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The vertical stacking and influence of external electric field are good techniques to tune the electronic properties
of two-dimensional materials for potential nanoelectronics and optoelectronic devices. The structural and
electronic properties of P-ZnO and SiC-ZnO van der Waals (vdW) heterostructures are investigated by first
principles calculations. P-ZnO (SiC-ZnO) heterostructure exhibits an indirect type-I (direct type-II) semi-
conducting band character. The effect of perpendicular applied external electric field on the electronic properties
of the most stable vdW heterostructure has also been systematically discussed. Remarkable variations in the
band gap nature are induced by increasing field strength from 0.1 to 1.0 V/A (for P-ZnO) and 0.1 to 0.8 V/A (for
SiC-ZnO). The intrinsic indirect type-I is modulated to type-II semiconducting band gap in P-ZnO by applying
electric field strength 0.1 V/A. More interestingly, reduction in the size with transition from an indirect-to-direct
type-II semiconductor band gap nature is noted at 0.5 V/A. However, a direct type-II semiconductor to metallic
character is found at 1.0 V/A (for P-ZnO) and 0.8 V/A (for SiC-ZnO). Our results suggests that these vdW het-

erostructures are promising candidates for electronic and optoelectronic device applications.

1. Introduction

In recent years, beyond the successful growth of gapless graphene,
two-dimensional (2D) materials have been greatly focused in research
community due to their distinctive and tunable electronic properties in
nanotechnology and optoelectronics [1-4]. A large number of 2D ma-
terials including hexagonal Boron Nitride (h-BN) [5,6], transition metal
dichalcogenides (TMDs) [5], blue phosphorene (P) [7,8], SiC [9,10]
and ZnO [11] have drawn extensive attention because of the novel
photovoltaic and optoelectronic properties in contrast to their bulk
counterparts [5].

Meanwhile, ZnO exhibits the graphene-like unique 2D-planar hon-
eycomb structure with sp>-bonding between Zn and O atoms, is gaining
a great attention in nanotechnology [11]. The fascinating chemical
bonding of low dimensional ZnO leads to emerging applications in
transparent electronics, solar cells, gas sensors, and biomedical devices
[12]. Analogous to ZnO monolayer, SiC monolayer is also reported as a
dynamically more stable in planar geometry than low buckled or zigzag
phases [10,13]. Single layer SiC possesses intriguing electronic prop-
erties with nonmagnetic semiconducting band gap offering high carrier
mobility, large in-plane stiffness and strong thermostability [8,9,13-
15]. Blue phosphorene (P), another promising 2D semiconducting
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material, has been extensively focused owing to its extraordinary
properties including ultra-high mobility and sizable band gap [8,16].
Single layer blue P has been potentially addressed as a promising
candidate for thermoelectric material and superconductivity [17,18].
Recently, stacking of monolayers via van der Waals (vdW) interac-
tion has been found as an emerging technique to overcome the re-
stricted properties of single material systems and constructing hetero-
structures with more enviable physical properties for development and
various optoelectronic applications [19]. For instance, SiC/TMDs are
theoretically reported as promising for optoelectronic and photo-
catalytic water splitting [20], MoS,/Si is useful in solar cell applications
[21], BlueP/graphene and BlueP/g-GaN heterostructures are effective
for carrier dynamics and new electronic devices [22] and TMDs/ZnO
are suitable for optical devices [23]. Further, band gap engineering by
applying external electric field is also an important strategy to modulate
the electronic properties for realizing significant optical and optoelec-
tronic applications. In particular, tuning the electronic band gap from
indirect to direct under external electric field is essential for designing
new high performance optoelectronic devices. It has been demonstrated
both experimentally and theoretically that the effective control of band
structure of bilayer-MoS, and further semiconductor-to-metal transition
is realized under electric field [24]. Transition from type-I to type-II in
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Fig. 1. Top and side view (a—c), the electronic band structures (d-f) using PBE-
functional of ZnO, blue phosphorene and SiC monolayers, respectively.

ZrS>/HfS; and MoSe;/MoS, and CrSe,/MoS, has been achieved by
applying an electric field [3,25]. M. Sun et al. reported dynamic
switching between n-type and p-type Schottky contacts in BlueP/gra-
phene under perpendicular electric field, which is important for novel
Schottky devices [22]. This indicates that the role of vdW hetero-
structures and applied external electric field is crucial for designing
novel optoelectronic devices based on 2D materials.

The dynamical stability and same hexagonal crystal structure of
single layer blue phosphorene (P) and SiC realize the fact to construct
appropriate vdW heterostructures with ZnO monolayer. It is further
worth noting that the lattice constants of P and SiC perfectly match with
ZnO hence; anticipate to explore the electronic properties of these vdW
heterostructures for versatile optoelectronic properties. In the study
reported here, the structural and electronic properties of P-ZnO and
SiC-ZnO vdW heterostructures are performed by first-principles calcu-
lations. More interestingly, the external electric field applied
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Table 1

Lattice constant (A), binding energy (E;, Ey, Eu;, Ey, E,, E,;, in eV), interlayer
distance (dspacing in A), bond-length (A), and band gap (Eg.pgg, in eV) for P-ZnO
and SiC-ZnO heterostructures.

Parameters P-ZnO SiC-ZnO
a(A) 3.29 3.20

E; (eV) -0.17 —0.42
dspacing 3.72 3.53

E; (eV) -0.30 —0.93
dspacing 3.39 2.79

Eiii (€V) -0.26 -0.92
dspacing 3.48 2.93

Ey (eV) - —-0.85
dspacing 2.95

E, (eV) - —-0.41
ipacing 3.01
Eyi (eV) - —-0.91
dspacing 2.86
P-P/Zn-O (A) 2.26/1.89 -
Si-C/Zn-0 (A) - 1.847/1.848
Eg.ppe (V) 1.275 2.27

perpendicular to these vdW heterostructures has dramatically modified
the electronic properties with indirect to direct band gap semi-
conducting transition for P-ZnO and further reduction from semi-
conducting to metal transition in both under study systems.

1.1. Computational details

First principles calculations based on density functional theory
(DFT) [26] with projector augmented wave (PAW) scheme [27] are
performed using Vienna ab-initio Simulation Package (VASP) [28]
within the projector augmented wave method. The generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) func-
tional [29] is adopted to demonstrate the exchange-correlation func-
tional. The vdW interactions in the heterostructures are described by
taking in to account the empirical dispersioncorrection using the
Grimme (DFT (PBE)-D2) method [30]. Additionally, the Heyd-Scuser-
ia—Ernzerhof (HSE06) hybrid functional [31] is also adopted for elec-
tronic band structure calculations. A 6 X 6 X 1 T-centered Mon-
khorst-Pack k-mesh is used for geometric optimization using GGA-PBE-
functional and 12 X 12 X 1k-mesh is chosen for electronic structure
calculations (using both PBE and HSE06 functional). All the atoms are
fully relaxed until the forces and energy have converged to —0.01 ev/A
and 10~ * eV, respectively. A plane wave cut-off energy of 500 eV is
used for these calculations. A vacuum layer of 30 A is added to elim-
inate interactions between adjacent images in these systems. In addi-
tion, the external electric field, applied normal to the plane of the
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Fig. 2. Top and side view of; (a) P-ZnO heterostructure (i-iii) and (b) SiC-ZnO heterostructure (i-vi) with possible stacking configurations, see text for details.
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Fig. 3. Electronic band structures (a, b), weighted band structures (c, d) and charge density difference with isovalue 0.0015 e/;\3 (e), of P-ZnO and SiC-ZnO

heterostructures, respectively.

heterostructures, is taken in to account by adding dipole correction
(with DIPOL = 0.5 0.5 0.5) in the unit cell. Initially, the band gap is
nonlinear with zero slope to the applied electric field (E = 0V/A). For
larger fields, the response of band gap is linear and the slope of the
curve can be written as

dE,

—_— —eS
dE

B @
where e and Srepresent the electron charge and the giant Stark effect
respectively. According to Zheng et al., since the potential of the ex-
ternal electric field is eE z, the change in the band gap due to applied
electric field is approximately

AE; = eE (2 — €E (2 &)

where (z),, and (z),, denote the centre of the conduction and valence
band along the direction of the applied electric field, respectively [32].

2. Results & discussion

Single layer blue P and ZnO/SiC exhibit buckled and planar crystal
symmetry with unit cell as depicted in Fig. 1(a-c), respectively. The
optimized lattice constant (bond-length) 3.28 (1.90), 3.27 (2.25) and
3.10 (1.79) A for ZnO, P and SiC monolayers respectively, are in good
agreement with available literature [7-13]. Small lattice mismatch for
P-ZnO (0.3%) and SiC-ZnO (5.48%) is crucial for designing novel het-
erostructures. Different possible stacking configurations based on the
optimized lattice constants of ZnO, P and SiC monolayers are studied,
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see Fig. 2. For P-ZnO heterostructure (see Fig. 2a) with; (i) Each P-atom
is located on both Zn and O-atoms, (ii) P-atom is lying on the top of Zn-
atom and O-atom is fixed at hexagonal centre (iii) P-atom is placed on
the top of O-atom and Zn-atom is located at hollow site while for SiC-
ZnO heterostructure (see Fig. 2b) where; (i) Si(C)-atom is sit on Zn(O)-
atom, (ii) Si(C) is lying on the top of O(Zn)-atom, (iii) Si-atom is sit on
the top position of the O-atom and Zn-atom is fixed on hollow site, (iv)
Si-atom is directly positioned on the top of Zn-atom with O-atom is
lying on hollow site, (v) C(O)-atom is placed on the top of Zn (hollow)
position, and (vi) C(Zn)-atom is positioned on the top of O(hollow)-site.
The binding energy (E) defined as: E = Egetero — Ezno — Ep/sic, where
Eneteros Ezno and Ep/s;c represent the total energy of heterobilayer, ZnO
and P/SiC monolayer systems, respectively. The calculated binding
energy (E) and interlayer distance (dpacing) Of all stacking are listed in
Table 1. One can obviously note that both heterobilayers favors type-ii
stacking due to smaller dgacing and greater binding energy than other
configurations. Moreover, the formation of both interfaces is exo-
thermic due to negative binding energy. The optimized lattice constants
and bond-length, presented in Table 1, indicate that lattice mismatch
induces an intrinsic compressive (tensile) strain in ZnO (P and SiC)
monolayers of the understudy heterobilayer systems as compared to
their corresponding freestanding monolayers [20,22,23].

A comprehensive insight is gained into the electronic properties by
performing the electronic band structure calculations of both hetero-
structures and their corresponding monolayers. First, we present the
band structures of 2D monolayers of ZnO, P and SiC (see Fig. 1(c—e)
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Fig. 4. Electronic band structure and partial density of states (PDOS) under external electric field of strength: (a) 0.1 v/A , () 0.5 V/A, (¢) 1.0 V/A for P-ZnO, (d)
0.1 V//o\, (e) 0.8 V/1°\ for SiC-ZnO, and (f) band gap values versus external electric, where the red and blue bars represent the P-ZnO and SiC-Zno heterostructures,

respectively and the direction of external electric field is shown in the inset.

respectively) using PBE functional to ensure the accuracy of our results.
Additionally, HSE06 is adopted to study the electronic properties of
these monolayers. The conduction band minimum (CBM) and the va-
lence band maximum (VBM) located; both at I'-point (for ZnO), at about
the middle of M-T'-point (for blue P), and M- and I'-point (for SiC) re-
spectively, presenting direct (indirect) band gap nature for ZnO and P
(SiC) with values 1.65 (3.13), 1.95 (2.87) and 2.43 (3.23) eV using PBE
(HSE06) respectively. These results are consistent with available lit-
erature [7-13,16], indicating the reliability of methods adopted for
these calculations. From calculated partial density of states (PDOS), it is
noted that both VBM and CBM near the Fermi level (Ep) are mainly
contributed by O-2p,(P-3p,) state of ZnO(P) monolayer whereas C-2p,
majorly dominates the VBM and CBM is due to Si-3p, state of SiC
monolayer.

In DFT, HSEO06 functional presents better agreement with experi-
ments in comparison to PBE functional. However, this trend is not
generalized and depends upon the material under study [33]. It has
been reported that PBE (HSE06) functional underestimates (over-
estimates) the experimental band gap value by 0.12 (0.45) eV in MoS,
monolayer [33-36]. Lack of available experimental results and quali-
tative consistent characteristics of HSE06 and PBE band structures,
realize us to rely on PBE calculations for the electronic behavior of the
understudy heterobilayer system.

Now we turn our focus to the calculated band structures of P-ZnO
and SiC-ZnO heterostructures, as listed in Table 1 and visualized in
Fig. 3(a, b). For P-ZnO heterostructure, the VBM and CBM lyingabout at
the middle of M-I'- and I'-point indicate indirect band nature using PBE
method. However, SiC-ZnO possesses the characteristics of direct band
gap with VBM and CBM both lying at I'-point of the Brillouin zone.
Further, a careful observation of the band structures, see in Figs. 1(d-f)
and 3(a, b), shows that CBM and VBM positions are localized in blue P
(for P-Zn0), and SiC and ZnO (for SiC-ZnO) monolayers and resulting in
type-I and type-II band alignment respectively, which is crucial for
optoelectronic applications [37].

To shed further light on the localized orbital reconfiguration, we
plot the orbital weighted band structures of P-ZnO and SiC-ZnO het-
erostructures in Fig. 3(c, d). Obviously, P-3p (P) is dominant in both
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CBM and VBM for P-ZnO, indicating type-I band alignment (straddling
gap). However, the CBM is mainly contributed by C-2p (SiC) states and
VBM is dominated by O-2p (ZnO) state in SiC-ZnO heterostructures.
Hence, VBM and CBM localized in different constituent layers of SiC-
ZnO heterostructure, are termed as type-II band alignment (staggered
gap). Although type-II band alignment is achieved in homogenous bi-
layers under external electric field [36]. However, type-II band align-
ment achieved in SiC-ZnO heterostructures in the absence of electric
field making it prominent for potential applications in light detection
and harvesting [20,23,37].

Additionally, the Bader charge population analysis [38,39] and
charge density difference (Ap), expressed as Ap = pretero — Pzno — Pp/
sic, in order to understand the interaction between P/SiC and ZnO
monolayers, where pgecero, Pp/si and pzno denote the charge densities of
heterostructures, P/SiC and ZnO monolayers, respectively. As shown in
Fig. 3e, the cyan and yellow colors represent the charge depletion and
accumulation, respectively. One can clearly observe that electrons are
mainly depleted on the upper layer of Zn atom (in ZnO monolayer) and
accumulated at the interlayer region for P (in P-ZnO) and at the C-atom
of SiC monolayer (in SiC-ZnO). However, it is further ensured by Bader
population analysis that the small amount of charge 0.0114|e| trans-
ferred from ZnO to SiC monolayer, result in built-in electric field and
responsible for type-II band alignment. This small amount of charge
transfer also indicates weak vdW interaction between monolayers in
SiC-ZnO heterostructures which has also been reported in Refs. [13,40].
Additionally, majority of charge is driven from ZnO to P (in P-ZnO) and
SiC (in SiC-ZnO), making it p-type semiconductor after vdW stacking
with P and SiC monolayers, respectively.

In general, the heterostructures used in the electronic and photo-
electronic devices, are subjected to experience external electric field.
Thus, it is important to explore the electronic properties of P-ZnO and
SiC-ZnO heterostructures under external electric field along z-direction,
see inset in Fig. 4f. Since, electric field applied in negative direction
only enlarges the band gap with no considerable alteration in the type
of band alignment therefore; external electric field in the positive di-
rection is mainly taken into account here. In Fig. 4(a—e), the electronic
band structures and partial density of states (PDOS) of these
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heterobilayers are presented with different strengths of electric fields.
The positive direction electric field is taken from ZnO to P(SiC)
monolayer. For P-ZnO heterostructure, a small decrease in band gap is
noted with increase in strength of electric field from 0.1 to 0.4 V/A. A
dramatic transition from type-I to type-II band alignment (with VBM
(CBM) dominated by p-states of O(P) atoms in P-ZnO) is found under
the external electric field strength (0.1-0.9 V/A). More interestingly, an
indirect (type-II) to direct (type-II) semiconducting band gap transition
with VBM and CBM (shifted down) located at I'-point of the Brillouin
zone, is noted at 0.5 V/A electric field strength, see Fig. 4b, and this
direct band gap character (with decreasing value) is preserved under
0.6-0.9 V/A, see in Fig. 4f. However, a direct semiconducting band gap
to metal transition is observed with further increasing the electric field
to 1.0 V/A, see Fig. 4c. Similar tendencies in reduction in band gap from
direct type-II semiconducting gap to metal transition is also demon-
strated in SiC-ZnO under 0.1-0.8V/A electric field strength, see
Fig. 4(d, e). Moreover, it is clear from calculated partial density of states
(PDOS) that P-3p/Si-3p and O-2p states hybridize at Fermi level in P-
Zn0/SiC-ZnO heterobilayer systems as shown in Fig. 4(c, e). These
drastic variation in the type and size of band gap are attributed to the
orbitals located at I'-point of CBM, which are highly sensitive to the
applied perpendicular electric field than orbitals of the M-point of VBM
[41].

3. Conclusion

To summarize, first principles calculations are performed to in-
vestigate and modulate the electronic properties of P-ZnO and SiC-ZnO
vdW heterostructures under the perpendicular external electric filed.
The commensurate heterostructures reveal indirect type-I (direct type-
II) semiconducting band character in P-ZnO (SiC-ZnO). A dramatic
transition from type-I to type-II semiconducting band alignment occurs
in P-ZnO under the external electric field strength 0.1 V/A.
Interestingly, an indirect to direct type-II semiconducting band transi-
tion with reduced band gap value is found when the applied field
reaches 0.5 V/A. Furthermore, increase in electric field drastically re-
duces the size of band gap of P-ZnO (from 0.1 to 0.9 V/A) and SiC-ZnO
(from 0.1 to 07 V/A). However, a direct type-II semiconductor to me-
tallic nature is obtained at 1.0 V/A (for P-ZnO) and 0.8 v/A (for SiC-
Zn0). The present work is beneficial and opens up an avenue for po-
tential applications of these heterostructures in electronic and optoe-
lectronic device applications.
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