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Abstract
Inspired by the recent synthesis of monolayer
MoSSe we conduct a first-principles high-
throughput investigation of 216 MXY Janus
monolayers consisting of a middle layer of
metal atoms (M) sandwiched between differ-
ent types of chalcogen, halogen, or pnictogen
atoms (X,Y). Using density functional theory
and many-body perturbation theory we per-
form an exhaustive computational character-
ization of the 70 most stable semiconducting
monolayers. These are found to exhibit diverse
and fascinating properties including finite out-
of-plane dipoles, giant Rashba-splittings, direct
and indirect band gaps ranging from 0.7 to 3.0
eV, large exciton binding energies, and very
strong light matter interactions. The data has
been generated using the workflow behind the
Computational 2D Materials Database (C2DB)
and is freely available online. Our work expands
the class of known Janus monolayers and points
to several potentially synthesisable structures,
which could be interesting candidates for valley-
or opto-electronic applications, or for generat-
ing out-of-plane electric fields to control charge
transfer, charge separation, or band alignments
in van der Waals heterostructures.

Two-dimensional (2D) semiconductors com-
posed of a single or few layers of covalently
bonded atoms exhibit interesting physical prop-
erties including layer-dependent band gaps,1,2
spin-valley coupling,3,4 and strong light-matter
interactions5,6 dominated by significant exci-
tonic effects.7–11 The extreme thinness of these
materials make them highly susceptible to
their environment opening up for easy tunabil-
ity of their properties via strain,12,13 external
fields,14–16 or by varying the dielectric environ-
ment.17,18 The possibility of stacking different
2D layers into van der Waals heterostructures
opens further prospects for designing artificial
structures with tailored properties.19,20
While the field of 2D materials has long been

dominated by graphene, boron-nitride, and
the transition metal dichalcogenides (TMDCs),
more recently other types of materials have
caught the attention of the community. These
include the MXenes (metal-nitrides and -
carbides),21 metal halides such as the ferro-
magnetc CrI3,22 and the monolayers MoSSe
and BiTeI with finite out-of-plane dipole mo-
ments,23–25 which are the subject of the current
paper. To date more than 50 materials have
been synthesized in monolayer form26 but com-
putational studies suggest that many hundreds
of known layered bulk crystals can be exfoli-

1

achrii@fysik.dtu.dk
thorsten.deilmann@wwu.de


ated to the single layer limit.27–29 One such
database of 2D materials is the Computational
2D Materials Database (C2DB), based on a
comprehensive workflow for characterizing the
stability and basic properties of hypothetical
monolayers, was recently launched.26
Ferroelectric materials are interesting for a

number of reasons. For example, the internal
electric field in such materials can lead to a
staggered band gap profile producing 2D con-
fined electron gasses at the surface of a fer-
roelectric insulator30,31 or it could be used to
separate electron-hole pairs in photovoltaic sys-
tems.32,33 In bulk crystals, the spontaneous po-
larization is typically driven by the displace-
ment of an ion away from a high-symmetry po-
sition. Due to the relatively small energy gain
associated with this symmetry breaking, con-
ventional ferroelectrics lose their polarization
above a certain phase transition temperature
and become paraelectric. In contrast, in the
recently synthesised MoSSe and the exfoliated
BiTeI monolayers, the finite dipole is not asso-
ciated with a spontaneous symmetry breaking
but is a property of the structure independent
of temperature. Theoretical studies have indi-
cated that Janus monolayers could be useful
as structural phase transition materials,34 for
photo-catalytic water splitting,35 and for com-
bined in-plane/out-of-plane piezoelectricity.36
In addition, they could facilitate a number of
interesting effects when stacked into multilayers
or combined with other 2D materials. For ex-
ample, the large intrinsic dipole could be used
to separate intralayer excitons into interlayer
excitons,37 move charges between different lay-
ers of a heterostructure,38,39 or tune band align-
ment and Schottky barriers at interfaces.
In this paper we perform a systematic investi-

gation of MXY Janus structures in the crystal
structures of MoSSe (H-phase) and BiTeI (T-
phase). Following the workflow developed for
the C2DB we first evaluate the thermodynamic
and dynamic stability of the materials and next
compute the magnetic, elastic, electronic, and
optical properties of the 70 most stable mate-
rials exhibiting a finite band gap. Due to the
known limitations of density functional theory
(DFT) we employ the G0W0 self-energy method

to obtain quasiparticle band structures and the
Bethe-Salpeter Equation (BSE) for optical ex-
citations. We provide an overview of our re-
sults including a discussion of some structure-
property relations, a classifications of the mate-
rials’ electronic properties, and a more in-depth
description of a few representative materials.
All results are available in the C2DB and can
be browsed online or directly downloaded.

Results

MoSSe (H-phase) BiTeI (T-phase)

Figure 1: The two types of MXY Janus mono-
layers considered in this work: MoSSe (left) and
BiTeI (right).

We consider MXY Janus monolayers in the
crystal structures of the experimentally realized
MoSSe23 and BiTeI25 monolayers, respectively.
The two structures are shown in Fig. 1. Due to
the lack of mirror symmetry, such structures
possess a macroscopic dipole moment in the
out-of-plane direction. The size of the dipole
will depend on various factors, but as we will
see it correlates strongly with the difference in
electronegativity of the X and Y atoms.
Hypothetical MXY Janus monolayers are pro-

duced by decorating the MoSSe and BiTeI pro-
totype crystal structures. For the central M
atom we consider the group IV-V transition
metal atoms (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo,
W) as well as the pnictogens (As, Sb, Bi). For
the X and Y atoms we consider the chalcogens
(S, Se, Te), halogens (Cl, Br, I), and the pnic-
togens (As, Sb, Bi). This yields a total of 108
monolayers in each of the two crystal structures.
The complete set of considered structures can
be deduced from Figs. 2 and 3. For these 216
monolayers, various electronic and optical prop-
erties are calculated (see methods section and
fig. 13.).
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Stability
We assess the thermodynamic stability of the
monolayers from their energy above the convex
hull, Ehull. The convex hull is a phase diagram
representing the energy of the most stable (pos-
sibly mixed-) phase of the material as a function
of the stoichiometry. If a hypothetized mate-
rial lies above the convex hull, i.e. if Ehull > 0,
the material is thermodynamically unstable and
will eventually decompose into other phase(s),
if it can be synthetized at all. In the current
work, the convex hull is constructed from the
2836 most stable binary bulk compounds ob-
tained from the OQMD database.40 The total
energy of these bulk structures were calculated
with the PBE exchange-correlation functional
using GPAW code with the same settings as
applied for the Janus monolayers. The calcu-
lated energy above convex hull per atom, Ehull,
for the 216 MXY Janus monolayers is shown in
Figs. 2 and 3.
In general, the variation in Ehull with the type

of atoms is much larger than the difference be-
tween the two crystal phases, i.e. for a given
MXY composition, the difference in energy be-
tween the two phases is relatively small. The
most stable structures are found for: (1) H-
phase with M a group V-VI transition metal
and both X and Y a chalcogen. (2) H-phase
with M a group IV transition metal and both X
and Y a halogen. (3) T-phase with M a pnicto-
gen and X/Y a chalcogen/halogen. (4) T-phase
with M a group IV-V transition metal and both
X and Y a chalcogen.
To test for dynamical stability we calculate

the elastic coefficients and the phonons at the
Γ-point and the corner points of the BZ. Only
materials with positive elastic coefficients and
no imaginary phonon frequencies are considered
stable.
The combined criteria of Ehull < 0.2 eV, real

phonon freqencies (at high symmetry points)
and positive elastic constants, reduces the orig-
inal set of 216 materials to 93. Out of these 70
are non-magnetic and have a finite PBE band
gap. These materials are listed in Tables 1 and
2 in appendix A (see supporting information
online), where we list various properties such
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Figure 2: Thermodynamic stability of the H-
phase for different MXY Janus monolayers.
The colors denote the energy above the convex
hull in eV/atom.

as PBE, HSE, and GW band gaps, electron and
hole effective masses, BSE exciton binding en-
ergies, and the vacuum level shift across the
monolayers. These 70 monolayers will be dis-
cussed further in the following.

Out-of-plane dipole
As already mentioned the lack of mirror sym-
metry in the Janus structures leads to a finite
out-of-plane dipole moment. Because of the dif-
ference in electronegativity between the X and
Y atoms, charge will be transferred across the
metal layer creating an out-of-plane dipole mo-
ment. The size of the dipole can be quantified
by the shift in the vacuum level on the two sides
of the layer, see Figure 4. We note that be-
cause of the dipole-induced potential step, the
vacuum level on the two sides of the monolayer
will in general be different. We choose to refer-
ence the band edge energies to the average value
of the asymptotic potential on the two sides of
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Figure 3: Same as Fig. 2, but for the T-phase.

the monolayer. Combined with the size of the
potential step (vacuum level shift) this allows
to obtain the band energies relative to the vac-
uum level on either side of the monolayer. Not
unexpectedly, the size of the dipole (or equiv-
alently the vacuum level shift) correlates with
the difference in electronegativity of the X and
Y atoms (∆χ), see Figure 5. Pronounced excep-
tions from this trend occur for e.g. ZrSeTe and
ZrSTe, which have very similar vacuum level
shift despite a significant ∆χ of 0.5. These de-
viations suggest that other attributes such as
interatomic distances, the electronegativity of
the M atom, and the specific interatomic wave
function overlaps, also influence the size of the
resulting dipole.
Figure 5 also reveals a wide range of vac-

uum level shifts possessed by the Janus mono-
layers, ranging from essentially 0 eV to around
1.8 eV. The wide range of dipoles make the
Janus monolayers ideal for applications in van
der Waals heterostructure-based devices where
they could be used to set up internal fields
of varying strength to control charge transfer,
charge separation, and band alignment.

0
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0.75 eV
 (z)
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 [e
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Figure 4: Averaged potential, φ(z), (blue) com-
pared to the vacuum level for H-MoSSe. Be-
tween +z and −z a jump in the potential of
around 0.75 eV is observed as a consequence of
the out-of-plane dipole moment. In green and
orange the valence band maximum and the con-
duction band minimum are indicated.

In the following two sections we provide an
overview of the electronic and optical proper-
ties of the 70 stable and semiconducting MXY
Janus monolayers identified in the previous sec-
tion. By necessity the discussion will focus on
general trends and classifications of the qualita-
tive features. A few band structures and optical
spectra will be discussed for specific representa-
tive materials, and we refer to interested reader
to the C2DB where all data is available.

Electronic band structures
Before focusing on the 70 stable semiconduc-
tors, we give an overview of the band struc-
ture of all the 216 Janus monolayers (exclud-
ing the few magnetic compounds). By man-
ual inspection, we have found that the qualita-
tive features of the PBE band structures, with
very few exceptions, can be classified accord-
ing to the group of the M and X/Y elements
as shown in Fig. 6. The plot is divided into
the H-phase (top) and the T-phase (bottom).
Notice that the bottom rows refer to structures
with mixed chalcogens and halogens for the XY
atoms, i.e. a chalcogen on one side on the M
layer and a halogen on the other side. The ma-
trix plot first of all shows whether the mono-
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Figure 5: Correlation between the electroneg-
ativity difference of X and Y and out-of-plane
dipole quantified by the vacuum level shift (see
Fig. 4). The results for the H-phase (T-phase)
are shown in black (orange), the red line is lin-
ear fit with a slope of about 1.35 eV/∆χ (Paul-
ing scale).

layer is metallic or semiconducting for a certain
combination of M and XY atoms. For the semi-
conductors, it is further indicated whether the
valence band maximum (VBM) and conduction
band minimum (CBM) are located at a high-
symmetry point or a high-symmetry path. Ma-
terials belonging to the last row are found to
exhibit a Rashba split conduction band while
H-phase monolayers with group VI metals in
combination with S and Te are found to exhibit
a Rashba split valence band maximum (see be-
low for a more detailed discussion). The classi-
fication holds for the vast majority of materials,
with a few exceptions that we return to below.
The greater part of 216 monolayers are found

to be metallic. On the other hand, among the
93 stable materials only 23 are metals (7 in the
H-phase and 16 in the T-phase among which 7
are ferromagnetic) while 70 are semiconducting.
The semiconducting structures in the H-phase
are found among four combinations of M and
XY atoms while T-phase structures are semi-
conducting for only two combinations of M and
XY atoms. A direct band gap is only found
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Figure 6: Qualitative classification of the band
structure of MXY Janus monolayers in the H-
phase (top) and T-phase (bottom). We classify
the electronic properties of the MXY monolay-
ers by if they are found to be metallic or semi-
conducting. For the semi-conducting materials
we further state at which high symmetry point
or high symmetry path the band extrema are
located. This is done based on the combina-
tion of M (vertical axis) and XY (horizontal)
atoms. The classification is based on the PBE
band structure omitting the few magnetic ma-
terials.

for the H-phase when the M atom is a group
VI transition metal atom (Cr, Mo, W) and XY
are chalcogen atoms, except for structures of
the form MSTe. A close to direct band gap
is also found in a few cases, namely for struc-
tures where M is a pnictogen atom (last row in
Fig. 6). These structures are, however, subject
to a considerable Rashba splitting close to the
CBM and in the H-phase the position of CBM
depends on the nature of the M atom.
There are a few exceptions to the classifica-

tion found in Fig. 6. In both the H- and T-
phase with a group IV transition metal atom
and X,Y both chalcogen atoms, some of the
structures are found to be semi-metallic with
PBE but open a band gap with the HSE func-
tional. These structures are H-HfSTe, H-TiSTe,
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H-TiSeTe, T-HfSTe, T-HfSeTe, and T-ZrSTe.
When the HSE functional is used, the band
structures follow the classification in Fig. 6.
Because the workflow classifies the materials
as metals/non-metals on the basis of the PBE
band structure (see Fig. 13), these materi-
als are treated as metals and consequently the
G0W0 band structure and BSE absorption spec-
trum have not been calculated. T-TiSTe and
T-TiSeTe are predicted to be semi-metallic by
both PBE and HSE.

Rashba splitting
The Rashba effect is a momentum-dependent
splitting of the spin band structure in the vicin-
ity of a band extremum. It occurs as a result of
spin-orbit coupling in systems lacking an inver-
sion center, most notably in 2D systems with
broken mirror symmetry such as surfaces, in-
terfaces, or 2D Janus structures, but has also
been observed in bulk crystals such as the lay-
ered vdW crystal BiTeI.41 The spin orbit cou-
pling leads to a splitting of the spin bands by
the effective magnetic field, v × E/c2, seen by
an electron moving with velocity v in an elec-
tric field, E(r). In reality, the total electric
field has a complex spatial variation on a sub-
atomic length scale. However, the prevailing
(over)simplified picture of the Rashba effect,
neglects the microscopic details of E and simply
replaces it by a constant out-of-plane polarized
field. While this model captures the qualita-
tive features of the Rashba splitting we show
below that it is completely unable to provide a
quantitative description.
Close to an (isotropic) band extremum, the

Rashba-split spin bands take the form

εnk = h̄2

2m∗k
2 ± αk (1)

where α is the Rashba coupling parameter
which quantifies the strength of the effect. The
Rashba coupling parameter is related to the
energy- and momentum-shift of the spin bands
via α = 2ER/kR. In tables I and II in the sup-
plementary information we list ER and kR for
the Janus monolayers where a notable Rashba
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Figure 7: The vacuum level shift (x-axis)
against the Rashba energy (y-axis).

splitting is found at either the VBM or CBM.
We find values up to 77 meV for ER and 82
mÅ−1 for kR. For monolayer BiTeI we find
ER = 56 meV, which is about half of the mea-
sured value of bulk BiTeI.41 For the VBM we
find Rashba coupling parameters in the range 5-
30 meVÅ in good agreement with previous cal-
culated values for H-phase TMDC Janus struc-
tures.42 For the CBM we find similar values
for most monolayers and much larger values for
some monolayers (e.g.: T-AsISe, T-BiISe, T-
BiITe, T-SbISe, T-SbIS, and T-SbITe) ranging
up to some hundreds meVÅ.
In fig. 7 we show that there is absolutely no

correlation between the Rashba energy, ER, and
the size of the vacuum level shift. The latter is
proportional to the out-of-plane dipole and thus
the averaged out-of-plane electric field inside
the monolayer. This clearly demonstrates the
quantitative limitations of the simple Rashba
model. Furthermore, in Fig. 1 in the support-
ing information we show that there is only very
weak correlation between ER and the strength
of the spin-orbit coupling (here quantified by
the shift of the band edge energy induced by
the spin-orbit coupling). These findings under-
lines the complex nature of the Rashba effects.
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Examples of band structures
As representatives for H-phase group VI-
chalcogen and group IV-halogen MXY mono-
layers we show in Fig. 8 the band structures of
H-WSSe (left panel) and H-TiClI (right panel).
We note on passing that all band structures
include spin-orbit coupling. The band struc-
ture of WSSe is similar to the well known
TMDCs while TiClI hosts a characteristic flat
valence band separated from lower-lying occu-
pied bands. Our PBE results (grey lines) are
compared to G0W0 (orange symbols) and the
band energies are aligned to the vacuum level
defined as the average of the vacuum level on
the two sides of the layer. As expected, we find
a distinct opening of the gaps in G0W0 em-
phasizing the previously found important role
of many-body effects in 2D materials.5,43 For
WSSe the direct gap at K opens from 1.40 eV
(PBE) to 2.33 eV (G0W0).
While G0W0 produces an almost symmetric

shift in opposite directions of the occupied and
unoccupied states in WSSe the situation is very
different for TiClI where the intermediate occu-
pied band at around −4 eV is almost unchanged

by the G0W0 self-energy. We speculate that
this is a result of the orbital character of the in-
termediate band wave function, which contains
almost equal amounts of Cl/I p states, which
are mostly occupied, and Ti d states, which are
mostly unoccupied.
In Fig. 9 we show the band structure of Bi-

ClTe in the T-phase. Both PBE and G0W0
predicts a direct gap of 0.64 and 1.74 eV, re-
spectively. However, in contrast to the H-phase
group VI-chalcogens discussed above, the direct
gap resides at Γ rather than K. Furthermore,
we note that the G0W0 correction to the PBE
bands is rather asymmetric: While the valence
bands shift down by about 0.9 eV the conduc-
tion bands shift up by only 0.3 eV. While the va-
lence band at Γ is doubly degenerate with light
and heavy hole masses of 0.24m0 and 0.31m0,
respectively, the conduction band has a Mexi-
can hat-like shape due to a Rashba effect driven
by the combination of strong spin-orbit cou-
pling and lack of inversion symmetry. This be-
havior is not reproduced by the G0W0 calcula-
tion due to the interpolated nature of the band
structure.
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Fig. 10 shows the distribution of the G0W0
band gaps of all 70 MXY monolayers. As is the
case for the out-of-plane dipole, the band gap
size shows rather large variation ranging from
0.7 eV to 3.0 eV.

Optical absorption and exci-
tons
One of the most distinctive characteristics of
2D semiconductors is their strong interaction
with light.44 This effect arises from the lo-
calized nature of the electronic states in one
direction (quantum confinement) in combina-
tion with the weak dielectric screening, which
leads to strongly bound electron-hole pairs (ex-
citons) with large oscillator strengths.5,6 Specif-
ically for the TMDCs, the optical properties
also include spin-valley selective excitation of
electron-hole pairs by means of circularly po-
larized light.3,4 However, exploitation of this
feature, e.g. for valleytronics,45 is currently
limited by inter-valley scattering that reduces
the lifetime and mean free path of valley-
labelled excitons. Due to the similarity with
the TMDCs, both in terms of atomic and elec-
tronic structure, some of the MXY Janus mono-

layers might also display spin-valley coupling
and thus could become interesting candidates
for valleytronics applications.
Here we explore some basic optical and exci-

tonic properties of the 70 stable, semiconduct-
ing MXY Janus monolayers. Specifically, we
calculate the optical absorbance spectrum (es-
sentially the imaginary part of the polarizabil-
ity) within the random phase approximation
(RPA) and the Bethe-Salpeter Equation (BSE),
respectively. We note in passing that, due to
the absence of long-range screening in (free-
standing) 2D materials, the RPA spectrum in
fact reduces to the non-interacting spectrum.5
The BSE calculations are performed using the
PBE wave functions and energies with a scis-
sors operator correction of the PBE band gap
to match the G0W0 gap. Spin-orbit coupling is
fully included. For more details on the calcula-
tions we refer to Ref.26
In Fig. 11 we show, as an example, the optical

absorbance spectrum of AsBrTe in the T-phase
as calculated with the RPA and BSE methods,
respectively. The absorbance, i.e. the percent-
age of incoming light absorbed by the mono-
layer, can be obtained from the 2D polarizabil-
ity, α2D, according to Abs(ω) = 4πωα2D(q →
0, ω)/c, where c is the speed of light. Due to the
weak dielectric screening in (freestanding) 2D
materials, the RPA spectrum resembles closely
the single-particle result which reads

α2D(q → 0, ω) = 1
NkAω2

∑
k∈BZ

occ.∑
n

unocc.∑
n′

(2)

|〈χkn|p̂x|χkn′〉|2δ(ω − εkn + εkn′),

where Nk is the number of k-points, A is the
area of the in-plane unit cell, χ denote spinor
wave functions, and we have assumed normal
incident light polarization along the x-axis. The
BSE spectrum takes a similar form, except that
the single-particle matrix elements and energy
differences are replaced by their many-body
analogues obtained by diagonalizing the two-
particle BSE Hamiltonian.
Above the direct quasiparticle (QP) gap of

2.64 eV the RPA spectrum exhibits a number
of peaks arising from groups of transitions in
the QP band structure with similar energy. In-
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Figure 11: Optical absorbance of AsBrTe in the
T-phase. The RPA (orange) is compared to
the BSE spectrum that accounts for excitonic
effects (black). The vertical line denotes the
direct band gap obtained from G0W0.

terestingly, the absorbance reaches 10% close to
the band gap and exceeds 40% at 4 eV. These
high absorption rates are a consequence of the
2D confinement and the similar orbital charac-
ter of the conduction and valence bands (which
both consists of mainly Te and Br p orbitals)
giving rise to large oscillator strengths.
Compared to RPA, the BSE spectrum shows

a distinct red shift of the excitation energies due
to the attractive electron-hole interaction. In
particular, strong excitonic peaks appear below
the band gap with a binding energy of the low-
est exciton of around 0.6 eV. The formation of
a correlated excitonic state is associated with
a significant increase in oscillator strength re-
sulting in an absorbance exceeding 25%, which
dwarfs the absorbance strength of excitons in
the TMDCs.
An overview of the exciton binding energies,

defined as the difference between the direct QP
band gap and the lowest eigenvalue of the BSE
Hamiltonian, for the 70 semiconducting Janus
monolayers can be seen in Fig. 10. The val-
ues range from 0.3 eV and 1.0 eV with a ten-
dency of large exciton binding energies to be
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Figure 12: Oscillator strength of the lowest ly-
ing exciton peak as a function of the energy of
the exciton energy. The oscillator strength has
been normalized by the unit cell area. For ref-
erence the orange dots represent the well known
TMDCs MoS2, MoSe2, WS2, and WSe2.

correlated with large QP band gaps. Such cor-
relations have been observed before and can be
explained by an approximate scaling of EB with
the effective dielectric constant of the 2D mate-
rial, which in turn is inversely proportional to
the band gap.46,47
Finally, we consider the oscillator strengths of

the lowest excitonic transitions. The oscillator
strength is defined as |〈0|p̂x|Ψex〉|2, where |0〉
is the ground state, |Ψex〉 is the lowest bright
exciton, and p̂x is the x components of the
momentum operator. In Fig. 12 the oscilla-
tor strength is plotted against the correspond-
ing exciton energy for the 70 Janus monolayers.
For reference the orange dots represent the well
known TMDCs MoS2, MoSe2, WS2, and WSe2.
For several of the Janus structures, the lowest
exciton couples significantly stronger to light
than is the case for the TMDCs. We find that
strong exciton absorbance is most pronounced
for Janus structures containing group IV tran-
sition metals (Ti and Zr). For these structures
the valence and conduction bands are both lo-
cated mainly on the d-orbitals of the transition
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metal - similar to the well known TMDCs. We
ascribe the strong exciton absorbance in these
materials to an unusually high joint density of
states (JDOS) around the Γ-point of the BZ.
In the group IV compounds, these transitions
are located just above the direct band gap and
leads to the formation of a highly localized (in
real space) and strongly bound exciton. This is
in contrast to group V and VI transition metal
MXY and MX2 structures. For these structures
we also find a high JDOS around the Γ-point
but at energies much higher than the direct
band gap leading to the formation of the well-
known strong C-exciton situated just above the
band gap. We note that the extraordinary
strong exciton oscillator strength observed for
some of the Janus monolayers should not be
directly attributed to the lack of mirror sym-
metry. Indeed, similar absorbance strengths
are found for other MX2 structures containing,
group IV transition metals such as PtS2 (see26).

Conclusions
In summary, we have performed a systematic
computational study of 216 MXY Janus mono-
layers lacking mirror symmetry. For the 70
most stable materials with a finite band gap, we
performed detailed DFT and many-body calcu-
lations for the basic electronic and optical prop-
erties. The characterizing property of the Janus
monolayers is the existence of a finite out-of-
plane dipole moment giving rise to a difference
in the electrostatic potential on the two sides
of the layer. We found that these shifts can
be substantial, reaching 1.8 eV for some of the
materials. We envision that such layers can be
used to set up and control large out-of-plane
electric fields inside van der Waals heterostruc-
tures. It was found that the band structures of
the Janus monolayers can be qualitatively clas-
sified according to the groups of the metal (M)
and non-metal (X,Y) atoms. While most com-
binations yield metallic compounds, the vast
majority of the stable materials were found to
be semiconducting. The band structures of the
70 most stable and semiconducting monolay-
ers comprise both direct and indirect band gaps

ranging from 0.7 eV to 3.0 eV (from G0W0 cal-
culations). A few compounds were found to ex-
hibit Rashba-split conduction bands due to the
combination of strong spin-orbit coupling and
lack of mirror symmetry. As well known from
other 2D semiconductors, the optical proper-
ties of the Janus monolayers are dominated by
excitonic effects. The binding energies of the
lowest excitons range from 0.3 eV to 1.0 eV. In-
terestingly, the lowest excitons in Janus mono-
layers of group IV metal atoms (Ti and Zr) can
exhibit extremely high oscillator strengths (al-
most ten times larger than those of the well
known TMDCs) resulting in below-band gap
absorbance peaks exceeding 40%. All the data
reported in this paper as well as data for other
properties not discussed here, are available on-
line as part of the Computational 2D Materials
Database (C2DB).

Methods
The workflow used to calculate the properties
of the Janus monolayers has been introduced
in our previous work.26 It relies on the Atomic
Simulation Environment (ASE)48 and the elec-
tronic structure code GPAW.49 The part of the
workflow relevant for semiconducting materials,
on which we focus in the present work, is shown
in Fig. 13). In the first part of the workflow
(left section) we relax the unit cell and atomic
positions, check whether the 2D sheet has dis-
integrated during relaxation, and whether it is
already contained in the database. Next, we
classify the material according to crystal sym-
metries and occupied Wykoff sites, and calcu-
late the heat of formation relative to the stan-
dard states of its elements and the energy above
the convex hull, Ehull. The latter represents the
energy relative to other competing bulk phases.
In order to account for inaccuracies in the PBE
total energy and possible substrate stabilizing
effects, we consider materials to be thermody-
namically stable if Ehull < 0.2 eV/atom. We
stress that a criterion of Ehull < 0.2 eV/atom is
rather conservative and will most likely gener-
ate false positives, i.e. materials that may not
be stable or synthesisable in reality.50 On the
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Figure 13: The workflow used to calculate the structure and properties of semiconducting Janus
monolayers. Adapted with permission from Haastrup, S.; Strange, M.; Pandey, M.; Deilmann, T.;
Schmidt, P. S.; Hinsche, N. F.; Gjerding, M. N.; Torelli, D.; Larsen, P. M.; Riis-Jensen, A. C.; Gath,
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Copyright 2018 IOP Publishing.
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other hand, with a more stringent stability cri-
terion we run the risk of missing interesting can-
didates that might be stable in reality, e.g. due
to the finite error bars on the DFT energies or
possible stabilization via substrate interactions.
We stress that the interested user can adjust the
threshold value for Ehull via the C2DB website.
The dynamical stability is assessed by calculat-
ing the elastic tensor and phonon frequencies
at high symmetry points of the Brillouin zone
(BZ) (the Γ-point and the corners of the BZ).
Materials with a negative stiffness coefficient or
one or more imaginary phonon frequencies are
deemed dynamically unstable and are not given
further consideration.
In the second part of the workflow (right sec-

tion) we calculate the band structure (at the
PBE, HSE, and G0W0 level), the direct and in-
direct band gaps, the position of the band edges
relative to the vacuum level and the correspond-
ing k-points in the BZ, the out-of-plane dipole
moment, the effective masses, the polarizability
(at the RPA@PBE level), and the optical ab-
sorption spectrum (at the BSE@G0W0 level).
We stress that the workflow calculates addi-
tional properties (projected density of states,
Born charges, elastic tensor, deformation po-
tentials, piezoelectric tensor, lattice contribu-
tion to the polarizability, and Raman spec-
trum). These properties are available in the
C2DB but will not be discussed further in the
present work. More details about the calcula-
tions including parameter settings can be found
in Ref.26
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