
nanomaterials

Article

Tunable Electronic Properties of Graphene/g-AlN
Heterostructure: The Effect of Vacancy and
Strain Engineering

Xuefei Liu 1,2,3 , Zhaofu Zhang 4,* , Zijiang Luo 2,5, Bing Lv 3 and Zhao Ding 1,2,*
1 College of Big Data and Information Engineering, Guizhou University, Guiyang 550025, China;

201307129@gznu.edu.cn
2 Semiconductor Power Device Reliability Engineering Center of Ministry of Education, Guiyang 550025,

China; lah5200@sina.com
3 Key Laboratory of Low Dimensional Condensed Matter Physics of Higher Educational Institution of

Guizhou Province, School of Physics and Electronic Science, Guizhou Normal University, Guiyang 550025,
China; binglv2816@sina.com

4 Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK
5 College of Information, Guizhou Finance and Economics University, Guiyang 550025, China
* Correspondence: zz389@cam.ac.uk (Z.Z.); zding@gzu.edu.cn (Z.D.)

Received: 22 October 2019; Accepted: 20 November 2019; Published: 23 November 2019 ����������
�������

Abstract: The structural and electronic properties of graphene/graphene-like Aluminum Nitrides
monolayer (Gr/g-AlN) heterojunction with and without vacancies are systematically investigated by
first-principles calculation. The results prove that Gr/g-AlN with nitrogen-vacancy (Gr/g-AlN-VN) is
energy favorable with the smallest sublayer distance and binding energy. Gr/g-AlN-VN is nonmagnetic,
like that in the pristine Gr/g-AlN structure, but it is different from the situation of g-AlN-VN, where
a magnetic moment of 1 µB is observed. The metallic graphene acts as an electron acceptor in the
Gr/g-AlN-VN and donor in Gr/g-AlN and Gr/g-AlN-VAl contacts. Schottky barrier height ΦB,n by
traditional (hybrid) functional of Gr/g-AlN, Gr/g-AlN-VAl, and Gr/g-AlN-VN are calculated as 2.35
(3.69), 2.77 (3.23), and 1.10 (0.98) eV, respectively, showing that vacancies can effectively modulate the
Schottky barrier height. Additionally, the biaxial strain engineering is conducted to modulate the
heterojunction contact properties. The pristine Gr/g-AlN, which is a p-type Schottky contact under
strain-free condition, would transform to an n-type contact when 10% compressive strain is applied.
Ohmic contact is formed under a larger tensile strain. Furthermore, 7.5% tensile strain would tune the
Gr/g-AlN-VN from n-type to p-type contact. These plentiful tunable natures would provide valuable
guidance in fabricating nanoelectronics devices based on Gr/g-AlN heterojunctions.

Keywords: graphene/g-AlN heterostructure; Schottky barrier height; interface vacancy; biaxial strain;
first-principles calculation

1. Introduction

Benefiting from the superior electrical, optoelectronic, thermal, and mechanical properties,
two-dimensional (2D) materials, such as graphene [1,2], transition metal dichalcogenides [3–6],
phosphorene [7,8], carbon nitride [9,10], and III-Nitrides (III-N) [11–15], have been extensively
theoretically or experimentally investigated during the past decades. Graphene as a 2D sp2-hybridized
monolayer carbon structure, was successfully prepared in 2004 [1,2]. It exhibits a strong
ambipolar electric field effect, such that electron and hole concentrations reach up to 1013/cm2

with room-temperature mobilities of ~10,000 cm2/V·s [1]. Additionally, graphene is well known for its
other fascinating electronic and quantum transport properties, such as massless Dirac fermions, high
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carrier mobility, and an intriguing quantum Hall effect, which make it promising for nanoelectronics
and devices [2].

However, the gapless nature of graphene restricts its applications in electronics and optoelectronics.
Heterostructure, by constructing graphene with other 2D materials, is an effective method to broaden
the application of graphene. Recently, many works have been reported, such as electrostatically created
bipolar graphene heterojunction [16], graphene/MoS2 [17], as well as graphene/g-GaN [18,19]. Besides,
Ahmad et al. used a modified Hummer’s method to obtain a photoconducting material based on the
boron nitride-graphene oxide composite layer. They found that the confine element composition of
boron, nitrogen, carbon, and oxygen showed excellent photoconduction [20]. These graphene-based
van der Waals (vdW) heterostructures not only exhibit novel optoelectronic properties far beyond their
individual components, but also preserve their intrinsic electronic properties due to the lack of dangling
bonds and the weak electron coupling between sublayers [19]. Experimentally, ultrathin Aluminum
Nitrides (AlN) nanosheet with a larger lattice constant as compared to its bulk-like wurtzite phase
was successfully epitaxially grown [21]. 2D AlN few-layer sandwiched between the graphene and Si
substrates was also confirmed this year [22]. These experimental results not only prove that 2D AlN
has a promising application in optoelectronic field, but also indicate that it is of practical significance in
the theoretical calculation of heterojunction based on 2D AlN. It is well known that the heterostructure
properties can be tuned by defects, such as vacancies, which is inevitably introduced during the
fabrication of materials. However, it is difficult to intentionally introduce accurate quantity of vacancies
into 2D materials in experiments. Thus, the theoretical calculation stands out, which is important
for accurately capturing the impact of defects on the material properties and, in turn, contributes
to explaining the phenomena experimentally observed. Additionally, strain engineering is another
significant method for tuning the heterostructure electronic properties, as reported recently [23–25].
In recent years, van der Waals heterojunctions have been extensively reported, both experimentally
and theoretically, and proved to be a broad application prospect [26,27]. Very recently, Sciuto et al.
have investigated the Fermi-level engineering for graphene by contacting it with bulk AlN rather than
2D AlN, and found that the Fermi-level can be tuned through the polarity and surface reconstruction
of nitride [28]. However, to our best knowledge, neither the graphene/g-AlN heterojunction itself nor
the modulation of defect or strain on its physical properties have been theoretically reported. Thus, a
systematic investigation on the graphene/g-AlN van de walls heterostructure is desirable.

In this work, we systematically studied the graphene/AlN heterojunction properties by the
first-principles calculation. Vacancies in AlN are considered to obtain a comprehensive understanding.
It is found that the band structures of both graphene and g-AlN are preserved upon their contacts. All of
the structures are thermodynamically stable with negative binding energy. The results show Gr/g-AlN,
Gr/g-AlN-VAl, and Gr/g-AlN-VN to be a p-type, p-type, and n-type Schottky contact, respectively.
Furthermore, biaxial strain could effectively tune the contact type. The p-type contact of Gr/g-AlN
would change into n-type under a negative biaxial strain and turn into ohmic under a positive biaxial
strain. These important findings will provide valuable guidance for experimentalists to fabricate
Gr/g-AlN-based devices.

2. Computational Details

The calculation was conducted based on the spin-polarized Kohn–Sham theory in the
Perdew-Burke-Ernzerhof version of generalized gradient approximation (GGA-PBE) [29] with the
projector augmented wave (PAW) potentials [30], as implemented in the VASP code [31,32]. The
plane-wave cutoff was 450 eV and reciprocal space was sampled with a 5 × 5 × 1 Monkhorst-Pack
k-point mesh. All of the atoms were relaxed until the Hellman–Feynman force on individual atoms less
than 0.01 eV/Å and the total energy difference between two successive steps was lower than 10−6 eV.
vdW correction and dipole correction were both considered in all calculations. A 20 Å vacuum slab was
added to avoid interaction between adjacent images. The band structure analysis was conducted while
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using VASPKIT, a pre- and post-processing program for the VASP code [33]. The heterojunction binding
energy is used to describe the relative stability of the heterostructure, as defined by Equation (1):

Eb = EGr/AlN − (EGr + EAlN) (1)

where Eb is the heterojunction binding energy; EGr/AlN is the total energy of the heterostructure;
and, EGr and EAlN are the total energy of AlN and graphene monolayer, respectively. Negative Eb

means a stable heterostructure. The vacancy defect formation energy, which is important for predicting
the concentration of certain defect, is defined as [34,35]:

Ef
vacancy[x] = Edef[x] − Eperfect −

∑
niµi (2)

where Edef[x] is the total energy of a system containing a defect x; Eperfect represents the energy of a
perfect supercell; ni is the number of atoms of atom x added (positive) or removed (negative) from the
perfect system; and, µi is the atom’s chemical potential.

3. Results and Discussion

3.1. Sublayers and Heterostructures

The relaxed lattice constants of graphene and AlN monolayers are 2.46 and 3.08 Å, respectively,
as consistent with reports [36,37]. We first calculated the band structures of graphene, g-AlN, g-AlN
monolayer with an aluminum vacancy (g-AlN-VAl) or a nitrogen vacancy (g-AlN-VN) to better compare
the electronic differences of graphene and g-AlN monolayer before and after contacting, as shown in
Figure 1. Graphene shows a zero-gap nature with an obvious Dirac cone (shown in Figure 1a). The
g-AlN shows an indirect band gap of 3.07 eV while using the PBE functional (Figure 1b), close to that
in our previous work [38]. The nonmagnetic nature of both graphene and g-AlN is found.

Nanomaterials 2019, 9, x FOR PEER REVIEW 3 of 15 

 

while using VASPKIT, a pre- and post-processing program for the VASP code [33]. The 

heterojunction binding energy is used to describe the relative stability of the heterostructure, as 

defined by Equation (1): 

𝐸b = 𝐸Gr/AlN − (𝐸Gr + 𝐸AlN) (1) 

where 𝐸b is the heterojunction binding energy; 𝐸Gr/AlN is the total energy of the heterostructure; 

and, 𝐸Gr and 𝐸AlN are the total energy of AlN and graphene monolayer, respectively. Negative 𝐸b 

means a stable heterostructure. The vacancy defect formation energy, which is important for 

predicting the concentration of certain defect, is defined as [34,35]: 

𝐸vacancy
f [x] = 𝐸def[x] − 𝐸perfect − ∑ 𝑛i𝜇i (2) 

where 𝐸def[x] is the total energy of a system containing a defect x; 𝐸perfect represents the energy of 

a perfect supercell; 𝑛i is the number of atoms of atom x added (positive) or removed (negative) from 

the perfect system; and, 𝜇i is the atom’s chemical potential. 

3. Results and Discussion 

3.1. Sublayers and Heterostructures 

The relaxed lattice constants of graphene and AlN monolayers are 2.46 and 3.08 Å , respectively, 

as consistent with reports [36,37]. We first calculated the band structures of graphene, g-AlN, g-AlN 

monolayer with an aluminum vacancy (g-AlN-VAl) or a nitrogen vacancy (g-AlN-VN) to better 

compare the electronic differences of graphene and g-AlN monolayer before and after contacting, as 

shown in Figure 1. Graphene shows a zero-gap nature with an obvious Dirac cone (shown in Figure 

1a). The g-AlN shows an indirect band gap of 3.07 eV while using the PBE functional (Figure 1b), 

close to that in our previous work [38]. The nonmagnetic nature of both graphene and g-AlN is found. 

  

  

Figure 1. The band structures of (a) graphene, (b) g-AlN, (c) g-AlN-VAl, and (d) g-AlN-VN. The Fermi 

level is referred to zero energy. The spin-up and spin-down channels are marked with blue and red 
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Figure 1. The band structures of (a) graphene, (b) g-AlN, (c) g-AlN-VAl, and (d) g-AlN-VN. The
Fermi level is referred to zero energy. The spin-up and spin-down channels are marked with blue and
red colors.
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Several defect levels occur within the g-AlN-VAl gap when an aluminum vacancy is introduced.
Two of them are unoccupied and others are located just around the Fermi level (Figure 1c), indicating
g-AlN-VAl is a half-metal. The band gap of g-AlN-VAl is slightly increased due to the nitrogen dangling
bonds around the vacancy. In contrast, g-AlN-VN is still a semiconductor, but with a magnetic moment
of 1 µB. The defect levels are found in both spin channels, only one of which is occupied in spin-up
(right panel) channel locating ~0.25 eV lower than the Fermi level. Noting that the band gap of
g-AlN-VN is increased to ~3.4 eV due to the aluminum dangling bonds (Figure 1d). The electronic and
magnetic properties of monolayer AlN with vacancy has been previously reported by us in detail [39].

The Gr/g-AlN heterostructures are built while using the supercells with a lattice mismatch
lower than 1%. The lattice constant of heterojunction is 12.33 Å, enlarged by four times and five
times with respect to the primitive cell of g-AlN and graphene, respectively. Figure 2 shows the
relaxed heterostructures.
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Figure 2. A schematic illustration of the Gr/g-AlN heterostructure with and without vacancy: (a) pristine
Gr/g-AlN heterostructure, (b) Gr/g-AlN-VAl, and (c) Gr/g-AlN-VN. (d–f) are the corresponding side
views with the layer distance labeled.

The Gr/g-AlN structure without defects preserves a planar nature for both sublayers. In contrast,
local distortion occurs when Al or N vacancy are introduced. The interlayer distance of pristine
Gr/g-AlN is 3.49 Å and decreases to 3.28 (3.08) Å for Gr/g-AlN-VAl (VN), all within the vdW gap range
that was similar to previous reports [19,40]. A negative binding energy calculated by Equation (1)
is found in all heterostructures, indicating that the Gr/g-AlN contacts are energetically stable. The
heterostructure properties, including interlayer spacing (d), bond lengths of C-C (LC−C), and Al-N
(LAl−N) around vacancy, binding energy (Eb) , gap, work function (WF), and Schottky barrier height
(SBH) are listed in Table 1.

Table 1. Interlayer distance (d), bond length (L) around vacancy, binding energy (Eb), work function
(WF), bandgap of AlN (or AlN in Gr/g-AlN), and Schottky barrier height (SBH). The Gap and SBH
calculated by both Perdew-Burke-Ernzerhof (PBE) functional and Heyd-Scuseria-Ernzerhof (HSE)
functional are shown for comparison.

Structures d (Å) LC−C (Å)LAl−N (Å) Gap (eV) Eb (eV) WF (eV) SBH (eV)

PBE HSE PBE HSE
ΦB,n ΦB,p

PBE HSE PBE HSE

Graphene - 1.43 - - - - 4.26 - - - - -
g-AlN - - 1.78 3.07 - - 5.10 - - - - -

g-AlN-VAl - - 1.80 3.15 - - 5.44 - - - - -
g-AlN-VN - - 1.81 3.40 - - 3.29 - - - - -
Gr/g-AlN 3.49 1.42 1.78 3.18 3.93 −2.15 4.41 5.67 2.35 3.69 0.83 0.24

Gr/g-AlN-VAl 3.28 1.42 1.78 3.13 3.98 −2.89 4.80 5.12 2.77 3.23 0.36 0.75
Gr/g-AlN-VN 3.08 1.43 1.78 3.14 4.11 −2.90 3.27 3.16 1.10 0.98 2.04 3.13
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3.2. Electronic Properties

We calculate the projected band structures and projected density of states (PDOS) of Gr/g-AlN
heterostructures to further investigate the electron properties, as plotted in Figures 3 and 4, respectively.
For comparison, the band structures of graphene, g-AlN, AlN with vacancies have already been shown
in Figure 1.

1 
 

 

 Figure 3. The band structures of (a) Gr/g-AlN, (b) Gr/g-AlN-VAl, and (c) Gr /g-AlN-VN. (d) is the HSE
band structure of Gr/g-AlN-VN. Fermi level is set to zero energy. The spin-up and spin-down channels
are plotted in the right and the left panels, respectively.
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The results in Figure 1a,b and Figure 3a prove little variation of the band structures of g-AlN
and graphene before and after contacting, both with nonmagnetic nature. The results are similar
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to that of Gr/g-GaN [18,19], Gr/Sb [41], and Gr/MoSe2 heterojunctions [42]. The Fermi level exactly
passes through the Dirac cone, which indicates that the charge transfer between graphene and g-AlN
sublayers are negligible and barely affects the nature of graphene. Based on Equation (2), the formation
energies of VAl (under N-rich limitation) and VN (under Al-rich limitation) are 8.14 and 3.16 eV,
respectively. The positive formation energy means that it is hard to generate Al or N vacancy under
the thermodynamic stability condition. However, Komsa et al. reported that vacancies can be
produced by means of high-energy electron irradiation [43]. We expect that the same technology is
applicable for artificially producing vacancies in the AlN monolayer. Only graphene could preserve the
electronic properties when defects are introduced in g-AlN. Besides, the vacancy is inevitably induced
in the high-temperature epitaxial growth chamber. The band gaps of the AlN sublayer in Gr/g-AlN,
Gr/g-AlN-VAl, and Gr/g-AlN-VN are calculated as 3.18, 3.13, and 3.14 eV, respectively. An increase of
0.11, 0.06, and 0.07 eV are obtained, respectively, when compared with the pristine g-AlN monolayer.
Heyd-Scuseria-Ernzerhof (HSE) [44] functional was also used for comparison to have a more accurate
gap value. The HSE band gaps of g-AlN sublayer in Gr/g-AlN, Gr/g-AlN-VAl, and Gr/-g-AlN-VN are
3.93, 3.98, and 4.11 eV, respectively. The HSE gap of freestanding g-AlN is 4.04 eV [38]. When vacancy
defects are introduced, the band structures with defects are different from that of freestanding g-AlN
and g-AlN in heterostructures, as shown in Figure 1c,d and Figure 3b,c.

The Gr/g-AlN-VAl structure has a total magnetic moment of 3µB, as induced by symmetry-breaking
in the vacant system, which agrees with our previous reported paper [39]. In Gr/g-AlN- VAl , two
unoccupied defect levels in the spin-up channel are moved farther away from each other after contact
with graphene. Some electrons are transferred to g-AlN from graphene, which leads the Dirac cone to
shift above the Fermi level. Additionally, as seen in Figure 3b, the transferred electrons occupy the
defect levels near the Fermi level, leading the states to become partially non-degenerated. However,
the half-metal nature of g-AlN-VAl is preserved, which is similar to the results of Gr/g-GaN in Ref. [19]
and, therein, the results are also confirmed in Figure 4. The defect states located close to the valance
band are mainly contributed by the N-p orbitals (Figure 4b), acting as an acceptor. The density of states
(DOS) of Gr/g-AlN-VAl near the Fermi level is very close to that of pristine Gr/g-AlN, where the PDOS
of Al, N, and C hardly overlap with each other near the Fermi level. Thus, only weak interaction exists
between the two sublayers. As a result, the interlayer distance (3.28 Å) is relatively larger than that of
Gr/g-AlN-VN (3.08 Å).

VN can be more easily produced with a lower formation energy. Vacancies can induce gap
states and magnetism, as shown in Figure 1b,d. By vertically contacting with graphene, the projected
band structures of g-AlN sublayer in Gr/g-AlN-VN (Figure 3c) are tuned back to resemble that in the
freestanding g-AlN monolayer (Figure 1b). Thus, we expect that the growing g-AlN monolayer on
graphene is beneficial in preserving its intrinsic nature, even N vacancy is unintentionally introduced.
Additionally, the magnetic nature in freestanding g-AlN-VN disappears after contacting graphene,
which indicates that graphene could also tune the magnetism of g-AlN-VN, which shows potential
application in electronic devices. The same phenomenon is also found by comparing the band structures
of GaN-VN in [45] and Gr/g-GaN-VN in [18]. The disappearance of magnetism in Gr/g-AlN-VN is
because electrons occupied on the vacancy induced defect states would transfer to graphene, which
leads the defect levels to shift up to conduction bands and then become unoccupied. As shown in
Figure 3c, the Dirac cone of graphene decreases about 1eV and it is lower than the Fermi level, which
confirms the electrons transfer from g-AlN to graphene. As a result, graphene acts as an acceptor in
Gr/g-AlN-VN. The unoccupied states near the conduction band in Gr/g-AlN-VN are mainly contributed
by Al-s, Al-p, N-p, and C-p orbitals (Figure 4c). In addition, the PDOS of Al, N, and C atoms near the
Fermi level have a similar shape, which results in strong orbital hybridization and interaction between
the graphene and g-AlN sublayers. It agrees with the lowest interlayer distance (i.e., 3.08Å in Figure 2).

The HSE band structure of Gr/g-AlN-VN is shown in Figure 3d to further verify the results based
on PBE functional, which is basically in accordance with that by PBE functional (Figure 3c), signifying
that our other PBE band structures are also reliable. The reasons why we only use HSE functional
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to calculate Gr/g-AlN-VN band structures are: (1) the defect formation energy of VN is apparently
lower than that of VAl, so it is more meaningful to discuss this more realistic contact in detail; (2) the
band structures of Gr/g-AlN-VN obviously change when compared with Gr/g-AlN, so it is necessary
to verify the reliability of PBE results by using the more accurate HSE functional; (3) the HSE band
structure calculation for such large supercells costs too much, while the core purpose in this work is to
study how the vacancies and strain engineering would tune SBH, rather than evaluating the accurate
defect level position. The CBM and VBM are confirmed to be at the Γ and K position, as that obtained
with PBE functional. Noting that the VBM eigenvalue difference between location Γ and K is about
~0.5 eV, which is in agreement with that in Ref [14]. While considering this correction, we can obtain
the HSE gaps as well as SBHs of Gr/g-AlN and Gr/g-AlN-VAl by doing HSE self-consistent calculation,
in which the Γ but not K point is included. This method is significantly more time saving than band
calculation, and Table 1 lists the corresponding HSE results.

The plane-averaged charge density difference (PCDD) between in Gr/g-AlN heterostructure can
further describe the bonding nature and charge transfer, as defined by Equation (3):

∆ρ = ρGr/AlN − ρAlN − ρGr (3)

where ρGr/AlN, ρAlN, and ρGr are the plane-averaged charge density of the Gr/g-AlN heterostructure,
g-AlN monolayer and graphene monolayer, respectively. The PCDD clearly shows the interaction and
electron transfer in heterostructures. It can be observed from Figure 5 that charge accumulation mainly
occurs around the nitrogen atoms in the g-AlN region for Gr/g-AlN. In Gr/g-AlN-VAl, one can find
that some electrons in graphene near aluminum vacancy would be depleted and then transform to
g-AlN. While the graphene sublayer is found to act as an electron acceptor for Gr/g-AlN-VN.Nanomaterials 2019, 9, x FOR PEER REVIEW 8 of 15 
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Additionally, a better vision on the PCDD results (not shown here) shows that electrons around
nitrogen are mainly contributed by pz-like orbitals in Gr/AlN and Gr/AlN-VN, while contributed by
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px(y)-like orbitals in Gr/AlN-VAl, and the electrons that accumulated in graphene of Gr/AlN-VN are
found to be mainly occupying the pz-like orbitals. The results are consistent with their band structures
in Figure 3 and are confirmed in Figure 5g,h.

Figure 6 presents the planar averaged potential along the z-direction of Gr/g-AlN heterostructures.
The energy difference in the vacuum regions for Gr/g-AlN and Gr/g-AlN-VAl (VN) are 0.26 and 0.24
(−0.50 eV) (∆Φi , i = 1, 2, 3), indicating charge transfer and dipole formation at the interface. The
potential differences in the sublayer regions are 1.00 and 1.90 (0.80) eV (shown in Figure 6 as ∆Φi , i = 4,
5, 6), respectively. The results prove that VAl would increase the potential difference, while VN would
decrease it.
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The work function WF is defined as: WF = Evac − EF, where Evac and EF are the vacuum energy
and Fermi energy, respectively. The work function for graphene, g-AlN, g-AlN-VAl, g-AlN-VN,
Gr/g-AlN, Gr/g-AlN-VAl, and Gr/g-AlN-VN under strain-free condition are 4.26, 5.10, 5.44, 3.29, 4.41,
4.80, and 3.27 eV, respectively, and the work function of graphene agrees with that in Ref. [18]. The
differences in WF between graphene and g-AlN, g-AlN-VAl, and g-AlN-VN are −0.84, −1.18, and
0.97 eV, respectively, once again proving that graphene would lose electrons (donor) in Gr/g-AlN and
Gr/g-AlN-VAl, while obtaining electrons (acceptor) in Gr/g-AlN-VN.

3.3. Schottky Barrier Height

The Schottky barrier height, which is the energy difference between semiconductor band edges
and metal Fermi level, is determined as in Equations (4) and (5):

ΦB,n = CBM− EF (4)

ΦB,p = EF −VBM (5)

where ΦB,n is the n-type SBH, ΦB,p is the p-type SBH, CBM is the conduction band minimum (CBM),
VBM is the valence band maximum (VBM), and EF is the Fermi level, which is aligned to zero in this
calculation. According to Figures 3a and 4a, ΦB,n and ΦB,p of Gr/g-AlN are 2.35 and 0.83 eV, respectively.
Accordingly, a p-type Schottky contact is formed at the Gr/g-AlN interface. Moreover, ΦB,n and ΦB,p

are 2.77 eV and 0.36 eV for Gr/g-AlN-VAl, respectively, also a p-type contact. However, the SBHs are
obviously changed by aluminum vacancy. In the case of Gr/g-AlN-VN, it is n-type contact, owing to a
1.10 eV ΦB,n . By band gap correcting with HSE functional, the ΦB,p (ΦB,n) of Gr/g-AlN, Gr/g-AlN-VAl,
and Gr/g-AlN-VN are 0.24 eV (3.69 eV), 3.23 eV (0.75 eV), and 3.13 eV (0.98 eV), respectively. The
HSE results are in compliance with the PBE counterparts, indicating our PBE-level calculations are
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qualitatively reliable. These results prove that vacancies can tune the SBH of Gr/g-AlN heterojunctions.
Table 1 also summarizes the SBH data calculated with both PBE and HSE functionals.

3.4. Effects of Biaxial Strain on SBH

The Schottky barrier height can be effectively tuned by in-plane strain engineering [24], vertical
strain engineering [46,47], and external electric field [48], etc. In this work, we focus on the impact of
in-plane biaxial strain engineering on the SBHs of Gr/g-AlN heterostructures, which is theoretically
preferable for flexible device applications. By applying biaxial (in both x- and y- directions) strain on
the heterojunctions, the AlN band gap in Gr/g-AlN increases with the biaxial strain, changing from
−10% to −5%, and it would decrease from −5% to 10%, reaching the maximum band gap with −5%
strain. In contrast, the band gap of g-AlN in Gr/AlN-VAl changes little when the compressive biaxial
strain is larger than 2.5% and decreases within the range of −2.5% to 10%. For Gr/g-AlN-VN, the AlN
band gap almost monotonously decreases within the whole strain range, as shown by the total DOS in
Figure 7c and the triangle-line in Figure 8c.
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value in heterostructures, respectively.

These results are similar to the trend in MX2 monolayer [49], as well as that in Gr/g-GaN
heterostructure [18] and Gr/MoSe2 heterostructure [42]. It is also observed in Figure 7 that the Fermi
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level shifts close to the VBM and away from the CBM for Gr/g-AlN and Gr/g-AlN-VAl, and an inverse
phenomenon is found for Gr/g-AlN-VN.

Figure 8 summarizes the SBHs as a function of strain engineering. The strain is applied in the
range from −10% to 10% of its fully relaxed lattice constant. When considering the computational
expenses, all of the strained calculations are calculated with PBE functional, but these results would
be qualitatively similar to that by HSE calculation based on the comparison under strain-free cases.
Obviously, Gr/g-AlN shows a p-type contact in a large strain range.

With the increase of tensile strain, the ΦB,p almost linearly decreases, owing to the combination of
the decrease of g-AlN band gap, the nearly unchanged CBM, and the up-shifted VBM. While in the
positive strain region, the Fermi level gradually moves close to and finally merges into the valance
band, i.e., ohmic contact [6]. However, noting that such a large strain is not realistic in reliable device
applications. The main purpose here is to grasp the variation trend and provide experimental guidance.
Obviously, the ΦB,p is always lower than ΦB,n for Gr/g-AlN-VAl, even within a large strain range. Thus,
it is the p-type Schottky contact with a stable SBH value of ~0.5 eV, despite the variations of strain.

These results mean that aluminum vacancy is beneficial for stabilizing the contact type in Gr/g-AlN,
even if external stress is introduced. While for Gr/g-AlN-VN, it is n-type contact. By applying a 7.5%
tensile biaxial strain, it transforms from the n-type back into p-type contact. The discussions on the
strain engineering provide theoretical guidance on Gr/g-AlN based flexible device applications.

We plot the CBM, VBM, and the Fermi levels as a function of applied strain in Figure 9 in order to
understand the variations of the SBH with strain in the Gr/g-AlN heterostructures. For Gr/g-AlN, the
VBM is changed within the strain range from −10% to −5% and it nearly keeps constant after that,
while the Fermi level and CBM decrease with a different speed in the corresponding strain range. This
results in the ΦB,n rising first and descending later, while the ΦB,p monotonously decreases within the
whole strain range in Figure 8a. For Gr/g-AlN-VAl, the VBM and Fermi level both change slightly with
the change of strain, while the CBM decreases fast, which leads to the decrease of ΦB,n in Figure 8b.
In the case of Gr/g-AlN-VN, CBM, VBM, and Fermi level decrease at a different speed (Figure 9c),
which leads to the Fermi level moving close to the CBM. As a result, contact-type transition occurs at a
tensile strain of ~5% (Figure 8c).
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Figure 9. The conduction band minimum (CBM), valence band maximum (VBM) of AlN monolayer in
Gr/g-AlN contact, and Fermi level as a function of applied strain for (a) Gr/g-AlN, (b) Gr/g-AlN-VAl,
and (c) Gr/g-AlN-VN, respectively.

4. Conclusions

In conclusion, we have systemically investigated the structural and electronic properties of
Gr/g-AlN heterojunctions with and without vacancies by the first-principles methods. The Gr/g-AlN
structure without defects preserves a planar nature for both sublayers. In contrast, local distortion
occurs when Al or N vacancy is introduced. Gr/g-AlN-VN is energy favorable, with the lowest binding
energy of -2.90 eV and the smallest sublayer distance of 3.08 Å. Based on the results of the projected
band structure and PDOS, we find the bandgap of g-AlN increasing slightly after contacting with
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graphene, and two unoccupied defect levels in the spin-up channel of Gr/g-AlN- VAl are moved farther
away from each other after contacting with graphene. Graphene is found to act as a weak electron
donor in Gr/g-AlN and Gr/g-AlN-VAl, and acceptor in Gr/g-AlN-VN heterostructure based on the
charge transfer analysis. Besides, the magnetic nature in freestanding g-AlN-VN disappears after
contacting graphene, which indicates that graphene could tune the magnetism of g-AlN-VN. The
results prove that the vacancy in g-AlN would strengthen the heterostructure interaction. Finally, the
results show that Schottky barrier height can be effectively modulated by applying biaxial strain. Under
the free-strain condition, Gr/g-AlN is found to be a p-type Schottky contact with a ΦB,p of 0.83 eV and
transform into an n-type contact by introducing a nitrogen vacancy. In contrast, aluminum vacancy
would enhance the stability of the contact type of Gr/g-AlN under external strain. Our results can
provide some trend-guidance for experimentalists, especially for those who want to modify the device
characteristics by tuning the Schottky barrier. More specifically, our study is expected to promote
the application of ultrathin Gr/g-AlN heterostructures that are based nanoelectronics devices with
transparent and flexible nature, such as electric field effect transistor, tunneling transistor, Schottky
devices, and so on [50,51].

Author Contributions: X.L., mainly executor of the project, including the calculation, mainly data analysis and the
draft writing, principal investigator of Guizhou Normal University innovation and entrepreneurship education
research center foundation (Grant No. 0418010), the Joint Foundation of Guizhou Normal University (Grant No.
7341). Z.Z., further polishes the outline and details of this project, provides discussion on the deep physics, and
helps to further complete the manuscript. Z.L., provides the computing resources and helps on some data analysis,
principal investigator of national natural science foundation (Grant No. 11664005). B.L., provides the calculation
software and some data discussion, principal investigator of Scientific and Technological Cooperation Projects
of Guizhou Province, China (Grant No. [2013] 7019). Z.D., supervisor of X.L., provides the main outline of this
paper and research resources, helps to modify the manuscript, principal investigator of national natural science
foundation (Grant No. 61564002).

Funding: This research was funded by the National Natural Science Foundation of China, grant number 61564002
and 11664005; the Joint Foundation of Guizhou Normal University, grant number 7341; Scientific and Technological
Cooperation Projects of Guizhou Province, China, grant number 2013-7019; Guizhou Normal University innovation
and entrepreneurship education research center foundation, grant number 0418010. Science and technology
planning project of Guizhou province, grant number 2017-5736-009; The APC was funded by the Joint Foundation
of Guizhou Normal University, grant number 7341.

Conflicts of Interest: The authors declare no competing financial interests.

References

1. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef]

2. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.;
Firsov, A.A. Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197–200.
[CrossRef] [PubMed]

3. Wang, Q.H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J.N.; Strano, M.S. Electronics and optoelectronics of
two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699–712. [CrossRef] [PubMed]

4. Duan, X.; Wang, C.; Pan, A.; Yu, R.; Duan, X. Two-dimensional transition metal dichalcogenides as atomically
thin semiconductors: Opportunities and challenges. Chem. Soc. Rev. 2015, 44, 8859–8876. [CrossRef] [PubMed]

5. Choi, W.; Choudhary, N.; Han, G.H.; Park, J.; Akinwande, D.; Lee, Y.H. Recent development of
two-dimensional transition metal dichalcogenides and their applications. Mater. Today 2017, 20, 116–130.
[CrossRef]

6. Gao, Z.; Zhou, Z.; Tománek, D. Degenerately Doped Transition Metal Decalcomania as Ohmic Homojunction
Contacts to Transition Metal Dichalcogenide Semiconductors. ACS Nano 2019, 13, 5103–5111. [CrossRef]

7. Liu, H.; Neal, A.T.; Zhu, Z.; Luo, Z.; Xu, X.F.; Tomanek, D.; Ye, P.D. Phosphorene: An Unexplored 2D
Semiconductor with a High Hole Mobility. ACS Appl. Nano Mater. 2014, 8, 4033–4041. [CrossRef]

8. Carvalho, A.; Wang, M.; Zhu, X.; Rodin, A.S.; Su, H.; Castro Neto, A.H. Phosphorene: From theory to
applications. Nat. Rev. Mater. 2016, 1, 16061. [CrossRef]

http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nature04233
http://www.ncbi.nlm.nih.gov/pubmed/16281030
http://dx.doi.org/10.1038/nnano.2012.193
http://www.ncbi.nlm.nih.gov/pubmed/23132225
http://dx.doi.org/10.1039/C5CS00507H
http://www.ncbi.nlm.nih.gov/pubmed/26479493
http://dx.doi.org/10.1016/j.mattod.2016.10.002
http://dx.doi.org/10.1021/acsnano.8b08190
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1038/natrevmats.2016.61


Nanomaterials 2019, 9, 1674 12 of 14

9. Naseri, A.; Samadi, M.; Pourjavadi, A.; Moshfegh, A.Z.; Ramakrishna, S. Graphitic carbon nitride
(g-C3N4)-based photocatalysts for solar hydrogen generation: Recent advances and future development
directions. J. Mater. Chem. A 2017, 5, 23406–23433. [CrossRef]

10. Ong, W.-J.; Tan, L.-L.; Ng, Y.H.; Yong, S.-T.; Chai, S.-P. Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts
for Artificial Photosynthesis and Environmental Remediation: Are We a Step Closer To Achieving
Sustainability? Chem. Rev. 2016, 116, 7159–7329. [CrossRef]

11. Singh, A.K.; Zhuang, H.L.; Hennig, R.G. Ab initio synthesis of single-layer III-V materials. Phys. Rev. B 2014,
89, 245431. [CrossRef]

12. Zhang, Z.; Geng, Z.; Cai, D.; Pan, T.; Chen, Y.; Dong, L.; Zhou, T. Structure, electronic and magnetic properties
of hexagonal boron nitride sheets doped by 5d transition metal atoms: First-principles calculations and
molecular orbital analysis. Phys. E (Amsterdam, Neth.) 2015, 65, 24–29. [CrossRef]

13. Onen, A.; Kecik, D.; Durgun, E.; Ciraci, S. GaN: From three- to two-dimensional single-layer crystal and its
multilayer van der Waals solids. Phys. Rev. B 2016, 93, 085431. [CrossRef]

14. Kecik, D.; Onen, A.; Konuk, M.; Gürbüz, E.; Ersan, F.; Cahangirov, S.; Aktürk, E.; Durgun, E.; Ciraci, S.
Fundamentals, progress, and future directions of nitride-based semiconductors and their composites in
two-dimensional limit: A first-principles perspective to recent synthesis. Appl. Phys. Rev. 2018, 5, 011105.
[CrossRef]

15. Al Balushi, Z.Y.; Wang, K.; Ghosh, R.K.; Vila, R.A.; Eichfeld, S.M.; Caldwell, J.D.; Qin, X.; Lin, Y.C.;
DeSario, P.A.; Stone, G.; et al. Two-dimensional gallium nitride realized via graphene encapsulation. Nat.
Mater. 2016, 15, 1166–1171. [CrossRef]

16. Young, A.F.; Kim, P. Quantum interference and Klein tunnelling in graphene heterojunctions. Nat. Phys.
2009, 5, 222. [CrossRef]

17. Kwak, J.Y.; Hwang, J.; Calderon, B.; Alsalman, H.; Munoz, N.; Schutter, B.; Spencer, M.G. Electrical
characteristics of multilayer MoS2 FET’s with MoS2/graphene heterojunction contacts. Nano Lett. 2014, 14,
4511–4516. [CrossRef]

18. Deng, Z.; Wang, X. Strain engineering on the electronic states of two-dimensional GaN/graphene
heterostructure. RSC Adv. 2019, 9, 26024–26029. [CrossRef]

19. Deng, Z.; Wang, X.; Cui, J. Effect of interfacial defects on the electronic properties of graphene/g-GaN
heterostructures. RSC Adv. 2019, 9, 13418–13423. [CrossRef]

20. Ahmad, H.; Thandavan, T.M.K. Influence of boron nitride nanoparticles in the electrical and photoconduction
characteristics of planar boron nitride-graphene oxide composite layer. Mater. Express 2019, 9, 265–272.
[CrossRef]

21. Tsipas, P.; Kassavetis, S.; Tsoutsou, D.; Xenogiannopoulou, E.; Golias, E.; Giamini, S.A.; Grazianetti, C.;
Chiappe, D.; Molle, A.; Fanciulli, M.; et al. Evidence for graphite-like hexagonal AlN nanosheets epitaxially
grown on single crystal Ag(111). Appl. Phys. Lett. 2013, 103, 251605. [CrossRef]

22. Wang, W.; Zheng, Y.; Li, X.; Li, Y.; Zhao, H.; Huang, L.; Yang, Z.; Zhang, X.; Li, G. 2D AlN Layers Sandwiched
Between Graphene and Si Substrates. Adv. Mater. 2019, 31, 1803448. [CrossRef] [PubMed]

23. He, Y.; Yang, Y.; Zhang, Z.; Gong, Y.; Zhou, W.; Hu, Z.; Ye, G.; Zhang, X.; Bianco, E.; Lei, S. Strain-induced
electronic structure changes in stacked van der Waals heterostructures. Nano Lett. 2016, 16, 3314–3320.
[CrossRef] [PubMed]

24. Deng, S.; Sumant, A.V.; Berry, V. Strain engineering in two-dimensional nanomaterials beyond graphene.
Nano Today 2018, 22, 14–35. [CrossRef]

25. Huang, T.; Wei, W.; Chen, X.; Dai, N. Strained 2D Layered Materials and Heterojunctions. Ann. Phys.
2019, 531. [CrossRef]

26. Xia, W.; Dai, L.; Yu, P.; Tong, X.; Song, W.; Zhang, G.; Wang, Z. Recent progress in van der Waals heterojunctions.
Nanoscale 2017, 9, 4324–4365. [CrossRef]

27. Yu, Q.; Luo, Y.; Mahmood, A.; Liu, B.; Cheng, H.-M. Engineering Two-Dimensional Materials and Their
Heterostructures as High-Performance Electrocatalysts. Electrochem. Energy Rev. 2019, 2, 1–22. [CrossRef]

28. Sciuto, A.; La Magna, A.; Angilella, G.G.N.; Pucci, R.; Greco, G.; Roccaforte, F.; Giannazzo, F.; Deretzis, I.
Extensive Fermi-Level Engineering for Graphene through the Interaction with Aluminum Nitrides and
Oxides. Phys. Status Solidi RRL 2019, 1900399. [CrossRef]

29. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett.
1996, 77, 3865–3868. [CrossRef]

http://dx.doi.org/10.1039/C7TA05131J
http://dx.doi.org/10.1021/acs.chemrev.6b00075
http://dx.doi.org/10.1103/PhysRevB.89.245431
http://dx.doi.org/10.1016/j.physe.2014.08.007
http://dx.doi.org/10.1103/PhysRevB.93.085431
http://dx.doi.org/10.1063/1.4990377
http://dx.doi.org/10.1038/nmat4742
http://dx.doi.org/10.1038/nphys1198
http://dx.doi.org/10.1021/nl5015316
http://dx.doi.org/10.1039/C9RA03175H
http://dx.doi.org/10.1039/C9RA01576K
http://dx.doi.org/10.1166/mex.2019.1494
http://dx.doi.org/10.1063/1.4851239
http://dx.doi.org/10.1002/adma.201803448
http://www.ncbi.nlm.nih.gov/pubmed/30393921
http://dx.doi.org/10.1021/acs.nanolett.6b00932
http://www.ncbi.nlm.nih.gov/pubmed/27120401
http://dx.doi.org/10.1016/j.nantod.2018.07.001
http://dx.doi.org/10.1002/andp.201800465
http://dx.doi.org/10.1039/C7NR00844A
http://dx.doi.org/10.1007/s41918-019-00045-3
http://dx.doi.org/10.1002/pssr.201900399
http://dx.doi.org/10.1103/PhysRevLett.77.3865


Nanomaterials 2019, 9, 1674 13 of 14

30. Blöchl, P.E. Projector augmented-wave method. Phys. Rev. B. 1994, 50, 17953–17979. [CrossRef]
31. Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave

basis set. Phys. Rev. B 1996, 54, 11169–11186. [CrossRef] [PubMed]
32. Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors

using a plane-wave basis set. Comput. Mater. Sci. 1996, 6, 15–50. [CrossRef]
33. Wang, V.; Xu, N.; Liu, J.-C.; Tang, G.; Geng, W.-T. VASPKIT: A Pre- and Post-Processing Program for

VASP code. arXiv 2019, arXiv:1908.08269. Available online: https://arxiv.org/abs/1908.08269 (accessed on
25 August 2019).

34. Hu, J.-S.; Duan, W.; He, H.; Lv, H.; Huang, C.; Ma, X. A Promising Strategy to Tune the Schottky Barrier of
MoS2 (1-x) Se2x/graphene Heterostructure by Asymmetric Se Doping. J. Mater. Chem. C 2019, 7, 7798–7805.
[CrossRef]

35. Zhang, Z.; Cao, R.; Wang, C.; Li, H.-B.; Dong, H.; Wang, W.-H.; Lu, F.; Cheng, Y.; Xie, X.; Liu, H. GaN as
an Interfacial Passivation Layer: Tuning Band Offset and Removing Fermi Level Pinning for III–V MOS
Devices. ACS Appl. Mater. Interfaces 2015, 7, 5141–5149. [CrossRef]

36. Sun, M.; Chou, J.-P.; Yu, J.; Tang, W. Effects of structural imperfection on the electronic properties of
graphene/WSe2 heterostructures. J. Mater. Chem. C 2017, 5, 10383–10390. [CrossRef]

37. Mansurov, V.; Malin, T.; Galitsyn, Y.; Zhuravlev, K. Graphene-like AlN layer formation on (111)Si surface by
ammonia molecular beam epitaxy. J. Cryst. Growth 2015, 428, 93–97. [CrossRef]

38. Liu, X.-F.; Luo, Z.-J.; Zhou, X.; Wei, J.-M.; Wang, Y.; Guo, X.; Lv, B.; Ding, Z. Structural, mechanical, and
electronic properties of 25 kinds of III–V binary monolayers: A computational study with first-principles
calculation. Chin. Phys. B 2019, 28, 086105. [CrossRef]

39. Zhang, Z.-F.; Zhou, T.-G.; Zhao, H.-Y.; Wei, X.-L. First-principles calculations of 5d atoms doped
hexagonal-AlN sheets: Geometry, magnetic property and the influence of symmetry and symmetry-breaking
on the electronic structure. Chin. Phys. B 2013, 23, 016801. [CrossRef]

40. Liao, J.; Sa, B.; Zhou, J.; Ahuja, R.; Sun, Z. Design of High-Efficiency Visible-Light Photocatalysts for Water
Splitting: MoS2/AlN(GaN) Heterostructures. J. Phys. Chem. C 2014, 118, 17594–17599. [CrossRef]

41. Phuc, H.V.; Hieu, N.N.; Hoi, B.D.; Phuong, L.T.T.; Hieu, N.V.; Nguyen, C.V. Out-of-plane strain and electric
field tunable electronic properties and Schottky contact of graphene/antimonene heterostructure. Superlattices
Microstruct. 2017, 112, 554–560. [CrossRef]

42. Zhang, F.; Li, W.; Ma, Y.; Dai, X. Strain effects on the Schottky contacts of graphene and MoSe2 heterobilayers.
Phys. E (Amsterdam Neth.) 2018, 103, 284–288. [CrossRef]

43. Komsa, H.-P.; Kotakoski, J.; Kurasch, S.; Lehtinen, O.; Kaiser, U.; Krasheninnikov, A.V. Two-Dimensional
Transition Metal Dichalcogenides under Electron Irradiation: Defect Production and Doping. Phys. Rev. Lett.
2012, 109, 035503. [CrossRef] [PubMed]

44. Heyd, J.; Scuseria, G.E.; Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential. J. Chem.
Phys. 2003, 118, 8207–8215. [CrossRef]

45. González, R.; López-Pérez, W.; González-García, Á.; Moreno-Armenta, M.G.; González-Hernández, R.
Vacancy charged defects in two-dimensional GaN. Appl. Surf. Sci. 2018, 433, 1049–1055. [CrossRef]

46. Si, C.; Lin, Z.; Zhou, J.; Sun, Z. Controllable Schottky barrier in GaSe/graphene heterostructure: The role of
interface dipole. 2D Mater. 2016, 4, 015027. [CrossRef]

47. Gao, X.; Shen, Y.; Ma, Y.; Wu, S.; Zhou, Z. Graphene/g-GeC bilayer heterostructure: Modulated electronic
properties and interface contact via external vertical strains and electric fileds. Carbon 2019, 146, 337–347.
[CrossRef]

48. Padilha, J.E.; Fazzio, A.; da Silva, A.J. Van der Waals heterostructure of phosphorene and graphene: Tuning
the Schottky barrier and doping by electrostatic gating. Phys. Rev. Lett. 2015, 114, 066803. [CrossRef]

49. Yun, W.S.; Han, S.; Hong, S.C.; Kim, I.G.; Lee, J. Thickness and strain effects on electronic structures of
transition metal dichalcogenides: 2H-M X 2 semiconductors (M = Mo, W.; X = S, Se, Te). Phys. Rev. B 2012,
85, 033305. [CrossRef]

50. Wang, H.; Liu, F.; Fu, W.; Fang, Z.; Zhou, W.; Liu, Z. Two-dimensional heterostructures: Fabrication,
characterization, and application. Nanoscale 2014, 6, 12250–12272. [CrossRef]

51. Liu, Y.; Weiss, N.O.; Duan, X.; Cheng, H.-C.; Huang, Y.; Duan, X.-F. Van der Waals heterostructures and
devices. Nat. Rev. Mater. 2016, 1, 1–15. [CrossRef]

http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://www.ncbi.nlm.nih.gov/pubmed/9984901
http://dx.doi.org/10.1016/0927-0256(96)00008-0
https://arxiv.org/abs/1908.08269
http://dx.doi.org/10.1039/C9TC01873E
http://dx.doi.org/10.1021/am507287f
http://dx.doi.org/10.1039/C7TC03131A
http://dx.doi.org/10.1016/j.jcrysgro.2015.07.030
http://dx.doi.org/10.1088/1674-1056/28/8/086105
http://dx.doi.org/10.1088/1674-1056/23/1/016801
http://dx.doi.org/10.1021/jp5038014
http://dx.doi.org/10.1016/j.spmi.2017.10.011
http://dx.doi.org/10.1016/j.physe.2018.06.023
http://dx.doi.org/10.1103/PhysRevLett.109.035503
http://www.ncbi.nlm.nih.gov/pubmed/22861869
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1016/j.apsusc.2017.10.136
http://dx.doi.org/10.1088/2053-1583/4/1/015027
http://dx.doi.org/10.1016/j.carbon.2019.02.018
http://dx.doi.org/10.1103/PhysRevLett.114.066803
http://dx.doi.org/10.1103/PhysRevB.85.033305
http://dx.doi.org/10.1039/C4NR03435J
http://dx.doi.org/10.1038/natrevmats.2016.42


Nanomaterials 2019, 9, 1674 14 of 14

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Computational Details 
	Results and Discussion 
	Sublayers and Heterostructures 
	Electronic Properties 
	Schottky Barrier Height 
	Effects of Biaxial Strain on SBH 

	Conclusions 
	References

