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Effect of interfacial defects on the electronic
properties of graphene/g-GaN heterostructures
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To gain deep insights into their interactions, the effects of interfacial defects on the structural and electronic

properties of graphene/g-GaN heterostructures were investigated by using first-principles calculations. The
graphene/g-GaN-Vg, heterostructure maintains a p-type Schottky contact in the spin-up channel and the
Schottky barrier height (SBH) is decreased to 0.332 eV, but there is not a metal/semiconductor contact in
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the spin-down channel. However, the n-type SBH is negative for the graphene/g-GaN-Vy heterostructure,

indicating an ohmic contact. Furthermore, the SBH in the graphene/g-GaN heterostructure can be
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1. Introduction

Recently, a great number of two-dimensional (2D) materials as
promising candidates for next-generation electronic devices
have been discovered and studied due to their outstanding
properties."® Graphene, a 2D sp>-hybridized carbon monolayer,
is known to have many fascinating electronic and quantum
transport properties, such as massless Dirac fermions, high
carrier mobility and an intriguing quantum Hall effect, which
makes it a potential material in nanoelectronic and related
devices.”'® Unfortunately, the gapless nature of graphene
hinders its application in electronic devices.""'> Despite
considerable investigations toward bandgap opening in gra-
phene, most of these methods are difficult to execute or they
significantly sacrifice its high carrier mobility.

Currently, vertical heterostructures based on 2D van der
Waals (vdW) materials, which integrate the properties of their
respective components with ideal properties, are considered
a promising method to construct nanoelectronic and opto-
electronic devices.”™ Many 2D ultrathin hybrid graphene-
based vdW heterostructures have been widely studied experi-
mentally and theoretically, such as graphene/h-BN," graphene/
BP,* and graphene/TMDs.?! These graphene-based vdW heter-
ostructures show novel optoelectronic properties far beyond
their individual components. Moreover, for vdW hetero-
structures, most of the 2D materials form ideal substrates for
each other to preserve their intrinsic electronic properties due
to the lack of dangling bonds and the weak electron coupling
between sublayers. For example, GaN thin films on a graphene
layer exhibit excellent optical and electric characteristics and
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effectively modulated by the interlayer distance. The research could provide a strategy for the
development and fabrication of efficient novel nanoelectronic devices.

show promise for application in optoelectronic and electronic
devices.”® Tian and his colleagues reported that a hybrid
graphene/GaN phototransistor with a relatively large 15.2 mm?
active area can reach 361 mA W™ " at 10 V with a response time
of only ~5 ms, a much better performance than traditional GaN
photodetectors.? However, GaN in contact with flat graphene
exhibits Schottky behavior.** As we know, in a contact between
metals and semiconductors the Schottky barrier is mainly
contributed by the difference in Fermi level and associated
charge transport. To date, in order to solve the problem of the
contact barrier, many approaches have been developed to
extend the possible applications of 2D heterostructures, for
instance by changing interlayer distance, layer stacking or
electric fields.”?* There is a transition from an n-type to
a Schottky type contact at the graphene/GaN interface when the
interlayer distance decreases from 4.5 to 2.5 A.”” Moreover,
a band gap of up to 334 meV was obtained in graphene/
graphene/GaN when the perpendicular electric field reached
1V A~'.2® Subsequently, understanding the interaction between
g-GaN and graphene, and engineering the interfacial states are
crucial for future applications.

In this work, the effect of structural defects on the interfacial
states of graphene/GaN vdW heterostructures was investigated
using first-principles calculations. Then, the effect of the
interlayer coupling on the electronic properties of graphene/g-
GaN heterostructures with defects was explored. For compar-
ison, the effect of interlayer coupling on the electronic proper-
ties of graphene/g-GaN heterostructures without defects was
also explored. The results exhibited that structural defects have
a significant influence on the electronic properties of graphene/
g-GaN vdW heterostructures. Moreover, tunable Schottky
contacts and barrier can be achieved by modulating the inter-
layer coupling. The research is significant for the development
and fabrication of efficient novel nanoelectronic devices.

This journal is © The Royal Society of Chemistry 2019
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2. Computational methods

This work used density functional theory (DFT) with the pro-
jected augmented wave (PAW) method, as implemented within
the Vienna Ab-Initio Simulation Package (VASP).>>*> The
generalized gradient approximation was utilized as the
exchange-correlation functional, which can reasonably predict
the band gap of GaN.*® The vdW correction proposed by
Grimme was included in our calculations due to its good
description of long-range vdW interactions.** A dipole correc-
tion is considered in the z direction to remove the fake inter-
action between the dipole moments because the slab is not
symmetric. The heterostructure calculations were performed
using 5 x 5 x 1 and 13 x 13 x 1 Monkhorst-Pack K-point
meshes for relaxation and electron static calculations, respec-
tively. The Gaussian smearing method along the high symmetry
line of I'(0, 0, 0)-M(0, 1/2, 0)-K(—1/3, 2/3, 0)-I'(0, 0, 0) and
a broadening of 0.2 eV were adopted. The energy cutoff for
plane-wave expansion was set to 450 eV. A large vacuum space of
20 A was added to avoid interaction between adjacent images.
All atoms were allowed to be fully relaxed until the atomic
Hellmann-Feynman forces were smaller than 0.01 eV A~* and
the convergence criterion of energy in the self-consistency
process was set to 107° eV. Visualizations of supercells and
structures were attained with the software VESTA.*
The binding energy at the interface can be defined as

Eb = [EGaN/graphene - (EGaN + Egraphene)]/NCa (1)

where Ey, is the binding energy; Egan/graphenes Ecany a0d Egraphene
are the total energy of the graphene/g-GaN heterostructure, g-
GaN monolayer, and graphene monolayer, respectively; and
Nc is the number of carbon atoms in the supercell. The system
is stable for negative Ey, and the smaller the Ej, value is, the
stronger the heterostructure binding is. To gain more insights
into the bonding nature and interlayer interaction, the plane-
averaged charge density difference Ap is calculated as follows:

Ap = PGaN/graphene — PGaN — Pgraphene (2)

where pgan/graphenes PGany aNd Poraphene are the plane-averaged
charge densities of the GaN/graphene heterostructure, GaN
and graphene, respectively.

3. Results and discussion
3.1 Structural properties

Top views of the crystal structures of graphene/g-GaN without or
with defects (Ga or N vacancies) are shown in Fig. 1. The
calculated lattice constant of the free-standing graphene is
2.496 A (ag =2.496 A), which is consistent with the experimental
value.*® The optimized lattice constant of the GaN monolayer is
3.253 A (agay = 3.253 A), which agrees well with previous
reports.”’” It is generally known that (v/3 x /3 )R30° graphene
can be easily generated on a 6H-SiC substrate by epitaxial
growth.?®* Moreover, 3v/3a; = 12.969 A for graphene and

4aG.n = 13.012 A for GaN. To minimize the lattice mismatch

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances
+Q50.1Q%-90
QAL o
0040040 0o 0o 00
Y N ) Jd
& LT ed “‘oo ° CETTETTTIED (),
04 046
%% % o0 3
(a)
e -2 b -2 A [ i [
.,?”Q,”'?T%Gic o Pa Sy @“Q,f?
o Oq O° Oo O Oq VN@‘Q O
o \\)oo b °|§fb°° BNb o )°° ). Y »
IS eielans
- O 06 = Oeodeh 0¢ O
¢a - u° 00 % uo o0

Fig.1 A schematic illustration of the crystal structures of graphene/g-
GaN with or without defects: (a) graphene/g-GaN, (b) graphene/g-
GaN-Vg,, and (c) graphene/g-GaN-Vy.

between the stacking sheets, a (v/3 x v/3)R30° cell is adopted
as the unit cell of graphene, whose lattice constant is 3.323 A.*
For all the heterostructures considered in this work, supercells
consisting of 3 x 3 unit cells of graphene and 4 x 4 unit cells of
GaN without or with defects are adopted, which leads to a small
lattice mismatch of 0.3% in the supercell. In the established
models, the lattice constant of GaN is fixed and the lattice
constant of graphene is changed to adjust the heterostructures.
The supercells are then fully relaxed for the atomic geometry.

The interlayer spacing (d), bond lengths (Lo_c and Lg,n) and
binding energy (Ey) for the considered structures are listed in
Table 1. For g-GaN with Vg, and Vy, the interlayer spacing of the
heterostructures are 3.287 and 3.225 A, respectively, which are
slightly smaller than that of the graphene/g-GaN hetero-
structure (3.296 A). Moreover, their binding energies are 56 and
60 meV, which are the same order of magnitude as those of vdW
crystals, such as MoS,/graphene,** black phosphorene/gra-
phene,** or arsenene/graphene.®

3.2 Electronic properties

The band structures of the graphene/g-GaN heterostructure
without or with defects in its equilibrium configuration are
shown in Fig. 2. From Fig. 2(a), it is evident that both the Dirac
cone of graphene and the semiconducting nature of g-GaN are
quite well preserved. The linear dispersion characteristic of

Tablel Interlayer distance (d), bond length (L), and binding energy (E,,)
of vdW heterostructures

System d@A) Loc(A) Lean(A) E,(mevC™)
Graphene 1.422

GaN 1.880

Graphene/g-GaN 3.296  1.422 1.880 54
Graphene/g-GaN-Vg, 3.287 1.423 1.882 56
Graphene/g-GaN-Vy 3.225  1.421 1.881 60
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Fig.2 The band structure of graphene/g-GaN with or without defects: (a) graphene/g-GaN, (b) graphene/g-GaN-Vg,, and (c) graphene/g-GaN-Vy.

graphene is retained in bands near the Fermi level. In addition,
the Fermi level is located exactly at the Dirac cone, demon-
strating that the effects of the interaction and charge transfer
are vanishingly small. Compared with the band gap of 2.20 eV
for free-standing GaN,**** the band gap of 1.893 eV for the g-
GaN sublayer decreases when in contact with graphene.
Furthermore, the bandgap width depends on the 2p orbit of N
atoms in the g-GaN sublayer (Fig. 3(a)). These results suggest
that graphene could be a very promising material for the metal
electrode, and it could enhance the contact performance while
the electronic properties of g-GaN could be sustained. Then,
a Schottky barrier could be formed between graphene and g-
GaN, which is similar to the coupling of graphene with BP or
TMDs. Based on the Schottky-Mott rule, the corresponding
Schottky barrier height (SBH) is determined by the energy levels
of band edges in the semiconductor and Fermi levels in the
metal. Here, the n-type SBH (®g,) is defined as the energy
difference between the conduction band minimum (CBM) of
the g-GaN sublayer and the Dirac cone of the graphene sublayer,
while the p-type SBH (@ ;) is defined as the energy difference
between the Dirac cone of graphene and the valence band
maximum (VBM) of the g-GaN sublayer. For the graphene/g-
GaN heterostructure, the Dirac cone is close to the VBM of the
g-GaN sublayer. The value of @, is 0.449 eV, much smaller
than the value of 1.444 eV for @3 ,. Hence, a p-type Schottky
contact is formed at the graphene/g-GaN interface.

For the graphene/g-GaN-Vg, heterostructure shown in
Fig. 2(b), the semiconductor nature in the spin-up channel and

the metallic character in the spin-down channel are quite well
preserved for the GaN-Vg, sublayer, while the Dirac cone is
destroyed for the graphene sublayer. Moreover, the value of @5,
is 0.332 eV, much smaller than the value of 1.706 eV for @3, in
the spin-up channel. In addition, dangling bonds are produced
on N atoms around the vacancy, inducing defect states between
the VBM and CBM in the spin-down channel (Fig. 3(b)).
However, g-GaN-Vy exhibits an n-type semiconductor character
in the graphene/g-GaN-Vy heterostructure (Fig. 2(c) and 3(c))
and the value of @ ;, is —0.158 €V, much smaller than the value
of 1.454 eV for @y ,. Therefore, an ohmic contact is formed at
the graphene/g-GaN-Vy heterostructure.

Fig. 4 presents the electrostatic potential of graphene/g-GaN
with or without defects. In the graphene/g-GaN heterostructure,
the graphene layer has a deeper electrostatic potential than that
of g-GaN. The difference between them across graphene/g-GaN
is large, indicating a strong electronic field across the hetero-
structure. When there are Ga vacancies in g-GaN, the difference
increases, while it decreases for g-GaN with N vacancies.
Moreover, for the graphene/g-GaN and graphene/g-GaN-Vg,
heterostructures, the charges are depleted on the graphene
side, while they are accumulated on the GaN side (Fig. 4(d) and
(€)). The charges are depleted on the GaN-Vy side, whereas they
are accumulated on the graphene side for graphene/g-GaN-Vy
(Fig. 4(c)). The results of Bader charge population analysis show
that the charge transfer from graphene to g-GaN (g-GaN-V,) is
0.027e (0.059¢), while the charge transfer from g-GaN-Vy to
graphene is 0.051e.
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Fig. 3 The partial density of states (DOS) of graphene/g-GaN with or without defects: (a) graphene/g-GaN, (b) graphene/g-GaN-Vg,, and (c)
graphene/g-GaN-Vy. The black and red lines represent s and p orbitals of atoms, respectively.
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Fig.4 Electrostatic potentials and difference charge density of graphene/g-GaN (a), graphene/g-GaN-Vg, (b), and graphene/g-GaN-Vy (c). The
corresponding differences in charge density are shown in (d)-(f). The red and cyan isosurfaces represent the gain and depletion of electrons,

respectively.

The above results show that the graphene/g-GaN, graphene/
g-GaN-Vg,, and graphene/g-GaN-Vy heterostructures are p-
type Schottky contact, p-type Schottky contact, and ohmic
contact, respectively. Subsequently, for the design of
graphene/GaN-based devices, structural defects might be
desirable since they always improve the device performance.
However, it is relatively well known that defect types are always
uncontrolled during the fabrication of the g-GaN monolayer.
Therefore, during fabrication of devices based on graphene/g-
GaN heterostructures, it is essential to prepare g-GaN with
defects, especially Vy defects.

3.3 Effects of the interlayer coupling

It is important to explore the effect of interlayer coupling on the
electronic properties of the heterostructures. The electronic
states of graphene/g-GaN with or without defects with different
interlayer distances (d) were calculated. For the graphene/g-GaN
heterostructures, the results show that @y, is always smaller
than &g, which indicates that the p-type Schottky contact
remains despite the variations in d. As the interlayer distance
decreases from 3.143 A to 2.969 A, the values of &y, are nega-
tive, suggesting that the p-type Schottky contact turns to an
ohmic contact (Fig. 5(a)). For the graphene/g-GaN-Vg, hetero-
structure, the electronic structures are almost unchanged and
the p-type Schottky contact remains despite the variations in
d (Fig. 5(b)). However, for the graphene/g-GaN-Vy hetero-
structure, the values of @, are changed, but always present as
negative, which implies that an ohmic contact with different
interlayer distances (Fig. 5(c)).

To better understand the variations in SBH with 4 in
graphene/g-GaN with or without defects, the xy-averaged elec-
trostatic potential in the z direction was calculated, as shown in
Fig. 6. In the graphene/g-GaN heterostructure, the system is p-
type Schottky contact when d = 3.629 A. As d decreases, the
effect of interlayer coupling between the two sublayers becomes
stronger, and more electrons move from graphene to g-GaN,
which downward shifts the energy level of graphene close to
the VBM of g-GaN, thereby decreasing the p-type SBH, resulting
in a transition from a p-type Schottky contact to an ohmic

This journal is © The Royal Society of Chemistry 2019

contact at the interface (Fig. 6(a)). The same idea can also be
applied to the graphene/g-GaN-Vg, heterostructure (Fig. 6(b)).
As can be seen from Fig. 6(c), it is evident that more electrons
are transferred from GaN-Vy to graphene as d decreases from
3.611 A to 2.969 A, which moves the energy level of graphene
from the VBM down to the CBM of the GaN-Vy sublayer, even-
tually causing the transition from an ohmic contact to a nearly
n-type Schottky contact at the interface.

In addition, it should be noted that, although it is still
challenging to change the interlayer distance between gra-
phene and g-GaN in the heterostructures experimentally,
some research groups have been exploring how the inter-
layer distance of 2D layered-material systems could be
tuned effectively in practice. For example, Tongay et al.
experimentally demonstrated that the interlayer distance
(coupling) of WS,/MoS, heterostructures can be tuned by
vacuum thermal annealing.*® Therefore, out-of-plane strain
may be experimentally applied in a graphene/g-GaN heter-
ostructure by means of vacuum thermal annealing in the
near future, which will further affect the Schottky barrier
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Fig. 5 The evolution of the Schottky barrier as a function of the
interlayer distance for graphene/g-GaN (a), graphene/g-GaN-Vg, (b),
and graphene/g-GaN-Vy (c).
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and related electronic characteristics of graphene/g-GaN-
based electronic devices.

4. Conclusions

Systematic first-principles calculations were performed to
understand the effects of structural imperfections on the elec-
tronic properties of graphene/g-GaN heterostructures. The
findings can be summarized as follows:

(1) There is weak interaction between graphene and g-GaN
with or without defects via vdW forces.

(2) The graphene/g-GaN heterostructure is a p-type Schottky
contact with an SBH of 0.499 eV. The graphene/g-GaN-Vg, het-
erostructure is still a p-type Schottky contact in the spin-up
channel. However, the SBH is decreased to 0.332 eV. However,
the graphene/g-GaN-Vy heterostructure has become an ohmic
contact with a negative value for &g ,,.

(3) The large potential drop between graphene and g-GaN
implies that a lower charge-injection barrier is formed at the
interface. Moreover, the introduction of Ga vacancies in g-GaN
can further lower the barrier at the graphene/g-GaN interface,
resulting in better device performance.

(4) By varying the interlayer distance, the SBH in the
graphene/g-GaN heterostructure can be effectively modulated.
Interestingly, for the graphene/g-GaN-Vy heterostructure, the
ohmic contact remains with various interlayer distances.
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