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We study the shift current in two two-dimensional (2D) Janus transition metal dichalcogenides:
molybdenum diselenide (MoSSe) and tungsten diselenide (WSSe). The shift current is evaluated
using a real-time approach, in which the coupling with an external field is described in terms of a dy-
namical Berry phase. This approach incorporates electron-hole interactions and quasiparticle band
structure renormalization through an effective Hamiltonian derived from many-body perturbation
theory. We find that the shift current is strongly enhanced in correspondence of C excitons. An
analysis in terms of the electron-hole pairs reveals that electron and hole are localized on different
atoms, and thus following an optical excitation, the center of the electron charge is shifted thus
giving rise to a significant photocurrent. These results highlight the role played by excitons in the
shift-current response of Janus TMDs and demonstrate that these materials are promising building

blocks for future photovoltaic devices.

I. INTRODUCTION

The shift current(SC) is a bulk photovoltaic effect that
originates from the nonlinear interaction between light
and a noncentrosymmetric crystal when illuminated by
a continuous wave. As a second-order nonlinear phe-
nomenon, SC has received significant attention in re-
cent years.! It involves the creation of a direct current
(DC) within non-centrosymmetric materials when these
are illuminated by light, demonstrating their intrinsic po-
tential for application in solar cells. Although SC is a
promising mechanism for generating photocurrent with-
out the need for p—n junctions, the short-circuit current—
which is closely linked to the power efficiency of a solar
cell—is typically low. Therefore, it is crucial to under-
stand the underlying physics of this phenomenon and to
identify materials with high SC conductivity.

In a recent work, Cook et al.! put forward the designing
principles for optimizing the SC. They found that low
dimensional systems can display a very strong SC due
to a strong density of states due Van Hove singularities.
Besides the density of states, in low-dimensional mate-
rials, due to the confinement of electrons and the poor
screening of electron-electron interaction, the formation
of bound states, the excitons, occurs upon the excita-
tion of the material, which further enhances the SC.2°6
The need for a computational approach including all rel-
evant many-body effects and specifically excitonic effects
to predict the SC in materials is testified by the large
disagreement between theory and experiments. On the
one hand, so far most calculations are carried out at the
independent particle level. On the other hand, in exper-
iments there are extrinsic factors, difficult to control and
quantify, that may modify the SC. For example in WSy
nanotubes, a strong SC response was reported deviating
significantly from the theoretical prediction.” It has been
argued that this discrepancy is due either to tube-tube

interactions or the different cross section during the eval-
uation of SC.8? Yet, the SC in these materials has been
calculated neglecting excitonic effects that can, in princi-
ple, strongly enhance optical response, and thus the SC,
in low-dimensional systems.

In this work, we present a real-time approach for pre-
dicting the SC conductivity from first-principles in which
the coupling between electrons and light is described in
terms of a dynamical Berry phase. The Hamiltonian de-
scribing the system is derived from the many-body per-
turbation theory, which allows us to include correlation
effects in both the electronic band structure (see, for ex-
ample, Aryasetiawan et al.l%) and the response functions
(see, for example, Strinatil'). We have already applied
this approach to predict other nonlinear optical effects,
such as second harmonic generation, two-photon absorp-
tion, and sum-frequency generation.'? '* In those cases,
we extracted nonlinear susceptibilities from the time-
dependent polarization density. Here, we extend the ap-
proach to extract nonlinear conductivities from the po-
larization current.

As an application, we calculate the SC conductivity
of two Janus transition metal dichalcogenides (TMDs):
MoSSe and WSSe, among the recently synthesized Janus
2D TMDs.'5 7 These materials have attracted a lot of
attention from the scientific community due to their pe-
culiar properties. Janus monolayers are a new type of
2D material that breaks out-of-plane symmetry and has
a large built-in electric field. Janus 2D TMDs exhibit
several interesting properties, such as a strong piezoelec-
tric response, long exciton lifetime and enhanced inter-
layer coupling due to their intrinsic electric field.'® Their
internal electric field renders Janus material ideal for
photocatalysis'®, and photovoltaic applications??. Their
stacking-dependent dipole moment can be used to tune
their intrinsic properties.'® Similarly to other nonlinear
optical effects, geometrical symmetries play an important
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role in determining the SC. With respect to standard
TMDs, Janus TMDs lack the z — —z, symmetry and
have an out-of-plane dipole allowing for a SC along the
z-direction®!+?2, Furthermore, swapping S with Se atoms
switches the chirality of these structures and heterostruc-
tures can be designed to enhance the photocurrent.?!.
Regarding the in-plane symmetries (xy-plane), though
there are non zero elements of the second-order conduc-
tivity tensor, no net SC results for unpolarized light—
such as sunlight. It has been shown, that a significant
SC can be obtained by breaking the Cs, symmetry ei-
ther by strain, interaction with a substrate??23, or by
forming nanotubes.?

In this work, we consider monolayer MoSSe and WSSe
with light polarized along the y-direction and obtain the
non zero component of the second-order conductivity ten-
sor Ug(ﬁ;y.% At difference with previous works,?? we in-
clude the effect of electron-hole interactions. Section II
presents the theoretical approach and computation de-
tails. Section IIT A shows the results for the linear op-
tical response and the SC. Excitonic effects strongly re-
distribute the intensity and enhance the SC. From the
analysis of the excitonic state in terms of the electronic
structure, we explain the difference between the A/B and
C excitons in the SC enhancement.

II. THEORETICAL METHODS

We present the definition of the SC response (Sec. ILA)
and the real-time approach used to calculate it, as well
as the procedures to extract nonlinear conductivity coef-
ficients from the real-time current (Sec. IIB). Then, we
detail all the computational parameters used in the sim-
ulations (Sec. IIC). As these are the first calculations of
the SC with the Yambo code?®, in Appendix A we detail
the numerical implementation of the current operator.
For validation, we compare with existing results on the
GeS monolayer?4272% (see Supp. Mat.).

A. The shift current

When a material is irradiated by light, a current is pro-
duced. In the perturbative regime, this current can be ex-
pressed as an order expansion of the total field strength:

J(w) = ol (W)E(W)+Z 03 (w; w1, w2) B(wn) B(w2)+O(E®)

1)
where the summation on w indicates the sum over all
distinct wy,ws pairs. With wy,ws # 0, the lowest order
that produces DC current is the second order when w =
w1 + wy = 0.3% In case of a monochromatic field,

JP(w=0)=2020;w1, —w1))E(w)E(-w1). (2)

B. Equation of motion

We simulate a system under the influence of an exter-
nal, time-dependent electric field by solving an effective
Schrodinger equation.

m%mm - (ﬁg +i€ - ak) o (£)). (3)

where |vk ., (t)) are the time-dependent valances states
and the dipole operator has been replaced with r = 0y
and the k-derivative has been performed using a covari-
ant approach.3132 In the following we will omit the time-
dependence of vk, (¢)) in order to simplify the notation.
from the real-time dynamics of the valence states we cal-
culate the current as:

f M )
J = (27T)3 Z<Ukn|Hk8k|Ukn> + c.c. (4)
n=1

The derivative in k space is evaluated by means of finite-
difference covariant formulation (see Souza et al. in

Ref. 31):

4 [t akn) — [Ok—ak,n)

Oufvien) > 3 2Ak
1 |0k+2aKk.n) — |Ok—2AK n) 4
_ = : : Ak
3 Ak + O(Ak)", (5)

where the tilde indicates that we used the covariant
derivative in order to deal with the arbitrary phase factor
associated with wave functions at different k-points.3!+32
In Appendix A, we describe the numerical implementa-
tion of Egs. (4) and (5) in the Yambo code?.

In Eq (3), the effective Hamiltonian is chosen depending
on the level of accuracy we aim at, from independent-
particle approximation (IPA) to the time-dependent adi-
abatic GW (TD-aGW).3? The latter approximation is
equivalent to the GW+BSE method in the linear re-
sponse limit.!133

To obtain the second order conductivity corresponding
to the SC, we perturb the system with a sinusoidal elec-
tric field E(t) = Eof(t — to)sin(wgt), where Fy,wy are
the strength and frequency of the applied electric field
and 0 the Heaviside step function. Further, we add a
term to the Hamiltonian to dephase the eigenmodes that
are excited upon the field switch-on at t.3? After tran-
sient, effects from the field switch-on have decayed, the
final current can be written as a Fourier series expan-
sion: J(t) = Z;V:_N cjel@ot. The coefficients ¢; can

Jbe obtained by a discrete Fourier transform by sampling

J(t) on a period 27 /wy. The components of the n-order
conductivity tensor are directly related to the c; coeffi-
cients through powers of the applied electric field. This
procedure is the analogue of that used to extract the non-
linear susceptibilities from the polarization density that
has been detailed in Refs. 14 and 32. In this case, we
extract the conductivity corresponding to the SC from
Co = 20(2)(0; wo, —UJ())Eg + O(ES‘)
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FIG. 1. The electronic band structures of (a) MoSSe and
(b) WSSe monolayers, at the Kohn-Sham level (blue solid
lines) and including the quasiparticle corrections from GoWq
calculations (red dashed lines).

C. Computational details

The ground states of all the systems studied in
this manuscript were calculated using Density Func-
tional Theory (DFT) with the PBE functionals and the
DOJO stringent pseudo-potential v4.1 to replace the core
electrons.>® We include also a van der Waals correction
to the DFT functional.?® All DFT calculations were per-
formed with the Quantum ESPRESSO code.?6 The linear
and nonlinear optical response and quasiparticle correc-
tions were calculated using the Yambo code?. For the
quasiparticle correction, the GoWy approximation'® was
applied, where the screened interaction was treated with
the Godby-Needs plasmon-pole model (PPM).37

We calculated the optical absorption at the indepen-
dent particle approximation(IPA) on top of Kohn-Sham
band structure, adding GoW, corrections (IPA-GW) and
including the local-field effects and electron-hole inter-
action by solving the Bethe-Salpeter equation in the
Tamm-Dancoff'! (GW+BSE). While the IPA and IPA-
GW are solved within the linear response framework, the

System[k-points| Ny |€cut(Ha)[€bands | Lz (A)[derr (A)
MoSSe | 24 x 24 |19-26 5 400 | 36.30 | 6.15
WSSe | 24 x 24 |19-26 5 400 | 36.30 | 3.35

TABLE 1. The parameters used in the nonlinear response
calculations for MoSSe and WSSe monolayers are: k-point
sampling; the range of bands for the response functions; the
cut-off,ecut, and the number of bands, €nands used to converge
the dielectric function eg,g/, and expansion of the Green’s
function in the GW calculations; the height of the supercell,
L, and the effective layer thickness, deg-.

GW+BSE is formulated as an eigenvalue problem for the
two-particle Hamiltonian:

H vck — (Eck: -

vk

+ (fere — for) (2V vele = W ok > (6)

k' vk’

Evk) 6vv/5cc’ 5kk’ +

where E,p are quasiparticle energies and f,r the elec-
tronic occupations and n run over the valence (v) and
conduction bands (¢). V is the Coulomb potential de-
rived from the variation of the Hartree term and W
the screened electron-hole interaction derived from the
screened exchange.!! The eigenvectors Ai‘vk and eigen-
values F of the Hamiltonian in Eq. 6 are respectively the
excitonic wave-functions and energies. These quantities
are used to build up the macroscopic dielectric function
€7 which writes:

w—FEy+in in’
where T\ = chk dm,kAﬁvk are the excitonic dipoles,

deyx are the dipole matrix elements between the Kohn-
Sham states with de,x = (vk|f|ck), and in with 5
chosen to be 0.1 eV is a small broadening factor to
simulate the experimental spectra. In order to consider
isolated monolayers, a cutoff was applied to the Coulomb
potential to avoid interaction between periodic replicas
along the z-direction (Rozzi et al. 38).

The nonlinear response is evaluated from the solu-
tion of the equation of motions as in Sec. IIB at
the corresponding levels of theory as for the optical
absorption33: TD-IP, TD-IPQGW, and TD-aGW. The
equations of motion have been solved using the Crank-
Nicolson solver®?, with an integration time of 83 fs and a
time-step of 0.01 fs and a dephasing time corresponding
to a 0.1 eV spectral broadening. The nonlinear response
was extracted from the real-time current using the Yam-
boPy code®”. All other relevant computational details
are presented in Table I. The spin-orbit coupling was
not included in the calculations, as it has been shown
to have little effect on the nonlinear response of Janus
TMDs?!.



III. RESULTS

A. Atomic and electronic structure

For both MoSSe and WSSe we optimize atomic po-
sitions and unit cell at zero pressure by minimizing
the enthalpy as implemented in the Quantum Espresso
code.?® We obtained lattice parameters of 6.089 a.u. and
6.090 a.u. respectively for MoSSe and WSSe. Start-
ing from the optimized atomic structure we calculate
the electronic bands and then the linear and nonlinear
response functions. The electronic band structures are
evaluated at the Kohn-Sham (KS) and GoWj levels for
both MoSSe and WSSe, results are shown in Fig. 1. For
MoSSe, we found a gap of 1.66 eV at the PBE level
and 2.80 eV in the GoWq approximation. For WSSe,
the KS gap is 1.78 eV while the GoyW corrections in-
crease it to 2.98 eV. These results are in agreement
with previous calculations.*0 42 Interestingly, there is a
strong k-dependence of the GoyW corrections for the va-
lence bands. Note that the band gaps in these materials
are highly sensitive to calculation details and strain, as
shown in Ref. 43, and small differences between compu-
tational approaches can cause a transition from direct to
an indirect semiconductor in the monolayers. The di-
rect/indirect transition affects light-emission properties,
but do not impact significantly light absorption or the
SC, which only involves direct electron-hole transitions.
Figure 2 shows the band structure of WSSe including in-
formation on the atomic orbital nature of the electronic
wave functions. Of particular interest are the bands clos-
est to the Fermi energy, as are those contributing to the
main features in the shift current response. The states in
the top valence and bottom conduction bands are mostly
localised on the chalcogen atoms (panel a and b), with
the exception for states located close to the minima along
the MI' direction which are mostly localised on the W
atom. On the top valence band, states at and around I"
are mostly localised on the Se atoms while those around
K are mostly localised on the S atomes. The bottom
conduction band has mostly an S atom character except
around the I' point. From the corresponding analysis of
the band structure in terms of the atomic orbital nature
of the electronic wave functions for MoSSe (Supplemental
material), we conclude that the localization of the closest
states to the Fermi energy is substantially the same as in
WSSe.

B. Linear and nonlinear response in MoSSe and
WSSe

For the two systems, we first present the linear opti-
cal absorption, which later serves as a guide for inter-
preting the SC conductivity. In the bottom panels of
Figs. 4 and 5 we report the optical absorbance at differ-
ent levels of approximation: independent particle (IPA),
independent particle on top of the GW band structure

FIG. 2. Projected band structure of WSSe on atomic orbitals.
Panel (a): projection weight onto S and W; panel (b): pro-
jection weight onto Se and W; panel (c): projection weight
onto S and Se.

(IPA-GW), and the GW+BSE approximation.

In Figs. 4 and 5 we can distinguish different excitonic
peaks for both MoSSe and WSSe: in particular the A/B
peak around 2 eV and the C peaks around the 3 eV. No-
tice that as we did not include spin-orbit coupling, the
ground state exciton (A) and the spin-orbit split exciton
(B) are degenerate. The strongest feature in both spec-
tra are the C-excitons, which we found corresponds to
the strongest enhancement of the SC For this reason we
analyze them in detail.

We consider the two most intense excitations, C; at
3.02 eV and Cs at 3.19 eV for WSSe, together with
the A/B exciton at 2.33 eV, indicated with vertical lines
in Fig. 5. We then projected their exciton weights on
k-points in the full Brillouin zone W = > A2, [%,
top panel of Fig. 3, and on the valence/conduction
bands along the band structure of WSSe, VVC’\/U’k =

/e |A2 %, bottom panel of Fig. 3. The A/B exci-
ton originated from electron-hole transitions around K,
the C exciton originated from electron-hole transitions
along K-I', the C5 exciton from electron-hole transitions
around I'. For all three excitons, the holes are in the top
valence band and the electrons in the bottom conduction
band. By comparing the distribution of the W(f‘/v,k with

the atomic orbital projected band structures, (Supple-
mental Material), we can deduce the spatial localization
of the electron-hole pairs contributing to each exciton.
For the A /B exciton, both electrons and holes are mostly
localized on the chalcogen atoms. Being the composition
of the bottom conduction and top valence around K very
similar, we deduce the electron and hole are localized
around the same atom. For the C exciton, while the
electrons are mostly localized around the S atoms, the
hole are partially localized on the Se atoms as well. For
the C5 exciton, holes are more localised on the tungsten
and electrons more on the S atoms.

A similar analysis holds for the C-excitons around 3 eV
of MoSSe (see Supplemental Material). Note that, for
MoSSe, the most intense features are at higher energies
than the C excitons. Nevertheless, as these features are
out of visible range and so not relevant for photovoltaic

Se



applications, we do not provide an analysis of these ex-
cited states.

E [eV]

FIG. 3. Exciton analysis in WSSe. Top left (right) panel:
the projection onto the BZ of the A/B, C; and C excitons.
Bottom left (right) panel: the projection along the WSSe
band structure of the A/B, C; and Cs excitons.
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FIG. 4. Shift current along the yyy direction for MoSSe (up-
per panel) compared with the linear absorption (lower panel),
at the IP (gray dashed lines), IPGW (red dashed lines) and
GW+BSE (blue solid lines) levels.

Next we consider the SC. Figures 5 and 4 show the
SC of MoSSe and WSSe at the three levels of approx-
imation.: In the nonlinear response function, the gap
widening induced by GW corrections substantially mod-
ifies the spectral intensity by suppressing the SC con-
ductivity. Including excitonic effects redshifts the full
spectrum and restores its intensity, albeit with a signif-
icant redistribution with respect to the TD-IP. In both
systems, the SC conductivity is strongly suppressed in
correspondence of the A/B exciton, while it is strongly
enhanced in correspondence of the C-excitons. A sim-
ilar intensity redistribution has been observed in other
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FIG. 5. Shift current along the yyy direction in WSSe (up-
per panel) compared with the linear absorption (lower panel),
at the IP (gray dashed lines), IPGW (red dashed lines) and
GW+BSE (blue solid lines) levels.

2D dichalcogenides in second-harmonic generation** and
sum-frequency generation.!* The relation between SHG
and SC is also discussed in the work of Morinoto and
Nagaosa in Ref. 5.

To explain the stark difference of the SC at resonance
with the A/B and C excitons, we refer to the analysis
in terms of electron-hole pairs. While for the A/B ex-
citon the holes and electrons are localized around the
same atom, for the C excitons the electron and holes are
localized on different sites. We thus argue that follow-
ing a photo-excitation at resonance with the C excitons
there is a shift of the center of electronic charge, which is
the physical origin of the SC. We now highlight the key
differences between the two systems, MoSSe and WSSe.
Two important differences stand out as we move from
one to the other: the first is the different band gaps,
reflected in the shift of the SC spectra. The WSSe spec-
tra starts at slightly higher energies than that of MoSSe.
Second, in WSSe, C-excitons are more intense and bet-
ter separated from higher excitons than in MoSSe. These
differences will be important for selecting the best ma-
terial having a response in the desired energy range in
experimental devices. Finally, we found that the SC re-
sponse of Janus dichalcogenides at resonance, renormal-
ized with the effective thickness, has an intensity com-
parable to that of the strongest known 2D materials in
the scientific literature?, making 2D-Janus an interesting
building block for future devices.

IV. CONCLUSIONS

We studied the SC response of two-dimensional (2D)
Janus dicalcogenides, MoSSe and WSSe, using a real-
time approach that included correlation effects in the



electronic band structures and response functions. We
found that, in both systems, excitonic effects strongly en-
hance the SC conductivity at resonance with C-excitons,
while suppresses it at resonance with the A/B exciton.
As the SC originates from the shift of the center of elec-
tron charge following photo-excitations, we rationalize
this result by noting that in the A/B exciton, the elec-
trons and holes are localized around the same atomic
site—thus no shift of the center of electron charge—while
in the C excitons, the real-space distribution of electrons
and holes differs significantly, so following a photoexcita-
tion resonant with the C excitons, there is a shift of the
center of electron charge and thus a photocurrent. To
transform these materials into devices and take advan-
tage of their significant response, the C3y symmetry must
be broken. This can be achieved by combining the mate-
rials into heterostructures with tensile strain?3, or by cre-
ating nanotubes along the non-zero response direction>.
Furthermore, the possibility of inverting the SC direc-
tion by inverting the z-axis of Janus dichalcogenides and
using their internal electric field to interact with closest
layers endows these materials with extra tunability.
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Appendix A: Numerical evaluation of the current
operator

In Eq. (4) the current operator is written in term of
a covariant k-derivative of the periodic part of the time-
dependent valence bands. This derivative is numerically
evaluated on a finite k-point grid as shown in Eq. (5).
In this Appendix, we show how the formula for current
is implemented in the Yambo code?8. All operators and
wave-functions that appear in the equations of motions
are expanded in the Kohn-Sham (KS) basis set |ukp).
In this basis, the periodic part of the time-dependent va-
lence bands |vy, ,,) and their covariant counterpart |Uk;q,n,)

reads:

oo
vk (t)) = ZCk n. (8)[uk,5)

M
|5ki0',n> = Z kw mn|vkzom>

where M is the number of Valence bands, and S’kw is the
overlap matrix between real-time valence states. The in-
dices m,n run on the valence bands. {kic} =k + cAk;
with ¢ = £1 and ¢ labeling the displacement along the
reciprocal lattice vectors in the k-grid. The overlap ma-
trix Sk s between time-dependent valence states reads:

[Skw}m = (ke () Vkion (1))

(S| = D e (erion (0)(Skio)ia (A2)

(A1)

[Skio);; = (ukjlukio) (A3)
We apply ﬁﬁ to the bra and get:
(Ve[ HY =Y e i (Derej (e 5] (A4)
j=1
= > G (B) (]
j=1
where
élt,n,j = Cl*(,n,jekyj' (A5)

Finally, we express also [Ukis) in the KS basis set as:

M
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where

(A6)

Crioni(t) =

M 00
> St mn > Ciiom. (1)
m=1 j=1

Using the definition of ¢ [Eq. (A6)] and ¢ [Eq. (A5)], we
can write the bra-ket that appears in the current, Eq. 5,
as:

<Ukn ‘ﬁlg‘gkia,'r» (A7)

o0
= G (Okiom. i (t)
Jj=1

Using Eq. (A7) we can rewrite all Eq. (5) in the KS basis.
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