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study of electronic structure and
photocatalytic performance of GaN–MX2 (M ¼
Mo, W; X¼ S, Se) van der Waals heterostructures

Fawad Khan,a M. Idrees,b C. Nguyen, *c Iftikhar Ahmada and Bin Amin *d

Modeling novel van der Waals (vdW) heterostructures is an emerging field to achieve materials with exciting

properties for various devices. In this paper, we report a theoretical investigation of GaN–MX2 (M ¼ Mo, W;

X¼ S, Se) van der Waals heterostructures by hybrid density functional theory calculations. Our results

predicted that GaN–MoS2, GaN–MoSe2, GaN–WS2 and GaN–WSe2 van der Waals heterostructures are

energetically stable. Furthermore, we find that GaN–MoS2, GaN–MoSe2 and GaN–WSe2 are direct

semiconductors, whereas GaN–WS2 is an indirect band gap semiconductor. Type-II band alignment is

observed through PBE, PBE + SOC and HSE calculations in all heterostructures, except GaN–WSe2
having type-I. The photocatalytic behavior of these systems, based on Bader charge analysis, work

function and valence and conduction band edge potentials, shows that these heterostructures are

energetically favorable for water splitting.
1 Introduction

Developing material with desired characteristics for specic
applications is the most challenging aspect of modern science
and technology. Graphene is favored for its extraordinary
properties, such as high Young's modulus and high electrical
conductivity.1,2 Graphene is a zero band gap material,2 although
it ensures excellent electrical properties. The lack of band gap
prevents its use in low-power electronic switching logic
circuits.3,4 Aer graphene, the research elds are dominated by
layered TMDCs like disulde, diselenide, ditelluride and uo-
ride.5,6 The TMDC family has more than 40 different combina-
tions of multi-layer elements, such as black phosphorous7 and
ve layers of selenium.8

MoS2 is a prominent TMDC with a layered structure, capable
of converting from an indirect band gap of 1.2 eV to a direct
band gap of 1.9 eV,9,10 when reduced from bulk to single layer.
Monolayer MoS2 has mobility of 200 cm2 V�1 s�1 and high on/
off ratio at room temperature,11 which makes it suitable mate-
rial for many applications in optoelectronics.12 Like MoS2, when
the layers of MoSe2 is reduced to several are single layer, the
nature of band gap (1.1 eV) changes to a direct (1.55 eV).13

Monolayer MoSe2 is a semiconductor having high efficiency of
photoconversion, which makes it suitable for high-efficiency
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electronic devices. Interlayer spacing in MoSe2 is 0.646 nm,
which is comparatively wider than MoS2 (0.615 nm) and
graphite (0.335 nm).14,15 The tuning of band gap in MoSe2 is
possible by applying mechanical strain or external electric eld.
Therefore, MoSe2 is considered as an ideal material in opto-
electronic devices such as light emitting diodes16 and eld effect
transistors.17 The large number of active sites, stability and low
cost make MoSe2 as an efficient catalyst for hydrogen evaluation
reaction.18

The large size of tungsten has attracted the attention of
researches on tungsten chalcogenides 2D structure. The natural
abundance of tungsten is similar to Mo but is heavier element
than Mo. Furthermore, Mo is highly consumed in industries
while it has lower consumption, which makes tungsten more
advantageous in industrial applications. WSe2 is used in various
applications like photodetectors19–21 and eld effect transis-
tors.22–26 Like other TMDCs, in WSe2 the W element is sand-
wiched between two layers of Se atoms. The properties of MoS2,
MoSe2, WS2 and WSe2 are similar to each other and hence it is
appropriate to study these TMDCs altogether.27–29

More recently, a novel 2D graphene-like gallium nitride
(GaN) has been synthesized through migration-enhanced
encapsulated growth.30 2D GaN is known to be an indirect
band gap semiconductor.31 Moreover, the electronic properties
of GaNmonolayer are very sensitive to other conditions, such as
electric eld,32 surface functionalization33 and constructing
heterostructures.34,35 These investigations demonstrate that 2D
GaN monolayer can be considered as a promising candidate for
high-performance optoelectronic and nanoelectronic
devices.36–38 GaN is also attempted for photocatalytic water
RSC Adv., 2020, 10, 24683–24690 | 24683
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Fig. 1 Top and side view of the free standing (a) MX2 (M ¼ Mo, W; X ¼
S, Se) and (b) GaN monolayers.
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splitting due to its high thermal conductivity and good chem-
ical and thermal stability.39

The energy crisis and environment problem can be easily
resolved if sufficient and clean energy could be achieved
through photocatalysis. Aer the catalytic water splitting on
TiO2 electrodes, huge number of photocatalyst are developed.40

When a photocatalytic material is exposed to sunlight, electron–
hole pairs are produced. In photocatalysis the material acts as
a catalyst for solar energy conversion and H2 is produced from
water, when it is exposed to light41,42 that can be utilized as
a source of green energy. A low photocatalytic activity in semi-
conducting material is due to the easily recombination of
excited and unstable electrons and holes.43 To increase the
photocatalytic activity it is important to design materials with
diverse properties like crystal structure,44 particle size45 and
crystallinity.46 The separation and migration of charges in these
materials are efficient and light absorbing range is broader. For
an efficient photocatalyst several requirements must be criti-
cally satised, such as the band gap of the semiconductor must
be suitable and with respect to water redox potential such that
the conduction band minimum and the valance band
maximum must have reasonable positions.47,48 In layered
material the optical absorption can be tuned by adjusting its
band gap and thus can be considered advantageous as a pho-
tocatalyst in comparison to other conventional materials, while
the recombination of photogenerated holes and electrons are
much decreased due to high carrier mobility and ultrathin
nature. The performance of photocatalysis in layered materials
is also increased due to its large surface area with potentially
reactive sites.49

Modeling novel van der Waals (vdW) heterostructure is an
emerging eld to achieve materials with exciting properties for
various devices. In a vdW heterostructure, the layers are
assembled in a precisely controlled sequence,50,51 which
provides a platform for designing novel materials with new
phenomena in nanoelectronics. In these heterostructures, the
interlayer interaction is vdW, which offers a wide range of
materials based on the lattice matching of the individual layers.
So far, a large number of vertically stacked vdW hetero-
structures are experimentally and theoretically investigated,
and they are found with good properties for electronic and
optoelectronic applications.52 Heterostructure photocatalysts
are promising materials with better photocatalytic properties
than that of the individual layers.53 In a formed heterostructure,
the band gap width and positions are effectively tuned to reach
the requirement of a photocatalyst. In a type-II heterostructure,
having reasonable values, the hydrogen and oxygen are gener-
ated at the opposite side of the material, and hence the holes
and electrons can be effectively separated, which leads to an
improvement in the water splitting efficiency.54

Therefore, in this work, considering all the superior prop-
erties of both monolayers GaN and MX2 (M ¼Mo, W; X ¼ S, Se),
we construct the vdW heterostructures based on GaN and MX2

monolayers and investigate their electronic properties and
photocatalytic response using rst principles calculations. Our
results indicate that GaN–MoS2, GaN–MoSe2, GaN–WS2 and
GaN–WSe2 van der Waals heterostructures are energetically
24684 | RSC Adv., 2020, 10, 24683–24690
stable. Furthermore, the GaN–MoS2, GaN–MoSe2, GaN–WS2
heterostructures form type-II band alignment, in which the
oxidation and reduction reaction will be induced at different
layers. The photocatalytic behavior of these heterostructures
that based on Bader charge analysis, work function and valence
and conduction band edge potentials, show that these hetero-
structures are energetically favorable for water splitting.

2 Computational details

First-principles calculations based on density functional theory
(DFT)55 are performed with Vienna ab initio simulation package
(VASP) using the projector augmented wave (PAW) method.56

The Perdew–Burke–Ernzerhof (PBE) form of generalized
gradient approximation (GGA)57 and the Heyd–Scuseria–Ern-
zerhof hybrid functional (HSE06)58 are used to describe the
electron exchange and correlation energy. The DFT long-range
dispersion correction (DFT-D2) method proposed by
Grimme,59 is adopted for vdW correction to the PBE functional.
Spin orbit coupling (SOC) effect is signicant in TMDCs and
Janus monolayers hence; SOC is also taken into account in our
calculations. The SOC is incorporated by a second variational
method,60 which uses scalar-relativistic basis, based on the
reduction of original basis. In variation method, the scalar
relativistic part of Hamiltonian is diagonlized in scalar relativ-
istic basis and the calculated eigen functions are then used to
construct the full Hamiltonian matrix including SOC. The
kinetic energy cutoff of the plane wave is set to 500 eV. All the
geometric relaxation and self consistent iteration are nished
until the force on each atom and energy difference between
electronic steps are converged to 0.001 eV Å�1 and 10�5 eV,
respectively. The k-point mesh of the Brillouin zone integration
is sampled by a 6 � 6 � 1 for geometric relaxation and 12 � 12
� 1 centered k-mesh for the optimized structures to achieve
high accuracy. The vacuum along z-direction is set to 25 Å to
avoid articial interaction between the adjacent slabs.
This journal is © The Royal Society of Chemistry 2020



Table 1 Binding energies (EI, EII, EIII, EIV in eV), interlayer distance (D in Å), lattice constant (a in Å), band gap (Eg in eV), work function (F),
conduction and valence band edges (ECBM, EVBM in eV) of GaN–TMDCs heterostructure

Heterostructures GaN–MoS2 GaN–MoSe2 GaN–WS2 GaN–WSe2

EI/DI �0.2096/3.28 �0.2775/3.27 �0.2902/3.26 �0.3291/3.26
EII/DII �0.2118/3.24 �0.2776/3.21 �0.2905/3.22 �0.3292/3.24
EIII/DIII �0.2116/3.29 �0.2413/3.30 �0.2653/3.33 �0.2871/2.28
EIV/DIV �0.2049/3.27 �0.2274/3.31 �0.2563/3.25 �0.2695/3.29
a 3.21 3.28 3.23 3.29
Eg (PBE) 1.415 1.425 1.563 1.659
Eg (PBE + SOC) 1.397 1.242 1.354 1.334
Eg (HSE) 2.139 1.584 2.10 2.27
F 1.383 1.527 1.497 1.009
EVBM 1.317 1.120 1.510 1.445
ECBM �0.098 �0.121 �0.053 �0.213
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3 Result and discussion

Optimized structures of freestanding TMDCs and GaN mono-
layers are shown in Fig. 1. The calculated lattice constants of
GaN, MoS2, WS2, MoSe2 andWSe2 are 3.25 Å, 3.16 Å, 3.29 Å, 3.17
Å and 3.29 Å, respectively, which show the small lattice
mismatch of less than 3%. It is quite difficult to control the
orientation of monolayers in mechanical exfoliation and/or
subsequent staking in fabrication of 2D vdW heterostructures.
Layer stacking can effectively modulate the electronic structure
in the formation of vdW heterostructures.61 Therefore, using the
optimized lattice constant of GaN and TMDCs monolayers, four
possible stacking congurations in the form of GaN–MX2 (M ¼
Mo, W; X ¼ S, Se) vdW heterostructures are investigated. In
stacking (I) the Ga atom placed on the top of Mo/W atom, while
the N atom on the top of S/Se atom. In stacking (II) the Ga atom
placed on the top of S/Se atom while the N atom on the top of M/
W atom. In stacking (III) the Ga atom placed on the top of M/W
atom while the N atom is in the hexagonal site. In stacking (IV)
the N atom placed on the top of M/W atom while the Ga atom is
Fig. 2 Thermal stabilities of (a) GaN–MoS2 (b) GaN–MoSe2, (c) GaN–W

This journal is © The Royal Society of Chemistry 2020
in the hexagonal site. We check the structural stability of these
heterostructures by calculating the binding energy, interlayer
distance and thermal stability. Binding energy is the difference
in the total energy of the heterostructures and their parent
monolayers as follows:

Eb ¼ EGaN–MX2
� EGaN � EMX2

(1)

Here, EGaN–MX2
, EGaN and EMX2

, respectively, are the total ener-
gies of GaN–MX2 heterostructure, the constituent GaN and MX2

monolayers. The binding energy and interlayer distance of
GaN–MX2 heterostructures for different stacking congurations
are listed in Table 1. One can nd that the interlayer distances
of GaN–MX2 heterostructures for all stacking congurations are
in the range of (3.21 O 3.33) Å. These values are comparable
with typical vdW systems,62 conrming that all these hetero-
structures are formed by vdW forces. Smaller binding energy
and shorter interlayer distance of the GaN–MX2 heterostructure
demonstrate that the stacking (II) is the most energetically
favorable stacking conguration. The AIMD simulations of the
GaN–MX2 heterostructures for the most energetically favorable
S2 and (d) GaN–WSe2 van der Waals heterostructures.

RSC Adv., 2020, 10, 24683–24690 | 24685



Fig. 3 Top and side view of the stable staking of GaN–MX2 (M ¼
Mo, W; X ¼ S, Se), where red (green) represent the Ga (N) atoms while
yellow (gray) represents the Mo/W (S/Se) atoms, respectively.
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stacking congurations are also performed and displayed in
Fig. 2 to conrm their thermally stable at room temperature.
One can see that the uctuations in total energy of the GaN–MX2

heterostructures before and aer 6 ps are quite small, demon-
strating that the GaN–MX2 heterostructures are thermal
stability at room temperature.
Fig. 4 Band structures of (a) GaN–MoS2, (b) GaN–MoSe2, (c) GaN–WS2 a
and HSE06 calculations, respectively.

24686 | RSC Adv., 2020, 10, 24683–24690
The atomic structure of the GaN–MX2 heterostructures for
the most energetically favorable stacking conguration (stack-
ing II) is depicted in Fig. 3. The electronic band structures of
GaN–MX2 (M ¼Mo, W; X¼ S, Se) heterostructures in stacking II
calculated by PBE and HSE06 are displayed in Fig. 4 as well as
their band structures given by PBE + SOC in Fig. 5. Moreover,
the band gap values of GaN–MX2 heterostructure for different
methods are listed in Table 1. For PBE GaN–MoS2 Fig. 4(a) vdW
heterostructures shows direct band gap semiconductor nature
with CBM and VBM at the M point of Brillion zone. It is clear
that PBE method underestimates the band gap values, there-
fore, we have also used the HSE06 method for obtaining more
accurate band gap. Obviously, for HSE06 method in Fig. 4(a),
the GaN–MoS2 vdW heterostructures also shows semiconductor
with direct band gap of 2.139 eV, which is still smaller than that
of both monolayers, indicating that the formation of hetero-
structure results in a reduction of the band gap values. Inter-
estingly, these band gap values of heterostructures are still
larger than the minimum required band gap for the photo-
catalytic reaction (1.23 eV), showing the potential applications
of these vdW heterostructures as a visible light photocatalyst.
Inducing spin–orbit coupling (SOC) effects in GaN–MoS2 het-
erostructure split CBM and VBM, hence reduce the band gap
values, while the nature of band gap remains unchanged (see
nd (d) GaN–WSe2 respectively. Red and light green represents the PBE

This journal is © The Royal Society of Chemistry 2020



Fig. 5 Band structure of (a) GaN–MoS2, (b) GaN–MoSe2, (c) GaN–WS2
and (d) GaN–WSe2 respectively with SOC effect.

Fig. 6 Weighted band structure of GaN–MX2 (M ¼ Mo, W; X ¼ S, Se).

Fig. 7 Charge differences of (a) GaN–MoS2, (b) GaN–MoSe2, (c) GaN–
WS2 and (d) GaN–WSe2 respectively. The iso-value chosen to plot the
iso-surface is 0.001 eV Å�3.

Table 2 Bader charge distribution in the GaN–TMDCs vdW
heterostructures

Heterostructures GaN–MoS2 GaN–MoSe2 GaN–WS2 GaN–WSe2

Mo 0.0069 0.006 — —
W — — �1.0312 0.0068
Si �0.0007 — 0.1183 —
Si 0.023 — 0.9523 —
Sei — �0.0035 — �0.0019
Seii — 0.013 — 0.0117
Ga 0 0 0 0
N �0.0292 �0.0155 �0.0395 �0.0166
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Fig. 5(a)). In case of GaN–MoSe2, GaN–WS2 and GaN–WSe2 vdW
heterostructures the GaN–MoSe2 and GaN–WSe2 shows direct
band nature while GaN–WS2 shows indirect band nature with
the band gap value given in Table 1 for PBE/PBE + SOC/HSE06
method. Among these methods, HSE06 method gives more
accurate band gaps of GaN, MX2 monolayers and their hetero-
structures and thus, it can be concluded that the HSE06method
This journal is © The Royal Society of Chemistry 2020
provides the band gap values that are more consistent with
experimental measurements.

To check the contributions of substates in the VBM and CBM
we further calculate the weighted band structures of these vdW
heterostructures, as depicted in Fig. 6. One can observe that the
GaN–MoS2, GaN–WS2 and GaN–MoSe2 heterostructures form
the type-II band alignment. The VBM of the GaN–MoS2, GaN–
WS2 and GaN–MoSe2 heterostructures comes from N-pz orbitals
of the GaN layer, whereas their CBM is contributed by the MX2

layer. The type-II band alignment will spontaneously separate
the free electrons and holes, resulting high efficiency in opto-
electronic and solar energy conversion. On the contrary, the
GaN–WSe2 heterostructure possesses the type-I band align-
ment. Both the VBM and CBM of GaN–WSe2 heterostructure
come from the W-dz2 orbitals of the WSe2 layer, conrming the
formation of the type-I band alignment.
RSC Adv., 2020, 10, 24683–24690 | 24687
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In order to gain a deep insight into the origins of the
enhanced photocatalytic performance, we calculate charge
density difference (Dr) which is dened as:

Dr ¼ rGaN–MX2
� rGaN � rMX2

(2)

Here, rGaN–MX2
, rGaN and rMX2

, respectively, are the charge
densities of GaN–MX2 heterostructure, isolated GaN and MX2

monolayers. The charge density difference in the GaN–MX2

heterostructures are depicted in Fig. 7, where the blue dotted
represent the electrons gain and the yellow for electrons lose.
From Table 2, it is clear that for all heterostructures the charges
are transfer from the GaN monolayer to the MX2 layers. It also
demonstrates that in these heterostructures, the GaN become n-
type doped semiconductor while the MX2 layer become p-type
doped semiconductor. Hence these results also conrm type-
II band alignment, which slows down charge recombination
and is highly desirable for light harvesting applications.

The surface conditions of every material can easily affect the
work function, which results from altering the surface electric
eld induced by the distribution of electrons at the interface.
The work function is the amount of energy required to remove
an electron from the Fermi level surface of a solid vacuum at an
absolute zero. The work function along the z direction is
calculated by aligning the Fermi energy level with reference to
the vacuum energy level:63 F ¼ Evacuum � EFermi, where Evacuum
and EFermi are the energy of an electron at the stationary point in
the vacuum with respect to the surface and Fermi level,
respectively. The work function of the heterostructure is pre-
sented in Table 1. The work functions of the GaN–MX2 hetero-
structures are lower than those of the constituent monolayers
because of the efficient interfacial formation and charge
transfer at the interface.

To check the performance of GaN–TMDCs heterostructures
we have calculated the photocatalytic response of these heter-
ostructure at pH ¼ 0 using Mulliken electronegativity.64,65 The
equation for Mulliken electronegativity for VBM and CBM is
given by: EVBM¼ c� Eelec + 0.5Eg and ECBM¼ EVBM� Eg. In these
equations the c represents the geometric mean of Mulliken
electronegativities of the constituent atoms, Eelec is constant
value of 4.5 eV and Eg represents the band gap values. The band
Fig. 8 Valence and conduction band edge potentials of GaN–MX2 (M
¼ Mo, W; X ¼ S, Se), red for PBE while the blue represents the HSE06
method.

24688 | RSC Adv., 2020, 10, 24683–24690
alignment of these heterostructures with respect to the oxida-
tion–reduction reaction for water splitting at pH ¼ 0 for PBE
and HSE06 methods is depicted in Fig. 8. The water reduction
potential and the oxidation potential with respect to the vacuum
level are �4.44 eV and �5.67 eV, respectively. From the Fig. 8 it
is clear that for PBE calculation (red lines) for all hetero-
structures are energetically suitable positions of the band edges
which are just outside of the reduction and oxidation potentials
shows good response for water splitting at pH ¼ 0. As GaN–
TMDCs shows good response for water splitting at pH ¼ 0 at
PBE level, so for HSE06 the band gap of these heterostructures
further increasing and show more energetic response for water
splitting at pH ¼ 0. It indicates that in all these GaN–MX2 het-
erostructures, both the reduction potential EH+/H2

and the
oxidation potential EO2/H2O are lied between their VBM and the
CBM. It means that for all the GaN–MX2 heterostructures, the
VBM locates more positive than the water oxidation potential,
whereas the CBM is more negative than the hydrogen reduction
potential. These ndings make these heterostructures prom-
ising candidate for photocatalytic water splitting. In addition,
owing to the formation of the type-II band alignment, the redox
reactions of the GaN/MX2 heterostructures occur in different
layers, boosting for the separation of photogenerated charges.
Therefore, we can conclude that the GaN–TMDCs hetero-
structures are efficient photocatalysts for conversion of solar
light into hydrogen, which is an attractive technique for the
production of clean and renewable energy device applications.
4 Conclusion

In summary, we have investigated systematically GaN–TMDCs
heterostructures in detail, such as the electronic properties,
charge density difference, work function, band alignment and
photocatalytic properties using rst-principles calculations.
The thermal stability and binding energy studies conrm
stability of GaN–MoS2, GaN–MoSe2, GaN–WS2 and GaN–WSe2
heterostructures. It is found that GaN–MoS2, GaN–MoSe2 and
GaN–WSe2 heterostructures are direct band gap materials while
GaN–WS2 is indirect band gap semiconductor. Type-I band
alignment is conrmed in GaN–WSe2 and type-II in GaN–MoS2,
GaN–MoSe2 and GaN–WS2. Interlayer charge transfer shows
those electrons are transferred from GaN to TMDCs mono-
layers. The photocatalytic behavior of these systems reveals that
these heterostructures are suitable for water splitting at zero
pH.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Higher Education Commission of Pakistan (Grant No. 20-3959/
NRPU/R&D/HEC2014/234 and 5727/KPK/NRPU/R&D/HEC2016)
are gratefully acknowledged.
This journal is © The Royal Society of Chemistry 2020



Paper RSC Advances
References

1 C. Soldano, A. Mahmood and E. Dujardin, Carbon, 2010, 48,
2127–2150.

2 M. J. Allen, V. C. Tung and R. B. Kaner, Chem. Rev., 2010, 110,
132–145.

3 F. Xia, D. B. Farmer, Y.-m. Lin and P. Avouris, Nano Lett.,
2010, 10, 715–718.

4 J.-W. Jiang, Front. Phys., 2015, 10, 287–302.
5 M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P. Loh and
H. Zhang, Nat. Chem., 2013, 5, 263.

6 E. Vasilyeva, O. Tolochko, B. Kim, D. Lee and D. Kim,
Microelectron. J., 2009, 40, 687–691.

7 Z. Wang, R. Zhao, J. He, B. Zhang, J. Ning, Y. Wang, X. Su,
J. Hou, F. Lou, K. Yang, et al., Opt. Express, 2016, 24, 1598–
1603.

8 G. Zhang, H. Qin, J. Teng, J. Guo, Q. Guo, X. Dai, Z. Fang and
K. Wu, Appl. Phys. Lett., 2009, 95, 053114.

9 X. Li and H. Zhu, J. Materiomics, 2015, 1, 33–44.
10 R. Ganatra and Q. Zhang, ACS Nano, 2014, 8, 4074–4099.
11 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and

A. Kis, Nat. Nanotechnol., 2011, 6, 147.
12 X. Zhang, N. Biekert, S. Choi, C. H. Naylor, C. De-Eknamkul,

W. Huang, X. Zhang, X. Zheng, D.Wang, A. C. Johnson, et al.,
Nano Lett., 2018, 18, 957–963.

13 S. Tongay, J. Zhou, C. Ataca, K. Lo, T. S. Matthews, J. Li,
J. C. Grossman and J. Wu, Nano Lett., 2012, 12, 5576–5580.

14 X. Zhou, J. Jiang, T. Ding, J. Zhang, B. Pan, J. Zuo and
Q. Yang, Nanoscale, 2014, 6, 11046–11051.

15 H. Yu, C. Ma, B. Ge, Y. Chen, Z. Xu, C. Zhu, C. Li, Q. Ouyang,
P. Gao, J. Li, et al., Chem.–Eur. J., 2013, 19, 5818–5823.

16 R. Sundaram, M. Engel, A. Lombardo, R. Krupke, A. Ferrari,
P. Avouris and M. Steiner, Nano Lett., 2013, 13, 1416–1421.

17 X. Zhou, Z. Tian, H. J. Kim, Y. Wang, B. Xu, R. Pan,
Y. J. Chang, Z. Di, P. Zhou and Y. Mei, Small, 2019, 15,
1902528.

18 H. Tang, K. Dou, C.-C. Kaun, Q. Kuang and S. Yang, J. Mater.
Chem. A, 2014, 2, 360–364.

19 Z. Zheng, T. Zhang, J. Yao, Y. Zhang, J. Xu and G. Yang,
Nanotechnology, 2016, 27, 225501.

20 S.-H. Jo, D.-H. Kang, J. Shim, J. Jeon, M. H. Jeon, G. Yoo,
J. Kim, J. Lee, G. Y. Yeom, S. Lee, et al., Adv. Mater., 2016,
28, 4824–4831.

21 L. Ye, P. Wang, W. Luo, F. Gong, L. Liao, T. Liu, L. Tong,
J. Zang, J. Xu and W. Hu, Nano Energy, 2017, 37, 53–60.

22 T. Roy, M. Tosun, M. Hettick, G. H. Ahn, C. Hu and A. Javey,
Appl. Phys. Lett., 2016, 108, 083111.

23 J. Xu, J. Shim, J.-H. Park and S. Lee, Adv. Funct. Mater., 2016,
26, 5328–5334.

24 W.-M. Kang, I.-T. Cho, J. Roh, C. Lee and J.-H. Lee, Semicond.
Sci. Technol., 2016, 31, 105001.

25 J.-M. Park, I.-T. Cho, W.-M. Kang, B.-G. Park and J.-H. Lee,
Appl. Phys. Lett., 2016, 109, 053503.

26 B. Liu, Y. Ma, A. Zhang, L. Chen, A. N. Abbas, Y. Liu, C. Shen,
H. Wan and C. Zhou, ACS Nano, 2016, 10, 5153–5160.
This journal is © The Royal Society of Chemistry 2020
27 F. Dybała, M. Polak, J. Kopaczek, P. Scharoch, K. Wu,
S. Tongay and R. Kudrawiec, Sci. Rep., 2016, 6, 26663.

28 J. Kopaczek, M. Polak, P. Scharoch, K. Wu, B. Chen,
S. Tongay and R. Kudrawiec, J. Appl. Phys., 2016, 119, 235705.

29 Y. V. Morozov and M. Kuno, Appl. Phys. Lett., 2015, 107,
083103.

30 Z. Y. Al Balushi, K. Wang, R. K. Ghosh, R. A. Vilá,
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