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A type-ll blue phosphorus/MoSe, van der Waals
heterostructure: improved electronic and optical
properties via vertical electric fieldt

Huabing Shu

Building novel van der Waals (vdW) heterostructures is of great interest and is important to improve the
performance of individual two-dimensional materials. Using first-principles calculations, we demonstrate
that the constructed blue phosphorus/MoSe, (P,/MoSe,) vdW heterostructure has a unique type-Il band
alignment and a suitable bandgap (about 1.63 eV) for optoelectronic applications. Its electronic and
optical properties depend strongly on the applied vertical electric field. The quasi-particle bandgap of
the P,/MoSe, can be linearly modulated by about 1.11 eV under the applied electric field and the type-II
band alignment persists in a broad range. Meanwhile, the negative electric field induces a significant
red-shift of the optical absorption edge of P,/MoSe,, greatly enhancing its absorption for the visible and
near-infrared lights, which is desirable for optoelectronic applications. More importantly, the observed
interlayer excitons with large binding energy (more than 600 meV) can be preserved under the applied
electric field, being very much beneficial for the real separation of photoexcited carriers. These results
indicate that the P,/MoSe, vdW heterostructure can become a good candidate for optoelectronic

rsc.li/materials-advances devices.

1 Introduction

In recent years, the precise transfer of the produced two-
dimensional (2D) materials has led to an emerging new class
of materials, van der Waals (vdW) heterostructures.’”® vdw
heterostructures, formed by vertically stacking two dissimilar
2D materials, can exhibit more desirable properties than their
components due to interlayer coupling. For example, the inter-
layer coupling induced by vdW interactions can cause an
ultrafast separation of photoexcited carriers’ ™" and long life-
times of indirect excitons in the vdW heterostructure.">'* Such
novel properties in vdW heterostructures can be utilized to
explore their applications for photovoltaics and optoelectronics.
Previously, an efficient flexible photovoltaic device based on
graphene/MoS, was reported, achieving an external quantum
efficiency of above 30%.* A p-n diode based on black phos-
phorene/MoS, obtains broad-band photodetection and sunlight
harvesting."® The vdW heterostructures for other versatile applica-
tions also have been reported, including electrocatalysts,'®"”
Li'/Na" ion batteries,"®"® and supercapacitors.”>*' In addition,
the external electric field has also been considered as an effective
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way to further optimize the properties of vdW heterostructures.
The electric-field tunable semiconductor-to-metal transition is
observed in black phosphorene/MoS,,”* MoS,/MX, (M: Mo, W,
and Cr; X = Se, and S),”® and black phosphorene (MoSSe)/blue
phosphorene heterostructures,>* suggesting a new application of
these systems in semiconductor devices. More importantly, the
external electric field can significantly manipulate the optical
properties of the vdW heterostructure by changing the band
alignment and interlayer coupling.”®*” For example, in the
WSe,/graphene vdW heterostructure, the external electric field
enhances photoluminescence (PL) intensity of excitons by more
than 40 times and induces a maximum blue-shift of 50 meV of
exciton peaks.”®

Among 2D materials, the hexagonal MoSe, monolayer has
desirable properties, such as a direct bandgap of 1.60 eV,***°
optical absorbance of 5-10% for the incident sunlight, and a
photo flux of 4.6 mA cm 23" Monolayer MoSe,-based field
effect transistors can also obtain an on/off current ratio as high
as 10° and an intrinsic carrier mobility of up to 500 cm* V" s~
at 100 K.** In 2016 the blue phosphorus (P,) monolayer with
in-plane hexagonal structure was firstly synthesized on Au(111)
by a molecular beam epitaxial growth approach.*® Furthermore,
theoretical studies have demonstrated that it has intriguing
structural and electronic properties, such as its stability at
room temperature,>**> moderate bandgap of approximately
2.0 €V,>>*® and room-temperature carrier mobility of over
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10®> em® V™' s7'.*7 These good properties in MoSe, and P,
monolayers can draw enormous interest, suggesting great
potential in optoelectronic devices. Besides, the MoSe, and P,
monolayers with similar hexagonal structure®>® have distinct
differences in constituents and chemical bonding, which may
form a large potential difference and band offsets between the
two layers. Meanwhile, it suggests that the hybrid band structure,
band alignment at the heterointerface, and even interlayer
coupling in the vdW heterostructure based on MoSe, and P,
monolayers, can be manipulated by an external electric field.
Previously, MoSe,-based vdW heterostructures, such as WS,/
MoSe,***® and WSe,/MoSe,,*" have been achieved by transfer
methods. Therefore, the fabrication of a P,/MoSe, vdW hetero-
structure is anticipated and their properties are of great interest.

In this work, we construct five P,/MoSe, vdW hetero-
structures by stacking the P, and MoSe, monolayers. Using
density-functional theory (DFT) connected with the G,W, +
Bethe-Salpeter equation (BSE) method, we investigated the
P,/MoSe, vdW heterostructure, focusing on the structure,
electronic and optical properties, and the effect of vertical
electric field. Our calculations show that its electronic band
structure and optical response are very sensitive to the size and
orientation of the applied electric field.

2 Computational method

The electronic and optical properties of the systems were
attained via a three-step procedure. First, we used a plane-
wave basis set and a norm-conserving pseudopotential®® to
achieve the ground states, which was performed by the Quantum
Espresso code.”® Electron exchange and correlation were treated by
generalized gradient approximation (GGA) along with the Perder—
Burke-Ernzerhof (PBE) functional.** The 4s”4p°®4d°5s’ of Mo,
4s%4p® of Se, and 3s°3p® of P were used as valence electrons. The
cutoff energy for wave function was set to be 70 Ry. To eliminate
the interaction between spurious replicate images, a vacuum
region of 20 A along the c-axial direction was inserted for the
systems. The Brillouin zone integrations adopted a k-point grid of
18 x 18 x 1. The weak interaction between two layers was
considered via a vdW-DF approach.*>*® When structures were
fully relaxed, the force applied on each atom and the total energy
of the system were converged within the 0.01 eV A~* and 10™* eV,
respectively. To avoid the errors induced by the periodic boundary
condition, dipole correction was considered in the systems.
Furthermore, an external sawtooth potential along the c-axial
direction was also used to simulate the effect of an applied electric
field.”” The phonon dispersion relations of the systems were
obtained by performing phonon calculations from density
functional perturbation theory.*®

Then, the G,W, approximation®® was used to obtain quasi-
particle (QP) band structures. The convergence of quasi-particle
bandgap with respect to the number of unoccupied bands, the
size of dielectric matrix and the k-point grid was carefully
checked and a convergence of 100 meV was assured in the
systems. Finally, the coupled electron-hole excitation energies
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and exciton wave functions were obtained by solving the Bethe—
Salpeter equation (BSE).>*>" The 1218 bands (unoccupied bands:
1200, and occupied bands: 18) and random phase approximation
were involved to attain the converged dielectric function. A fine
k-point grid (54 x 54 x 1), 38 bands (20 unoccupied bands), was
utilized to obtain the converged optical spectra. The G,W, and BSE
calculations were performed via the YAMBO code.>

3 Results and discussion
3.1 Geometric structure and stability

Before investigating the P,/MoSe, vdW heterostructure, it is
necessary to understand the geometries and electronic proper-
ties of P, and MoSe, monolayers. Their optimized geometric
structures are provided in Fig. S1 of the ESL¥ in which the
lattice constants are ap, = bp, = 3.322 A for the P, monolayer and
Anose, = Dmose, = 3.269 A for the MoSe, monolayer. The bond
lengths of P-P and Mo-Se are 2.271 A and 2.549 A, respectively.
The obtained structural parameters are in good accordance
with previous studies.*>”*** To examine the electronic proper-
ties of the P, and MoSe, monolayers, the quasi-particle band
structures with many-body interaction included, are calculated
by the single-shot G,W, method and the results are exhibited in
Fig. S2 (ESIf). It can be found that the P, monolayer is an
indirect semiconductor with a wide quasi-particle gap of
3.350 eV, while the MoSe, monolayer has a direct bandgap of
2.300 eV at K-point. Interestingly, the gap of the MoSe, mono-
layer is fixed at the visible-light region, suggesting its potential
for visible-light-driven optoelectronics. The predicted quasi-
particle bandgaps agree well with previous reports (3.530 eV
for P, monolayer; 2.260 eV for MoSe, monolayer).>*~>°

Due to small lattice mismatch (approximately 1.6%) between
the P, and MoSe, monolayers, five P,/MoSe, vdW heterostruc-
tures are constructed by the 1 x 1 primitive cells of the P, and
MoSe, monolayers, as shown in Fig. 1. The lattice mismatch is
calculated by 2(ap, — @mose,)/(@p, + @nmose,)- To verify the thermal
stability of the five possible stacking configurations, the for-
mation energies (Ey) are firstly calculated to assess them using
the equation E¢ = E; — E, — E3, where E4, E,, and E; are the total
energies of the P,/MoSe,, P, monolayer, and MoSe, monolayer,
respectively. The estimated formation energies are all negative
for these designed configurations (as seen in Table S1, ESIT),
suggesting that the fabrications of P,/MoSe, vdW hetero-
structures should be feasible from a thermodynamic point of
view. Among these constructed vdW heterostructures, the AA-I
stacking shows the most stable structure by the lowest for-
mation energy of —0.212 eV per unit cell. We further verify the
dynamical stability of these heterostructures by calculating
their phonon spectra, which are shown in Fig. 2(b)-(f). The
observed phonon spectra of AA-I and AB-III stacking structures
have no negative frequencies, while the other three stacking
configurations (AA-1I, AB-I, and AB-II) have negligible imaginary
frequencies around the I'-point. The calculation results of
phonon dispersion indicate that the AA-T and AB-III configurations
have more dynamical stability than the other three configurations.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Optimized structures of P,/MoSe, vdW heterostructures with different stacking configurations: (a) AA-1, (b) AA-II, (c) AB-I, (d) AB-II, and (e) AB-III.
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(a) High-symmetric path (K—-I'-M—K) of the first Brillouin zone of hexagonal lattice, K (1/3, 1/3, 0), I
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(0, 0, 0), and M (0, 1/2, 0). Phonon spectra of

P>/MoSe, vdW heterostructures with different stacking configurations: (b) AA-I, (c) AA-II, (d) AB-I, (e) AB-II, and (f) AB-III.

In addition, as a comparison, the structural parameters of the five
configurations are also listed in Table S1 (ESIt). There is little
difference in the lattice constant, bond length, and interlayer
distance for the five stacking configurations, which will result in
similar band dispersion, as seen in Fig. S3 (ESI{). In the following
sections, we only investigate the most stable AA-I configuration
among five stacking configurations.

3.2 Electronic and optical properties

Fig. 3(a) shows the quasi-particle band structure of the AA-I
stacking P,/MoSe, vdW heterostructure at the single-shot G,W,
level. Compared with the isolated P, and MoSe, monolayers,
the P,/MoSe, vdW heterostructure has a relatively narrow
indirect gap of 1.630 eV due to the preserved band structures
of the two monolayers. This phenomenon has also been
observed in other semiconducting vdW heterostructures, such

This journal is © The Royal Society of Chemistry 2020

as WS,/MoS,, blue phosphorene/BSe, and blue phosphorus/
Mg(OH),.°*® To understand the layer contributions to the
highest occupied state (VBM) and the lowest unoccupied state
(CBM) of the P,/MoSe,, the partial charge distributions of the
CBM and VBM are calculated and the results are exhibited in
Fig. 3(a) right. It is found the CBM and VBM of the P,/MoSe, are
contributed by the P, and MoSe; layers, respectively, suggesting
it has a type-II characteristic of band alignment and good
charge separation. To check the charge transfer between the
P, and MoSe, layers, it is necessary to obtain the work functions
(@) of the isolated P, and MoSe, monolayers. The ¢ can be
calculated by the definition: @ = Eysc — Evpy, in Which Eyac and
Eygpy are the vacuum potential and VBM energy, respectively.®!
The obtained work functions are 6.96 eV for the P, monolayer
and 5.46 eV for the MoSe, monolayer, respectively. Owing to
a relatively large difference (1.50 eV) in the work functions

Mater. Adv., 2020, 1,1849-1857 | 1851
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Fig. 3 (a) Quasi-particle band structure and decomposed charge density (CBM and VBM) of the P,/MoSe, vdW heterostructure (isosurface: 3.0 x 1075 e A~).
(b) Schematic diagram of the band alignment between the two layers in P,/MoSe, and charge separation at the P,—MoSe; interface. (c) Planar average
electrostatic potential of the P,/MoSe, along the c-axial direction. The direction of built-in electric field (E;,) is inset. (d) Optical absorption spectra of the P, and
MoSe, monolayers, and P,/MoSe, including the interaction between photoexcited electrons and holes, in comparison with the incident AM 1.5G solar
irradiance.”” Polarized light along the a-axial direction and Lorentzian broadening (0.15 eV) are used in these spectra.

between the P, and MoSe, monolayers, electrons can easily
migrate from the MoSe, layer into the P, layer after forming the
P,/MoSe, vdW heterostructure. The work function of P,/MoSe,
is also estimated to be 4.95 eV, being less than those of the
isolated monolayers due to the interlayer coupling. Also, the
calculated two band edges of the heterostructure relative to
the vacuum level are located at —3.32 eV (CBM) and —4.95 eV
(VBM), which cannot wholly straddle water redox potentials
(reduction potential: —4.44 eV; oxidation potential: —5.67 eV) at
pH = 0. However, the P,/MoSe, vdW heterostructure satisfies
the reduction level in water splitting. Upon illuminating the
P,/MoSe,, the photoexcited electrons collected in the P, layer
due to the type-II band alignment will drive the hydrogen
reduction reaction generating hydrogen (2H' + 2~ — H,), as
shown in Fig. S4 (ESIt), suggesting it could be a potential
hydrogen production material.

Fig. 3(b) shows the charge separation at the P,-MoSe,
interface and the formation of indirect excitons when illumi-
nating the P,/MoSe, vdW heterostructure. The photoexcited
electrons and holes are inclined to spontaneously separate into
the opposite layers by the potential offsets. The formed indirect
excitons will prolong the lifetime of photoexcited carriers,
being very useful for optoelectronic devices. In fact, the indirect
charge-transfer exciton has been observed experimentally in
other vdW heterostructures (like MoS,/WS,, MoS,/MoSe,, and
MoS,/WSe,) by time resolved measurements”®* and photo-
luminescence quenching.’®°*°* In addition, the planar average
electrostatic potential is also computed and presented in
Fig. 3(c). The depth of potential of the MoSe, layer is smaller

1852 | Mater. Adv., 2020, 1,1849-1857

than that of the P, layer by about 4 eV, indicating that the
built-in electric field (Ej,) has been formed in the MoSe,-P,
interface. The direction of the Ej, is pointed from the P, layer to
the MoSe, layer (as seen in the inset of Fig. 3(c)), which will play
an important role in further facilitating charge separation,
i.e. the photoexcited electron (hole) is accelerated to flow from
the MoSe, (P,) layer to the P, (MoSe,) layer under the Ej,
(as in Fig. 3(b)). As a result, the E;, can promote the separation
of photoexcited electron-hole pairs in the P,/MoSe, vdW
heterostructure.

On the other hand, the excitonic behavior of the P,/MoSe,
vdW heterostructure should have a striking difference with
those of the isolated P, and MoSe, monolayers owing to the
existence of a potential gradient across the P,-MoSe, interface.
In order to obtain their exact optical properties, we solved the
BSE equation based on the G,W, calculations, which has fully
included the many-body interactions (electron-electron and
electron-hole interactions) in real systems. Fig. 3(d) shows
the imaginary parts ¢,(w) of the dielectric functions of the P,
monolayer, MoSe, monolayer, and the P,/MoSe, heterostructure,
ie. the optical absorption spectra. It can be found that the
P,/MoSe, heterostructure has a wide absorption range from the
near-infrared to the near-ultraviolet. The optical spectrum of
the P,/MoSe, is dominated by the MoSe, layer in the energy of
0-2 eV, while the absorption ranging from 2 eV to 5 eV is
contributed by both the MoSe, and P, layers. Compared with
the isolated P, and MoSe, monolayers, the P,/MoSe, vdW
heterostructure has a marked enhancement of optical absorp-
tion in a broad light-harvesting range, spanning from 1.64 eV

This journal is © The Royal Society of Chemistry 2020
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(visible light) to 4.15 eV (near-ultraviolet light). The enhanced
optical absorption in the P,/MoSe, vdW heterostructure should
originate from the interlayer coupling and charge transfer
between the two single layers as well as the overlap of the
electronic states. In addition, for the incident AM 1.5G solar
irradiance, the P,/MoSe, vdW heterostructure can also absorb a
considerable part, as shown in Fig. 3(d), which could be used in
optoelectronic devices based on the solar irradiance.

3.3 Effects of vertical electric fields on electronic and optical
properties

To explore the effect of electric field on the electronic properties
of the P,/MoSe, vdW heterostructure, an electric field (Ef)
perpendicular to the stacking layers is applied on the hetero-
structure, ranging from —0.4 VA" to 0.4 V A~ with the step of
0.1 V A™'. The phonon spectrum of P,/MoSe, at the electric
field of 0.4 V A~ is also calculated to check its dynamical
stability, as presented in Fig. S5 (ESIt). Only a small imaginary
frequency of —1.8 cm™* close to the I' point is observed in
the P,/MoSe,, suggesting it has dynamic stability under the
observed electric field. The positive direction of vertical electric
field is pointed from the MoSe, layer to the P, layer along the
c-axial direction. Experimentally, a controlled vertical electric
field can be realized by a double-gated configuration without
changing the charge carrier concentration in the P,/MoSe, vdW
heterostructure, as shown in Fig. 4(a). Fig. 4(b) shows the
various bandgaps under different electric-field strengths from
the PBE and G,W, methods. The G,W,, method can correct the
band structure of the semiconductor at the PBE level to obtain a
credible quasi-particle bandgap by shifting the conduction
(valence) band up (down). It can be seen that the quasi-
particle bandgap of the P,/MoSe, heterostructure can be signifi-
cantly tuned in a wide range from 0.94 €V (Eee= —0.4 VA™%) to
2.05 eV (Ee = 0.4 V A7), Although the PBE method under-
estimates the bandgap of the semiconducting material, the
trend of bandgap variation in the two methods is roughly the
same in the observed electric field range, in which the bandgap
linearly increases with E. from —0.4 V A~ to 0.24 V A™* and
shows little change from 0.24 VA~ to 0.4 V A™. To shed more
light on the variable bandgap, the projected band structures
of P,/MoSe, under variable electric fields is calculated and

(a) —
Control gate
h-BN
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MoSe, Few-layer graphene
h-BN
Si0,/Si

Fig. 4
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presented in Fig. 5(a)-(e). It is found that the CBM (A point)
belonging to the P, layer is very sensitive to E.f, in which the A
point is slowly elevated in the range of —0.4 to 0.2 V A™%
leading to the increasing bandgap of the P,/MoSe,. In fact, the
CBM has been shifted to the B point located at the MoSe, layer
at E.¢=0.24 VA~ shown in Fig. 5(f), suggesting that the type-II
band alignment in the P,/MoSe, heterostructure is converted to
type-I at E.e= 0.24 V A™'. When the E is larger than 0.24 VA™?,
the invariable bandgap of the P,/MoSe, should be attributed to the
insensitive B point to the applied electric field. Interestingly, for
the P,/MoSe, vdW heterostructure, the retained type-II hetero-
interface in a wide range from —0.4 to 0.24 V A™?, together with
broadly tunable bandgap, will endow it with potential applications
in the optoeletronics and solar energy conversion.

To obtain more physical insight into the P,/MoSe, hetero-
structure, the planar-averaged electron density difference is also
calculated along the c-axial direction under the E.¢, as shown in
Fig. 6. When applying an enhanced positive E.;, more electrons
(Ag) flow from the P, layer to the MoSe, layer, which will
generate an interlayer dipole moment P, causing the electric
polarized field E.p¢ across the interlayer region of the P,/MoSe,.
The direction of the E.p points from the P, layer to the MoSe,
layer, being opposite with the positive direction of the E.. Such
an E.pr across the P,-MoSe;, interface is beneficial to the separa-
tion of photoexcited carriers on the interface, shown in Fig. S6
(ESIt). On the contrary, more electrons tend to transfer from the
MosSe, layer to the P, layer under an increased reverse E.r. Bader
charge analysis further verifies that Aq = 1.15 x 10 ¢, 4.9 x
102 ¢, and —1.2 x 10 ° e are transferred from the P, layer to
MoSe, layer at E = 04 VA, 0 VA" and —04 V A7,
respectively. Furthermore, the magnitude of electric polarized
field (Ecpr) can be estimated by E.p¢ = P/ey-£-So-d. P is the size of
the dipole moment and P = |Aq|-d, ¢, and ¢, are the permittivity
of free space and relative dielectric constant (¢, = 8.850 X
10 "2 Fm™?, ¢, = 1.0), respectively, S, is the interface area of the
P,/MoSe, (So = 9.380 x 10 2° m?), and d is the interlayer
equivalent distance (d = 3.697 x 10~ '° m). The calculated Eep
under different E.¢ values can be found in Table S2 (ESIT). When
E¢ is strengthened to 0.40 V A1 the induced Ecpe With opposite
direction can be as large as 0.22 V A~ which is comparable to
the applied vertical electric field. Thus, the vertical electric field
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(a) Schematic of double-gated P,/MoSe, device. (b)Evolution of bandgap as a function of the vertical electric field in the P,/MoSe, vdW

heterostructure. Two insets show the positive and negative directions of the vertical electric field, respectively.
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Fig. 6 Planar-averaged electron density difference across the P,/MoSe,
vdW heterostructure under various electric fields of —0.4 VA~ —0.2V A~
0VA™02VA™ and 0.4V A The orange (blue) region corresponds the
the MoSe; (P,) layer.

may not only effectively tailor the carrier concentrations of the
MoSe, and P, layers, but also change the interlayer coupling at
the P,-MoSe, heterointerface.

As mentioned before, there is a significant difference in the
band structure of the P,/MoSe, vdW heterostructure under
different vertical electric fields. To further investigate the
variation in the optical properties of the P,/MoSe, at different
electric field strengths, we calculated the ¢,(w) of the P,/MoSe,
at electric fields of —0.4 VA™, 0 VA, and 0.4 VA~ and the
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results are plotted in Fig. 7, in which two polarized lights along
the zigzag (a-axial) and armchair directions are adopted,
respectively. From Fig. 7(a)-(c), strong isotropy is observed
between &, (zigzag) and &, (armchair), suggesting that the
isotropic nature of optical absorption in the P,/MoSe, vdW
heterostructure can be retained under the observed electric
fields. When the negative electric field is applied on the
P,/MoSe,, its absorption edge moves toward low energy (as
seen in Fig. 7(d)), enhancing the optical absorption for the
near-infrared and visible lights. The red-shift of the optical
spectrum originates from the decrease of the bandgap of the P,/
MoSe, under the negative electric field, while the positive
electric field pushes the absorption edge to a high-energy
region due to the increase of bandgap. The blue-shift of the
absorption edge results in the blue-shift of the highest absorp-
tion peak, positioned at 3.535 eV, 3.944 eV, and 4.135 eV for
—0.4VA™' 0VA™' and 0.4 VA, respectively. Meanwhile, the
intensity of the highest peak is strengthened from —0.4 VA to
0.4 V A™', suggesting that the absorption of the P,/MoSe,
for the near-ultraviolet light becomes more active under the
positive electric field.

Fig. 8 shows the calculated oscillator strengths of the excited
states of the P,/MoSe, vdW herterostructure under the electric
field of —0.4 VA™', 0 VA™, and 0.4 V A™*, suggesting that the
vertical electric field can significantly influence the photo-
excited behavior of P,/MoSe,. Based on the oscillator strength
selection rules, we analyze the transition of P,/MoSe, under the
three electric fields. For the primitive P,/MoSe, vdW hetero-
structure, the low-energy spectrum of 0-2 eV is mainly contri-
buted by the MoSe, layer (as seen in Fig. 3(d)), which means
that the intralayer excitons of the MoSe, layer dominate the

This journal is © The Royal Society of Chemistry 2020
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(a)—(c) The optical absorption spectra of the P,/MoSe, vdW herterostructure along the two polarized-light directions (Zigzag and Armchair) at the

vertical electric fields of —0.4 VA", 0V A™%, and 0.4 V A~ The Zigzag and Armchair directions are inset. These calculated spectra have included the
electron—hole interaction. (d) The comparable optical absorption spectra along the zigzag polarized-light direction (i.e. the a-axial direction) under
different electric fields. A Lorentzian broadening of 0.15 eV is applied in the calculations of the optical spectra.

low-energy spectrum. However, an active interlayer transition is
also found at the energy position of about 1.26 eV, which comes
from the vertical transition between the VBM and CBM at
certain non-high-symmetric point 7(5/18, 1/3, 0) near high-
symmetric K point. The partial charge distributions of VBM
and CBM at the T point can be found in Fig. S7 (ESIt), in which
the VBM (CBM) is mainly contributed by the MoSe, (P,) layer.
Another inactive interlayer transition is also observed at about
1.05 eV although its oscillator strength is very small (as seen in
the inset of Fig. 8(b)), which is mainly between the VBM and
CBM at the K point. The active interlayer transition can induce
the formation of an interlayer exciton (i.e. indirect exciton),
whose binding energy is estimated to be 670 meV by the
method of the energy difference between the quasi-particle
energy and excitation energy. For the cases of —0.4 V A™* and
0.4 V A7, active interlayer transitions occur at 1.50 eV and
1.82 eV, respectively (marked in Fig. 8(a) and (c)), which
generate two corresponding interlayer excitons. For the
—0.4 V A", the active interlayer transition comes from the
vertical transition between the VBM (MoSe, layer) and CBM
(P, layer) at the K point, which is different to that of the
primitive P,/MoSe,, while the active interlayer transition under
the electric field of 0.4 V A™" is from the VBM (MoSe, layer) to
the second conduction band (P, layer) at the K point. The two
observed interlayer excitons also possess considerable binding
energies of 614 meV for —0.4 V A~ and 628 meV for 0.4 VA™,
which is comparable with that of the primitive P,/MoSe,.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a)—(c) Calculated oscillator strengths of excited states of the

P>/MoSe, vdW herterostructure in the energy range of 1-5 eV for vertical
electric fields of —0.4 VA=Y, 0 VA™% and 0.4 V A~%. The polarized light is
along the zigzag direction.

These interlayer excitons found in the P,/MoSe, heterostructure
are beneficial to facilitate the separation of photoexcited carriers,
which is very important for applications in photovoltaics and
photocatalytic water splitting. On the basis of the above results,
we can draw a conclusion that the bandgap of the P,/MoSe, vdW
heterostructure can be modulated in a broad range and its

Mater. Adv., 2020, 1,1849-1857 | 1855
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optical properties can also be tuned effectively by applying the
vertical electric field.

4 Conclusions

In summary, we performed first-principles calculations to
investigate the effect of vertical electric field on the electronic
and optical properties of the constructed P,/MoSe, vdW hetero-
structure. We found that the AA-stacking P,/MoSe, with more
stability has an intrinsic type-II band alignment, in which
photoexcited electrons (holes) migrate from the MoSe, (P,) to
the P, (MoSe,) layer. The estimated quasi-particle bandgap
can be tuned effectively from 0.94 eV (—0.4 V A™%) to 2.05 eV
(0.4 V A™") by the vertical electric field. A transition from type-II
to type-I can be observed under a moderate electric field of
0.24 V A~*. More interestingly, P,/MoSe, possesses a strong and
broad optical absorption ranging from the near-infrared to
near-ultraviolet. Under the negative electric field, the optical
absorption of the P,/MoSe, heterostructure for the visible and
near-infrared light can be enhanced significantly. The active
interlayer excitons with binding energy more than 600 meV
are observed under the applied vertical electric field, being
favorable to effectively separate the photoexcited electron-hole
pairs. The electric field-tunable electronic and optical proper-
ties of the P,/MoSe, vdW heterostructure make it a potential
candidate for optoelectronic devices.
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