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Abstract

Janus transition metal dichalcogenides with a built-in structural cross-plane (cp)
asymmetry have recently emerged as a new class of 2D materials with a large cp dipole.
Using first principles calculations, and a tailored transport method, we demonstrate
that stacking graphene and MoSSe Janus structures result in record high homogeneous
doping of graphene and abrupt, atomic-thin, cross-plane pn-junctions. We show how
graphene, in contrast to metals, can act as electrodes to Janus stacks without screening
the cp dipole, and predict a large photo-current response dominated by a cp transport
channel in a few-layer stacked device. The photo-current is above that of a corre-
sponding thin-film silicon device illustrating the great potential of Janus stacks f.ex.

in photovoltaic devices.



Controlling the built-in or environmental planar symmetry of two-dimensional materials
paves the way for the next level of rich 2D physics phenomena. One promising example is the
emerging Janus transition metal dichalcogenides (TMD’s), such as MoSSe, where a strong
planar asymmetry, due to different atomic species on each side, generates a large dipole
across the plane."? Other recent relevant examples include how the stacking environment
of 2D materials can be used to tune properties like the optical gap,®* mobility,® interlayer
excitons®” and local doping.®® One key focus has so far been to find TMD’s with different
band gaps.!® However, the properties of Janus MoSSe are far more interesting than simply an
expected band gap in between the two out-of-plane symmetric parents (MoS; and MoSe,).

While the structural stability!! and the potential usefulness of MoSSe for solar water

12-14 and band gap engineering'® have been examined previously, device properties

splitting
and the interaction of the Janus dipole with other stacking materials and electrodes have
not been discussed so far. Here we show how stacking graphene and Janus structures gives
a route to record high homogeneous doping of graphene in abrupt pn-junctions. In addition,
semi-metallic leads such as graphene, are needed to avoid the dipole cancellation due to
the screening that occurs with metal contacts. Such effects are crucial to address for the
potential application of Janus structures in devices. In addition, we provide for the first time
estimates of the photo-current generated in device configurations. Harvesting solar energy
through photovoltaics (PV) represents a promising technology as a replacement for burning
fossil fuels and the potential of Janus TMD’s as a new alternative or constituent in PV
devices in the future is discussed. We calculate the ballistic single-particle charge transfer
with a transport method tailored to stacked Janus and Janus-graphene devices, neglecting
excitonic effects. Computational details are described in the Methods section.

Monolayer Janus MoSSe. The origin of the out-of-plane asymmetry and the resulting
Janus dipole mechanism is illustrated in Fig. 1 for a monolayer MoSSe system. A layer of

Mo is sandwiched in between a layer of S and a layer of Se atoms. From the calculated

bandstructure in Fig. 1(a) we find a direct band gap, located at the K and K’-points, with a
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Figure 1: Janus dipole mechanism. a) Bandstructure and b) Top view of the unit cell
of monolayer Janus MoSSe. c¢) Electrostatic difference potential averaged in the plane of
monolayer MoSSe plotted as a function of the cross-plane (cp) position, z.

value of 1.72 eV which corresponds nicely to the 1.77 eV optical band gap previously reported
for Janus MoSSe. 11416

In Fig.1(c) we show the electrostatic difference potential averaged over the xy-plane
as a function of the z-position. This clearly illustrates the built-in cp dipole field with a
potential difference of 0.66 eV between the two sides. Previous studies discuss the structural
asymmetry and a large out-of-plane piezoelectric polarization of Janus materials. 117 A simple
explanation of the cp dipole field, observed in Fig. 1(c), can be found in the fact that
S and Se atoms have slightly different electronegativity, which for a full layer gives a large
difference in work-function between the two surfaces and induces a dipole across the slab. We
employ Neumann boundary conditions at the vacuum boundaries when solving the Poisson
equation®!® allowing for self-consistent calculations of the surface dipole field.

Stacked Janus MoSSe. By stacking multiple Janus MoSSe layers on top of each other

it is possible to stack the dipoles of the individual layers and obtain an atomically thin pn-



junction across the multilayer system. We demonstrate this by projecting the bands on each

layer in a trilayer Janus MoSSe system in Fig. 2(a). The bands are colored according to the
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Figure 2: a) Bandstructure of trilayer Janus MoSSe projected onto the seperate layers. The
structure is shown in the inset. Line thickness and the color red, blue and green lines
represents projections on the top, middle and bottom layers, respectively. b) Cross-plane
channel: Bloch state isosurface of the I'-point state highlighted by point B in a). ¢) In-plane
channel: Bloch state isosurface of the K-point state highlighted by point C in a). The color
shows the phase of the wavefunction.

0

projection on each of the three layers, with the bottom layer having a Se surface and the
top layer has a S surface. Clearly, the top (red) layer with the S-terminated surface is more
p-like, the bottom (green) layer with the Se-terminated surface is n-like and added layers
each obtain bands shifted by ~0.5eV. This trend applies for 1-3 layers until the 4th layer
is added, where the conduction band minimum and valence band maximum intersect the
Fermi level and a pn-junction is obtained. Adding additional layers to the stack does not
increase the dipole due to charge transfer between the top and bottom layers. In addition,
we find that stacked Janus MoSSe gets an indirect band gap as the valence band maximum

shifts from the K, K'-points to the I'-point. However, rather than discussing this in terms



of a decreasing band gap, we focus on the fact here that stacking Janus layers is a way
of obtaining atomically thin pn-junctions inherently through the Janus dipole effect. This
is interesting for the potential applications in e.g. photodiodes, which we will return to
after a discussion about how to contact such a Janus surface induced dipole pn-junction and
identifying possibly photo-current active channels.

Photo-current active channels, i.e. states that facilitates charge transfer through the pn-
junction, will have a high degree of spatial distribution across the different layers. This is not
the case for the highly-dispersive valence bands near the K-valley (marked C in Fig. 2(a)).
Looking at the valence band in Fig. 2(a) near the I'-point (marked B), we find a state that
has a low in-plane dispersion but is delocalized in the cp-direction (the blue line projected
band is thinner at the I'-point as compared to the K-point due to contributions from all
three layers). We highlight this through Fig. 2(b) showing the isosurface of the Bloch state
located near the I'-point that illustrates the spread across the slab of this state. In Fig. 2(c)
we show the corresponding valence band state at the K-point (also highlighted in 2(a))
with the same isovalue. In contrast to the I'-point state, the K-point state is an in-plane
channel; it is highly localized in the middle MoSSe monolayer showing no delocalization in
the cp-direction.

While the valence states in the K-valley are merely a superposition of states localized
in each layer, illustrated in Fig. 2(c), this is not the case for the I-valleys - a point so far
overlooked in the literature. The three states originating from different layers at the I'-point
are dissimilar and the one originating from the middle MoSSe layer is the most spread out.
We conclude that the state shown in Fig. 2(b) is a cp-channel distributed across all layers of
the system. Due to the low in-plane dispersion it exhibits a molecular orbital-like character.
Contrary to a usual in-plane transport mechanism such low-dispersive bands can therefore
be a good indication of cp-transport activity. This cp-channel will be responsible for the
large photo-current response, as shown below.

Also notable is the difference in effective masses (inverse curvature) of the valence bands



around the I'-point. From Fig. 2(a) we see that the effective mass of the valence bands
around the I'-point increases significantly for the second layer and changes sign for the third
layer. This change is caused by the cp-field between the layers and can be reversed by
creating an external field in the opposite direction of the built-in dipole using e.g. gates of
opposite polarity above and below the structure. We therefore make a conjecture that the
photo-current active band will be highly tunable by external gating. We will explicitly show
that is this indeed the case when discussing the device simulations.

Stacked Janus MoSSe and graphene. Next we discuss the concept of Janus dipole dop-
ing of graphene and show how graphene can be used as electrodes for Janus MoSSe de-
vices. Stacked systems are illustrated in Fig. 3(a,b). The stacking of dipoles, shown in
the multilayer MoSSe structures, presents a unique opportunity for creating atomically thin
pn-junctions in the cp-direction for harvesting of solar energy. To facilitate such a device,
connections to metallic leads are necessary. However, simply adding bulk metal leads to the
top and bottom layers would completely screen the built-in dipole ruining the pn-junction
as shown in the Supporting Information (Fig. S1-S4). This screening could turn out to be
a major challenge for exploiting the built-in cp-dipole and the unique properties of Janus
materials. We expect semi-metallic 2D materials to screen the cp-field less effectively and
have therefore examined the effect of adding graphene monolayers to the top and bottom of
multilayer MoSSe.

In Fig. 3(c) we show the projected bandstructure of three layers of MoSSe with graphene
added to the top and bottom of the structure as shown in Fig. 3(b). A hexagonal supercell of
graphene on top of MoSSe (shown in Fig. 3(a)) was obtained with four and seven repetitions
of the MoSSe and graphene unit cells, respectively. A compressive strain of ~1% is added
to graphene in this supercell. We chose to strain only graphene since we are interested in
the details of the MoSSe electronic structure while graphene is simply used as a lead.!? 2!
Importantly, we see from Fig. 3(c) that while some screening of the cp-dipole occurs, it

mostly survives. As indicated in the bandstructure the difference in energy between the
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Figure 3: a) Top view of 2D hexagonal supercell of graphene-MoSSe stack. b) Side view of
trilayer MoSSe sandwiched between graphene. ¢) Projected bandstructure of trilayer Janus
MoSSe with graphene added on top and at the bottom. Red, blue and green lines represents
projections on to the first, second and third MoSSe layer, respectively. d) Energy-shift
between the two graphene Dirac-points for varying number of Janus layers.

states localized on adjacent MoSSe layers is reduced from 0.51eV to 0.38¢eV as a result of
screening effects when adding graphene on either side. Graphene is therefore promising as
electronic leads to Janus MoSSe preserving the dipole effect.

Interestingly the graphene layers are strongly doped n- and p-type on the top and bottom
respectively. In fact, the charge neutrality points in the graphene sheets are separated by
0.67eV by the intense field created by the three layer MoSSe structure. The concept of Janus
dipole doping is summarized is Fig. 3(d). The doping effect increases up to a 0.8 eV separation
of the charge neutrality points for six layers of MoSSe which is a very high homogeneous
doping of graphene. This effect could be used to effectively dope graphene in a non-intrusive
way where no dopant atoms need to be implanted in the pristine graphene sheet and the

doping can be controlled by the number of stacked MoSSe layers used. The maximal Fermi-



level shift of 0.8 eV in Fig. 3(d) corresponds to a carrier density of 1 x 10'® cm~2. This falls in
between typical doping values of a few times 102 cm~2, e.g. achieved with molecular doping??

2

or backgates,?® and the ultrahigh carrier densities of ~ 10 cm™2 obtained by electrolytic

gating.?+? Stacked Janus-graphene structures hereby give a promising route to abrupt pn-
junctions, something that has previously required complex double-gated configurations,?
with a homogeneity exceeding that of electrolytic or ionic gating and with the outer layers
(graphene or Janus) being accessible due to the internal Janus-doping. Next we will discuss
the potential optoelectronic applications of Janus materials and the transport model used.
Transport model of stacked devices. In Fig. 4(a) we illustrate the envisioned device con-
sisting of MoSSe sandwiched between two graphene electrodes. Even for a monolayer of
Janus MoSSe we see in Fig. 4(b) that a remarkable 0.4eV shift in energy occurs between
the graphene sheets which are separated by less than 1nm while the MoSSe bandstructure
remains intact. In order to check that a current can be injected from the doped graphene

layers through Janus MoSSe, we calculate the cp-transmission from the Landauer-Biittiker

expression

T., = Tr{T3GT rrG'} (1)

where G is the retarded Green’s function of the device and I'; g /gy is the broadening coming
from the left bottom and right top graphene leads respectively, as shown in Fig. 4(a). To
obtain I'rp/rr the full I';, and I'p matrices for the leads indicated in Fig. 4(a) were cal-
culated recursively using the DFT-NEGF code provided by the QuantumATK software.?®
Subsequently I',/r was projected onto I'p g rr parts by removing indices of the full matrices
related to the other layers (Supporting Information, Fig. S5). In this way cp-transport is
considered with the transport direction still inside the plane. Fig. 4(c) shows T,,(E) for the
monolayer MoSSe system with monolayer graphene leads on either side. Clearly transmission

channels are available and a high transmission is seen for a bias window above the MoSSe
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Figure 4: a) Envisioned device with graphene and Janus stacks to avoid dipole cancellation
and achieve an abrupt pn-junction. b) Projected bandstructure of monolayer Janus MoSSe
with graphene on top and at the bottom. Red line represents projection on the MoSSe, yellow
and cyan lines projection onto the top and bottom graphene layer, respectively. ¢) Electron
transmission from the left bottom graphene electrode to the right top graphene electrode. d)
IV-characteristics?” of the graphene-Janus stacked device at 300 K. The current is evaluated
from the zero bias transmission function.

gap where states are available in all three monolayers. A very small transmission directly
from one graphene layer to the other is also seen at the Fermi level, where the graphene
cones intersect. We consequently find a low bias regime with a direct graphene-graphene
tunneling current and a high bias regime with bulk Janus transport in the IV-characteristics
shown in Fig. 4(d).

Janus MoSSe device photo-current. Next we consider the electron transmission and



photogenerated current for a three layer MoSSe device, Fig. 5(a). Since we have shown how
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Figure 5: a) Trilayer Janus MoSSe device structure used to calculate transmission from the
top to the bottom layer. b) Out-of-plane transmission for different values of the gate voltage
illustrating the tunability of the cp-channel.

screening of the cp-dipole can be avoided by semi-metallic graphene leads, we imagine a
device where MoSSe is directly exposed to light and the connection to graphene is made
further away from photo-active area (or is considered transparent as compared to the full
stack). In this case, we can consider transport directly from the top left to the bottom
right MoSSe layer, as illustrated in Fig. 5(a), which makes the calculations computationally
feasible. In order to examine the tunability of the photo-responsive cp-channel we included
two metallic gates separated by 40 A above and below the three layer structure. A voltage

of positive/negative polarity was applied to the top/bottom gate to control a field in the

10



opposite direction of the built-in dipole field of the MoSSe. In this device, the dipole field
creates a pn-junction in the cp-direction that is capable of separating holes and electrons
into the top and bottom layers, hereby generating a photocurrent between the layers. The
physical transport mechanism is interlayer tunneling via the cp-channel discussed previously.

The cp Landauer-Biittiker transmission (1) is shown in Fig. 5(b) for three different values
of the gate voltage. First we see a clear peak in the transmission at -0.67 eV for the system
without applied gate voltage (indicated by a blue arrow) which is due to the cp-channel.
The delocalization of the cp-channel across the MoSSe layer enables it to carry the cp-
current effectively. Furthermore, the almost dispersion-less bands of the cp-channel, shown
in Fig. 2(a), leads to a sharply peaked van Hove-like transmission. It is possible to tune the
dispersion of the band by applying the gate voltage to creates an electrical field opposite
to the built-in field. We observe how the peak is broadened due to the increased band
dispersion and resulting decrease in density of states for the cp-channel. Furthermore, as the
gate voltage is increased another sharp transmission peak emerges at lower energy (indicated
by a red arrow). This peak is related to the I'-point valence state, shown in Fig. 2(a). The
increased gate voltage tunes the effective mass of this band making it nearly dispersion-
less in the plane, and create a new cp-channel (red arrow) replacing the previous one (blue
arrow). This shows how it is possible to tune the in-plane effective mass and the cp-transport
properties substantially with a gate voltage.

In Fig. 6(a) we plot the photo-excited cp-current for a two and three layer Janus-MoSSe

30,31 Tnterestingly,

device compared to that calculated for a 20nm thick silicon pn-junction.
the extremely thin (0.5-1 nm) Janus photo-devices generates a current above that of the 20-40
times thicker silicon device considered, which underlines the great potential of Janus mate-
rials in thin-film photodiodes. Comparing the two and three layer MoSSe photo-currents,
we see that the generated photo-current is almost independent of the thickness: the absorp-

tion of photons is improved by adding an additional Janus-MoSSe layer while the tunneling

transmission is reduced at the larger distance from the top to the bottom layer. These
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Figure 6: a) Photocurrent density?” as a function of photon energy for the three layer
structure shown in Fig. 5(a). The current was at each energy weighted by the flux of the
solar AM1.5 reference spectrum.? b) Photon mediated transmission as a function of energy
for the 2.5 eV photon. The full k-averaged transmission shows a dominant peak at 1.83eV
which is traced back to the cp-channel in a region around the I'-point as illustrated by the
['-point transmission.

two mechanisms almost cancel each other, and we find that there is only a small difference
between the photo-excited cp-current for two and three layers of Janus-MoSSe.

We notice that for both Janus-devices there is a significant contribution to the current
from photons with energies below the 1.72eV gap of monolayer Janus-MoSSe (as indicated
by the vertical dashed lines in Fig. 6(a)). This current originates from interlayer excitations
where the conduction band and valence band are in different Janus layers, effectively reducing
the transport gap of the Janus-MoSSe device.

The origin of the large photo-current is illustrated in Fig. 6(b), showing the photon-

12



mediated transmission for photons with an energy of Aiw =2.5eV. The highest transmission
(indicated by an arrow in Fig. 6(b)) is located at an energy of 1.83eV, which is the final
state energy of an excitation starting from the I'-point cp-channel shown in Fig. 2(b) (further
highlighted by the I'-point transmission, which illustrates that the dominant peak can be
traced back to a region in the vicinity of the I-point). This clearly shows that the cp-
photocurrent in multilayer Janus-MoSSe is dominated by the cp-channel. Furthermore, we
notice that at photon energies above 2.5eV the photo-current starts to fall off. While this
high energy region is less relevant in the context of solar cell applications it is still interesting
to explain this somewhat unusual behavior. Starting at the cp-channel energy, point B in
Fig. 2(a) we see that for energies photon above 2.5e¢V one enters a regime where there
are no bands in the opposite layer. Hereby, the cp-current is reduced and eventually the
current starts to run in the opposite direction. This behavior is only captured by transport
calculations which can account for the current direction of the generated electrons.

Finally, we point out the potential use of 2D Janus TMD’s in tandem structures. Com-
bining for instance a few MoSSe Janus layers with silicon thin-films could increase the broad
spectrum absorption of light, especially in the low energy regime where silicon absorbs weakly.
We chose in this study to focus on MoSSe due to its recent experimental realization. How-
ever, with recent efforts to create databases of emerging 2D materials'® it is possible to
identify other Janus candidates that have a lower band gap and a similar expected dipole
effect. For instance we notice that CrSSe and ZrSSe have band gaps of approximately 0.5 eV
and 0.8 eV respectively, and that certain bulk materials with a large dipole effect like BiTel
should be exfoliable. This underlines some of the prospects in studying new Janus materials
to increase device performance and how Janus materials could play an important role as
alternatives or constituents in PV devices in the future.

Conclusion. In summary, we have employed first principles calculations and a tailored
transport method to demonstrate three new concepts rooted in the built-in structural out-

of-plane asymmetry of novel 2D Janus materials: The Janus dipole doping effect, the Janus-
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graphene electrode stacks for avoiding dipole cancellation, and the Janus cross-plane channels
dominating the photo-current response. Janus dipole doping allows one to achieve so far un-
precedented homogeneous doping levels of graphene in abrupt, atomic-thin, pn-junctions. In
particular, the graphene leads are crucial for device applications of Janus materials due to
the dipole cancellation with conventional metallic electrodes. Among many possible appli-
cations of Janus stacks we focused on the photo-voltaic properties, and showed how Janus

cross-plane channels give rise to a photo-current exceeding that of thin-film silicon devices.

Methods

All results presented in this paper are obtained using the QuantumATK software.?® Elec-
tronic structure calculations are calculated using Density Functional Theory (DFT) with
a double zeta polarized LCAO basis set and a k-point density corresponding to (51x51)-
sampling in the minimal unitcell. TLocal Density Approximation (LDA) is used for the
exchange-correlation potential. In the out-of-plane direction over 30 A of vacuum is included
and Neumann conditions are employed at the boundary. Transport calculations are per-
formed with the usual DFT-NEGF approach?? using 301 k-points in the transverse direction.
We chose a lattice parameter (3.22 A) and interlayer distance (3.14 A) as calculated previ-
ously.'* Atomic coordinates were relaxed until all interatomic forces were below 0.02¢V /A,
Guan et al.!'* found A’B stacking order to have the lowest binding energy for bilayer Janus
MoSSe unlike the conventional TMD’s that all exhibit AA’ stacking. However since the
difference in binding energy between AA’ and A’B is only 2meV both configurations are
likely to be found in experiments. We therefore choose to study AA’ stacking which allows
for straightforward comparison with previous studies of devices using other TMD’s.

As derived in previous studies3"?33% the first order correction to the current into lead
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a = LB/RT due to absorption of N photons with frequency w is given by

L= [ W ENE - )T (E)

®© B=LB,RT

— fa(B)[1 = f3(E + hw)|T, 5(E)dE, (2)
T, 5(E) =NTr{[o(E)G(E)M As(E — hw)M'GY(E)}, (3)
T,75(E) =NTr{Lo(E)G(E)M'As(E + hw)MG'(E)} (4)

where f, is the Fermi Dirac distribution function of lead a, A, = GT,G' is the spectral
function of lead o, G and G' are the retarded and advanced Green’s functions and M the

electron-photon coupling matrix given by

‘ (hmee P (5)

Mm = =
! mg \ 2Nwéc

where €, €, and f[i,, are the isotropic, homogenous permittivity, relative permittivity and
relative permeability respectively, F' is the photon flux and p is the momentum operator.
We take i, = 1. For the dielectric constant of MoSSe we have taken the average in-plane

value of the MoS, and MoSe, parent TMD’s.36

Associated content

Supporting Information. Details on screening from metallic leads, the projection of the lead

coupling matrices and the length dependence of the current.
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