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ABSTRACT: A van der Waals (VDW) heterostructure offers an effective
strategy to create designer physical properties in vertically stacked two-
dimensional (2D) materials, and offers a new paradigm in designing novel 2D
heterostructure devices. In this work, we investigate the structural and electronic
features of the BP/MoGe,N, heterostructure. We show that the BP/MoGe,N,
heterostructure exists in a multiple structurally stable stacking configuration, thus
revealing the experimental feasibility of fabricating such heterostructures.
Electronically, the BP/MoGe,N, heterostructure is a direct band gap
semiconductor exhibiting type-II band alignment, which is highly beneficial
for the spatial separation of electrons and holes. Upon forming the BP/
MoGe,N, heterostructure, the band gap of the constituent BP and MoGe,N,
monolayers are substantially reduced, thus allowing the easier creation of an
electron—hole pair at a lower excitation energy. Interestingly, both the band gap
and band alignment of the BP/MoGe,N, heterostructure can be modulated by
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an external electric field and a vertical strain. The optical absorption of the BP/MoGe,N, heterostructure is enhanced in both the
visible-light and ultraviolet regions, thus suggesting a strong potential for solar cell application. Our findings reveal the promising
potential of the BP/MoGe,N, vdW heterostructure in high-performance optoelectronic device applications.

wo-dimensional (2D) materials, including graphene,I

transition metal dichalcogenide, and black phosphorus”™”
have enormous research interest due to their structural,
electronic, optical, and transport properties, many of which
are highly beneficial for a wide array of device applications. For
example, graphene is known to have an ultrahigh carrier
mobility'® that makes it promising for nanoelectronic devices,
such as an ultrafast photodetector.’ The strong sgin—orbit
coupling in layered transition metal dichalcogenides'”"* makes
them suitable for spintronics applications. Beyond pristine
monolayer and few-layer, different species of 2D materials can
also be vertically stacked to form van der Waals (vdW)
heterostructures. The vdW engineering of 2D materials offers a
novel route to artificially create “designer” 2D hybrid materials
with a wide array of physical properties to meet the varying
demands of nanodevice applications.

The enormous design flexibility of the vdW heterostructure
thus greatly expands the application capability of 2D materials.
Recently, vdW heterostructures, composed of various combi-
nations of graphene, phosphorene, MoS,, WS,, and so on, have
been extensively studied, and many of these structures have
been experimentally fabricated, such as graphene-based vdW
heterostructures,'* ">’ phosphorene-based heterostruc-
tures,>' ~%* MoS,-based heterostructures,”*2° and so forth.

A new kind of 2D material, transition metal nitride (TMN)
has received tremendous attention recently.””** In 2020, the
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successful fabrication of MoSi,N, (MSN) monolayers using a
chemical vapor deposition (CVD) approach opened up a new
avenue toward the expansive synthetic 2D material family of
MA,Z,.” The atomic structure of monolayer MSN comprises
a MoN, monolayer sandwiched by two Si—N bilayers. Recent
first-principle calculations”®*”*" have revealed the highly
unusual physical properties of the MA,N, family. Particularly,
the TMN monolayer of this family, such as MoSi,N, and
MoGe,N,, are predicted to be promising candidates for
optoelectronic and photocatalytic nanodevices owing to their
Type-II band alignments and strong visible light absorption.
The MA,Z, family is thus expected to offer a new material
platform to explore the unusual light—matter interactions of
2D-confined electrons.

On the other hand, a new type of graphene-like group III-V
compounds, namely hexagonal boron phosphide (BP), has
been predicted theoretically.””** This material is known to be
structurally stable at room temperature.’> Monolayer BP has a
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Figure 1. (a) Top and side views of the optimized atomic structure; (b) band structure calculated by PBE and HSE06 methods; (c) PDOS and (d)
phonon spectrum of single-layer MoGe,N, monolayer. (e) Top and side views of the optimized atomic structure, (f) calculated PBE and HSE06
band structures; (g) PDOS and (h) phonon spectrum of single-layer BP monolayer.

planar honeycomb structure with a direct band gap of about
0.82—1.81 €V, depending on the calculation methods.*”
Because of its graphene-like lattice and semiconducting nature,
the physical properties and the device application potential of
BP has been actively studied in recent years.”* ™’

In this work, we perform a pilot study to explore the synergy
of BP and MoGe,N, monolayers in vdW heterostructure
engineering by first principle calculations. The structural,
electronic, and optical properties of BP/MoGe,N, vdW
heterostructures under various stacking configurations are
investigated. By calculating the phonon spectrum, we
demonstrate the existence of a large array of structurally stable
stacking configurations, thus concretely establishing the
feasibility of BP/MoGe,N, heterostructures. We show that
BP/MoGe,N, conveniently exhibits a Type-II band alignment,
which is highly beneficial for electron—hole separation. The
optical spectrum of BP/MoGe,N, exhibits enhanced absorp-
tion in the visible to ultraviolet regimes. Intriguingly, the band
alignment can be controlled via an external electric field or
mechanical strain. Particularly, the Type-I-to-Type-II band
alignment transition can be achieved with an electric field
strength of 0.15 V/A, which is close to the experimentally
achievable value.”® Our results reveal the potential of BP/
MoGe,N, heterostructure as a novel field- and strain-tunable
optoelectronic material, thus opening up a new route toward
the development of vdW heterostructure devices via the
synergy of BP and MA,Z, monolayer families.

All calculations in this work are performed through density
functional theory (DFT), which is implemented in the
simulated Quantum Espresso package.”’40 The Perdew—
Burke—Ernzerhof (PBE) functional in the framework of the
generalized gradient approximation (GGA'') is used to
describe the correlation-exchange energy, whereas the
projected augmented wave (PAW) pseudopotential®” is
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adopted to describe the ion-electron bonding. The energy
cutoff is calculated to be 500 eV for all calculations, which were
fully optimized until the convergence of force and energy. The
Brillouin zone (BZ) integration is sampled within a 9 X 9 X 1
k-point mesh. To avoid the bonding between the periodic
sublayers, we set a large vacuum thickness of 25 A. The Heyd—
Scuseria—Ernzerhof hybrid functional (HSE06) is also used to
obtain a more accurate value of band gaps. The weak vdW
bondings in heterostructures are described by adding the vdW
dispersion in the DFT-D3 approximation.43

We first investigate the structural and electronic properties
of constituent BP and MGN monolayers in their single-layered
form, as illustrated in Figure 1. The atomic structure of single-
layer MoGe,N, in Figure la demonstrates that it has a space
group of P6ml with a hexagonal crystal. The crystal of
MoGe,N, monolayer is composed of a MoN, monolayer
sandwiched by two buckled Ge—N bilayers. The MoGe,N,
monolayers consist of seven layers, including 4 N layers, 2 Ge
layers, and 1 Mo layer. The thickness of the MoGe,N,
monolayer is 10.60 A. The optimized lattice constant of
MGN is 3.04 A, which is in good agreement with the previous
reports.”® The band structure of single-layer MoGe,N,
calculated by PBE and HSEO6 is depicted in Figure 1b. Both
the PBE and HSE06 predict the same semiconducting phase
with an indirect band gap of 1.03 and 1.42 eV, respectively,
which are in good agreement with the previous reports.”**’
The conduction band minimum (CBM) of the MoGe,N,
monolayer is located at the K point, while the valence band
maximum (VBM) lies along the K-I" path for both the PBE
and HSE06 methods. The projected density of states (PDOS)
of all atoms in the MoGe,N, monolayer is depicted in Figure
lc. We find that the CBM of such material is mainly
attributable to the Mo-d orbital, while its VBM comes from the
strong hybridization between Mo-d, N-p, and Ge-s orbitals.

https://doi.org/10.1021/acs.jpclett.1c01284
J. Phys. Chem. Lett. 2021, 12, 5076—5084


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01284?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

—
(=]
~

é § é B 00 =00 =00 0D 00 0———P
R
L. b.4.4.8, \ . \ | .
(d) (e) U]
> 3 s
g g &
§ B 00— 00— 0600 00-0—P 8 é
& o &

B

1o B0,0y 00,

A

1—.- X000 0y

Figure 2. Top and side views of the optimized atomic structures for different stacking configurations of the BP/MoGe,N, heterostructures. (a)
stacking-I, (b) stacking-1I, (c) stacking-III, (d) stacking-IV, (e) stacking-V, and (f) stacking-VL

The phonon dispersion curves of the MoGe,N, monolayer is
also plotted in Figure 1d to check the stability. All the
frequencies of the MoGe,N, monolayer are positive at the
ground state, confirming the structural stability of such
material.

The structural and electronic features of pristine BP are
illustrated in Figure le—h. BP monolayer has a planar
hexagonal structure similar to that of graphene. The optimized
lattice parameter of single-layer BP is calculated to be 3.20 A.
The band gap of pristine BP is 1.0 eV/1.42 eV obtained by the
PBE/HSE06 method, as depicted in Figure 1f. These values of
band gap are in good agreement with the previous data.*”*?
We can also see that both the PBE and HSE06 predict a direct
band gap semiconducting characteristic, in which both the
VBM and CBM locate at the K point. The PDOS of all atoms
in the BP monolayer is depicted in Figure 1g. The VBM of the
BP monolayer is mainly attributable to the strong hybridization
between the B-s(p) and P-s(p) orbitals. The sp* hybridization
thus exists in the valence band of the BP monolayer. The
phonon spectrum of the BP monolayer is displayed in Figure
1h, which confirms the structural stability of material without
any negative frequencies.

We construct the heterostructure by stacking BP on
MoGe,N, layers. We consider six different stacking config-
urations of BP/MoGe,N, heterostructures. The lattice
constant of the BP/MoGe,N, heterostructure is 3.12 A. This
means that the lattice mismatch in the BP/MoGe,N,
heterostructure is calculated to be 2.56%, which provides little
influence on the electronic properties and interfacial character-
istics of the heterostructure. All stacking configurations are
fully relaxed. The optimized atomic structures of all these
configurations are depicted in Figure 2. The obtained
interlayer distances of BP/MoGe,N, heterostructure for all
stacking configurations are listed in Table 1. The Stacking-II
configuration of BP/MoGe,N, heterostructure has the shortest
interlayer distance of 3.08 A when compared to others. The
interlayer distance between BP and MoGe,N, monolayers in
their heterostructure is defined as the interlayer distance
between the phosphorus layer of the BP monolayer and the
topmost nitrogen layer of the MoGe,N, monolayer. More
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Table 1. Calculated Interlayer Spacing (d), Binding Energy
(Ey), Band Gap Obtained by PBE and HSE06, and the Band
Alignment and Work Function (W) of BP/MoGe,N,
Heterostructure for All Stacking Configurations

Eg, eV

E,, band Wrg,

patterns d, A meV/A? PBE HSE06 alignment eV
stacking-I 3.29 —54.92 0.36 0.65 type-II 5.40
stacking-II 3.08 —67.28 0.47 0.77 type-II §.31
stacking-III ~ 3.30 —55.62 0.39 0.68 type-II 5.32
stacking-IV 3.38 —36.56 0.41 0.72 type-II 5.35
stacking-V 3.26 —41.25 0.34 0.63 type-1I 5.33
stacking-VI 3.32 —40.04 0.34 0.62 type-II 541

interestingly, we find that the interlayer distances of BP/
MoGe,N, heterostructure for different stacking configurations
are in the range from 3.08 t03.38 A. These values of such
interlayer distances are the same as those in other typical vdW
heterostructures, such as graphite. In addition, these values of
the interlayer distances of BP/MoGe,N, heterostructure
correlate well with the sum of the vdW radii for phosphorus
(1.80 A) and nitrogen (1.54 A). All these findings demonstrate
that the BP/MoGe,N, heterostructure is thus a typical vdW
heterostructure with the weak vdW interactions dominating
the interaction between the BP and MoGe,N, layers.

To check the structural stability of these configurations, we
calculate their binding energies as follows:

EH - EBP - EMGN
S (1)

Here, Ey, Egp, and Eycy, respectively, are the total energies of
the composed BP/MoGe,N, heterostructure, isolated BP, and
MoGe,N, monolayers. S is the surface area of the considered
heterostructure. The calculated binding energies BP/MoGe,N,
heterostructure for all stacking configurations are listed in
Table 1. The stacking-II exhibits the lowest binding energy
compared to that in other stacking configurations. The
stacking-II is the most energetically favorable stacking
configuration. Therefore, we focus on BP/MoGe,N, hetero-

E,
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Figure 3. Projected band structures of the BP/MoGe,N, heterostructure for the most energetically favorable stacking configuration calculated by
the (a) PBE and (b) HSE06 method. Red and blue lines represent the contributions of BP and MoGe,N, layers. (c) Weighted band structure of
the most energetically favorable stacking configuration of BP/MoGe,N,. (d) Electrostatic potential and charge density difference in the BP/
MoGe,N, heterostructure. Yellow and cyan regions represent the charge accumulation and depletion, respectively. (e) Phonon dispersion spectrum
of BP/MoGe,N, heterostructure for the most energetically favorable stacking configuration.
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Figure 4. Projected band structures of the BP/MoGe,N, heterostructure for different stacking configurations, including (a) stacking-1, (b) stacking-
111, (c) stacking-IV, (d) stacking-V, and (e) stacking-VI. The dashed line represents the Fermi level, which is set to be zero. The red and blue lines
represent the contributions of BP and MoGe,N, layers, respectively.

structure with stacking-II in the subsequent calculations. The the type-II band alignment. The electrons and holes are
calculated PBE and HSE06 band structures of the most confined in different layers, which can lead to the formation of
energetically favorable stacking configuration are depicted in indirect excitons. Such a formation of type-II band alignment
Figure 3a and Figure 3b. It is clear that both the PBE and in the BP/MoGe,N, heterostructure can promote effectively

HSE06 shows the same characteristics in the band structure of
the BP/MoGe,N, heterostructure. It exhibits the semi-
conducting nature with a direct band gap. Both the CBM
and VBM of the BP/MoGe,N, heterostructure are located at
the K point. The band gap value of the BP/MoGe,N,
heterostructure is calculated to be 0.47 eV for the PBE and
0.77 eV for the HSE06 method. More interestingly, both PBE
and HSE06 methods shows the same trend in the band

structure of the BP/MoGe,N, heterostructure, confirming the
reality of the PBE method. Therefore, we used the PBE the CBM of such heterostructure comes from the Mo-states of

MoGe,N, layer represented by green color, whereas the VBM

the separation of electrons and holes in real space. This finding
thus makes the BP/MoGe,N, heterostructure a promising
candidate for the fabrication of high-performance optoelec-
tronic devices that inhibit carrier recombination. Furthermore,
to confirm the formation of the type-II band alignment in the
BP/MoGe,N, heterostructure, we calculate its weighted band
structure for the most energetically favorable stacking
configurations, as depicted in Figure 3c. It is obvious that

method for all subsequent calculations due to the high

computational cost of the HSE06 method of heterostructure comes from the P-states of the BP layer,
The projected band structures of the BP/MoGe,N, proving'the 'existence of the ty1')e—¥1 bfmd alignment.
heterostructure for all stacking configurations are depicted in To visualize the charge redlstrlbutlo-n and. charge trans_fer
Figure 4. One can find from Figure 3 and Figure 4 that the BP/ between the BP and MoGe,N, layers in their corresponding
MoGe,N, heterostructure exhibits type-II band alignment. The heterostructure, we perform the calculation of charge density

VBM of the BP/MoGe,N, heterostructure in all stacking difference as follows:
configurations comes from the BP layer, whereas the CBM is Ap =
attributable to the MoGe,N, layer, confirming the formation of P =Pu = P T Pyon (2)

5079 https://doi.org/10.1021/acs jpclett.1c01284
J. Phys. Chem. Lett. 2021, 12, 5076—5084


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01284?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01284?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Stacking-I
Seeresssnd

Stacking-lI

Stacking-1V

O a0 N W

1
—_

Energy (eV)

O 4O N W

Energy (eV)

-3

Figure 5. Weighted band structures of the BP/MoGe,N, heterostructure for different stacking configurations, including (a) stacking-I, (b)

stacking-111, (c) stacking-IV, (d) stacking-V, and (e) stacking-VI.

Here, py, pgp, and pygy are the charge densities of the BP/
MoGe,N, heterostructure, isolated BP, and MoGe,N,
monolayers, respectively. The charge density difference of
the BP/MoGe,N, heterostructure is visualized in Figure 3d. In
the charge density difference, yellow and cyan regions
represent the electron gain and loss, respectively. We observe
that the charges are accumulated at the interface region that is
close to the MoGe,N, layer and they are depleted near the BP
layer in the BP/MoGe,N, heterostructure. This feature
indicates that the charges are transferred from BP to the
MoGe;,N, layers. By Bader charge analysis, we find that there is
only a small amount of 0.004 electrons that transferred from
BP to the MoGe,N, layers. In addition, for better under-
standing of interfacial charge transfer of the BP/MoGe,N,
heterostructure, we calculate the work function and electro-
static potential of the BP/MoGe,N, heterostructure as well as
the constituent monolayers. The work functions of all stacking
configurations are listed in Table 1, while the electrostatic
potential of the BP/MoGe,N, heterostructure for the most
energetically stacking configuration is depicted in Figure 3d.
The work functions of BP and MoGe,N, monolayers are
calculated to be 5.12 and 5.44 eV, respectively. From Table 1,
one can find that the work function of the BP/MoGe,N,
heterostructure for different stacking configurations are in the
range between that of BP and the MoGe,N, monolayers. In
addition, the difference in the work function of BP and the
MoGe,N, monolayers tends to shift from band alignment and
the charge movement in the BP/MoGe,N, heterostruc-
ture.** " The electrostatic potential of the BP/MoGe,N,
heterostructure is depicted in Figure 3d. It can be seen that
the BP layer has a lower potential than the MoGe,N, layer,
leading to the formation of potential drop, which will further
separate the photogenerated carriers. The phonon spectrum of
the BP/MoGe,N, heterostructure is illustrated in Figure 3e.
One can find that there is no negative frequency in the phonon
spectrum of the BP/MoGe,N, heterostructure, confirming that
it is dynamically stable.

All calculated band gaps of the BP/MoGe,N, hetero-
structure for different stacking configurations are listed in
Table 1. We observe that the combination of BP and
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MoGe,N, monolayers to form the BP/MoGe,N, hetero-
structure tends to reduce the band gap of the constituent
monolayers. The band gap reduction further facilitates the
electron excitations. We further plot the weighted band
structures, as depicted in Figure S. One can find that the
VBM of such a heterostructure for all stacking configurations is
mainly attributable to the P-states of the BP layer, whereas the
CBM of the heterostructure comes from the Mo-states of the
MoGe;,N, layer. The contributions by different layers to the
VBM and CBM of the BP/MoGe,N, heterostructure confirm
the existence of the type-Il band alignment in the BP/
MoGe,N, heterostructure.

The optical absorption of materials is calculated as follows:

a(@) = P22 (167 @) + @)1 ~ @)

()
where ¢}(w) and €3(w) represent the real and imaginary parts
of dielectric functions, respectively. The calculated absorption
of the BP/MoGe,N, heterostructure is depicted in Figure 6.
The absorption spectra of the constituent BP and MoGe,N,

monolayers are also plotted for comparison. One can find that
the BP/MoGe,N, heterostructure has a wide range of the
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Figure 6. Calculated absorption spectra of BP/MoGe,N, hetero-
structure and the constituent BP and MoGe,N, monolayers.
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Figure 7. (a) Variation in the band gap of the BP/MoGe,N, heterostructure as a function of applied electric field. The inset represents the
schematic model of an electric field applied perpendicularly to the heterostructure surface. Projected band structures of BP/MoGe,N,
heterostructure under the (b) negative and (c) positive electric field. Red and blue lines represent the contributions of BP and MoGe,N,

layers, respectively.

optical absorption, ranging from the ultraviolet (UV) to the
near-infrared (IR). Especially, the BP/MoGe,N, heterostruc-
ture possesses a large absorption coeflicient in the UV light
region, which can reach 3.5 X 10° cm™". In addition, the BP/
MoGe,N, heterostructure also exhibits an enhancement in the
optical absorption in the visible-light around at 3 eV. The
absorption coefficient is enhanced up to 3 X 10° cm™", which is
about two times larger than that of BP monolayer.

More interestingly, in the fabrication process of vdW
heterostructures, there are some external conditions, such as
strain and electric field, which may change the device
performance. Therefore, we investigate how these conditions
may affect the electronic properties of materials. The electric
field is applied perpendicularly to the surface of the BP/
MoGe,N, heterostructure, as depicted in the inset of Figure 7.
The positive direction of the electric field is defined as the
direction pointing from the MoGe,N, to BP layers with —0.3
V/A to +0.3 V/A. The change in the band gap of BP/
MoGe,N, heterostructure with the electric field is depicted in
Figure 7a. One can find that applying a negative field tends to
decrease the band gap of the BP/MoGe,N, heterostructure,
whereas the positive field results in an increasing band gap.
When the positive electric field is applied to be +0.15 V/A, the
band gap of the BP/MoGe,N, heterostructure reaches a value
of 0.59 eV. Importantly, this electric field strength is close to
that achieved in high quality h-BN layers.”® The band gap is
saturated at around 0.59 eV with increasing positive electric
field. Such a small change is due to the transition from type-II
to type-I band alignment in the BP/MoGe,N, heterostructure.

To better understand the mechanisms that underlie the band
gap tuning and the band alignment transition of BP/MoGe,N,,
heterostructure, we further plot the projected band structures
of the BP/MoGe,N, heterostructure under an external electric
field in Figure 7b,c. By applying a negative electric field, the
band edges of BP and MoGe,N, layers move energetically in
the opposite directions. The CBM of the BP layer shifts
upward far from the Fermi level, whereas the CBM of the
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MoGe,N, layer moves closer to the Fermi level. Thus, the
CBM of the BP/MoGe,N, heterostructure in the presence of
an external negative electric field is due to the MoGe,N, layer.
On the other hand, the VBM of the MoGe,N, layer shifts
downward far from the Fermi level, while the VBM of BP layer
moves upward closer the Fermi level. The BP layer thus
contributes mainly to the VBM of BP/MoGe,N, hetero-
structure. The shifting of the CBM and VBM under a negative
electric field maintains the type-II alignment and decreases the
overall band gap of the BP/MoGe,N, heterostructures. The
mechanism of the tunable electronic properties of the BP/
MoGe,N, heterostructure under an electric field can be
described as such: When a negative electric field is applied, the
electrons transfer from the MoGe,N, layer to the BP layer.
The bands of the MoGe, N, layer in this case move downward,
while the bands of the BP layer shift upward. On the other
hand, when a positive electric field is applied, the electrons
transfer from the BP to the MoGe,N, layer, and the bands of
the BP layer thus move downward, while the bands of the
MoGe,N; shift upward. On the basis of these mechanisms, the
band gap and band alignment of such a heterostructure can be
tuned by applying an electric field.

In contrast, the band structures of the BP/MoGe,N,
heterostructure under a positive electric field exhibits a more
dramatic transition (Figure 7c). One can find that the CBM of
the BP layer moves closer the Fermi level, whereas its VBM
shifts downward far from the Fermi level under a positive
electric field. On the other hand, the CBM of the MoGe,N,
layer moves upward far from the Fermi level and its VBM shifts
toward the Fermi level when the positive electric field is
applied. When a positive electric field of approximately 0.15 V/
A is applied, both the CBM and VBM of the BP/MoGe,N,
heterostructure are dominantly due to the BP layer, resulting in
the formation of type-I band alignment. The electric field thus
can give rise to the transition from type-II to type-I band
alignment in the BP/MoGe,N, heterostructure.
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Figure 8. (a) Variation in the band gap of BP/MoGe,N, heterostructure as a function of interlayer spacing. The inset represents the schematic
model of strain engineering. Projected band structures of BP/MoGe,N, heterostructure under the (b) compressive and (c) tensile strains. Red and
blue lines represent the contributions of BP and MoGe,N, layers, respectively.

We now turn to investigate the effect of strain engineering
on the electronic properties of the BP/MoGe,N, hetero-
structure by adjusting the interlayer distance. Strain engineer-
ing is known to be one of the most effective strategies to
control the electronic properties of materials."”~*’ The strain is
applied by increasing (tensile) and decreasing (compressive)
interlayer distances, as depicted in the inset of Figure 8a.
Figure 8a shows the variation of the interlayer distance on the
band gap of the BP/MoGe,N, heterostructure. We find that
the band gap of the BP/MoGe,N, heterostructure is changed
nonlinearly as a function of the interlayer distance. The band
gap decreases with increasing the tensile strain and it increases
with decreasing the compressive strain. The band gap is
decreased slowly when the interlayer distance is smaller than
2.58 A. Such a change is due to the transformation from type-II
to type-I band alignment under the compressive strain.

The projected band structures of the BP/MoGe,N,
heterostructure under different interlayer distances are
depicted in Figure 8b,c. Under the compressive strain, the
CBM of the BP layer moves toward the Fermi level, whereas
the CBM of the MoGe,N, layer shifts upward far from the
Fermi level. It shows that when the interlayer distance is
shorter than 2.60 A, the CBM of the BP layer is closer the
Fermi level than that of MoGe,N, layer. The CBM of the BP/
MoGe,N, heterostructure in this case is attributable to the BP
layer. Whereas, the VBM of BP moves downward and that of
the MoGe,N, layer shifts toward the Fermi level. The VBM of
the BP/MoGe,N, heterostructure under the compressive
strain is attributable to the BP layer. It indicates that the
BP/MoGe,N, heterostructure forms the type-I band alignment
when the interlayer distance is shorter than 2.60 A. Thus, the
compressive strain tends to a transformation from type-II to
type-I band alignment in the BP/MoGe,N, heterostructure.
The mechanism of such a transformation is attributed to the
charge transfer between two layers in their heterostructure.
When the compressive strain is applied, the interactions
between BP and MoGe,N, are stronger, and more electrons
are transferred from BP to the MoGe,N, layers. The bands of
the BP layer move downward, while those of MoGe,N, layer

5082

move upward. The band shifts of the BP and MoGe,N, layers
in opposite direction may result in the transition from type-II
to type-I band alignment. On the other hand, under the tensile
strain, the VBM of the BP/MoGe,N, heterostructure comes
from the BP layer, whereas the CBM is attributable to the
MoGe;,N, layer, indicating that the type-II band alignment is
maintained. This finding suggests that the tensile strain leads to
a decrease in the band gap of BP/MoGe,N, heterostructure.
Our results demonstrate that external electric field and
mechanical strain can be used as tuning knobs to control the
band alignment and the band gap of the BP/MoGe,N,
heterostructures. Since band alignment and band gap are
closely related to optoelectronic device applications, these
findings suggest the promising potential of BP/MoGe,N, in
optoelectronic applications.

In summary, we have investigated the structural and
electronic properties of the BP/MoGe,N, heterostructure for
different stacking configurations using first-principles calcu-
lations. The type-II band alignment, the reduced band gap
upon forming heterostructure, and the sizable optical
absorption ranging from UV to IR regime suggest a strong
potential of BP/MoGe,N, in optoelectronic applications such
as solar energy conversion and photodetection. Interestingly,
both the band gap and band alignment of the BP/MoGe,N,
heterostructure can be modulated by an external electric field
and vertical strain. The type-II to type-I transition can be
achieved when the positive electric field is larger than 0.15 V/A
or when the interlayer spacing is smaller than 2.60 A. Our
findings will open up a new avenue toward vdW hetero-
structure devices via the synergy of BP and MoGe,N,
monolayers, thus paving a way toward high-performance
optoelectronic and photocatalytic nanodevices.
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