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A B S T R A C T

Two-dimensional (2-D) materials, especially transition metal dichalcogenides (TMDCs), have attracted great
attention due to their unique properties and the vast possibility they offer when combined into van der
Waals heterostructures (vdWHs), for example in optoelectronic applications. Although various photodetectors
based on TMDC vdWHs have been successfully synthesized, an ab initio simulation framework dedicated to
such devices is still missing. In this work, we investigate two photodetector designs based on MoSe2-WSe2
vdWHs through a recently developed approach combining density functional theory and quantum transport
calculations. Geometries with a partial and total TMDC overlap are considered, with a p-doped (n-doped) left
(right) extension and an intrinsic region in the middle. We show that the partial overlap structure supports
a non-zero photo-current, even without a p–n junction, and gives rise to the bulk photovoltaic effect (BPVE).
The present results provide an easy-to-fabricate guideline for engineering the BPVE in the TMDC vdWHs.
1. Introduction

Strong light–matter interactions in van der Waals hetero-structures
(vdWHs) made of two-dimensional (2-D) materials, especially tran-
sition metal dichalcogenides (TMDCs) [1], have brought new per-
spectives to the research on optoelectronic devices. Stacking different
TMDC monolayers into vdWHs gives rise to type-II band alignments
with (quasi-)direct-gap [2]. This facilitates the generation of interlayer
excitons, where electrons and holes are located in different monolayers,
thus leading to extremely long lifetimes [3]. Lower electric fields are
needed to separate interlayer electron–hole (e–h) pairs as compared
to intralayer ones due to the reduced Coulomb interaction [2]. These
advantages open the door for photodetectors with high responsivities at
lower bias. In this context, several vdWHs made of mono- or few-layer
TMDCs have been experimentally demonstrated to exhibit photovoltaic
properties [4,5].

Homogeneous illumination on noncentrosymmetric crystals, e.g.
BaTiO3 and LiNbO3 [6–8], yield steady-state photovoltaic current al-
though there is no macroscopic electric field present. This phenomenon
is known as the bulk photovoltaic effect (BPVE). Recent advances
demonstrate novel methods to manipulate the BPVE by stacking crys-
tals with different rotational symmetry and thus reducing the interfacial
symmetry in the WSe2/black phosphorus interface [9].

In the present Letter, we calculate the photo-current and quantum
efficiency of two photodetector designs based on MoSe2-WSe2 vdWHs
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through combined density functional theory (DFT) and quantum trans-
port simulations. Using these results, we are able to demonstrate
the presence of BPVE in the partial overlap structure. In contrast, the
full overlap structure only exhibits traditional photovoltaic effect. The
present results offer a new easy-to-fabricate method to create the BPVE
in symmetry-forbidden vdWHs by engineering the interface.

This paper is organized as follows. In Section 2, the modeling
framework and the device structures are presented. Section 3 is devoted
to the simulation results and discussions. Finally, conclusions are drawn
in Section 4.

2. Method

All DFT calculations were performed with VASP using GGA-PBE
[10] and including the non-local van der Waals correction through
Grimme’s DFT-D3 method [11]. The plane-wave Hamiltonian from
VASP was then transformed into a basis of maximally localized Wannier
functions (MLWFs) employing the wannier90 tool [12]. The resulting
MLWF Hamiltonian was upscaled to a larger orthorhombic cell and
repeated to construct the simulation domains with partial and total
overlap [13].

The state-of-the-art atomistic quantum transport solver the OMEN
[14] was employed for the simulations of the photo-current flowing
through the vdWH device. The periodic boundary conditions along the
vailable online 17 September 2022
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Fig. 1. (a) Photodiodes with partial (top) and full (bottom) monolayer overlap. The left (right) 10-nm region is doped with an acceptor (donor) density NA (ND), respectively. (b)
Unit cell of AA’-stacked MoSe2-WSe2 vdWH. (c) Orthorhombic unit cell used in the transport simulations.
𝑧 direction were imposed to the Hamiltonian matrix by introducing a
𝑘𝑧-dependence according to

𝐻(𝑘𝑧) =
∑

𝑛∈{−2,−1,0,1,2}
𝐻(𝑛)𝑒

𝑖𝑛𝑘𝑧𝛥𝑧 , (1)

where 𝐻(𝑛) describes the hoping Hamiltonian matrix connecting the
central transport cell to its periodic replica situated at 𝑧 = 𝑧0+𝑛𝛥𝑧, with
𝛥𝑧 being the width of the transport cell along 𝑧. Quantum transport
based on the Non-equilibrium Green’s Function (NEGF) formalism is at
the core of our device simulations [15]
(

𝐸 ⋅ 𝐼 −𝐻(𝑘𝑧) − 𝛴𝑅(𝐸, 𝑘𝑧)
)

⋅ 𝐺𝑅(𝐸, 𝑘𝑧) = 𝐼,

𝐺≷(𝐸, 𝑘𝑧) = 𝐺𝑅(𝐸, 𝑘𝑧) ⋅ 𝛴≷(𝐸, 𝑘𝑧) ⋅ 𝐺𝐴(𝐸, 𝑘𝑧),
(2)

where 𝐼 is the identity matrix, and 𝐸 the electron energy. The 𝐺𝑅,
𝐺𝐴 = (𝐺𝑅)†, 𝐺<, and 𝐺> quantities are the retarded, advanced, lesser,
and greater Green’s functions, respectively. The 𝛴𝑅,≷ are self-energy
matrices that contain a boundary 𝛴𝑅,≷𝐵 and a scattering 𝛴𝑅,≷𝑆 term.
The boundary self-energy is calculated numerically assuming periodic
repetition of the boundary slab.

To take into account the light–matter interactions, a dedicated
scattering self-energy and simulation framework has been implemented
in our recent work [16]. The electron–photon (e–phot) coupling matrix
elements is obtained from the momentum operator [12]

𝑝𝑛𝑚(𝑅⃗) =
𝑖𝑚0
ℏ

⟨

𝑅⃗, 𝑛||
|

[𝐻, 𝑟] ||
|

0⃗, 𝑚
⟩

, (3)

where 𝑅⃗ is a lattice vector connecting the unit cell located at the origin
0⃗ to its periodic replica at 𝑅⃗, 𝑖 is the imaginary unit, whereas the indices
𝑛 and 𝑚 run over the MLWFs. The e–phot coupling matrix elements
are then defined as 𝑀𝜆

𝑛,𝑚(𝑘𝑧) = 𝑐0𝑒𝑞𝜆 ⋅ 𝑝𝑛𝑚(𝑘𝑧), where 𝑐0 denotes the
speed of light, 𝑒𝑞𝜆 the polarization unit vector of the photon mode 𝜆
with wavevector 𝑞, and 𝑝𝑛𝑚(𝑘⃗) =

∑

𝑅⃗ 𝑒−𝑖𝑘⃗⋅𝑅⃗𝑝𝑛𝑚(𝑅⃗). In our calculations,
we consider a monochromatic light beam that enters the 2-D vdWHs
orthogonal to the surface with a power density 𝐽 and a photon energy
𝐸𝑝ℎ. The e–phot scattering self-energy is given by [16]

𝛴≶,𝑆
𝑛,𝑚 (𝐸, 𝑘𝑧) =

𝑒2ℏ2

2𝜖0𝑚2
0𝑐

3
0

∑

𝜆,𝑙1 ,𝑙2

𝐽
𝐸2
𝑝ℎ

𝑀𝜆
𝑛,𝑙1

(𝑘𝑧)𝑀𝜆
𝑙1 ,𝑚

(𝑘𝑧)×

[

𝐺≶
𝑙1 ,𝑙2

(𝐸 ∓ 𝐸𝑝ℎ, 𝑘𝑧) + 𝐺≶
𝑙1 ,𝑙2

(𝐸 ± 𝐸𝑝ℎ, 𝑘𝑧)
]

,
(4)

where 𝑒 is the elementary charge, 𝜖0 the vacuum permittivity, 𝑚0 the
rest mass of electron, and ℏ the reduced Planck constant. After solving
the NEGF equations, the photo-excited current 𝐼 flowing through the
vdWH device can be computed from the 𝐺≶ with an atomistic reso-
lution. Furthermore, these results can be used to evaluate the optical
absorption coefficient 𝛼 under the random phase approximation, as

𝛼(𝐸𝑝ℎ) =
∑

Re
{ 𝑖
2
[𝛱>(𝐸𝑝ℎ, 𝑘𝑧) −𝛱<(𝐸𝑝ℎ, 𝑘𝑧)]

}

, (5)
2

𝑘𝑧
where 𝛱≶ denotes the polarizability [17]

𝛱≶(𝐸𝑝ℎ, 𝑘𝑧) =
∑

𝑛,𝑚,𝑙1 ,𝑙2
∫

𝑑𝐸
2𝜋

[

𝑀𝜆
𝑛,𝑚𝐺

≶
𝑚,𝑙1

(𝐸, 𝑘𝑧)×

𝑀𝜆
𝑙1 ,𝑙2

𝐺≷
𝑙2 ,𝑛

(𝐸 − 𝐸𝑝ℎ, 𝑘𝑧)
]

.

(6)

We study two typical device structures shown in Fig. 1. Geometries
with a partial and full TMDC overlap are considered, with a p-doped
(n-doped) left (right) extension and an intrinsic region in the middle.
The built-in potential drops between the left and right contacts is
denoted by 𝑉𝑏𝑖. For the partial overlap systems, only the MoSe2 (WSe2)
monolayer is connected to the right (left) contact. This is done by
removing the missing atoms in Fig. 1(a) from the structure, from the
Hamiltonian matrix, and from the electron–photon coupling matrix. For
the full overlap systems, both MoSe2 and WSe2 layers are connected to
the left and right contacts.

A reference potential is obtained from a ballistic, self-consistent
Schrödinger–Poisson equation without light illumination using refer-
ence doping concentrations of 𝑁𝐷 = 𝑁𝐴 = 6 × 1012 cm−2. For the
simulations of different 𝑉𝑏𝑖, we scale the reference potential by a
constant factor to obtain the desired potential drop between the left
and right contacts. Next, we apply the potential in the simulation with
the e–phot self-energy to compute the photo-current. Since the photo-
generated charge density is low, we neglect its perturbation on the
potential. Hence, there is no self-consistent solution of the Poisson
equation at this stage.

3. Results

Fig. 2(a) shows the band structure of the MoSe2-WSe2 vdWH. At
the K point, the (CBM+1) and the (VBM) wavefunctions are strongly
localized inside the WSe2 layer, while the CBM is localized inside the
MoSe2 layer. We find that the wavefunction corresponding to second
highest valence band (VBM-1) is delocalized over both monolayer.
Fig. 2(b) reports the absorption coefficient 𝛼 as a function of the photon
energy 𝐸𝑝ℎ. It is given for the MoSe2 monolayer, WSe2 monolayer, and
the vdWH. We notice that the onset of 𝛼 for the vdWH is lower than for
both monolayers, indicating the presence of interlayer absorption. By
inspecting Eqs. (5) and (6), we see that non-zero contribution to 𝛼 can
stem from an interlayer coupling in either the Green’s function 𝐺≶

𝑛,𝑚
and/or e–phot coupling 𝑀𝑛,𝑚. In this case, by artificially setting the
interlayer elements to zero, we observe that the non-zero contribution
mostly comes from the interlayer coupling in the Hamiltonian and
therefore in 𝐺≶

𝑛,𝑚 rather than directly from the e–phot coupling.
Fig. 3 presents the quantum efficiency (QE) of the different photode-

tector designs as a function of the photon energy 𝐸𝑝ℎ and the built-in
potential 𝑉𝑏𝑖. The QE is defined as the number of e–h pairs contributing
to the photo-current 𝐼 divided by the number of incident photons: i.e.,
QE= 𝐼∕𝑒

𝐿𝐽∕𝐸𝑝ℎ
, with 𝐿 = 60 nm the total illuminated length. For the full

overlap structure, the highest QE happens at 𝐸𝑝ℎ = 1.9 eV and no photo-
current is generated with 𝑉 = 0. This zero current occurs because
𝑏𝑖
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Fig. 2. (a) Partial bandstructure of an AA’-stacked MoSe2-WSe2 vdWH projected onto the orbitals of MoSe2 (red) and WSe2 (blue). (b) Calculated absorption spectra of the
MoSe2-WSe2 vdWH and of its constituent monolayers. (c) Sketch of band diagram along axis connecting the n- and p-side of the photodiode. 𝑉𝑏𝑖 denotes the built-in potential.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. (a) Quantum efficiency (QE) of the MoSe2-WSe2 vdWH photodiode with a full overlap structure for photon energies 𝐸𝑝ℎ=1.4–2.2 eV and built-in potentials 𝑉𝑏𝑖=0–0.3 V.
The doping concentrations corresponding to the 𝑉𝑏𝑖 are 𝑁𝐴 = 𝑁𝐷 = 0, 4, 7, 9 × 1010 cm−2. (b) Same as (a), but for the partial overlap structure.
Fig. 4. Energy-resolved photo-current density in the full overlap device structure at
𝑉𝑏𝑖=0, and 𝐸𝑝ℎ=1.8 eV. The dashed lines represent CBM+1, CBM, VBM, and VBM-1.

the full overlap structure is symmetric under flat band condition: the
current flows along the right and left directions cancel each other, as
shown by the electron-energy-resolved current density in Fig. 4.

For the partial overlap structure, a non-zero QE with 𝑉𝑏𝑖 = 0 arises
because the two monolayers are no longer symmetrically connected
to the p- and n-type contacts. To shed light on the origin of this
net current, we decomposed the photo-current flowing along the de-
vice into 4 intra- and inter-layer components shown in Fig. 5(a). The
weak interlayer currents prove that the photo-excited charges mostly
stay inside the layer where they are created. For the left and right
non-overlapping regions, the interlayer currents are exactly zero, as
expected. The current inside each layer gradually increases towards
3

the contact to which the layer is connected. By selecting the energy
range of the photo-current, we can proper separate its electron and hole
contributions, which are plotted in Figs. 5 (b) and (c). We notice that
the electron current is mostly located inside the MoSe2 layer, while the
hole current is more equally distributed. The electrons inside the WSe2
layer generate a negative current towards the left because they can only
be absorbed by the p-type contact to which this layer is connected.
However, the electrons inside the MoSe2 layer give rise to a positive
current because they are absorbed by the n-type contact. Similarly, the
holes inside the MoSe2 layer generate negative current that increases
towards the n-type contact on the right, while the holes in the WSe2
layer produce a positive current. Since the charges mostly remain in the
layer where they are created, the difference between the electron and
hole currents in each layer originates from the photo-excited interlayer
e–h pairs. Fig. 6 presents the energy-resolved photocurrent density
along the device illustrating the e–h pair generation inside the different
regions of the device with partial overlap.

4. Conclusion

In this work, we employed a recently developed electron–photon
scattering model within the framework of NEGF to study different
photodetector designs based on 2-D TMDC vdWHs. We demonstrated
that a structure with partial overlap exhibits the BPVE thus gener-
ating high photo-responsivity at zero built-in potential and voltage
bias. The non-zero photo-current was explained by a generation of
interlayer electron–hole pairs and the symmetry breaking structure. We
observed photo-responsivity in the full overlap structure only when
non-zero built-in potential is applied, thus showing the traditional
photovoltaic effect. The present results offer design guideline for en-
gineering easy-to-fabricate photodetectors based on 2-D TMDC vdWHs
that cooperatively exploit the BPVE and traditional photovoltaic effect.



Solid State Electronics 197 (2022) 108452J. Cao et al.
Fig. 5. (a) Photo-currents flowing through a MoSe2-WSe2 photodiode with partial overlap at 𝑉𝑏𝑖 = 0 and 𝐸𝑝ℎ=1.8 eV. 𝐼11 (𝐼22) is the current flowing between atoms in the WSe2
(MoSe2) layer, while 𝐼12 (𝐼21) is the inter-layer current flowing from the WSe2 (MoSe2) to the MoSe2 (WSe2) monolayer. (b) Same as (a), but only for electrons. (c) Same as (a),
but only for holes.
Fig. 6. Energy-resolved photo-current density in the partial overlap device structure
at 𝑉𝑏𝑖=0 and 𝐸𝑝ℎ=1.8 eV. The dashed lines represent CBM+1, CBM, VBM, and VBM-1.
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