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heterostructure with optical and photocatalytic
properties: a first-principles study
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Constructing van der Waals (vdW) heterostructures is an exciting method for tuning the electronic and
optical properties and the photocatalytic performances of two-dimensional materials. In this work, we
investigated the electronic, optical and photocatalytic properties of a blue phosphorene—BAs (BlueP-
BAs) vdW heterostructure using first-principles calculations. We found that the most energetically
favorable stacking pattern of the BAs—BlueP vdW heterostructure possesses a direct band gap with type-
| band alignment. The absorption spectrum of the BAs—BlueP vdW heterostructure showed that the
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1 Introduction

Graphene has great potential in high-performance electronic
and optoelectronic devices owing to its superior properties.®
However, the lack of a sizable band gap in graphene hinders its
applications in high-speed nanodevices.® Besides the efficient
strategies for opening the band gap in graphene, such as atomic
doping®® and strain engineering,*” the search for new types of
two-dimensional (2D) materials has been widely explored in
recent years because these materials are known to have many
outstanding properties and a wide range of applications.
Nowadays, several types of 2D materials, including transition
metal dichalcogenides,®**  phosphorene analogues,”™*
MXenes,"*'® etc.,, have been widely explored in both
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0. Our findings

demonstrated that the BlueP—BAs heterostructure is a good candidate for optoelectronic and

fundamental and applied investigations. It is obvious that 2D
materials can be expected to be suitable for water splitting.
Unfortunately, not all 2D materials are good for water splitting
because their band gaps are large and the band edge alignments
are located far from the redox potentials. Currently, the
formation of 2D van der Waals (vdW) heterostructures by
combining two or more different 2D materials is one of the
most effective strategies to improve the electronic properties
and photocatalytic performances of pristine 2D materials.'” >
For instance, Ren et al* studied the electronic and optical
properties of a ZnO/BSe heterostructure. They demonstrated
that the ZnO/BSe heterostructure forms type-II staggered band
alignment, which can promote the separation of the photo-
generated electrons and holes. Shu** demonstrated that
a combination of blue phosphorus and MoSe, monolayers has
a suitable bandgap for optoelectronic applications. Guan and
co-workers' showed that the formation of a C,N/MoS, hetero-
structure tends to enhance the optical absorption of the
constituent monolayers.

Currently, a new-type of 2D material, namely boron arse-
nide (BAs), has attracted considerable interest owing to its
semiconducting nature with high carrier mobility and
potential application in electronic and optoelectronic
devices.” Combinations of the BAs monolayer and other 2D
materials has also been investigated recently, such as BAs/
SnC,?® BAs/MoSe,?*” and BAs/GaN.?® On the other hand, a new
graphene-like phosphorus analogue, blue phosphorene
(BlueP), was recently synthesized experimentally by molecular
beam epitaxial growth.?® The outstanding properties of BlueP,
including its tunable bandgap,**~** high carrier mobility and
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high on/off ratio,*® make BlueP a potential candidate for high-
performance nanodevices. Owing to the intriguing properties
of both BlueP and the BAs monolayer, it is therefore inter-
esting to investigate whether a BlueP-BAs heterostructure
could show ability for photocatalytic water splitting with
appropriate band alignment.

In this work, we systematically investigated the combination
of BlueP and BAs monolayers to form the BlueP-BAs hetero-
structure using first-principles calculations. Our results show
that both the valence band maximum and conduction band
minimum of the BlueP-BAs heterostructure are located in the
BAs layer, forming type-I band alignment. The formation of the
type-I straddling gap in the BAs-BlueP heterostructure may
result in ultrafast electron-hole recombination, thus making it
promising for light-emitting diodes due to the high emission
efficiency. Furthermore, the band edge positions and the band
gap of the BAs-BlueP heterostructure are located at energeti-
cally favorable positions to split water at pH = 0, thus it could be
a potential candidate for water splitting and the production of
hydrogen using solar light.

2 Computational details

In the present work, all of the calculations were performed
through first-principles calculations within density functional
theory (DFT) using the Vienna ab initio simulation package
(VASP).** To describe the exchange-correlation energy, we used
the generalized gradient approximation (GGA) proposed by
Perdew, Burke and Ernzerhof (PBE)* within the projector-
augmented wave (PAW) pseudopotentials.®® All of the calcula-
tions, including the geometric optimization and electronic
characteristics calculations, were performed using a cut-off
energy of 510 eV and a Monkhorst-Pack k-point mesh of (9 x
9 x 1). The traditional PBE method underestimates the band
gap of materials, including semiconductors and their hetero-
structures, therefore, the Heyd-Scuseria-Ernzerhof (HSE)*”**
method was employed to obtain a more accurate band gap with
a Monkhorst-Pack k-point mesh of (27 x 27 x 1). The atoms are
perfectly stable when the force is smaller than 0.01 eV A~*. The
total energy was standardized to 10" eV per single atom. All of
the unfavorable interactions in the formation of the hetero-
structure were easily avoided by adjusting the vacuum level up
to 25 A along the z direction. Keeping the layer by layer vdW
forces, the DFT-D2 method of Grimme was appropriate for all
simulations.

The binding energy (E,) was obtained as the difference
between the total energy of the BlueP-BAs heterostructure
(Epruer-Bas) and the isolated (Egpep and Eg,s) monolayers, as
follows:

Ey, = Egjucp-BAs — EBluer — EBAs (1)

whereas, the charge redistribution of the heterostructure was
established by calculating the plane-averaged charge density
difference between the charge density of the heterostructure
(pBIuer-Bas) and the isolated pgjuep and ppas monolayers along the
z direction as follows:
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A/J = PBlueP-BAs — PBlueP — PBAs (2)

3 Results and discussion

The structural geometries and electronic band structures of
both the BAs and BlueP monolayers are depicted in Fig. 1. Our
calculations show that the lattice parameters of the pristine BAs
and BlueP monolayers are 3.39 A and 3.27 A, respectively. It is
evident that these values are in good agreement with previous
reports,”**”** confirming the validity of our calculations.
Moreover, the calculated band gaps of the BAs and BlueP
monolayers are 1.41 €V/0.73 eV and 2.74 €V/1.94 eV obtained by
HSE/PBE calculations, respectively. The BAs monolayer
possesses a direct band gap at the K point, shown from the
calculations using both the HSE06 and PBE methods, as illus-
trated in Fig. 1(c). Whereas, the BlueP monolayer possesses
a semiconducting character with an indirect band gap. The
conduction band minimum (CBM) locates at the I'-M point,
whereas the valence band maximum (VBM) appears at the I'-K
point. It is interesting that both the HSE06 and PBE methods
predict the same nature of the band structures of both the BAs
and BlueP monolayers. The difference in the band gaps of these
monolayers using the HSE06 and PBE methods is explained by
the shift in the CBM.
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Fig. 1 The atomic structures of the (a) BAs and (c) BlueP monolayers
with different top and side views. The blue, green and cyan balls
represent the B, As and P atoms, respectively. The calculated band
structures of the (b) BAs and (d) BlueP monolayers by HSE06 and PBE
methods. The red dashed line represents the Fermi level, which is set
to zero.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The atomic structures of the BAs-BlueP heterostructure with
different stacking configurations, namely the AA, AB; and AB,
patterns, are depicted in Fig. 2. In the AA stacking pattern, the P
atoms are placed above the As and B atoms, as depicted in
Fig. 2(a). In the AB, stacking pattern, one P atom is stacked on
the As atoms, and one P atom is centered in the hexagonal As-B
ring, as depicted in Fig. 2(b). In the AB, stacking pattern, one P
atom is placed above a B atom and one other B atom is centered
at the B-As hexagonal ring Fig. 2(c). After geometric optimiza-
tion, the interlayer distances of BAs-BlueP for the AA, AB; and
AB, stacking patterns are 3.39 A, 3.42 Aand 3.16 A, respectively.
This implies that the AB, stacking configuration of the BAs-
BlueP heterostructure has the shortest interlayer distance
compared with the others. Moreover, the calculated binding
energies of the BAs-BlueP heterostructure for the AA, AB; and
AB, patterns are —0.24 eV, —0.18 eV and —0.28 eV, respectively.
The shortest interlayer distance and the smallest binding
energy of the AB, stacking pattern of the BAs-BlueP hetero-
structure confirm it as the most energetically favorable stacking
pattern. Moreover, to check the thermal stability of this pattern,
we further calculate the fluctuation of the total energy and
temperature as a function of the heating time step by per-
forming the ab initio molecular dynamics (AIMD) simulation.
The thermal stability of this pattern is presented in Fig. 3. The
atomic structure of the BAs-BlueP heterostructure before and
after heating for 4 ps demonstrates that there is no distortion,
confirming its structural stability. In addition, the fluctuation of
total energy at 0 ps and 4 ps is small, indicating that it is
thermally stable at room temperature.

The electronic band structure of the BAs-BlueP hetero-
structure is displayed in Fig. 4(a). The magenta lines represent
the HSE06 bands and the green lines represent the VBM and
CBM of this heterostructure using the PBE method. The BAs-
BlueP heterostructure exhibits a semiconducting nature with
a direct band gap. Both the VBM and CBM of this hetero-
structure appear at the K point using HSE06 and PBE calcula-

tions. The calculated band gap of the BAs-BlueP
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Fig. 2 Top and side views of the atomic structures of the BAs—BlueP
heterostructure with different stacking configurations: (a) AA pattern,
(b) AB; pattern and (c) AB, pattern.
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Fig. 3 AIMD simulation of the fluctuation of the (a) total energy and (b)
temperature as functions of the time step at 300 K for the BAs—BlueP
heterostructure. The inset in (a) presents the diagrams of the atomic
structure of the BAs—BlueP heterostructure before and after heating
for 4 ps.

heterostructure is 0.56 eV and 1.31 eV from the PBE and HSE06
calculations, respectively. It is clear that the PBE method always
underestimates the band gap, while the HSE06 can be used to
correct this issue. It can be found that the value of the band gap
of the BAs-BlueP heterostructure is smaller than those of the
pristine BAs and BlueP monolayers. The reduction in the band
gap of this heterostructure demonstrates that it will have
a wider range of optical absorption in the visible region
compared with the constituent monolayers.

Furthermore, it is well known that stacking 2D materials on top
of each other gives rise to the formation of either type-I (straddling),
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Fig. 4 (a) Calculated band structure of the BAs—BlueP heterostructure
using HSE and PBE calculations. (b) Weighted band structure of the
BAs—BlueP heterostructure obtained from HSEO6 calculations.
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type-II (staggered) or type-III (broken) band alignment. Therefore,
to efficiently use this heterostructure for the design of high-
performance nanodevices it is necessary to understand the
formation of the band alignment. Fig. 4(b) depicts the weighted
band structure of the BAs-BlueP heterostructure from HSEO06
calculations. We find that both the VBM and CBM of this hetero-
structure are mainly contributed to by the BAs layer. This demon-
strates that the BAs-BlueP heterostructure forms type-I (straddling
gap) band alignment. The formation of the type-I straddling gap in
the BAs-BlueP heterostructure may result in ultrafast electron-hole
recombination, thus making it promising for light-emitting diodes
due to the high emission efficiency.

The plane-averaged charge density difference of the BAs—
BlueP heterostructure is presented in Fig. 5(a). It can be seen
that the BAs layer has a positive charge, while the BlueP
monolayer is negatively charged. This implies that the
electrons are likely transferred from the BAs layer to the
BlueP layer in the BAs/BlueP heterostructure. Bader charge
analysis shows that a small amount of charge, 0.09 electrons,
is transferred from the BAs layer to the BlueP layer. More-
over, the 3D isosurface of the charge redistribution at the
interface is depicted in Fig. 5(c). It is evident that charges
mainly accumulate in the BlueP layer, whereas they are
depleted in the BAs layer, confirming the charge trans-
portation from the BAs layer to the BlueP layer. It is notice-
able that the charge redistribution at the interfacial region
of this heterostructure may facilitate the separation of
photo-excited electrons and holes and prolong carrier life-
times, which is also revealed in excellent photocatalysts. The
electrostatic potential along the z direction of the BAs-BlueP
heterostructure is presented in Fig. 5(b), which shows
a potential drop of 2.22 eV between the potentials of the BAs
and BlueP layers. This potential drop gives rise to the
formation of a strong internal electric field.

The optical properties of the BAs-BlueP heterostructure
are established by calculating the imaginary part of the
dielectric functions. The imaginary part of the dielectric
functions of the constituent BAs and BlueP monolayers are
also calculated for comparison. The BAs-BlueP hetero-
structure possesses type-1 straddling band alignment, thus,
the optical transition between the two layers is due to the
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Fig. 5 (a) The plane-averaged charge density differences, (b) the
electrostatic potential and (c) the 3D isosurface of the charge density
difference of the BAs/BlueP heterostructure. The isosurface value is
setto 10 ° e A3,
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Fig. 6 Calculated imaginary parts of the dielectric functions as
a function of photon energy for (a) isolated BAs, (b) the BAs—BlueP
heterostructure and (c) the BlueP monolayer.

interlayer recombination of the electrons and holes. One can
see in Fig. 6 that the first peak in the imaginary part of the
heterostructure comes from the BlueP monolayer. Moreover,
this peak appears at a lower energy than that of the BlueP
monolayer, indicating the reduction in the optical band gap
of the heterostructure.

Next, we investigate the photocatalytic performance of the
BAs and BlueP monolayers as well as their corresponding het-
erostructure using Mulliken electronegativity and the valence
and conduction band edge potentials as follows:

EVBM =X — Ee + OSEg (3)
and,
ECBM =X — Ee - OSEg (4)
-1/ CBM CBM Bluep CBM
DA
+ BAs-BlueP +
H /H, H/H,
L et 0 R R (3.67)
Oy A4 || ___ | (4
0,/H,0 0,/H,0
e —" ——
2
3

Fig. 7 Calculated band edge alignments of the BAs—BlueP hetero-
structure as well as the corresponding constituent monolayers. The
red dashed lines represent the redox potentials for water splitting at
pH = 0.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Here, Eypm and Ecpy represent the potentials of the VBM and
CBM of the materials, respectively, x represents the geometric
mean of the Mulliken electronegativity and E. is the standard
electrode potential on the hydrogen scale. The band edge
alignments of BAs, BlueP and the BAs-BlueP heterostructure
with respect to water redox potentials on the hydrogen scale are
depicted in Fig. 7. One can find from Fig. 7 that the band edge
positions of BAs, BlueP and the BAs-BlueP heterostructure
locate at energetically favorable positions to split water at pH =
0. However, the band gap of isolated BlueP is still larger than
2.2 eV, which hinders its applications and conversion efficiency.
Whereas, the appropriate band gap of the BAs-BlueP hetero-
structure makes it a potential candidate for water splitting and
the production of hydrogen using solar energy.

4 Conclusion

In summary, we investigated the structural, electronic, optical
and photocatalytic properties of BAs and BlueP monolayers and
their corresponding heterostructure using density functional
theory. Our results reveal that both BAs and BlueP monolayers
exhibit the direct band gaps of a semiconductor, whereas the
formation of the BAs-BlueP vdW heterostructure results in type-
I band-alignment with a direct band gap. The formation of the
type-I straddling gap in the BAs-BlueP heterostructure may
result in ultrafast electron-hole recombination. Furthermore,
one can find that the BAs layer donates electrons to the BlueP
layer, resulting in the formation of p-doping in the BAs layer
and n-doping in the BlueP layer. The optical absorption spec-
trum shows that the first peaks are dominated by excitons.
Moreover, the BAs-BlueP heterostructure is a good material for
water splitting at pH = 0.
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