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Electronic structure, optoelectronic properties and
enhanced photocatalytic response of GaN-GeC
van der Waals heterostructures: a first principles
study
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In this work, we systematically studied the electronic structure and optical characteristics of van der Waals
(vdW) heterostructure composed of a single layer of GaN and GeC using first principles calculations. The
GaN-GeC vdW heterostructure exhibits indirect band gap semiconductor properties and possesses
type-Il energy band arrangement, which will help the separation of photogenerated carriers and extend
their lifetime. In addition, the band edge positions of the GaN-GeC heterostructure meet both the
requirements of water oxidation and reduction energy, indicating that the photocatalysts have the

potential for water decomposition. The GaN-GeC heterostructure shows obvious absorption peaks in
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Accepted 12th June 2020 the visible region, leading to the efficient use of solar energy. Tensile and compressive strains of up to
10% are also proposed. Tensile strain leads to an increase in the blue shift of optical absorption, whereas

DOI: 10.1039/d0ra04143a a red shift is observed in the case of the compressive strain. These fascinating characteristics make the
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1 Introduction

Following the successful exfoliation of graphene, scientists are
motivated to the research of new two-dimensional materials
(2D) owing to their distinctive physical properties and prom-
ising application in optoelectronics and photocatalytics.'™
Among these 2D materials, graphene like hexagonal GeC and
GaN monolayers have gained much attention due to their wide
band gap, which makes them suitable for designing opto-
electronics, photovoltaic devices, and heterostructures.'**>
Experimentally, GeC monolayer was first prepared by the
chemical vapor deposition (CVD) technique* and laser abla-
tion."**> 2D GeC monolayer has a planar structure which is
dynamically stable and has a good optoelectronic
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GaN-GeC vdW heterostructure a highly effective photocatalyst for water splitting.

performance.'®*® Due to the higher Poisson's ratio and lower
stiffness of GeC monolayer as compared to graphene,* it
achieves enhanced electronic, optoelectronic, and photovol-
taic device applications.”® Similar to GeC monolayer,
graphene-like gallium nitride (g-GaN) has also received much
attention due to its semiconducting character with a wide
band of about 4 eV.”* The GaN monolayer has also been
successfully fabricated in experiment from the migration-
enhanced encapsulated-growth.”” Based on the progress of
2D material synthesis, a new exciting field is emerged to
assemble separated 2D materials into numerical layered het-
erostructures in a precisely controlled sequence, namely vdW
heterostructures.”*?” These structures will provide many novel
platforms for conducting new phenomena and fabricating
future nanoelectronic devices. Due to the weak interlayer
interactions, occurring in these layered vdW heterostructures,
they can be easily fabricated in various common techniques.
So far, many vertical stacked vdW heterostructures have been
theoretically predicted, even though experiments, and used to
manufacture nanodevices with desired characteristics and
unique functions.?®** Most recently, GeC-MSSe (M = Mo, W),
g-GaN-transition metal dichalcogenides,* blueP-SiC-BSe
heterostructures,® Janus-Janus heterostructures,*® TMDCs—
TMDCs heterostructures,*” SiC-TMDCs heterostructures® and
SnSe,-MoS, (ref. 39) heterostructures have been predicted
theoretically and fabricated experimentally. More interest-
ingly, these heterostructures exhibit acceptable band
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alignments for the redox potentials of water, making them
promising candidate for splitting applications.
Furthermore, GeC and GaN monolayers have the same
hexagonal structure, resulting in a small difference in lattice
parameters, providing a beneficial to the growth of GeC-GaN
bilayer in experiment. In view of all above mentioned studies,
in this work, the electronic structure, charge transfer, optical
and photocatalytic properties of GeC-GaN vdW hetero-
structures are investigated using first-principles calculations.
Our results shows that GeC-GaN heterostructures could be
a promising material for future optoelectronics and
photocatalytics.

water

2 Computational methods

In this work, all the electronic and optoelectronic properties of
GeC-GaN heterostructure are investigated through first-
principles calculation,*® which is implemented in Vienna ab
initio simulations.*"*> To describe the weak vdW interactions,
used Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA).** The cutoff energy for plane wave
basis is set to be 500 eV. We set the forces of 0.01 eV A~* for
atomic positions relaxation, while energy conversion criterion is
set to be 10~° eV. A vacuum space of 25 A is added along the z
direction of heterostructure to prevent possible periodic
boundary conditions. It is clear that the PBE-GGA underesti-
mates the band gaps of materials, so here we used hybrid Heyd-
Scuseria-Ernzerhof (HSE06)** to obtain a more accurate band
gap value. To check the thermal stability of these systems, we
used the ab initio molecular dynamics simulations (AIMD).**
Phonon dispersions were obtained by the interatomic-force-
constant matrix with a grid of (9 x 9 x 1) k-point mesh using
density functional perturbation theory (DFPT).

The imaginary part of dielectric function is calculated as
follows:

we

4r?

o) = 7oz

S e lpalk) o (e — e — ) (1)
i€ VB,jeCB k
Here, V and w represent the unit cell volume and photon
frequency, respectively. With considering an effective unit cell
volume (Veg), the imaginary part of dielectric function can be
rewritten as:**

er(w) (2)

3 Results and discussion

We first check the lattice parameters and electronic properties
of the constituent GaN and GeC monolayers. The optimized
structure of GaN and GeC monolayers is depicted in Fig. 1. The
lattice constant of GaN and GeC monolayers is calculated to be
3.26 A and 3.25 A, respectively. The lattice mismatch in the
GeC-GaN heterostructure is very small of about 0.3%, making it
easy to form a stable 2D heterostructure. The band structures of
GaN and GeC monolayers are calculated by HSE06 method as
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Fig. 1 Top view and side view of (a) GaN and (b) GeC monolayers.

I I

shown in Fig. 2. The band gap of GaN and GeC monolayers is
3.19 eV and 3.20 eV, respectively. The GaN monolayer has an
indirect band gap semiconductor with the valence band
maximum (VBM) at K-point and the conduction band
maximum (CBM) at I" point. While, the GeC monolayer is
a direct band gap semiconductor both the CBM and VBM at the
K-point. All these results are comparable with previous
reports.'”'%4

For GeC-GaN heterostructure, we consider six possible
staking configurations, as depicted in Fig. 3. For stacking-1,
a Ge atom is on top of a Ga atom while a C atom is on top of
a N atom; for stacking-2, a C atom is placed on top of a Ga atom
and a Ge atom is on top of a N atom; for stacking-3, a Ge is on
a top of a N atom, while a C atom is centered at a Ge-C
hexagonal ring; for stacking-4, a Ge atom is on top of a Ga atom,
while a C atom is centered at a Ge-C hexagonal ring; for
stacking-5, a C atom is on top of a Ga atom, while a Ge is
centered at a Ge-C hexagonal ring; for stacking-6, a C atom is
placed on top of a N atom, while a Ga atom is centered at a Ge-C
hexagonal ring. All these configurations are illustrated in Fig. 3.
To compare all these stacking configurations, we further
calculate their binding energies and interlayer spacing*®* as
follows:
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Fig. 2 Electronic band structure obtained by HSEO6 method of (a)
GaN (b) GeC monolayers, respectively.
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Fig. 3 Possible stacking configurations of GeC-GaN vdW heterostructure; (a) stacking-1, (b) stacking-2, (c) stacking-3, (d) stacking-4, (e)

stacking-5, (f) stacking-6, respectively.

Table 1 Calculated interlayer distance (A), binding energy (meV A2, band gap (eV), band nature and band alignment of the GaN-GeC het-

erostructure for different stacking configurations

D E, E, (PBE/HSE) Band nature Band alignment
Stacking-1 3.24 —39.81 1.52/2.21 Indirect Type-II
Stacking-2 3.21 —40.61 1.97/2.76 Indirect Type-II
Stacking-3 3.32 —36.66 1.28/2.16 Indirect Type-II
Stacking-4 3.35 —34.97 1.30/2.23 Indirect Type-II
Stacking-5 3.34 —35.14 1.96/2.89 Indirect Type-II
Stacking-6 3.31 —37.46 1.92/2.85 Indirect Type-1I

Here, Egec-cany Ecec and Eg,y represent the total energies of
GeC-GaN heterostructure, isolated GeC and GaN monolayers,
respectively. A represents the surface area of such hetero-
structure. The calculated binding energy of GeC-GaN hetero-
structure for different stacking configurations is listed in
Table 1.

One can find from Table 1 that the interlayer distance of the
GaN-GeC heterostructure for different stacking configurations
are ranging from 3.21 A to 3.35 A. It is clear that these values of
interlayer distance are comparable with those in other vdW-
typical heterostructures.*® The stacking-2 of the GaN-GeC het-
erostructure has the smallest interlayer distance as compared to
others one. Furthermore, we can find that the negative value of
the binding energy indicates that the GaN-GeC heterostructure
for six stacking configurations is energetically stable. The
stacking-2 of the GaN-GeC heterostructure has the lowest
binding energy. The shortest interlayer distance of 3.21 A and
the lowest binding energy of —40.61 meV A2 as listed in Table 1
demonstrate that the stacking-2 is the most energetically
favorable stacking configuration of the GaN-GeC hetero-
structure. In addition, it is clear that the binding energy values
of the GaN-GeC heterostructure for six stacking configurations
are comparable with those of other vdW heterostructures.**"*
These findings demonstrate that the GaN-GeC heterostructure
for six stacking configurations is characterized by the weak vdW
forces. We further perform the AIMD simulation of the most
stable structure to check its thermal stability at room temper-
ature of 300 K for total 6 ps with a time interval of 1 fs, as dis-
played in Fig. 4. One can find from Fig. 4 that there is no
distortion in the atomic structure of the GeC-GaN

This journal is © The Royal Society of Chemistry 2020

heterostructure after heating 6 ps. Moreover, we find that the
fluctuation of the total energy of the GaN-GeC heterostructure
befor and after heating 6 ps is very small. All these findings
indicate that the GaN-GeC heterostructure retains its geome-
tries without any structural distortion, confirming the thermal
stability of such heterostructure.

The projected and weighted band structures of the most
energetically favorable stacking configuration of GeC-GaN vdW
heterostructure are illustrated in Fig. 5. It is clear that the GeC-
GaN vdW heterostructure is an indirect band gap semi-
conductor with the VBM at I" point and the CBM at the K-point.

Total Energy (eV)

1 1 1 1 1 1
0 1000 2000 3000 4000 5000
Time (ps)

6000

Fig. 4 Snapshots of the atomic structure of the most energetically
favorable stacking configuration of GeC-GaN heterostructure (a)
before and (b) after heating 6 ps. (c) AIMD simulation of the fluctua-
tions of total energy as a function of the time step at room
temperature.

RSC Adv, 2020, 10, 24127-24133 | 24129
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Fig. 5 Electronic band structure of the GeC-GaN vdW hetero-
structure obtained from (a) PBE and (b) HSEO6 method. (c) The
weighted band structure of GeC-GaN vdW heterostructure.

The calculated band gap value given from PBE and HSE06
methods of the GeC-GaN vdW heterostructure is 1.97 eV and
2.76 €V, respectively. Such band gap value of the GeC-GaN vdW
heterostructure is smaller than that of both individual GeC and
showing that the formation of vdwW
heterostructure results in a reduction of the band gap. Inter-
estingly, the band gap of the GeC-GaN vdW heterostructure for
both PBE and HSE calculation is greater than the required band
gap of photocatalyst (1.23 eV), confirming potential application
of GeC-GaN vdW heterostructure as a visible light photo-
catalyst.*® To check GeC-GaN vdW heterostructure for type-I
and type-II band alignment, we provide the weighted band
structures of such vdW heterostructures, as illustrated in
Fig. 5(c). One can find that the VBM of the GeC-GaN hetero-
structure comes from the GaN monolayer, while its CBM is
contributed by the GeC monolayer, resulting in the formation of
the type-II band alignment, which will spontaneously separate
the free electrons and holes, enabling the high efficiency opto-
electronics and solar energy conversions.***® Moreover, it is
clear from Fig. 5(c) that the VBM is due to the N-p, orbitals of
the GaN monolayer, while the CBM comes from the Ge-p,
orbitals of the GeC monolayer. This orbital overlaps can modify
the orbitals and can enhance the optical absorption.

To further understand the charge redistribution of the GaN-
GeC heterostructure, we calculate the charge density difference,
which can be obtained as follows:

GaN monolayers,*”***

Ap = PGaN-GeC — PGaN — PGeC (4)

Here, pgan-cecy Pcan and pgec, respectively, are the charge
densities of GaN-GeC heterostructure, the constituent GaN and
GeC monolayers. The charge density difference of the GaN-GeC
heterostructure is displayed in the inset of Fig. 6(a). The yellow
and cyan regions represent the charge accumulation and
depletion, respectively. It demonstrates that the charges are
mainly accumulated in the side of GeC layer, whereas the
charge depletion is observed around the GaN layer. It indicates
that the electrons are transferred from the GaN to the GeC layer
in the GaN-GeC heterostructure. To present a qualitative
understanding of the charge transfer in the GeC-GaN vdwW
heterostructure, we further perform the Bader charge analysis,
as shown in Fig. 6(a). Bader charge analysis shows that about
0.12 electrons are transferred from the GaN to the GeC layer.
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Fig. 6 (a) The plane averaged charge density difference and (b)
electrostatic potential of GaN-GeC vdW heterostructure along the z
direction. AV represents the potential drop. The inset in (a) represents
the charge density difference in GaN-GeC heterostructure.

The small amount of charge transfer can be linked with the
close atomic electronegativity values (Ga-1.81, N-3.04, Ge-2.01,
C-2.55). In addition, the electrostatic potential of the GeC-
GaN heterostructure indicates that the GeC layer has a deeper
potential than the GaN layer, driving electrons to move from the
GaN layer to GeC. The potential drop (AV) across the bilayer is
found to be 5.2 eV. Consequently, the excitonic behavior of
GeC-GaN vdW heterostructure is quite different from that of
the isolated layers, facilitating the separation of electrons and
holes.

The calculated imaginary part of dielectric function in Fig. 7
demonstrates that the GeC-GaN vdW heterostructure possesses

10 T T T T T
8 - -
3 °f T
wN 4 - -
2k -

O 1 1

0 2 4 6 8 10 12
Energy (eV)
Fig. 7 Imaginary part of dielectric functions of GeC-GaN vdW het-

erostructure as a function of photon energy.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Band alignment of GeC-GaN vdW heterostructure with
respect to the redox potentials of water.
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Fig. 9 Phonon spectra of the GaN-GeC heterostructure under
different strains of (a) —10% (compressive strain), (b) 0% (unstrained
state) and (c) +10% (tensile strain), respectively.

a first absorption peak at the visible region of 619.9 nm, and
several peaks that almost cover nearly the entire incident solar
spectrum.> Therefore, it is obvious that the GeC-GaN vdW
heterostructure acts as a high-performance absorber of
sunlight, which is useful for attaining high-efficiency photo-
catalyst. Furthermore, to gain more insight into the possible
application of the GeC-GaN vdW heterostructure in photo-
catalyst, we use Mulliken electronegativity method®*** to check

View Article Online
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GeC-GaN vdW heterostructure as water splitting at acidic
solution, as illustrated in Fig. 8. It is obvious that the VBM and
CBM of the GeC-GaN heterostructure are higher than those of
standard redox potentials, providing enough force to drive the
photogenerated electrons and holes to dissociate water into H"
= H, and O, = H,O0 for acidic solution. It should be noted that
both monolayers GeC and GaN have favorable band positions
for water splitting at pH = 0, but their oversize band gaps are
unfavorable to absorb solar spectrum, reducing their potential
conversion efficiency.*® Therefore, it is verifying that the GeC-
GaN vdW heterostructure might have promising applications
for hydrogen generation in both acidic and neutral environ-
ments by water splitting.

Next, we will discuss the effect of strain on the band
alignment and optical properties of the GeC-GaN hetero-
structure. The phonon dispersion curves of the GeC-GaN
heterostructure without and with the presence of large tensile
and compressive strains are depicted in Fig. 9. One can find
from Fig. 9 that the GaN-GeC heterostructure are mechanical
stability under large compressive and tensile strains of 10%
with no negative frequencies. The band structures of the GeC-
GaN heterostructure under different tensile and compressive
strains are depicted in Fig. 10. One can see that by applying the
tensile strain the band gap of GeC-GaN vdW heterostructure
slowly decreases, while such band gap increases with
increasing the compressive strain. We also consider the
changes in the imaginary part of dielectric function of the
GeC-GaN heterostructure under different tensile and
compressive strains, as depicted in Fig. 11. With the presence
of the tensile strain, there is an increase in the blue shift of
optical absorption, whereas the red shift is observed in the
case of the compressive strain. These fascinating characteris-
tics make the GaN-GeC vdW heterostructure a highly effective
photocatalyst for water splitting.
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Fig. 10 Electronic band structure of tensile (blue) and compressive strain (red) of GeC-GaN vdW heterostructure.
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4 Conclusions

In summary, through the first principle calculations, we have
investigated the electronic, optical and photocatalytic prop-
erties of the GeC-GaN vdW heterostructure as well as the
effects of tensile and compressive strains. The GeC-GaN vdW
heterostructure is an indirect band gap semiconductor with
type-1I band alignment. In the GeC-GaN vdW heterostructure
the GaN layer donates electrons to GeC layers. The GeC-GaN
vdW heterostructure also exhibits a significant optical
absorption in visible region. The band edges of GeC-GaN vdW
heterostructure straddle the redox potential, hence showing
potential photocatalysts for water splitting. Furthermore, our
findings reveal that strains can tune both the band alignment
and optical absorptions of the GeC-GaN heterostructure,
making it promising candidate for enhanced photocatalytic
activity of hydrogen generation from water. Our results also
can provide valuable guidance for synthesis of GeC-GaN vdW
heterostructure and for its potential applications as
photocatalysts.
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