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We present a comprehensive study of the band alignments of two-dimensional (2D) semiconducting
materials and highlight the possibilities of forming momentum-matched type I, II and III hetero-
junctions; an enticing possibility being atomic heterostructures where the constituents monolayers
have band edges at the zone center, i.e. Γ valley. Our study, which includes the Group IV and
III-V compound monolayer materials, Group V elemental monolayer materials, transition metal
dichalcogenides (TMD) and transition metal trichalcogenides (TMT) reveals that almost half of
these materials have conduction and/or valence band edges residing at the zone center. Using first-
principles density functional calculations, we present the type of the heterojunction for 903 different
possible combination of these 2D materials which establishes a periodic table of heterojunctions.

PACS numbers:

I. INTRODUCTION

Semiconductors have been at the heart of some of the
most transformative device innovations over the course
of the last 50 years, and research in two-dimensional
(2D) atomic crystals has recently begun to focus on
their heterostructures.1,2 This includes heterostructures
of graphene,3,4 which was followed by other mono-
layer structures each with different exceptional prop-
erties such as the insulator boron-nitride;5,6 silicene
and germanene which are the silicon and germanium
based analogues of graphene;7–9 oxygenated monolayers
of graphene10 and silicene,11,12 transition-metal dichalco-
genides (TMD),13–16 etc. Concomitantly, there are hun-
dreds of different 2D materials and their permutations
amount to numerous combinations of heterostructures.
Certainly, theoretical exploration of these materials is
needed to identify promising atomic heterostructures for
device applications since depending on the field of usage,
the requirements for heterostructures’ band alignments
change.

According to their bands alignments, heterojunctions
can be classified into three types, i.e. type I (symmetric),
type II (staggered), or type III (broken), as described in
Fig. 1. Each of these band alignments has particular ap-
plications to enable different varieties of devices. Type I
band alignments are most widely utilized in optical de-
vices, such as light emitting diodes (LEDs)17 and in lasers
as they provide a means to spatially confine electrons and
holes so that efficient recombination can occur. The abil-
ity to fabricate single and multiple quantum wells has fur-
ther enhanced the performance of lasers and light emit-
ting diode devices.18,19 Type II band alignments are very
useful for unipolar electronic device applications since
they allow larger offsets on one side (either conduction
or valence band), thus allowing extremely strong carrier
confinement. Type II high electron mobility transistors
(HEMTs) based upon InAs/AlSb quantum wells are ex-

cellent examples of the strong carrier confinement that
can be achieved in type II heterostructures.20. Conduc-
tion band notches can also be used as hot electron injec-
tor in bipolar transistors,21 and as quantum well resonant
tunneling bipolar transistor.22 Type II and type III het-
erojunctions are also useful to engineer the conduction
to valence band transition energy. This is particularly
important in tunneling field effect transistors (TFETs)
in order to enhance the tunneling current density,23 as
well as in infrared intersubband superlattice lasers,24

and wavelength photodetectors.25 Perhaps one of the
most impressive devices enabled by semiconductor het-
erostructures are quantum cascade lasers, which use com-
plex heterostructure stacks to engineer minibands and
intrasubband transitions which allow efficient light emis-
sion from the mid-infrared to the terahertz regimes.26

Many optical device concepts have also been proposed or
realized using 2D materials. Atomically-thin pn diodes of
type II heterojunctions have recently been demonstrated
to exhibit current rectification and collection of photoex-
cited carriers.27 The latter can also be achieved using
graphene / TMD / graphene heterostructures.28 Photo-
transistor structures based on graphene / MoS2 which
exhibit ultra-high gain have also been realized.29 Light
emitting diodes based on type I heterostructures with
TMD sandwiched between BN and graphene as contacts
can also be engineered across a wide spectral range.30

Very recently, type II heterostructures are also being
explored as a platform for harnessing long-lived inter-
layer (or indirect) excitons.31,32 Additionally, lateral het-
erostructures of TMDs with other classes of monolayer
materials can be utilized for various applications.33–36

Due to their extensive functionalities as described
above, the electronic band structures of 2D materials and
their bandgap engineering have been the focus of many
recent studies. However, their relative band alignments
(band offsets) have not been fully explored yet, except
for the more common 2D materials such as graphene,
BN and some TMDs.37–39 As far as heterostructures are
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FIG. 1: Illustration of type I, II and III heterojunctions and
their various devices, where red (blue) indicates conduction
(valence) bands. (a) Laser utilizing type I heterojunction.
(b) High electron mobility transistor, (c) carrier separation
in solar cell and (d) interlayer excitons utilizing type II junc-
tion. (e) Tunneling field effect transistor based on type III
junction. In specific, when material A and material B merge,
the resulting heterojunction is type I if VBMA < VBMB <

CBMB < CBMA; is type II if VBMA < VBMB < CBMA <

CBMB ; and type III if VBMA < CBMA < VBMB < CBMB .

concerned, the relative band alignment of semiconductors
is one of the most important parameters of design since
it identifies the type of the heterojunction. In addition,
in all of the above-mentioned devices, just as in their 3D
counterparts, it is critical for the conduction and/or va-
lence band edges of constituent heterojunction materials
to be momentum-matched. For instance, due to the in-
herent likelihood for some degree of mis-orientation in
2D layered stacks, and the desire to combine a highly di-
verse set of materials, 2D materials with band edges at
the zone center (Γ point) point are extremely attractive,
since momentum-space matching problems can largely be
eliminated through the use of these materials.

In this letter, motivated by the emergence of 2D het-
erostructures as the next generation materials and the
importance of comparative information of their band
alignment and momentum matching for designing het-
erojunctions, we perform a comprehensive study of well-
known 2D semiconducting materials, presenting their
band edge properties and discuss the possibilities for
forming momentum matched heterojunctions. Hence,
our survey with density functional theory (DFT) cal-
culations include various classes of 2D semiconductors
such as Group IV and III-V compound monolayer mate-
rials, Group V elemental monolayer materials, TMDs and
TMTs. For each class of semiconductors, we present the
types of stable geometrical phases, structural dimensions,
the electronic band structures, locations of the valance
band maximum (VBM) and conduction band minimum
(CBM) calculated with reference to vacuum in the mo-

mentum space, the values of the electronic affinities and
the type of the band gap. These results establish a com-
plete comparative database of 2D semiconductor materi-
als whose band alignments and electronic properties are
calculated using a unified approach. Following this, we
calculate the type of the heterojunction for each pos-
sible combination of these 2D materials which results
in a periodic table of heterojunctions. Thus, our let-
ter presents a comprehensive library for determining the
type of the heterojunction that will appear when two
monolayer semiconductors are merged together.

II. METHOD

We performed first-principles pseudopotential cal-
culations based on the spin-polarized DFT within
generalized gradient approximation including van der
Waals corrections76 and spin-orbit coupling. We used
projector-augmented wave potentials77 and approxi-
mated the exchange-correlation potential with Perdew-
Burke-Ernzerhof (PBE) functional.73 We sampled the
BZ in the Monkhorst-Pack scheme, and tested the con-
vergence in energy as a function of the number of k-
points for the calculations. The k-point sampling of
(21×21×1) was found to be suitable for the Brillouin zone
(BZ) corresponding to the primitive unit cell. Atomic
positions were optimized using the conjugate gradient
method, where the total energy and atomic forces were
minimized. The energy convergence value between two
consecutive steps was chosen as 10−6 eV. Numerical cal-
culations were carried out using the VASP software78

where “PREC=Accurate” setting was used for structural
minimization. Since the band gaps are usually under-
estimated by DFT, we also performed calculations us-
ing the HSE06 hybrid functional56, which is constructed
by mixing 25% of the Fock exchange with 75% of the
PBE exchange and 100% of the PBE correlation en-
ergy. Electronic calculations at the HSE06 level were
performed using the structures that were relaxed using
PBE. Hence, our PBE and HSE06 results constitute our
lower and upper bound estimates of the electronic gaps.
The monolayer structures examined in this study were
previously shown to be stable by means of phonon disper-
sion curves, high temperature molecular dynamics simu-
lations or by experimental data; where relevant citations
are given in the following sections for each group of ma-
terials. Throughout this work we present all of the en-
ergy values with reference to the vacuum energy, which
we extracted from the local potential distribution within
the unit cell. Thus, vacuum energies are set to zero in
the band alignment figures. It should be noted that we
present only the monolayer semiconductors where mate-
rials found to be metallic are not shown here.
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FIG. 2: (a) Stable crystalline structures (planar and buckled) of Group IV and Group III-V monolayer compounds, and their
hexagonal BZ with high symmetry points are shown. The relevant bond lengths, lattice parameter and buckling distance are
indicated by a, d, and ∆, respectively. (b) Comparative band alignment of Group IV and Group III-V monolayer compounds
where CBM (shown in red) and VBM (shown in blue) values obtained from PBE and HSE06 calculations are shown with bar
and line plots, respectively. The positions of CBM and VBM on the BZ are indicated. Note that the vacuum energies were set
to zero while calculating the band diagrams. Structures having buckled(b), puckered(w), 2H, 1T and distorted 1T phases are
indicated with the corresponding indices, where no index is used for planar phases.

III. BAND ALIGNMENTS

A. Group IV and III-V compound materials

After the exfoliation of hexagonal boron nitride
monolayers,5,40 search for similar Group IV and III-
V compound materials and designing nanoscale devices
composed of their heterostructures has drawn consider-
able attention.41–45 It is possible to separate these mate-
rials into two distinct groups depending on their stable
geometries.? The compounds in the first group (namely
BN, BP, BAs, BSb,AlN, AlP, AlAs, GaN, InN, SiC,
GeC, SnC) have the same hexagonal honeycomb struc-
ture similar to graphene but with different lattice con-
stants. Among these, BN is most closely lattice matched
with graphene having a lattice constant of 1.45 Å (ver-
sus 1.42 Å for graphene), but with ionic bonds and a
wide band gap as opposed to the zero band gap graphene.
The other stable structure that Group IV and III-V com-
pounds possess is the buckled geometry where the adja-
cent atoms of the material are in two parallel planes sep-
arated by a buckling distance (∆) in the vertical direc-
tion, as shown in Fig. 2(a). It should be noted that com-
pounds with a buckled geometry (namely: AlSb, GaP,
GaAs, GaSb, InP, InAs, InSb, SiGe, SiSn, GeSn) do not
contain an element from the second row of the periodic
table (as opposed to planar structures) and their stability
is maintained by the buckling of the bonds. Despite this
buckling in the vertical direction, these materials main-

tain their hexagonal symmetries and all have the same
hexagonal BZ as their planar counterparts.

Monolayers of Group IV and III-V compounds include
a variety of different band alignments ranging from di-
rect to indirect gap semiconductors with VBM and CBM
at K, Γ, and M points in the momentum space, as il-
lustrated in Fig. 2(b). There are also wide band-gap
insulators among these materials such as BN, AlN and
SiC. As a general trend, the VBM (CBM) increases (de-
creases) as the row numbers of the elements in the com-
pounds increase; resulting in a corresponding decrease
in the band gap. Among these, GaN and AlN which
have similar lattice constants, are attractive candidates
for both lateral and vertical heterostructures. Addition-
ally, buckled compounds of AlSb, GaP, GaSb, InP, InAs
and InSb have very high VBM, approaching -4eV. These
can be combined with low CBM materials to form type
III heterojunctions. Also, large gap compounds, like BN,
are natural candidates to combine with smaller gap com-
pound (like SiGe) to achieve a type I heterojunctions.
Specific candidates can be identified using the complete
set of data presented in Table 1.

B. Group V monolayers

Recently, another class of 2D materials, the Group V
monolayers, has also garnered attention in the commu-
nity. Specially, the demonstration of field effect tran-



4

sistors using multilayers of black phosphorene46,47 and
related theoretical studies48–50 have brought Group V
elements into focus. More recently, theoretical and ex-
perimental studies have been performed to explore the
possible stable phases of other Group V elements such
as nitrogen, antimony, arsenic and bismuth.51–55 Re-
ported high temperature molecular dynamics simulations
and DFT calculations in these previous studies show
the existence of two distinct geometries. As shown in
Fig. 3(a), the first geometry is the buckled structure sim-
ilar to that observed in some of Group IV and III-V
compounds. All of the Group V elements have a sta-
ble monolayer phase in this buckled geometry. Among
these, monolayer nitrogen (or nitrogene) is a wide band
gap insulator with a fundamental direct band gap of
4.0 eV between Γ and M symmetry points. However,
this band gap increases to 5.9 eV when calculated by
HSE06 funcional.56 Similarly, the buckled structure of
phosphorous, namely blue phosphorene,47,48 also has a
direct band gap between Γ and M symmetry points,
with a value of 1.98 eV which increases to 2.73 eV upon
HSE06 corrections. In contrast to buckled nitrogene and
phosphorene, the buckled monolayers of arsenic and an-
timony (arsenene and antimonene) have indirect band
gaps. Apart from these buckled structures; phosphorene,
arsenene and antimonene have a different form of stable
monolayer, namely the washboard (or puckered) geome-
try, which is also illustrated in Fig. 3(a). This is the phos-
phorene phase that most experiments reported recently
as black phosphorene.46,47,57,58 In the puckered phase,
the structures lose their hexagonal symmetries and both
their unit cell and BZ become rectangular. When sta-
bilized in this geometry, the band gaps of phosphorene
and arsenene decrease significantly as the VBM values
increase and the band gap location of puckered phospho-
rene shifts to the Γ point. Finally, it should be noted that
in addition to their monolayers, these Group V materials
can also form stable bilayer and layered 3D structures,
where the puckered antimonene has a slightly distorted
phase51,52

In Fig. 3(b) we present the complete band alignment
properties of Group V monolayers. In particular, puck-
ered phosphorene and arsenene retain their Γ valley band
edges even with increasing layer numbers. One can envi-
sion various type I or II Γ valley lateral heterostructures
by controlling layer numbers.59 In addition, these Group
V puckered elements tend to have relatively low CBMs, ∼
-4eV which allows them to form type I or II heterostruc-
tures with Group IV and III-V compounds that we dis-
cussed earlier; particularly those with high VBM of ∼

-4eV.

C. Transition metal dichalcogenides

So far we have discussed the monolayer structures of
Group III, IV and V elements and their compounds. Ad-
ditionally, it is also possible to construct stable 2D ma-

FIG. 3: (a) Stable crystalline structures (buckled and puck-
ered) of Group V elements, and their corresponding hexagonal
and rectangular BZ with high symmetry points are shown.
The relevant bond lengths and lattice parameters are indi-
cated by a and d, respectively. (b) Same as Figure 2(b), but
for Group V monolayers.

terials using transition metals to form TMDs, which ex-
hibit a versatile chemistry.13,14,60 The general formula
of a TMD is MX2, in which M stands for a transition
metal atom and X is a chalcogen (S, Se, Te).61 Most com-
mon TMDs are either in 1T or 2H phases, where 1T and
2H refer to the structure of the lattices as exhibited in
Fig. 4(a). In the 1T-MX2 phase, the lattice is octahedral
(Oh), while in the 2H-MX2 phase it is trigonal prismatic
(D3h). In addition, ReS2 and ReSe2 are observed with
a distorted 1T crystal structure due to Peierls or Jahn-
Teller distortions.62,63 As shown in Fig. 4(b), monolayer
MX2 structures (M = Mo, W) are typically direct-band-
gap semiconductors, whereas TiX2 is metallic, hence not
shown in this work. With the increase in the number
of layers, the electronic structure of 2H-MX2 changes
from direct to indirect band gap and the band gap also
decreases.64,65

The relaxed geometries of TMDs show that as X goes
from S to Te, the bond lengths and lattice constants in-
crease slightly. Also, among these materials, MoX2 and
WX2 have the closest lattice constants to each other,
suggesting possible applications in various lateral het-
erostructures. In Fig. 4(b), we present the band align-
ment results of all of the stable MX2 semiconductor
phases. As a general trend, the VBM and CBM increase
as X changes from S to Te, similar to the trend in the
lattice constants. Also, it should be noted that among
structures containing the same X atom, the CBM and
VBM value of WX2 is always the highest. This suggests
the construction of type II heterojunctions; for example
by using WX2 and MoX2. As far as the k-space location
of the band gaps are concerned, all of the M=Mo and
M=W structures have direct band gaps at the K point.
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FIG. 4: (a) Stable crystalline structures (1T and 2H phases)
of TMDs, and their corresponding hexagonal BZ with high
symmetry points are shown. The relevant bond lengths and
lattice parameters are indicated by a and d, respectively. Note
that the structures of ReS2 and ReSe2 are in a distorted 1T
phase. (b) Same as Figure 2(b) but for TMDs.

For the remaining materials, the VBM is always at the Γ
point and CBM is at the M point if M=Hf; and at Γ for
M=Re. It should be noted that for M=Re we have semi-
conductors with direct band gap at the Γ point. These
Re based TMDs were also found to have a band gap that
is relatively insensitive to the number of layers.62

D. Transition metal trichalcogenides

Another family of semiconducting monolayer materi-
als is the transition metal trichalcogenides (TMT) which
are layered structures with weak interlayer van der Waals
interactions. The general chemical formula for a TMT is
MX3, where M is the transition metal Ti, Zr or Hf and
X is a chalcogen, i.e. S, Se or Te. They have monoclinic
crystalline structures66,67 with rectangular unit cells con-
taining two metal and six chalcogen atoms, where each
metal atom is connected to six chalcogen atoms as shown
in Fig. 5(a). Previous experimental studies have reported
the electronic properties of bulk TMTs.68–72

In Fig. 5(b), we present the band alignment results for
this family of monolayer semiconductors. Our calcula-
tions reveal that, among the semiconducting monolayers
of TMTs, only TiS3 is a direct band gap semiconduc-
tor where both the VBM and CBM are located at the
Γ point. Using PBE functional,73 TiS3 has a fundamen-
tal gap of 0.32 eV and this increases to 1.04 eV when
calculated by HSE06, which is comparable with the ex-
perimentally observed value of 1.10 eV.74,75 Similarly,
the band gaps of all TMTs studied here increase and
get closer to their experimentally observed values when
calculated with HSE06. They are all indirect gap semi-
conductors, having either the VBM or the CBM slightly

FIG. 5: (a) Stable crystalline structure of TMTs, and its
corresponding rectangular BZ with high symmetry points are
shown. The relevant bond lengths and lattice parameters are
indicated by a and d, respectively. (b) Same as Figure 2(b)
but for TMTs.

offset from the Γ point. TMTs have low CBM of about -
4.5eV, so they can be combined with high VBMmonolay-
ers, such as HfS2 and HSe2 to form type III heterojunc-
tions. It is also possible to construct type II heterostruc-
tures by combining appropriate TMTs with MoS2 and
ReS2. Combining HfS3 with HfSe2 would make a type II
heterojunction. Here we note that, for HfSe3 the location
of the CBM changes from XS to X when calculated by
HSE06.

IV. PERIODIC TABLE OF

HETEROJUNCTIONS

Having calculated the geometrical and electronic prop-
erties of all well-known two dimensional semiconductors
using a unified approach, we finally focus on establishing
the complete set of heterojunction types that would form
when any two of these materials are merged together;
some of which were discussed above. For this, we use
the criteria illustrated in Fig. 1. Namely, when material
A and material B merges, the resulting heterojunction is
type I if VBMA < VBMB < CBMB < CBMA; is type
II if VBMA < VBMB < CBMA < CBMB ; and type III
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FIG. 6: Periodic table of heterojunctions. Type I, II and III heterojunctions are represented by green, red and blue boxes,
respectively. The lower left and upper right of regions of the diagonal line present results calculated by PBE and HSE06,
respectively. Two-colored boxes indicate equal chances of two different types of heterojunctions for the corresponding materials.

if VBMA < CBMA < VBMB < CBMB . Using these
criteria, we systematically present our results in the pe-
riodic table of heterojunctions in Fig. 6, using both the
PBE and HSE06 approaches. Accordingly, we mostly see
type I heterojunctions in Group III-V and Group IV com-
pounds, where as type II heterojunctions dominate as we
move to Group V, TMD and TMT regions. Also, type
III heterojunctions emerges in TMD and TMT regions
of the periodic table. It should be noted that, for some
rare cases the VBM of material A is equal to the CBM
of material B (or vice versa); which suggests that the
type of the heterojunction can vary between two possi-
bilities depending on other conditions, which are beyond
the scope of this study. We also note that the presented
results also depend on the type of density functional (i.e.
PBE versus HSE06) used. In addition, the band align-

ments might also be modified in the presence of interface
dipoles in the heterostructures, an effect we will defer
to a future study. Nevertheless, the results presented
here in the periodic table of heterojunctions provide a
useful guidance for experimentalists in selecting suitable
momentum-matched 2D materials for heterojunction de-
sign.

V. CONCLUSION

In conclusion, we have presented a complete and com-
parative set of properties of well-known semiconductors
including their structural and electronic properties. We
identified possible types of heterojunctions that can be
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realized using these materials. Using these unified re-
sults, we constructed a periodic table of heterojunctions
which provides a useful guidance for future experimen-
tal / theoretical studies. Additionally, the presented
band alignment results and their band edges in momen-
tum space using a consistent methodology provide a rich
database for creating heterojunctions with momentum
space matching. In particular, we found that about half
of the 2D semiconductors we surveyed have either (or
both) the conduction and valence band edges at the zone
center Γ, hence they can be excellent candidates in con-
structing momentum-matched heterostructures. We be-
lieve that the suggested examples in this letter, along
with many others, can be constructed using our unified
periodic table of heterojunctions.
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BP a1=a2=3.21 d1=1.85 ∆=0 -5.08 (-5.43) -4.18 (-3.84)

BAs a1=a2=3.39 d1=1.96 ∆=0 -4.89 (-5.21) -4.13 (-3.78)

BSb a1=a2=3.73 d1=2.15 ∆=0 -4.49 (-4.83) -4.17 (-3.92)

AlN a1=a2=3.12 d1=1.80 ∆=0 -5.29 (-6.00) -2.38 (-1.96)

AlP a1=a2=3.95 d1=2.28 ∆=0 -5.32 (-5.76) -3.09 (-2.62)

AlAs a1=a2=4.07 d1=2.35 ∆=0 -5.16 (-5.58) -3.76 (-3.23)

AlSb b a1=a2=4.41 d1=2.62 ∆=0.62 -5.02 (-4.38) -3.64 (-2.29)

GaN a1=a2=3.25 d1=1.88 ∆=0 -5.24 (-6.03) -3.27 (-2.80)

GaP b a1=a2=3.89 d1=2.30 ∆=0.48 -5.46 (-4.29) -3.93 (-1.80)

GaAs b a1=a2=4.04 d1=2.41 ∆=0.61 -5.27 (-5.64) -4.25 (-3.76)

GaSb b a1=a2=4.43 d1=2.64 ∆=0.68 -4.85 (-4.37) -4.24 (-3.24)

InN a1=a2=3.58 d1=2.06 ∆=0 -4.81 (-5.11) -4.23 (-3.76)

InP b a1=a2=4.27 d1=2.53 ∆=0.56 -5.32 (-4.36) -4.21 (-3.20)

InAs b a1=a2=4.35 d1=2.61 ∆=0.71 -5.02 (-4.09) -4.31 (-3.05)

InSb b a1=a2=4.66 d1=2.80 ∆=0.77 -4.68 (-4.09) -4.16 (-3.12)

SiC a1=a2=3.09 d1=1.78 ∆=0 -5.01 (-5.46) -2.46 (-2.19)

SiGe b a1=a2=3.94 d1=2.35 ∆=0.60 -4.52 (-4.80) -4.51 (-4.25)

SiSn b a1=a2=4.26 d1=2.55 ∆=0.69 -4.43 (-4.65) -4.21 (-4.06)

GeC a1=a2=3.25 d1=1.88 ∆=0 -4.81 (-5.25) -2.73 (-2.34)

GeSn b a1=a2=4.42 d1=2.66 ∆=0.75 -4.35 (-4.53) -4.27 (-4.07)

SnC a1=a2=3.58 d1=2.07 ∆=0 -4.51 (-4.85) -3.53 (-3.00)

N b a1=a2=2.27 d1=1.49 ∆=0.70 -7.66 (-8.68) -3.57 (-2.67)

P b a1=a2=3.28 d1=2.26 ∆=1.24 -6.09 (-6.54) -4.11 (-3.81)

P w a1=4.55; a2=3.31 d1=2.22; d2=3.52 ∆=2.11 -4.87 (-5.51) -4.01 (-3.98)

As b a1=a2=3.61 d1=2.51 ∆=1.40 -5.13 (-5.54) -3.95 (-3.48)

As w a1=4.72; a2=3.67 d1=2.51; d2=3.84 ∆=2.41 -4.41 (-4.96) -3.86 (-3.71)

Sb b a1=a2=4.04 d1=2.87 ∆=1.68 -4.24 (-4.48) -3.46 (-3.26)

2H-MoS2 a1=a2=3.19 d1=2.41; d2=4.00 - -5.84 (-6.33) -4.25 (-4.18)

2H-MoSe2 a1=a2=3.32 d1=2.54; d2=4.18 - -5.13 (-5.54) -3.79 (-3.67)

2H-MoTe2 a1=a2=3.55 d1=2.73; d2=4.48 - -4.64 (-5.09) -3.68 (-3.62)

2H-WS2 a1=a2=3.19 d1=2.42; d2=4.00 - -5.36 (-5.86) -3.82 (-3.77)

2H-WSe2 a1=a2=3.32 d1=2.55; d2=4.19 - -4.70 (-5.12) -3.47 (-3.37)

2H-WTe2 a1=a2=3.56 d1=2.74; d2=4.49 - -4.29 (-4.46) -3.55 (-3.25)

1T-HfS2 a1=a2=3.64 d1=2.55; d2=4.45 - -6.18 (-6.74) -4.95 (-4.75)

1T-HfSe2 a1=a2=3.76 d1=2.68; d2=4.62 - -5.33 (-5.76) -4.93 (-4.74)

1T d-ReS2 a1=6.38; a2=6.47 d1=2.51; d2=2.38 - -5.73 (-6.24) -4.40 (-4.28)

1T d-ReSe2 a1=6.58; a2=6.74 d1=2.51; d2=2.51 - -5.02 (-5.50) -3.90 (-3.80)

TiS3 a1=4.99; a2=3.39 d1=2.45; d2=d3=2.49; d4=2.65 - -4.37 (-4.33) -4.05 (-3.29)

HfS3 a1=5.09; a2=3.58 d1=2.55; d2=d3=2.60; d4=2.68 - -4.57 (-4.59) -3.51 (-2.72)

HfSe3 a1=5.40; a2=3.71 d1=2.69; d2=d3=2.74; d4=2.85 - -4.34 (-4.30) -4.01 (-3.32)

ZrS3 a1=5.14; a2=3.62 d1=2.60; d2=d3=2.62; d4=2.72 - -4.53 (-4.46) -3.50 (-2.57)

ZrSe3 a1=5.42; a2=3.74 d1=2.74; d2=d3=2.76; d4=2.88 - -4.24 (-4.21) -3.96 (-3.26)
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Ye, P. D. Phosphorene: An Unexplored 2D Semiconductor
with a High Hole Mobility. ACS Nano 2014, 8, 4033–4041.
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ber, I. C.; Ángyán, J. G. Screened Hybrid Density Func-
tionals Applied to Solids. J. Chem. Phys. 2006, 124,
154709.

57 Kou, L.; Chen, C.; Smith, S. C. Phosphorene: Fabrication,
Properties, and Applications. J. Phys. Chem. Lett. 2015,
6, 2794–2805.

58 Wu, R. J.; Topsakal, M.; Low, T.; Robbins, M. C.;
Haratipour, N.; Jeong, J. S.; Wentzcovitch, R. M.;
Koester, S. J.; Mkhoyan, K. A. Atomic and Electronic
Structure of Exfoliated Black Phosphorus. J. Vac. Sci.

Technol. A 2015, 33, 060604.
59 Luo, W.; Yang, R,; Liu, J.; Zhu, W.; Xia, G. Ther-

mal Sublimation: A Scalable and Controllable Thinning
Method for the Fabrication of Few-Layer Black Phospho-
rus. http://arxiv.org/abs/1601.04103, 2016.

60 Coleman, J. N.; Lotya, M.; OŃeill, A.; Bergin, S. D.;
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