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ARTICLE INFO ABSTRACT

Keywords: Transition metal dichalcogenides (TMDCs) with self-passivated surfaces, suitable bandgaps and high optical-
Surface and interface engineering absorption coefficients are very promising for thin film solar cells, but seriously hindered by low carrier
MoSe,

mobility. Herein, we propose interface-engineered two-dimensional van der Waals heterostructure composed of
high-carrier-mobility black phosphorus (BP) layer and MoSe; layer, and demonstrate a new-type BP/MoSey
heterostructure thin film solar cell with high efficiency. The electronic structure and optical properties of both
BP/MoSe; and BP/MoS;, heterostructures are systematically investigated. Compared with BP/MoS, hetero-
structure, BP/MoSey heterostructure shows enhanced photoelectric characteristics. Additionally, BP/MoSes
heterostructure has greater light absorption intensity as well as a wider absorption range, achieving a much
higher power conversion efficiency of up to 23.04%. It is found that the built-in electric field at the interface of
BP/MoSe; heterostructure accelerates the separation of electron-hole pairs. This work provides a feasible

Black phosphorus
Thin film solar cells
Power conversion efficiency

strategy for using the BP/MoSe; heterostructure for next-generation high-specific-power thin film solar cells.

1. Introduction

In order to meet the challenges posed by climate change, seeking
clean and renewable energy to replace fossil fuel energy is an urgent task
to build an environment-friendly and sustainable society. Among them,
solar energy, as an inexhaustible and renewable resource, has attracted
extensive attention. Currently, there is a shortage of photovoltaic ma-
terials with high photoelectric conversion efficiency, which is the
biggest barrier to solar energy use(Chapin et al., 1954; Gallagher et al.,
2007). First generation photovoltaic materials are crystallized silicon,
which includes monocrystalline silicon and polycrystalline silicon(Gin-
ley et al., 2008). Currently, it holds a dominant position in the solar cell
market. Monocrystalline silicon shows a photoelectric conversion effi-
ciency of up to 31%, but its high cost prevents its use in more further
applications(Shockley and Queisser, 1961). Recently, cadmium-based
low-cost materials have been developed as photovoltaic materials of
the second generation(Mathew et al., 2012; Mathew et al., 2004).
Cadmium, nevertheless, is a toxic metal that is detrimental to the
environment, and its practical application is limited. Additionally,

halide perovskite materials(Burschka et al., 2013; Hassan et al., 2021;
Jeong et al., 2021; Kojima et al., 2009; Lee et al., 2012; Liu et al., 2013;
Min et al., 2021; Stranks et al., 2013; Yoo et al., 2021) have been pro-
posed as potential candidate materials for solar cells, but their disad-
vantages are that they decompose easily and are unstable in moist air.
Furthermore, organic semiconductor materials are also considered as
the ideal next-generation solar cells because of their low manufacturing
cost and strong processability.(Burschka et al., 2013; Kong et al., 2021;
Lee et al., 2012; Wohrle and Meissner, 1991) Nevertheless, the power
conversion efficiency of organic solar cells is currently low and the
service life is short, which needs further research and improvement by
scientists. Therefore, it is important and urgent for solar cells to explore
more suitable photovoltaic materials with environmentally-friendly,
high durability and high efficiency.

The emergence of two-dimensional (2D) materials(Castellanos-
Gomez et al., 2012; Fleurence et al., 2012; Kim et al., 2020; Shao et al.,
2017; Wang et al., 2018), represented by graphene(Novoselov et al.,
2004), offers unprecedented opportunities to surpass traditional three-
dimensional materials in making the third generation of high-
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performance thin film solar cells and demonstrates unparalleled supe-
riority. Among the many known 2D materials, atomically-thin transition
metal dichalcogenides (TMDCs) are superior to others due to their direct
band-gap, inherent elasticity and high transparency(Mak et al., 2013;
Mak et al., 2012; Mak and Shan, 2016; Ugeda et al., 2014; Wang et al.,
2012). In addition, preparation of TMDCs is relatively easy by methods
such as hydrothermal deposition, electrodeposition and vapor deposi-
tion. Chen et al.(Chen et al., 2015) successfully prepared MoSy/WSy
heterostructure using the chemical vapor deposition method and started
to study its photovoltaic effect. Immediately, Tsai et al.(Tsai et al., 2017)
measured the power conversion efficiency (PCE) of MoS,/WS, hetero-
structure to be 2.56 % under AM 1.5G illumination. On the basis of these
work, Li et al(Li et al., 2018) studied the heterojunction’s optical
properties composed of monolayer MoSe, and MoS; via density func-
tional theory (DFT). It has a PCE of about 12%. Recently, Vikraman et al.
(Vikraman et al., 2021) constructed the MoSe,/WS, heterostructure in
experiments using the chemophysical methodology, which provided a
PCE of 9.92%. And then, Najafidehaghani et al.(Najafidehaghani et al.,
2021) synthesized WSy/MoSey heterostructure by chemical vapor
deposition and tested the photovoltaic properties of p-n junctions based
on the composition of these two monolayers. The maximum carrier
mobility of organic semiconductors and quantum-dot (QD) materials is
about the order of 1-10 cm?/V-s(Han et al., 2016; Hetsch et al., 2013;
Wehrenfennig et al., 2014). Moreover, carrier mobility values of
100-300 cm?/V-s have been demonstrated for TMDC materials(Chen
etal., 2017; Chuang et al., 2014; Radisavljevic et al., 2011), which are 1,
2, or even more orders of magnitude higher than that of organic semi-
conductors and QD materials. Although compared with organic semi-
conductors and QD materials, the carrier mobilities of TMDC materials
are still quite high. However, compared with traditional solar cell ma-
terials such as silicon and cadmium-based materials, the PCE of TMDC is
not high enough, owing to their low carrier mobility (Cai et al., 2014;
Conan et al., 1984; Klaassen, 1992; Larentis et al., 2012; Podzorov et al.,
2004; Radisavljevic et al., 2011; van der Marel et al., 2003). Generally,
surface and interface engineering via stacking two different types of
monolayers together, their excellent characteristics can complement
each other, and has become the main trend of thin film solar cell design.

Atomically-thin black phosphorus (BP) as a donor is promising, due
to its direct band-gap semiconductor and excellent carrier mobility (Li
et al., 2014; Qiao et al., 2014). The BP/MoS; van der Waals (vdW) p-n
heterostructure was prepared by Deng et al. (Deng et al., 2014) and
employed as the gate-tunable p-n diode, showing a maximum photo-
detection responsivity of 418 mA/W at 633 nm illumination. Moreover,
a PCE of ~18% was obtained by Dai et al. (Dai and Zeng, 2014) using the
bilayer-BP/MoS; heterostructure, indicating an enhancement of opto-
electronic properties of MoS, via the BP/MoS; heterostructure. In this
article, a new 2D vdW heterostructure of monolayer-BP/MoSe2 was
further built with enhanced carrier mobility via surface and interface
engineering, and demonstrated a new-type BP/MoSe, heterostructure
solar cell with high efficiency. The heterostructure facilitates photo-
generated carriers separation by establishing interfacial contacts be-
tween various semiconductors. The PCE of ultra-thin solar cells can be
further improved to reduce heat loss.

2. Experimental

All the computational simulations carried out in this study were
performed using the Vienna ab initio simulation package (VASP) (Kresse
and Furthmuller, 1996; Kresse and Furthmiiller, 1996; Kresse and Haf-
ner, 1994), which is derived from density functional theory (DFT)
(Liechtenstein et al., 1995; Neuhauser et al., 2014). We characterized
the interaction between atomic nuclei and valence electrons by using a
method known as the projector augmented wave (PAW). Based on the
generalized gradient approximation (GGA), this pseudopotential was
derived from the exchange-correlation function of Perdew-Burke-
Ernzerhof (PBE) (Blochl, 1994; Perdew et al., 1996; Kresse and
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Joubert, 1999). Using the modified optB86b-vdW method, the van der
Waals (vdW) interactions were described in order to better simulate the
weak interactions between layers (Grimme, 2006; Grimme et al., 2010).
In the Brillouin zone, the Monkhorst-Pack method(Monkhorst and Pack,
1976) was used to measure special k-points. Additionally, the Brillouin
zone was represented in the numerical model by two k-meshes: 2 x 5 x 1
and 5 x 9 x 1, which were used for BP/MoSe; and BP/MoS, hetero-
structures in the geometry optimization as well as electronic structure
calculation. There was a 500 eV cut-off energy for the plane wave
function. Atoms in heterostructures were completely relaxed. Relaxation
convergence was 1 x 10 eV/atom, and interaction force between
atoms was less more than 0.01 eV/A. The 20 A vacuum area along the z-
direction was set to avoid adjacent unit-cell interactions. Charge transfer
between atoms or elements can be achieved using the Bader Charge
analysis method(Henkelman et al., 2006). Phonon frequencies were
calculated and structural stability checked using PHONOPY(Baroni
etal., 2001; Togo and Tanaka, 2015). The VESTA software visualizes our
static calculations(Momma and Izumi, 2008).

The dielectric function usually describes the material’s optical
properties in the linear response range:

(€8]

e =¢(0)+ie(0)

where @ is the photon frequency. The imaginary part e3(w) of the
dielectric function can be calculated directly from the electronic struc-
ture, which is closely related to the electronic response and can be
expressed as(Gajdos et al., 2006):
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here Q is primitive cell volume. k is reciprocal vector. c is conduction
band (CB) and v is valence band (VB). u is polarization direction vector
of the incident electric field. E; and E; are energy of CB and VB.

[{wslusriyy) |2 is momentum transition matrix element. # is reduced
Planck constant. Additionally, the real part e;(w) of the complex
dielectric constant can be obtained from the imaginary part according to
the Kramers-Kronig dispersion relationship(Toll, 1956):
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where M is the principal value of integral. After obtaining the ¢; and &5,
the light absorption coefficient of the material can be expressed as(Wang
et al., 2014):

a(x) = \/ia){ (o) + &(w) — g (a))}7 4

Because of absorption, the intensity of light decays with depth x in
material:

J(x) =Jo(1 —R)e™™ ®)

where Jy, R, and a are incident light intensity, reflection coefficient, and
normalized absorption coefficient, respectively. Hindrance coefficient T
(x) is measure of the incident light’s stopping power:

J(x)

T(x) = 177

(6)

here x is material thickness, and %) is light transmittance in material.
3. Results and discussion
3.1. Construction of BP/MoSez and BP/MoS; heterostructures

The primitive cells of the intrinsic MoSe; and MoS; monolayers are
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hexagonal system (Figure S1). In contrast, the intrinsic black phos-
phorus (BP) monolayer belongs to cubic system. The BP/MoSe; and BP/
MoS; heterostructures with BP were fabricated by modifying the lattice
structures of MoSe; and MoS; to form the cubic system. Fig. 1 illustrates
the primitive cell structures of MoSe,, MoS;, and BP monolayers. In
Table 1, we present information about the lattice parameters and energy
band structures of MoSe;, MoS,, and BP. In MoSe; monolayer, a = 5.76
A & b =3.32 A are the optimized lattice parameters, and the Mo-Se bond
length is 2.54 A.Tthasa band-gap of 1.44 eV and is a direct band-gap
semiconductor in which both conduction band minimum (CBM) and
band maximum (VBM) are located at the K point. In MoS,, optimized
lattice parameters are a = 5.53 A & b = 3.20 A, and the Mo-S bond length
is 2.42 A. The MoS; monolayer is a direct band-gap semiconductor with
a 1.61 eV band-gap. Among them, the CBM is at K point and the VBM is
at G point. The lattice constants for the BP monolayer are a = 4.39 A & b
=3.37 10\, and the P-P bond length is 2.24 A. Similar to MoSe; and MoS,
monolayer, BP is also a direct band-gap semiconductor. It has a 0.76 eV
band-gap, as well as, both the CBM and VBM are at the G point. The total
density of states (TDOS) of MoSe;, MoS,, and BP monolayers with cubic
lattice are shown in Fig. 1b, d and f, respectively. Figure S2 shows the
TDOS and band structure of MoSe; and MoS; monolayers with hexag-
onal lattice, as well as, the lattice parameters for them are listed in
Table S1. The band structure of MoSey, MoS,, and BP monolayers with
cubic lattice and their phonon dispersion are exhibited in Figure S3.
According to the above data, the method used is accurate and reliable
based on theoretical(Cakir et al., 2014; Rawat et al., 2018; Souza et al.,
2018; Wu et al., 2012) and experimental(Li et al., 2014; Wilson and
Yoffe, 1969) results.

Using BP/MoSe; heterostructure as an example, it is assumed that
this configuration is built directly from MoSe; and BP primitive cells.
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Fig. 1. Top (left) and side (right) views of (a) MoSe,, (c) MoS,, and (e) BP monolayers in cubic lattice. (b), (d), and (f) are the density of states (DOS) of MoSe,, MoS,,
and BP monolayers, respectively. Green, blue, yellow, and purple balls represent S, Mo, Se, and P atoms. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Table 1

The lattice constants (a and b), angle (a), mismatch (§), average interlayer dis-
tances (dp), alignment type, and band-gap (E,) in MoSe;, MoS,, BP monolayers,
BP/MoSe, and BP/MoS, heterostructures.

a®d  bA  a) s d A  type Eg (eV)
MoSe, 576 332 90 - - - 1.44
MoS, 553 320 90 - - - 1.61
BP 439 337 9 - - - 0.76
BP/MoSe,  17.26  3.31 90 0.12 3.32 type-ll  0.85
BP/MoS, 17.26 331 90 4.04 3.28 typell  0.05
Accordingto 6 = 21\::1;3 | x 100%, the lattice mismatch & calculated in this

case is up to 26.99% since their lattice constants are different along the
a-axis. Here, A and B are the x-direction lattice constants for the MoSes/
MoS,, and BP primitive cell lattices, respectively. Moreover, MoSe; and
BP monolayers have very little difference in b-axis, so 8 = 1.49% in y-
direction. The BP/MoSe; and BP/MoS, heterostructures should be
constructed with better lattice matching. Accordingly, 4 x 1 x 1 BP was
stacked on top of 3 x 1 x 1 MoSes or MoS; to construct the hetero-
structures. Configurations of BP/MoSe, and BP/MoS; heterostructures
are described in Fig. 2. After the optimization of the two hetero-
structures, BP/MoSe; and BP/MoS, have lattice parameters of a =
17.26 A and b = 3.31 A. In x-direction, the 5§ of BP/MoSes hetero-
structure is only 0.12%, and BP/MoS; heterostructure’s § is 4.04%,
which are all less than 5%(Kresse and Furthmuller, 1996). From this, it
can be shown that BP/MoSe; and BP/MoS, heterostructures can be
experimentally fabricated. It consists of 16 P atoms, 6 Mo atoms, 12 Se
or 12 S atoms, totaling 34 atoms in the BP/MoSe, or BP/MoS; hetero-
structures. Fig. 2a and b are the optimized structures of heterostructures,
with lattice constants of a = 17.26 A & b = 3.31 A, respectively. The
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Fig. 2. The side view along the a-axis of (a) BP/MoSe; and (b) BP/MoS, heterostructures after optimized, respectively. The interlayer distances between the MoSe,/
MoS; and the BP layers are indicated by the distance between red dotted lines. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

average interlayer distance for heterostructures can be obtained by
averaging the coordinates of down-P atoms in BP layer and up-Se/up-S
atoms in MoSey/MoS; layer. Each hetero-configuration has an average
interlayer distance of 3.32 A and 3.28 A, respectively.

3.2. Electronic structures of BP/MoSe, and BP/MoS; heterostructures

To research the interfacial properties of 2D vdW heterostructures, an
understanding of the electronic energy band structure is crucial. We
further investigated the electronic properties of BP/MoSe; and BP/MoS
heterostructures after after verifying their structural details. A TDOS
plot and weighted band structures are shown in Fig. 3 for BP/MoSey and
BP/MoS,, respectively. In Fig. 3a, we can see that near Fermi-energy, the
MoSe; layer contributes most to the TDOS in the conduction band (CB)
of the BP/MoSe; heterostructure, while the BP layer contributes more to
the TDOS at the valence band (VB). The green/yellow line and purple
bubble in Fig. 3c and d depict the projected electron weight in the
MoSey/MoS; layer and BP layer, respectively. In Fig. 3c and e, the VBM
is primarily derived from the BP layer and the CBM originates primarily
from the MoSe;, layer, demonstrating an obvious formation of type-II
band alignment in the BP/MoSe; heterostructure. In addition, the VBM
and CBM are placed at the G point and near the Y point, respectively. As
for the indirect band-gap, it is 0.85 eV. And besides, the calculated band-
gap is 1.33 eV using the HSE06 method (Figure S4a). Hence, the BP/
MoSe; heterostructure exhibits different electronic properties from
intrinsic MoSe, and BP monolayers. The BP/MoS, heterostructure ex-
hibits similar results to BP/MoSes. In Fig. 3b and d, the VBM is mostly
provided by the BP layer, while the CBM primarily comes from the
MoS,, with an indirect band-gap amounts to approximately 0.05 eV. By
using the HSE06 method, the band-gap is 0.72 eV (Figure S4b). The VBM
and CBM are located at the G point and Y-G area, respectively,
demonstrating a same type-II band alignment in the BP/MoS, hetero-
structure, as shown in Fig. 3d and f.

In an ideal solar cell system, the power conversion efficiency depends
on the band-gap of material and the solar spectrum. When the solar
spectrum is determined, the power conversion efficiency can be
expressed as a function of the band-gap, which requires that the band-
gap of the material has an appropriate value. As we know, the best
band-gap is 1.34 eV, producing the maximum efficiency (Polman et al.,
2016). However, if the band-gap is too small, the carrier kinetic energy
generated by the battery when absorbing photons with higher energy is
very large. In this case, carriers easily interact with the lattice, trans-
ferring the energy to the lattice vibration, and eventually loses it in the
form of heat. Additionally, if the band-gap is too large, it is difficult for
electrons to make transitions, and the short-circuit current density and
optimum current density of the solar cell will be small, resulting in low
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power conversion efficiency(Nelson, 2003). In summary, the band-gap
of BP/MoSe; heterostructure is closer to 1.34 eV, so it has the poten-
tial to be used as a thin film solar cell material.

3.3. Charge and electrostatic potential of BP/MoSez and BP/MoS;
heterostructures

Table 2 lists the charge gain or loss value of BP/MoSe, and BP/MoS;
heterostructures. In BP/MoSe- heterostructure, the MoSe, loses 0.032 e,
and the BP accumulates 0.032 e. Obviously, MoSe is positively and BP is
negatively charged, forming an electric field from MoSes to BP. In BP/
MoS; heterostructure, the BP loses 0.048 e and the MoS; gains 0.048 e.
Intuitively, the electric field is shown to be pointing from BP to MoSs
inside the interface. There will be an electric field in the heterogeneous
structure because of charge transfer at the interface. The potential dif-
ference will exist between the two different layers if they are raised in
potential and lowered in potential, respectively. Correspondingly,
electrons fall in the negative forces that raise the potential energy,
emerging an electric-field directional movement. So, there is a same
direction for potential energy and electric field. The internal charge
distribution of intrinsic MoSe; and MoS; monolayers is listed in
Table S2.

Table 3 summarizes the work function (®), potential difference of
MoSez/MoS; and BP layers (A®) as well as dipole moment (u) of BP/
MoSe, and BP/MoS, heterostructures. When the BP/MoSe, hetero-
structures are formed, MoSe; layer’s potential decreases but layer’s in-
creases, and indicates that the charge is transferred from the MoSe; to
the BP, as shown in Fig. 4a. Across two materials, the electrostatic po-
tential difference A® is 0.41 eV. On the other hand, in the BP/MoS,
heterostructure, MoS; potential increases while BP potential decreases.
As a result, from BP to MoS,, an interfacial electric field has been
generated. In Fig. 4b, the electrostatic potential difference A® is 1.06. As
discussed above, the data are in agreement with Bader Charge analysis.
Dipole moments show that the y of BP/MoSe; is 1.73 Debye and the x of
BP/MoS; is 1.28 Debye, demonstrating high electric field in BP/MoSes
heterostructure. Figure S5 shows the electrostatic potential of intrinsic
MoSe; and MoS; monolayers.

We utilized the charge density difference in Fig. 4c and d to visualize
the charge redistribution in the BP/MoSe; and BP/MoS; hetero-
structures as well as to understand the mechanism of charge-transfer.
The difference in charge density between BP/MoSe; and BP/MoS; het-
erostructures has been performed using the following formula:

Ap(z) = /ﬂhexm(xs% 2)dxdy — /pMosez/M(;sz(xd’vZ)dXdy* /pBP(xv ¥,z)dxdy
7
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Fig. 3. The total density of states of (a) BP/MoSe; heterostructure and (b) BP/MoS; heterostructure. The projected band structure of (c) BP/MoSe, heterostructure
and (d) BP/MoS; heterostructure. The type-II band alignment of (e) BP/MoSe, heterostructure and (f) BP/MoS, heterostructure.

Table 2

Charge gains and losses for P, Mo, S, and Se atoms on average. Zp, Zyjose2 and
SMos2 are gains or losses in total charges with BP, MoSe,, and MoS, layers,
respectively. (unit: e).

case Pup Piown Xp Mo Se/S ZMoSe2/ ZMos2

BP/MoSe; 0.007 —0.003 0.032 —0.925 0.460 —-0.032

BP/MoS; 0.005 —0.011 —0.048 -1.214 0.611 0.048
Table 3

Work function (®), potential differences (A®), and dipole moment (x) of BP/
MoSe, and BP/MoS, heterostructures.

case ® (eV) AD (eV) u (Debye)
BP/MoSe; 5.47 0.41 1.73
BP/MoS; 5.80 1.06 1.28

where Phetero (X7y, z)ﬁpMoSe2/MoSZ (X, Y Z)’ and pBP(x7y7 Z) are Charge den-
sities in heterostructure, MoSe;/MoS; monolayer, and BP monolayer at
the (x, y, ) point, respectively. It is seen in the inset that the charge
density difference is represented by the corresponding isosurfaces. The
blue and yellow areas are representative of the electron accumulations
and depletions, respectively. In addition, the MoSey/MoS; layer and BP
layer are demonstrated to undergo charge transfer via the interlayer,
further suggesting that they have a built-in electric field (see the illus-
tration in Fig. 4c and d for the schematic diagram). Fig. 4e and f display
the electron localization functions (ELF), which depict real-space elec-
tron distributions. Due to their small charge transfer values, BP/MoSe;
and BP/MoS; heterostructures exhibited essentially the same degree of
charge aggregation compared to that of intrinsic MoSe; and MoSs
monolayers (Figure S6).
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the ELF map on (010) crystal face.

3.4. Photoelectrical properties of BP/MoSe, and BP/MoS;
heterostructures

Essentially, the dielectric constant e represents the dielectric’s
response to an external electric field, which represents the dielectric’s
polarization degree under the external electric field. As a rule, the higher
a material’s dielectric constant is, the more polarization it can achieve.
To deeply understand the differences between BP/MoSe; and BP/MoS;
heterostructures in optical properties, the dielectric function was dis-
cussed and shown in Fig. 5a and b. At an energy of 0 eV, the real part ;s
value of dielectric constant is the static permittivity. BP/MoSe; and BP/
MoS; heterostructures have static permittivity of 13.55 and 5.50,
respectively, as shown in Fig. 5a. The BP/MoSe; heterostructure, with a
larger static permittivity, has a higher polarizability and a more intense
photogenerated electric field than BP/MoS,. Charges can be bound more
efficiently in this system. Consequently, electron-hole pairs can be
separated successfully and have a long lifetime in the BP/MoSe;
heterostructure.

A dielectric function is characterized by the imaginary part e; which
measures the energy required to form the electric dipole. The &5 repre-
sents the interband-transition of the material as well as describes the
degree of electron stimulated-transition. If ¢; is larger, more likely it is
that the electron will absorb photons. Generally, as the number of

581

electrons in an excited state increases, the greater the probability of
them transitioning. In comparison to BP/MoSy, the ¢; of BP/MoSe; has a
low level of energy and a high peak, demonstrating an easier electron
transition in the BP/MoSe, heterostructure.

Both BP/MoSe; and BP/MoS; heterostructures exhibit an optical
absorption spectrum through theoretical calculation, as shown in
Fig. 5c. Among them, spectrum of infrared region is 0-1.63 eV in energy
range, visible light is 1.63-3.11 eV, and ultraviolet region is 3.11-6 eV.
In the solar spectrum, visible light makes up 48.3%, infrared makes up
43% and ultraviolet makes up 8.7%. A comparison with BP/MoS,
clearly demonstrates that the BP/MoSey heterostructure exhibits a
broader light range and superior light response characteristics across the
full spectrum. Correspondingly, the BP/MoSe; heterostructure achieves
an enhanced light absorption with a wider light response range. And
besides, taking the BP/MoSe; heterostructure as an example, its ab-
sorption coefficient in the range of infrared and visible light is on the
order of 1 x 10° cm ™. Compared to several common solar cell materials
(A. Luque, 2011; Greenaway, 1968; Nelson, 2003), such as, Ge (1 x 10*
em ' to5 x 10° cm_l), InP (1 x 10*em ! to 5 x 10° cm_l), GaAs (1 x
10*ecm'to 1 x 10° cm’l), c-Si(1 x 10°cm ' t0 0.5 x 10° cm’l), and
so forth, the absorption coefficient of BP/MoSe; heterostructure in this
work is similar to that of these solar cell materials, which shows that BP/
MoSe; as solar cell material can appropriate light absorption intensity
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Fig. 5. (a) Real part of dielectric function for heterostructures. (b) Imaginary part of dielectric function. (c) Absorption spectra. (d) Hindrance coefficient map.

and exhibit the high performance similarly. Figure S7 shows the optical
properties of heterostructures from 0-20 eV.

The light hindrance coefficient diagram can be seen in Fig. 5d. Ma-
terial transmittance is determined by the hindrance coefficient. Mate-
rials’ light absorption levels are proportional to the reciprocal value of
the transmittance. BP/MoSe, and BP/MoS, heterostructures have hin-
drance coefficients of 38.9% and 37.2%, respectively. Thus, the trans-

mittance %‘) is 61.1% and 62.8%. According to equation A = 1g(:%;,), BP/
To

MoSe, has an absorbance of 21.4%, and BP/MoS5 has an absorbance of

20.2%. To sum up, we demonstrated the integrated advantages of longer

electron-hole pair separation lifetime, stronger photon absorption abil-
ity and better light absorption intensity for the BP/MoSey

(a) ﬁ( Black-P/MoSe, <> Black-P/MoS,
(23.04%) (14.41%)

AE, (eV)

| E! (eV)

heterostructure, indicating a potentially excellent thin film solar-cell
material.

Good absorbance is essential for the desired performance of the de-
vices comprising atomically-thin BP/MoSe, and BP/MoS; in optoelec-
tronics and photovoltaics. In Fig. 5c¢, both BP/MoSez and BP/MoS;
heterostructures exhibit excellent light absorption characteristics. We
researched the practical application of BP/MoSe;, heterostructure in
solar cells via evaluating band edges of type-II band alignment.
Furthermore, BP/MoSe; and BP/MoS; heterostructures form p-n junc-
tions, in which MoSez/MoS; and BP serve as acceptors (n-type) and
donors (p-type), respectively. As displayed in Fig. 6b, we constructed the
p-n junction by combining MoSe; and BP layers. The power conversion
efficiency (PCE) 7 can describe the ability of BP/MoSe; and BP/MoS;

(b)

n-type MoSe,
(negative)

Electrons

p-n interface

p-type BP
(positive)

Holes

Electron-Hole pair

BP/MoSe, Heterostructure Soler Cells

Fig. 6. (a) Calculated power conversion efficiency of BP/MoSe; and BP/MoS; heterostructure. (b) Operating mechanism of BP/MoSe; heterostructure in thin film

solar cell.
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heterostructural to convert light energy into electrical energy(Bernardi
et al., 2012; Scharber et al., 2006):

o0 P(hw)
LV 065 (B! — BB —03) [ 2 d(ho)

hw
Psolar f; P(ha))d(ha)) (8)

where Sgr = 0.65 is the band fill factor (Akira, 1995). Eg is the band-gap
of the MoSey/MoS,. AE, is the is the difference between the CBM of
MoSey/MoS, and BP. The term (Eg —AE; —0.3) is the maximum open-
circuit voltage. P(hw) is the AM1.5 solar energy flux at photon energy
7. The numerator and denominator are the short-circuit current Jg.
limited by the 100% external quantum efficiency and the solar energy
flux at AM1.5, respectively.

For the BP/MoSe, heterostructure, the CBM and VBM of MoSe,
monolayer are located at —3.873 eV and —5.314 eV, respectively. The
CBM of BP monolayer is at —3.868 eV, and the VBM of BP monolayer is
at —4.850 eV. Obviously, the VBM and CBM of MoSe; are lower than
those of BP, proving the classic type-II energy band alignment in the BP/
MoSe; again. The AE. between them is quite small, only 0.005 eV with a
small conduction band offset, which is desirable in designing 2D exci-
tonic solar cells. A PCE of 23.04% was calculated in BP/MoSe- hetero-
structure, as shown in Fig. 6a. For the BP/MoS; heterostructure, MoS,
monolayer has CBM and VBM of —4.297 eV and —5.907 eV, respec-
tively. Compared with MoSej, the difference of CBM between MoS; and
BP is relatively large, which is 0.427 eV, as well as, the PEC is 14.41%.
Compared to those reported previously, such as, BmP/MoSSe (22.97%)
(Mohanta and De Sarkar, 2020), BAs/MoSe; (20.08%)(Li et al., 2021),
WSy/MoSey (9.92%)(Vikraman et al., 2021), y-phosphorene/MoSe,
(20.26%)(Wang et al., 2017), organic solar cells (11.70%)(Zhao et al.,
2016) and so forth, the efficiency of BP/MoSe; heterostructure (23.04%)
in this work is clearly competitive. Table 4 lists the PCE values of typical
solar cells.

According to the previous data, after the MoSey layer and the BP
layer are built together to form a heterostructure, the MoSe; loses charge
and the BP gains charge, so that an internal electric field is formed be-
tween the layers with the direction pointing from MoSe; to BP. When the
BP/ MoSe; heterostructure is irradiated by sunlight, the electron-hole
pairs generated at the interface are promoted by the built-in electric
field, and the photogenerated electrons accelerate to flow toward the
MoSe; layer, while the photogenerated holes move rapidly toward the
BP layer. Conversely, in the BP/MoS; heterostructure, the MoS; accu-
mulates charge and the BP dissipates charge. An intrinsic electric field
oriented from BP to MoS; is formed between these layers, and this
electric field prevents electrons and holes from moving toward the MoS;
and BP layers, respectively. Therefore, BP/MoSe; has a higher PCE and
is more suitable as a 2D excitonic material for solar cells, as shown in
Fig. 6b. Our high solar-to-electricity energy conversion efficiency via the
interfacial hybridization of MoSe; layer with BP layer will supervise the
design and build of heterostructure thin film solar cells and expand its
photovoltaic application.

4. Conclusion

Successfully, we developed BP/MoSe; and BP/MoS; heterostructures
by integrating MoSez/MoS, layers with high-carrier-mobility black-
phosphorus layer, and induced excellent power conversion efficiency of
BP/MoSe; heterostructure thin film solar cell. Two heterostructures,
BP/MoSe; and BP/MoS,, have been systematically examined with re-
gard to electronic and optical properties. Both configurations are type-II
energy band arrangement. The existence of a suitable charge transfer at
the interface between the BP and MoSe; layers and the resulting built-in
electric field at the interface are confirmed by multiple methods. The
DFT calculations show that the BP/MoSe, heterostructure exhibits
excellent optical properties. It has a large dielectric constant of 13.55, a
greater light absorption intensity as well as a wider absorption range.
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Table 4
Related parameters and PCE in this work and references.
system type Eg AE, PCE Ref. Year
(eV) (eV) (%)
BP/MoSe; I 1.44 0.005 23.04  this work 2022
BP/MoS, I 1.61 0.427 14.41 this work
BAs/MoSe, I 1.42 0.155 20.08  (Lietal., 2021) 2021
WSo/MoSe, 9.92 (Vikraman et al., 2021
2021)
WSe,/ 0.12 (Najafidehaghani 2021
MoSe, et al., 2021)
BmP/ I 1.39 0.010 22.97 (Mohanta and De 2020
MoSSe Sarkar, 2020)
BAs/MoSSe I 1.21 0.096 20.86 (Mohanta and De
Sarkar, 2020)
BmP/MoS, I 1.38 0.130 20.42 (Mohanta et al., 2020
2020)
InS/InSe i 2.14 0.110 13.17 (Rawat et al., 2019) 2019
GP/MoSey 1I 1.35 0.240 20.00 (Kaur et al., 2018) 2018
Pd»S3/ 1I 1.39 0.160 ~20.00 (Li et al., 2018) 2018
Pd,Ses
MoSy/ I 1.89 0.310 ~12.00 (Li et al., 2018) 2018
MoSe,
GeSe/SnS I 1.64 0.230 ~18.00  (Lvetal., 2018) 2018
TiNF/TiNCl I 1.41 0.060 ~22.00 (Liang et al., 2018) 2018
y-P/MoSe, 11 1.53 0.090 20.26 (Wang et al., 2017) 2017
a-AsP/GaN I 1.54 0.010 22.10  (Xie et al., 2016) 2016
Organic 11.70 (Zhao et al., 2016) 2016
Solar
Cells
MoS,/p-Si 5.23 (Tsai et al., 2014) 2014
AA-stacked 11 0.97 0.120 ~18.00 (Dai and Zeng, 2014
bilayer 2014)
BP/MoS,
g-SiCy/GaN 11 1.08 0.310 14.20 (Zhou et al., 2013) 2013

Moreover, the light transmittance is 61.1% and the absorption is 21.4%
in the BP/MoSe; heterostructure. Compared with BP/MoS,, the BP/
MoSe; heterostructure has a much higher energy conversion efficiency
of 23.04%, providing a more excellent photoelectric conversion per-
formance. In conclusion, we discovered a new-type BP/MoSe; hetero-
structure solar cell with enhanced efficiency via deep learning of the as-
constructed BP/MoSe; and BP/MoS, heterostructures. We found that
the built-in electric field generated at the interface promotes the sepa-
ration of photogenerated carriers after BP and MoSe; build up to form a
heterostructure. This will drive further development of other potential
2D van der Walls heterostructures into next-generation high-specific-
power thin film solar cells.
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