated
the band alignment of the TMDs to predict their alignment in van der Waals heterostacks. We have
applied the charge equilibration model (CEM) to obtain a quantitative formula predicting the highest
occupied state of any type of bilayer TMD heterostacks (552 pairs for 24 TMDs). The CEM predicted
values agree quite well with the selected DFT simulation results. The quantitative prediction of the
band alignment in the TMD heterostructures can provide an insightful guidance to the development

of TMD-based devices.

1. Introduction

Two-dimensional (2D) materials, arising from the
isolation of graphene by Geim and Novoselov, have
received extensive attention among the materials
research communities because of their novel proper-
ties and rich low-dimensional physics [1]. The novel
properties of two-dimensional (2D) materials have
driven a rapid development of graphene-based nanos-
cale electronic devices and fundamental research of
new physics [2]. The boom of research in 2D materials
have stimulated a renewed interest in layered crystal-
line materials with unique electrical and optical
properties [3].

Regarded as an outstanding representative, trans-
ition metal dichalcogenides (TMDs) ranging from
metal, semi-metal to semiconductors have

demonstrated their potential significance in the
exploration of future nanoelectronic devices [4]. Their
superior material properties such as direct band gap,
atomic thickness and large degree of electrostatic con-
trol, enable a large number of applications in electro-
nic (semiconductor [5-7], superconductor [8]),
photonic (photoluminescence [9, 10], photo-sensor
[11], solar energy harvesting [12]), thermal [13, 14],
mechanical (solid lubricants), catalytic [15, 16] and
emerging spintronic and valleytronic devices [17-19].
Considering the large number of metal dichalco-
genides materials, systematic studies of the structural
and electronic properties of the TMD family are neces-
sary as a prerequisite of exploiting TMDs-based devi-
ces. In the 1980s, Grasso et al have reviewed the
electronic properties of a series of bulk layered materi-
als based on an augmented plane wave method [20].

©2016 IOP Publishing Ltd
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Recently, substantial efforts have also been devoted to
understanding the basic electronic properties of
monolayer TMDs including electronic band gaps [21-
23], work functions, and electron/hole effective mas-
ses [24-26]. which are required for diverse device
applications. In addition, many state of the art simula-
tion methods have been applied to monolayer TMDs
to investigate their detailed band structures
[21, 22, 27-32]. To understand the band structure of
monolayer TMDs, the spin orbit coupling (SOC)
effect needs to be considered because of the lack of
inversion symmetry in monolayer TMDs [17, 33, 34].
Z Y Zhu et al showed that the spin—orbit interaction
induces a splitting of ~0.15 eV at the topmost valence
band in monolayer H-MoS,. The SOC splitting is even
larger for monolayer TMDs with heavy transition
metal elements because the SOC strength increases
rapidly with the increasing atomic number of con-
stituent elements [35]. Although the primary char-
acteristics can be described by DFT simulation with
generalized gradient approximation of Perdew—
Burke-Ernzerhof functionals (GGA-PBE), due to the
existence of exciton binding energy, there is a ~1 eV
difference between optical band gap and quasi-particle
(QP) band gap. To accurately capture the features of
the band structure, many-body perturbation GW the-
ory was used to investigate both monolayer and bilayer
TMDs which yielded band gap values in good agree-
ment with experimental results [3, 28, 36—43].

More recently, in addition to monolayer TMDs-
based devices, the focus of developing 2D vertical het-
erostructure (van der Waals stack of diverse 2D crys-
tals) devices have been put into the study of p—n
junction devices [44], photoluminescent devices [45—
47], photovoltaic devices [48-50], photodetectors
[51], light emitting diode (LED) [52]. Because of weak
van der Waals interaction between TMDs layers and
their atomic commensurability (i.e. compatible stack-
ing of TMDs with different lattice constants), it is easy
to reassemble them into large varieties of hetero-
structures. Due to the availability of versatile electrical
properties of monolayer TMDs spanning from semi-
conductor to metal and superconductor, a broad
range of material parameter space is opened up to
design and obtain desired TMD heterostack properties
for next-generation electronic devices [53, 54]. Never-
theless, applications of 2D crystals in heterostructure
devices are intrinsically determined by the funda-
mental structural and electronic properties of con-
stituent 2D materials, especially by their band
alignment when the 2D van der Waals heterostack is
formed. Recent modeling papers have provided useful
database of universal band alignment of 2D transition
metal oxides and chalcogenides with respect to the
vacuum [23, 35, 36, 40]. This provides insightful gui-
dance for experimentalists to optimize the electrical
contacts [55, 56], and design heterogeneous junctions
with dissimilar materials [57-59]. However, when the
two 2D materials are stacked, the band alignment is
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not simply a superposition of bands of two compo-
nents. Some additional effect such as interfacial charge
polarization and redistribution occurs which cannot
be well described by Mott-Schottky rule [60] or
Anderson’s rule [61] in conventional semiconducting
heterostructures.

Moreover, it is extremely expensive and time con-
suming to experimentally test the electrical properties
of a large number of 2D heterostacks to explore the
desired band alignments. Therefore, to further under-
stand such stacking effects at the van der Waals hetero-
structure interface, a systematic investigation on the
band alignments of the TMDs heterostacks is
necessary.

In this work, we firstly use density functional the-
ory (DFT) calculations to examine the relative phase
stability between trigonal prismatic structure (noted as
H), octahedral structure (noted as T) and distorted
octahedral structure (T’) in 24 types of 2D TMDs
which are the combinations of group IV-VI transition
metals and chalcogen species (S, Se, and Te). After
determining the most stable phases of those TMDs,
their band structures with SOC are calculated and the
band alignments of monolayer TMDs are summarized
with respect to the vacuum level. To more accurately
describe the band alignment, the GoW, method is also
applied to some semiconducting TMDs. After estab-
lishing the reference band alignment information, we
use the DFT method to study the band alignments in
the heterostacks of two monolayer TMDs with similar
lattice constants which can be classified into three
categories: (1) semiconductor—metal stack, (2) semi-
conductor-semiconductor stack and (3) semi-
conductor—semimetal stack. Finally, by analyzing the
band alignments of these heterostacks, we developed a
formula to predict the band alignments of stacked
varying TMDs using charge equilibration
method (CEM).

2.Methodology

The calculations are performed using the Vienna
ab initio simulation package [62]. The projector-
augmented wave [63] pseudopotentials are adopted,
and both local density approximation (LDA) [64] and
generalized gradient approximation (GGA) of Per-
dew—Burke—Ernzerhof (PBE) [65] functionals are used
to describe the exchange-correlation potential. We
optimized structures of monolayer transition metals
(group IV: Ti, Zr and Hf; group V: V, Nb, and Ta; and
group VI: Mo and W) dichalcogenides (S, Se, and Te)
using both GGA-PBE and LDA. For convenience, we
define ‘n-TMD’ to represent different types of single
layer TMDs in which n is the transition metal group
number. A vacuum thickness of ~16A is set for
monolayer TMDs to avoid periodic image interactions
during atomic relaxation. With a cutoff energy of
400 eV, the ionic relaxation stops with the residual
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force on each atom is less than 0.01 eV A~ and the
electronic optimization stops when total energy differ-
ence is smaller than 10~*eV. The Monkhorst-Pack
k-point sampling in Brillouin zone (BZ) is I'-centered
with 8 x 8 x 1and40 x 40 x 1 meshes inionicand
electronic optimization, respectively. We summarize
the thermodynamic stability of various TMDs (the T
structure, the H structure and in some instance
distorted T structure noted as T’ structure) by compar-
ing their total energy with reference to that of the T
phase.

Considering van der Waals interactions in TMD
bilayer heterostructures, we include the Grimme
DFT-D3 correction with GGA-PBE functional for
atomic relaxation [66]. Energetically more stable hex-
agonal AB stacking model is used for bilayer TMDs
heterostructures [67].

To understand the details of the electronic struc-
ture of monolayer TMDs, band structure calculations
with and without SOC are performed along high sym-
metry points in the BZ with GGA-PBE. The band gaps
of semiconducting monolayer TMDs are summarized
and analyzed.

With respect to the vacuum level, the universal
band alignments of all the TMDs with energetically
favorable phases are performed. The dipole correction
is included along the direction perpendicular to the
surface of TMDs [68].

The GyW, calculations are also performed to get
more accurate band alignments of some semiconduct-
ing monolayer TMDs, with a cutoff energy of 400 eV
and 128 empty bands. In QP GyW, calculations, I'
centered 12 x 12 x 1 Monkhorst-Pack k-point mesh
is used for BZ integration. Since the band gap center
(BGC) is reported to be insensitive to different
exchange-correlation functionals [69], we employ the
method proposed by Toroker et al to determine the
band edge positions [70]. The corrected conduction
band minimum (CBM) and valence band maximum
(VBM) is given by

1
Ecem/vem = Epcc £ EEQP, 1

where Epgc is the band gap center energy obtained by
PBE functional and EgQP is the quasiparticle band gap
from the GoWj, calculation.

3. Results and discussions

3.1.Band alignment of monolayer TMDs

To determine the band alignment information of
isolated monolayer TMDs, we firstly study the phase
stability of various monolayer TMDs and then investi-
gate their electronic structures. Due to the hugeness of
detailed band structures of relevant monolayer TMDs,
they are listed in the supporting information as a
database. By using the band structure information
database of various monolayer TMDs, we can easily
extract their band gaps and absolute band positions
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with respect to vacuum. The results of CBM, VBM and
band gap obtained by GGA-PBE and GyW, method
are tabulated in table 1. The band gaps obtained by
including the SOC effect in this work are similar to or
slightly smaller than the values reported previously
[30]. This behavior is especially obvious in W-based
H-monolayer TMDs due to a large SOC effect of
~0.4 eV at the VBE which is consistent with previous
works [3]. The work function results of some mono-
layer TMDs agree very well with reported values.
Moreover, the calculated electron affinity ~4.27 eV of
monolayer MoS, agrees well with the experimentally
reported electron affinity ~4.0eV in bulk MoS,
crystals [71, 72].

To have a clear picture of band alignments of var-
ious monolayer TMDs, the VBM and CBM are plotted
with green and orange columns in figure 1 respec-
tively. The chartis divided into three parts in which the
left part is the band alignment of semiconducting
monolayer TMDs. The middle and right parts are
metallic and semimetallic monolayer TMDs with only
occupied states marked. The results are consistent
with the most recent work on the two-dimensional
metal-semiconductor junction [73].

As shown in figure 1, for the H-monolayer VI-
TMDs, when the atomic indexes of chalcogen species
increase from S to Te, the VBE undergoes a con-
spicuous energy increase, associated with a relatively
smaller energy increase of the CBE, resulting in a
decreasing energy gap. At the same time, the larger
atomic radius and decreased reactivity induce wea-
kened interaction between transition metal atoms and
chalcogen atoms and correspondingly a larger lattice
constant, thus resulting in a decrease in the band gaps.
For the same chalcogen species, Mo is more reactive
than W because of the intrinsic higher reactivity of 3d-
electrons compared to 4d-electrons. Therefore, the
overall energy levels of Mo-dichalcogenides are lower
than that of W-dichalcogenides. The six outermost
valence electrons of metal atoms are bonded to six
chalcogen atoms through trigonal prismatic coordina-
tion. Therefore, the valence band can be fully saturated
while the conduction band is not occupied, inducing
the semiconducting nature of H-monolayer
VI-TMDs.

In contrast to group VI TM atoms, group IV TM
atoms have two less valence electrons. As a result, IV-
TMDs are semiconducting with deeper bands with
respect to VI-TMDs. It is consistent with the observa-
tion of higher work functions of IV-TMDs than those
of VI-TMDs. The same semiconducting nature but
distinctive positions of band edges of VI- and IV-
TMDs indicate the potential combination of these two
types of TMDs for TFET application. For example,
electrons at the VBE of WSe, would be able to tunnel
into the conduction band of ZrS, with ease. Another
promising couple for a TFET device is WSe, with SnS,
or SnSe,, and for this reason the band alignments of
SnS; and SnSe; are also shown in figures 1 and 2 [74].
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Table 1. VBM (E,), CBM (E.) and band gaps (E,) of different monolayer TMDs are listed. E can also be referenced as electron affinity (EA)
which is the energy difference between CBM and vacuum level. ‘D’ and T’ in the parenthesis of Eg (D/I) indicate ‘direct’ and ‘indirect’ band
gaps. ‘M’ and ‘SM’ denote the metallic and semimetallic nature of monolayer TMDs respectively. The work functions (WF) of semi-
conducting monolayer TMDs are calculated by —(E. + E,)/2 and the work functions of semimetallic and metallic monolayer TMDs are
calculated by the difference between VBM of DFT result to the vacuum level.

DFT GoWy
TMDs E,(eV) E.(eV) Eg(eV) E,(eV) E.(eV) Eg(eV) WFE(eV) Method Reference
H-MoS, —5.86 —4.27 1.59 (D) —6.42 —3.71 2.71 5.07 PBE
1.68 (D) —6.28 —3.92 2.36 5.10 PBE [37]
—6.13 —455 1.58 (D) —6.32 —3.84 2.48 LDA [38]
H-MoSe, —5.23 —3.88 1.32(D) —5.75 —3.38 2.37 4.57 PBE
1.45(D) —5.62 —3.58 2.04 4.60 PBE [37]
—5.50 —4.18 1.32(D) —5.63 —3.46 2.18 LDA [38]
H-MoTe, —4.75 —3.78 0.94(D) —5.24 —3.35 1.89 4.29 PBE
1.08 (D) —5.12 —3.58 1.54 4.35 PBE [37]
—5.04 —4.11 0.93 (D) —5.11 —3.40 1.71 LDA [38]
H-WS, —5.50 —3.93 1.54(D) —6.19 —3.28 291 4.73 PBE
1.82(D) —6.11 —3.47 2.64 4.79 PBE [37]
—5.75 —4.24 1.51 (D) —6.28 —3.85 2.43 LDA [38]
H-WSe, —4.86 —3.55 1.32(D) —5.49 —2.92 2.57 4.21 PBE
1.55(D) —5.46 —3.20 2.26 4.33 PBE [37]
—5.13 —3.91 1.22 (D) —5.61 —3.53 2.08 LDA [38]
H-WTe, —4.44 —3.69 0.74(D) —4.20 —2.55 1.93 4.06 PBE
1.07 (D) —4.97 —3.35 1.62 4.16 PBE [37]
T-ZrS, —6.38 —5.30 1.08 (1) —7.19 —4.49 2.70 5.84 PBE
1.19(1) —7.14 —4.58 2.56 5.86 PBE [37]
—6.58 —5.55 1.03(D) —5.61 —3.53 2.88 LDA [38]
T-ZrSe, —5.44 —5.15 0.29 (I) —6.19 —4.41 1.78 5.30 PBE
0.50 (I) —6.14 —4.60 1.54 5.37 PBE [37]
—5.66 —5.41 0.25 (1) —6.53 —4.68 1.85 LDA [38]
T-HfS, —5.73 —5.71 1.23(1) —7.16 —4.27 2.89 5.71 PBE
1.27 (1) —6.98 —4.53 2.45 5.75 PBE [37]
—6.48 —5.42 1.06 () —7.92 —4.63 2.98 LDA [38]
T-HfSe, —4.91 —5.37 0.45 (D) —6.14 —4.19 1.95 5.17 PBE
0.61 (1) —5.95 —4.56 1.39 5.25 PBE [37]
—5.57 —5.26 0.30 (1) —6.53 —4.58 1.96 LDA [38]
T-SnS, —7.05 —5.46 1.59 () —7.77 —4.74 3.04 6.55 PBE
—6.98 —5.58 1.40 (I) —7.98 —4.91 3.07 LDA [38]
T-SnSe, —6.00 —5.22 0.78 (I) —6.57 —4.74 1.84 5.79 PBE
—6.19 —5.58 0.62 (1) —6.96 5.05 1.91 LDA [38]
H-VSe, —5.51 —5.33 0.18(I) M M M 5.42 PBE
H-VTe, ~5.00 —4.83 0.17() M M M 4.92 PBE
H-VS, —5.92 SM SM M M M 5.92 PBE
T-VS, —5.53 M M M M M 5.51 PBE
T-VSe, —5.00 M M M M M 5.55 PBE
T-VTe, —4.60 M M M M M 4.60 PBE
H-NbS, —6.07 M M M M M 6.09 PBE
T-NbS, —5.33 M M M M M 5.32 PBE
H-NbSe, —5.54 M M M M M 5.52 PBE
T-NbSe, —4.91 M M M M M 4.90 PBE
H-NbTe, —5.02 M M M M M 5.06 PBE
T-NbTe, —5.14 M M M M M 4.62 PBE
H-TaS, —5.91 M M M M M 5.93 PBE
T-TaS, —5.09 M M M M M 5.06 PBE
H-TaSe, —5.38 M M M M M 5.40 PBE
T-TaSe, —4.68 M M M M M 4.66 PBE
H-TaTe, —4.82 M M M M M 4.90 PBE
T-TaTe, —4.83 M M M M M 4.40 PBE
T-TiS, —5.74 SM SM SM SM SM 5.72 PBE
T-TiSe, —5.32 SM SM SM SM SM 5.32 PBE
T-TiTe, —4.81 SM SM SM SM SM 4.86 PBE
T-ZrTe, —4.81 SM SM SM SM SM 4.56 PBE
T-HfTe, —4.70 SM SM SM SM SM 4.72 PBE
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Energy(eV)

respectively. The vacuum level is set to 0 eV.

Figure 1. Band alignment of all the studied monolayer TMDs. CBM and VBM are indicated by the green and orange columns

Figure 2. Position of band edges for stable semiconducting TMDs with respect to vacuum. The band edge of DFT-PBE data and G, W,
data are indicated by filled navy blue gradient column and pink solid column, respectively. The vacuum level is set to 0 eV.

Different from VI-TMDs and IV-TMDs, most H-
and T- monolayer V-TMDs are metallic except for
H-VSe, and H-VTe, have already been reported to be
semiconducting or metallic [38, 75]. A half-occupied
band is produced because of the lack of one valance
electron in group V TM atoms compared to group VI
transition metal atoms. Thus all V-TMDs become
metallic with intermediate work functions between
VI-TMDs and IV-TMDs. Such diverse electronic
properties of 2D TMDs make this emerging family of
low-dimensional materials promising for a broad
range of applications.

To predict a more accurate band alignment, we
applied the GyW, method to correct the band gaps of
the semiconducting monolayer TMDs. By aligning the
center of the Fermi level of GW calculation and GGA-
PBE calculation, VBE and CBE are estimated, respec-
tively, by shifting equally half of the GoW, band gap
from the band center calculated by GGA-PBE. The
corrected band edges and band gaps are listed in
table 1. This kind of shifting was also reported by Liang
et al, showing that the band gap of MoS, will have a
shift of about 50% of the GW band gap from the center
of Fermi level calculated by GGA-PBE [27]. It is found
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Figure 3. The band structure of isolated (a) monolayer H-MoTe, and (c) monolayer T-ZrS, are plotted with pink solid lines and navy
solid lines respectively. The horizontal black dotted lines indicate Fermi level in the isolated monolayer H-MoTe, and T-ZrS,. The
projected band structure of H-MoTe; layer and T-ZrS, layer in H-MoTe,—T-ZrS, bilayer heterostack are indicated by pink dotted
lines and navy dotted lines respectively. The violet dash dotted line represent the Fermi level in the H-MoTe,~T-ZrS, bilayer

M K

that the band gaps agree with or are slightly larger than
previously reported values [3, 21, 27, 28, 37, 38]. These
differences may arise from the SOC effect and the dif-
ference in computational details including software
package, pseudopotentials and detailed settings. The
GoW, corrected band edges of monolayer VI-TMDs
agree with previously reported results except for a
~0.2 eV difference which may be due to the spin—orbit
splitting [38]. Some band edge positions obtained
from PBE and LDA methods are quite different, which
results from the difference between PBE and LDA in
describing the exchange correlation effect. The con-
duction and valence band offset of the WSe, and
MoS, couple are also consistent with the experimental
measurement showing the validity of our calculation
[47]. Note that the work function of HfSe, (~5.2 eV)
disagrees with recent experimental values (~3.8—
4.4 eV) to some extent [76]. This is attributed to the
utilization of a perfect crystalline sample in the DFT
calculation, while in the real measurement, consider-
able amount of defects are contained in the samples
which will lead to a different work function value. It is
also worthy to note that the difference between the
DFT band gap and GW band gap originates from the
band gap renormalization by the reduced screening of
Coulomb interaction [39]. As we have shown recently,
the dielectric environment can provide strong screen-
ing of Coulomb interaction and reduce the GW band
gap down to DFT band gap by removing the band gap
renormalization [77]. Consequently, the band gaps of
a monolayer TMD can have intermediate values
between DFT and GW band gaps depending upon the
dielectric environment of the heterostructures.

All of the band alignment information can facil-
itate the development of future heterostructure device
development. For example, by using the alignment
information, appropriate combination of monolayer
metallic and semiconducting TMDs can be found to
form a good metal-semiconductor contact thus redu-
cing the contact resistance. As the band alignment is
used to determine the interlayer band gap and electron
transition behavior, it can be used to develop new 2D
LED and photovoltaic devices [45-47]. However, such
band alignment provides a rough guideline, and more
quantitative band structure alignment in TMD het-
erostructure require further analysis.

3.2.Band alignment in TMD bilayer
heterostructures

After getting the band alignment information of the
building block monolayer TMDs, we can have a
blueprint for designing diverse promising heterostruc-
ture devices. However, when two monolayer TMDs
are stacked, the resultant band structure of the hetero-
stacks is not a simple combination of two monolayer
TMDs which is commonly described by Mott-
Schottky or Anderson’s rule [59, 60]. Some additional
effects occur at the interfaces including charge trans-
fer, charge redistribution and interfacial dipoles lead-
ing to the shift of the band alignment. These
phenomena were experimentally observed in previous
publications [78-80].

To understand the band alignment before and
after the stacking of two monolayer TMDs, we choose
a set of monolayer TMDs with negligible mismatch in
their lattice constants to calculate the band structure of
their heterostacks.
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Figure 4. Band alignments before and after the stacking of (a) H-MoTe, and T-ZrS, (b) H-MoTe, and H-NbSe, and (c) H-MoTe, and
T’-MoTe,. The light gray columns indicate the VBM and CBM before the stacking. The blue horizontal bars denote the highest
occupied states. The green and orange columns represent the VBM and the CBM after stacking, respectively. The valence band offset
(VBO) and conduction band offset (CBO) is marked with black arrows. The charge density difference between the heterostructures (d)
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The band structure of monolayer H-MoTe,,
monolayer T-ZrS, and their heterostacks are shown in
figure 3. The valence band edge of isolated monolayer
H-MoTe, is higher than the conduction band edge of
isolated monolayer T-ZrS,. As a result, when mono-
layer H-MoTe, is in contact with monolayer T-ZrS,,
the band structure of H-MoTe,—T-ZrS, bilayer het-
erostack is not a simple superposition of their indivi-
dual band structures; charge transfer is observed from
the valence band of monolayer H-MoTe, to the con-
duction band of monolayer T-ZrS,. This charge trans-
fer can also be confirmed by the partially occupied
valence band and conduction band around the Fermi
level in the H-MoTe,—T-ZrS, bilayer heterostack (see
figure 3(b)). Comparing the band structure of mono-
layer H-MoTe, in figure 3(a) and the projected band
structure of H-MoTe; in figure 3(b), we can find simi-
lar amount of lowering in the conduction band and
the valence band which keeps the band gap almost the
same. Note that in T-ZrS, the conduction band is shif-
ted down and the valence is shifted up respectively.
The inconsistency of the trend of band shifts between
H-MoTe, and T-ZrS, can be regarded as a complex
interfacial effect including dipole formation, charge
redistribution, interlayer coupling etc.

By extracting the VBM, CBM and Fermi level from
the band structure before and after stacking (like
figure 3), we investigated the band alignment of
H-MoTe,~T-ZrS,, H-MoTe,—H-NbSe, and
H-MoTe,~T'-MoTe, bilayer heterostructures. These

three couples represent three types of heterostacks
including: semiconductor—semiconductor, semi-
conductor-metal and metal-semimetal. The band
alignment variations of these three combinations
before (light gray) and after (VBM-green column,
CBM-orange column) stacking are shown in
figures 4(a), (b) and (c) respectively.

First, in the H-MoTe,~T-ZrS, stack (semi-
conductor-semiconductor stack), as the VBM of
H-MoTe, is located at a higher energy than the CBM
of T-ZrS,, a charge transfer from H-MoTe, to T-ZrS,
can be observed as shown in figure 4(d). The highest
occupied state of the heterostack is aligned with the
VBM of H-MoTe, after stacking. The charge transfer
and interlayer coupling have been experimentally
observed in  many previous publications
[78, 79, 81, 82]. Moreover, in the H-MoTe,~T-ZrS,
stack, the valence band offset (VBO) and the conduc-
tion band offset (CBO) between H-MoTe, layer and
T-ZrS, layer is calculated to be 0.72 eV and 1.11 eV
respectively. It is interesting to see that the band gap of
H-MoTe, is almost unchanged before and after stack-
ing while the band gap of T-ZrS, is slightly reduced
due to the complex interlayer coupling and the inter-
facial charges.

Second, in the H-MoTe,—~H-NbSe, stack (semi-
conductor—-metal stack), because the average energies
of electrons in H-MoTe, is higher than that of
H-NbSe,, the charge transfer occurs from the VBM of
H-MoTe, to H-NbSe, (shown in figure 4(e)). The
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valence band of H-MoTe, is shifted down to be
aligned with the VBM of the stack, while the VBM of
H-NbSe, is just slightly lowered because the charge
injection cannot change the Fermi level due to the
existence of empty states around the highest occupied
state of H-NbSe,.

Third, in the H-MoTe,~T’-MoTe,-stack (semi-
conductor-semimetal stack), similar to the semi-
conductor-metal stack such as H-MoTe,—H-NbSe,
stack, the charge transfer from T’-MoTe, to H-MoTe,
is almost negligible which can be confirmed by the tiny
upshift of the VBM and CBM of H-MoTe, after stack-
ing. This effect can be seen in figure 4(f), compared to
figures 4(d) and (e), where more transferred charge is
accumulated in the interface rather than in the charge
accepting layer. Similar to metal, the shift of VBE posi-
tions in T’-MoTe, is very small because of its semi-
metallic nature. The reason for the small charge
transfer is the small difference in chemical potential
(in another word the Fermi level) between the
H-MoTe, and T’-MoTe,. The Schottky barrier
between H-MoTe, and T'-MoTe, is 0.18 €V which is
close to ohmic contact.

In addition to the heterostacks described above,
we also investigated many other TMDs bilayer hetero-
stacks described above. Their detailed band structures
and alignments are shown in figures S10-S17, and
the band offsets are listed in table S3. These data are
critical for the design and development of hetero-
structure devices.

It is worthwhile to note that in the semi-
conductor-metal and semiconductor—semimetal
stacks, the realignments reduce the Schottky barrier
heights which greatly reduce the contact resistance
and improve the electrical performance of TMDs het-
erostructure based field effect transistors (FETs). The-
oretically it has been shown that the Schottky barrier
can be tuned by choosing various metallic TMDs as
contact electrodes. Due to the Van der Waals contact,
2D metal can have the advantages including facilitat-
ing carrier transport, weakened Fermi level pinning
and reduced electron-hole recombination [73].
Experimentally, improved contact resistance is also
observed in WSe,—NbSe, FETs and the formation of
ohmic homojunction in MoTe; [54, 83].

Although we have some understanding of band
alignment variation in several Van der Waals hetero-
stacks of TMDs from DFT calculations, considering
large number of heterostructures, it still takes huge
amount of time and resource to experimentally
explore the band alignments of these heterostructures.
Furthermore, direct DFT modeling of all possible
TMD bilayer heterostacks also has practical challenges
of lattice mismatch among different TMDs. Therefore,
a conclusive formula predicting the band alignment of
the heterostack based on the alignment of component
monolayer TMDs is necessary for the heterostructure
design.

C Zhanget al

Table 2. ¢ and ¢ is the highest occupied state of isolated layer A
and layer B. Layer A and layer B indicates the bottom and upper
TMD layer in the heterostructure. For example layer A represents
H-MoTe, layer and layer B represents T-ZrS, layer in the
H-MoTe,~T-ZrS, heterostructure. ¢pr is the highest occupied
state of the heterostructure consisting of layer A and layer B calcu-
lated by DFT simulation and ¢gormula is the highest occupied state of
the heterostructure obtained by our formula. ¢pprand ¢ormula
show good agreement between each other.

Heterostructure Pa [o2y PpFT DFormula
H-MoTe,~T-ZrS, 4.89 6.41 5.49 5.52
H-MoTe,~T-ZrSe, 4.89 5.58 5.26 5.18
H-WSe,—H-NbS, 5.11 6.08 6.12 6.08
H-MoTe,~H-NbSe, 4.89 5.55 5.52 5.55
H-WSe,~H-NbSe, 5.11 5.55 541 5.55
H-MoTe,~T-NbSe, 4.89 491 4.96 491
H-MoSe,~H-NbSe, 5.33 5.55 5.52 5.55
H-MoSe,~H-NbS, 5.33 6.08 6.07 6.08
H-MoTe,~T’-MoTe, 4.89 4.49 4.68 4.49

By referring to the CEM used in double-wall nano-
tubes, we developed a formula to predict the highest
occupied state of the heterostack from the highest
occupied state of its building block monolayer TMDs.
The DFT results and the predicted results are tabuated
in table 2 which agree very well with the largest differ-
ence of ~0.2 eV. By analyzing the applicability of the
formula, we find that it has better agreement for the
heterostructures with a higher amount of charge
transfer. On the other hand, there is acceptable agree-
ment in the H-MoTe,~T/-MoTe, heterostack in
which charge transfer is least obvious (see figure 4(f)).
The reason for such difference in applicability of this
formula may come from additional processes occur-
ring at the interface including charge redistribution
and interlayer coupling.

4, Conclusions

We have performed comprehensive DFT calculations
to investigate phase stability, electronic structures,
band alignments, work functions of 2D transition
metal (group IV: Ti, Zr and Hf; group V: V, Nb, and
Ta; and group VI: Mo and W) dichalcogenides (S, Se,
and Te). A clear trend of the preferential intralayer
coordination is found to be determined by the
electronic configuration of transition metal atoms.
The TMDs studied here cover direct- and indirect-gap
semiconductors, metals and semi-metals. In part-
icular, the universal band alignment information of
the studied TMD family can provide experimentalists
with valuable guidance for designing electrical con-
tacts, TFETs and photovoltaic devices based on
heterogeneous stacking of TMD films. A conclusive
formula based on CEM is developed to predict the
band alignments of a large number of TMD bilayer
heterostructures. This quick and easy method to
estimate the band alignment of the heterostructure by
the band positions of arbitrary TMD components will
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provide helpful guidance for the development of
numerous promising TMD heterostructure nanoelec-
tronic devices.
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