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Van der Waals heterostructures, created by putting graphene on other two-dimensional semiconducting
materials, have become an effective strategy to enhance the physical properties and extend the possible
applications of two-dimensional (2D) materials. Motivated by the successful synthesis of a graphene/Pbl,
heterostructure in a recent experiment [Nat. Commun. 11, 823 (2020)], here we use first-principles calculations to
construct and investigate the electronic properties and interface characteristics of graphene/Pbl, heterostructure.
We find that the weak forces occurring at the interface keep heterostructures stable and maintain the intrinsic
properties of the constituent graphene and Pbl, monolayers. At the equilibrium interlayer distance of 3.48 A, the
graphene/Pbl, heterostructure forms an n-type Schottky contact. More interestingly, the Schottky barrier height
and contact types in the graphene/Pbl, heterostructure can be adjusted by electric field and interlayer coupling.
The graphene/Pbl, heterostructure can transform from a n-type Schottky contact to a p-type one or to Ohmic
contact by applying electric field or by adjusting interlayer distance. The controllable electronic properties and
contact types in graphene/Pbl, heterostructure make it a promising candidate for designing and improving the
performance of high-efficiency Schottky nanodevices.

DOI: 10.1103/PhysRevB.101.235419

I. INTRODUCTION

In the past decade, the successful exfoliation of graphene
[1] has opened a door to the world of novel two-dimensional
(2D) materials. To date, a plethora of different 2D materials,
such as hexagonal boron nitride (h-BN) [2,3], phosphorene
[4,5], transition-metal dichalcogenides (TMDs) [6-8], sil-
icene [9,10], germanene [11,12], and so forth, have been
fabricated and confirmed as potential candidate for novel
applications, including field-effect transistors (FETs) [13,14]
and photodetectors [15,16]. Unfortunately, these 2D materials
in their single form contain some drawbacks that are not
desirable for high-performance electronic and optoelectronic
devices. For instance, the lack of a band gap in graphene
hinders its application in high-speed FET [17]. Monolayer
MoS;, one of the TMD family, exhibits a semiconductor
nature with a band gap of about 2 eV [18]. However, the
low carrier mobility of MoS, monolayer limits its application
applications in nanoelectronics [19]. Phosphorene, a type of
2D material, possesses high carrier mobility, especially for
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holes [20]. However, the instability of phosphorene under
ambient conditions has limited its application in modern day
devices.

Recently, constructing layered van der Waals (vdW) het-
erostructures (HTSs) by putting a 2D material on top of
another one has been experimentally and theoretically con-
firmed to be one of the most effective strategies to enhance
the electronic properties and optical performances of 2D
materials [21,22]. Nowadays, there are already numerous
theoretical and experimental efforts to investigate 2D lay-
ered vdW-HTSs, especially graphene-based vdW-HTSs, such
as graphene/TMDs [23-26], graphene/phosphorene [27-29],
graphene/GaS(Se) [30-34], graphene/GeC [35,36], and so
forth. One can find that in the graphene-based vdW-HTSs, the
weak vdW forces between graphene and other 2D materials
keep the HTSs feasible and preserve the intrinsic electronic
and optical properties of the constituent materials. Moreover,
the graphene-based vdW-HTSs exhibit many properties which
are desirable for designing and enhancing the performances
of electronic and nanoelectronic devices. For instance, Aziza
et al. [32] experimentally fabricated graphene/GaSe HTS
using molecular beam epitaxy (MBE) and demonstrated that
the graphene/GaSe HTS can use for future nanoelectronic and
optoelectronic devices, which require a high photoresponse.

©2020 American Physical Society
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On the other hand, Kim et al. [34] reported a FET based on
graphene/GaSe heterojunction with high photoresponsivity of
about 10 mA/W. Si et al. [31] used first-principles calcu-
lations to demonstrate that the tunable band alignment and
contact types in graphene/GaSe HTS can enhance its potential
applications in electronic and optoelectronic devices.

Very recently, Sinha and coworkers [37] successfully syn-
thesized the graphene/Pbl, vdW heterostructure by exfolia-
tion. They found that the vdW forces between graphene and
Pbl, layer tends to the formation of the 1H crystal phase of
Pbl,. It should be noted that the single crystal of Pbl, has
been experimentally synthesized using a hydrothermal strat-
egy [38]. Monolayer Pbl, exhibits a natural semiconductor
with an indirect band gap of 2.5 eV, which can be effectively
controlled by powerful strategies as biaxial strains [39] and
thickness layers [40]. The controllable electronic properties
of monolayer Pbl, make it promising candidate for pho-
toluminescence and optical field applications. Theoretically,
Zhou et al. [39] have constructed the graphene/Pbl, HTS and
demonstrated that the visible light absorption can be enhanced
as compared to monolayer Pbl,. However, the graphene/Pbl,
HTS exhibits a large lattice mismatch of about 8%, which may
affect strongly the intrinsic electronic properties of such HTS,
which has not been considered in previous works.

Therefore, in this work, using first-principles calculations,
we investigate systematically the electronic properties and
interface characteristics of graphene/Pbl, HTS. The weak
vdW interactions between graphene and Pbl, layer makes
the graphene/Pbl, HTS feasible and can be synthesized in
recent experiments [37]. Moreover, at the equilibrium state,
graphene/Pbl, forms a n-type Schottky contact that can be
switched to a p-type or Ohmic contact under strain and
electric field. Our work is organized as follows: Details of the
computational methodology are provided in Sec. II. The band
alignment and contact types of graphene/Pbl, heterostructure
along with the effects of strain and electric field are discussed
and presented in Sec. II1.

II. COMPUTATIONAL DETAILS

First-principle calculations with the QUANTUM ESPRESSO
package [41,42] have been performed to calculate the struc-
tural, electronic, and optical properties of the constituent
monolayers and their corresponding vdW heterostructures. A
plane-wave basis set and projector augmented wave (PAW)
pseudopotentials [43] are used along with density functional
theory. The exchange correlation function is approximated by
the generalized gradient approximation of Perdew, Burke, and
Ernzerhof (PBE) [44]. To describe correctly the weak forces
in layered materials, the DFT-D3 method [45] by adding
a semiempirical dispersion potential to the traditional DFT
method is adopted for all calculations. The cutoff energy is
set to be 510 eV and a (9 x 9 x 1) k-point grid of the
first Brillouin zone (BZ) was performed for Monkhorst-Pack
mesh [46]. In order to break unphysical interactions between
periodic images of systems, a large vacuum of 30 A is applied
along the z direction. The convergence criterion of energy
in the self-consistency process is set to be 107 eV. All
the geometric optimization processes were obtained when
the Hellmann-Feynman forces on atoms are smaller than

0.01 eV/A. Moreover, the dipole corrections are also added
in our calculations in order to examine the charge transfer and
charge redistribution in the heterostructure.

The ab initio molecular dynamics simulations (AIMD) [47]
is used to confirm the thermal stability of graphene/Pbl,
heterostructure. AIMD simulations are performed through
Nose-thermostat algorithm at temperature of 300 K for total
6 ps with a time step of 1 fs.

III. RESULTS AND DISCUSSION

We first examine the structural and electronic character-
istics of both graphene and Pbl, monolayers for their unit
cell. These results are depicted in Fig. 1. At the ground state,
graphene possesses a metallic nature, whereas monolayer
Pbl, exhibits a semiconducting behavior. The lattice parame-
ters of graphene and Pbl, in their unit cell are 2.46 and 4.72 A,
respectively, which are consistent with previous reports [39],
confirming the reliability of our computational methods. It
is clear that the Pbl, monolayer has the hexagonal crystal,
where one Pb atom is sandwiched between two I atoms in both
sides. Phonon dispersion curves of both graphene and Pbl,
monolayers are depicted in Fig. 1(c). It is clear that graphene
and Pbl, monolayers for their unit cell are dynamical stable
with no soft modes in the phonon spectrum.

The difference in the lattice parameters of graphene and
Pbl, monolayers leads us to use a supercell to build the
graphene/Pbl, HTS. The supercell contains of a (2 x 2)
Pbl, supercell and (4 x 4) graphene supercell. The lattice
mismatch between graphene and Pbl, layers in their corre-
sponding HTS is small, 2.1%, which will have no affect the
electronic properties of HTS. The graphene/Pbl, HTS have
different stacking configurations, and the most energetically
favorable stacking configuration is depicted in Fig. 2(a) and
2(b). At the equilibrium state, the interlayer distance (Deq)
between graphene layer and topmost I layer is calculated to be
3.48 A, which is consistent with other typical vdW graphene-
based HTS, such as graphene/MoS,; [48], graphene/SnS [49],
and graphene/phosphorene [27]. This indicates that with such
value of the D, the graphene/Pbl, HTS is mainly character-
ized by the weak vdW forces, occurring between graphene
and the topmost I layer.

Furthermore, to determine the structural stability of HTS,
we examine its binding energy, which can be calculated as
the difference in the total energies of HTS (Eyrs) and corre-
sponding monolayers (Eym): Ey = (Ents — Y Ewm]/A, where
A is the in-plane surface area of HTS. Our obtained E; of
graphene/Pbl, is —10.04 meV/A2. The negative value of
the binding energy confirms that such HTS is feasible and
thus it can be easily realized in experiments. Moreover, this
value of Ey, in graphene/Pbl, HTS is comparable with that
in other vdW graphene-related systems, such as graphite [50]
and A-BN [51]. It also confirms that graphene and Pbl, layers
are bonded to each other via the weak vdW forces, and thus
the graphene/Pbl, HTS can be synthesized experimentally
by the exfoliation method [37]. Furthermore, to examine the
thermal stability of the most energetically favorable stacking
configuration of graphene/Pbl,, we next perform ab initio
molecular dynamics (AIMD) simulation at room temperature
(300 K). The fluctuation of total energy as a function of
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FIG. 1. (a) Band structure, (b) atomic structure, and (c) phonon spectrum of (i) graphene and (ii) Pbl, monolayers, respectively.

time step is depicted in Fig. 3. One can observe from the
snapshot of graphene/Pbl, HTS after 6 ps that there are
no structure distortion. Moreover, the fluctuation of the total
energies as a function of time step is small. Moreover, through
the AIMD simulation, our results demonstrate that the geo-
metrical structure of graphene/Pbl, HTS is well kept after
6000 step simulations, and the average value of total energy
remains nearly constant during the entire simulation. All these

FIG. 2. (a) Top view and (b) side view of the most energetically
favorable graphene/Pbl, HTS.

findings demonstrate that the graphene/Pbl, HTS is thermally
stable at room temperature.

The projected band structures of isolated graphene, Pbl,
monolayers, and graphene/Pbl, HTS are depicted in Fig. 4.
When the graphene and Pbl, layers are stacked together to
form graphene/Pbl, HTS, it is clear that they are bonded
to each other via the vdW interactions as mentioned above.
This interaction keeps the graphene/Pbl, HTS stable and thus
it results on the preservation in the band structures of both
graphene and Pbl, monolayers. One can find from Figs. 4(a)—
4(c) that the band structure of such HTS is the sum of that
of graphene and Pbl, monolayers. The values of the band
gap of isolated graphene and Pbl, layers are calculated to
be 5 meV and 2.46 eV, respectively. It indicates that the
combination of graphene and Pbl, monolayers results in the
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FIG. 3. Snapshots of structure of graphene/Pbl, HTS (a) before
and (b) after heating 6 ps. (c) The AIMD simulation of the fluctuation
in energy as a function of time step of graphene/Pbl, HTS.
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FIG. 4. Calculated band structures of (a) isolated graphene, (b)
Pbl, monolayer, and (c) graphene/Pbl, HTS. The dashed line repre-
sents the Fermi level, which is set to be zero. The partial density
of states (PDOS) of (d) Pbl, part and (e) graphene layer in their
corresponding HTS.

formation of a band gap opening in graphene. This small band
gap opening in graphene demonstrates that the graphene/Pbl,
HTS will have a high carrier mobility as compared with
perfect graphene. Furthermore, to have a better insight into
the electronic properties of such graphene/Pbl, HTS, we plot
their partial density of states (PDOS), as depicted in Figs. 4(c)
and 4(d). One can see that the Dirac cone around the Fermi
level is created by the C-2p orbitals in graphene, while the
VBM and CBM of the Pbl, part come from the I-p and Pb-p
orbitals, respectively.

In order to understand this charge-transfer trend and charge
redistribution in graphene/Pbl, HTS, we further calculate the
charge density difference as follows: Ap = pprs — Y om»
where pprs and py are the charge density of the HTS and
the monolayers. These results are presented in the inset of
Fig. 5(a). One can see that the charges are mainly depleted
in the graphene layer, whereas they are accumulated in the
Pbl; layer, leading to a transfer for the charges from graphene
to the Pbl, layer. Moreover, one can observe from Fig. 5(a)
that the graphene layer has a deeper potential than that of
the Pbl, layer, resulting in the formation of a large potential
drop, which suggests a strong electrostatic field across the
heterostructure. When the graphene layer is used as an elec-
trode, this strong electrostatic field will exhibit strong effects
on the carrier dynamics and induce a low charge-injection bar-
rier, which will facilitate charge injection, resulting in better
device performance. Obviously, a dipole moment (P) can be
calculated as P = AQ X Dgq. To quantify the charge transfer,
we perform a Bader analysis [52], which demonstrates that
only 0.054 electrons are transferred from graphene to the Pbl,
layer. Although the interactions between graphene and Pbl,
are weak and there are only small amounts of charge transfers
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FIG. 5. (a) Electrostatic potential and (b) band alignment of
graphene/Pbl, HST. (c) Schematic model of FET based on
graphene/Pbl, HTS. The inset in panel (a) is the charge density
difference of the graphene/Pbl, HTS. The yellow and cyan regions
represent the charge accumulation and depletion, respectively.

between them, it leads to the formation of a interface dipole
with a large potential step, as shown in Fig. 5(b). This obser-
vation was confirmed by experiments in other graphene-based
HTS, such as graphene/GaSe [32] and graphene/MoS, [25].
Moreover, the plane averaged electrostatic potential across the
interface is also considered. The ionization potential (I) is
given from the vacuum energy level (Ey,), which is defined as
I = Ey,c — EvpMm, wWhere Ey, refers to the vacuum potential.
Our calculated I value of the graphene/Pbl, HTS is 4.8 eV.
The calculated potential drop AV across the graphene/Pbl,
HTS is 28 eV. A comparatively large potential drop is found
in graphene/Pbl, HTS, suggesting a considerably strong elec-
trostatic field. The deeper potential is caused by the different
atomic electronegativity of Pb, I, and C atoms. Furthermore,
to confirm the charger transfer in the graphene/Pbl, HTS,
we calculate the work functions of the constituent graphene
and Pbl, monolayers, which are calculated to be 4.25 and
5.87 eV, respectively. Because of the large difference in
the work functions between graphene and Pbl, monolayers,
electrons will spontaneously flow from graphene into Pbl,
layer. These results demonstrate that the graphene /Pbl, can be
considered as a promising candidate for high-efficiency FET,
as depicted in Fig. 5(c). It should be noted that the preliminary
requirement for application of graphene/Pbl, HTS in high-
performance FET device is that its carrier mobility should be
high. Moreover, the carrier mobility relates to the effective
masses in following relationship: u = et /m*. Therefore, to
clarify the carrier mobility of graphene/Pbl, HTS, we calcu-
late the effective masses for electrons and holes as follows:

1 1 3%E (k)

m*  h 9k?

ey
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FIG. 6. Imaginary part of dielectric functions of graphene/Pbl,
HTS along with that of isolated graphene and Pbl, monolayers.

Here, 7 is the Planck constant and k is the wave vector. The
effective masses for electrons and holes are 7.63 x 1073 my
and 5.23 x 1073 my, respectively. The small effective mass of
graphene/Pbl, demonstrates that it has high carrier mobility,
which merits high-speed FET, as depicted in Fig. 5(c).

The optical absorption behaviors of graphene, Pbl,, and
the graphene/Pbl, HTS are also calculated and depicted in
Fig. 6. It is found that Pbl, and graphene have one absorption
peak at 2.8 and 3.2 eV in the visible light region, and there are
several peaks at the ultraviolet region while the graphene/Pbl,
HTS has one peak at 2.7 eV. It can be clearly seen that such
heterostructures possess high-performance absorption in the
visible and near-infrared regions, indicating that it is useful
for acquiring efficient photocatalysts. Moreover, one can ob-
serve that the red shift was observed in the graphene/Pbl,
heterostructure.

More interestingly, when graphene is placed on the Pbl,,
it tends to the formation of the metal-semiconductor het-
erojunction, which is characterized by Schottky or Ohmic
contact. Based on the Schottky-Mott rule [53], both the n-type
Schottky barrier (®,) and p-type Schottky barrier (®,) can
be defined as ®, = Ecg — Er and ®, = Ep — Evg. Itis clear
from Fig. 4(c) that the Fermi level of such HTS is closer to
the CBM of Pbl, layer, leading to the formation of n-type
semiconductor. The band gap E|, of the Pbl, semiconductor in
the graphene/Pbl, HTS can be obtained as E; = Ecg — Evg,
ie., E; = &, — ®,. According to the Schottky-Mott rule, our
calculated ®, and ®, are 0.89 and 1.57 eV, respectively.
It indicates that the graphene/Pbl, HTS forms the n-type
Schottky contact (n-SC) at the equilibrium state. Moreover,
the switchable Schottky barrier (SB) and contact types in
the graphene/Pbl, HTS is crucial for fabricating its future
high-performance Schottky devices. Therefore, it is impor-
tant to examine whether the SBH and contact types of the
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FIG. 7. The variation of the SBH of graphene/Pbl, HTS as a
function of electric fields.

graphene /Pbl, HTS can be tuned. Previously, many studies
have been reported that both the SBH and contact types in
graphene-based HTS can be effectively modulated by inter-
layer distance and external electric field [31,35,36,54].

We first examine the controllable electronic properties and
contact types of graphene/Pbl, HTS under external electric
fields (E,), which are applied along the z direction of the
heterostructure. The direction of electric field, pointing from
graphene to the Pbl, layer, is defined by the positive. The
changes in the SBH and contact types of graphene/Pbl, HTS
under £, are illustrated in Fig. 7. One can find that the
negative E| (n-E ) results in an increase in the &, and a
decrease in the ®,. Whenn-E; > —0.17 V/nm, one can find
that the graphene /Pbl, HTS keeps the n-type Schottky contact
(n-SC) contact because the @, is still smaller than the ®,.
When the n-E | is continuously decreased, i.e., n-®,, < —0.17
V/nm, we find that the ®, is continuously decreased and
becomes smaller than the ®,,, converting the graphene/Pbl,
HTS from n-SC to p-type Schottky contact (p-SC). It indicates
that the n-E; can transform the graphene/Pbl, HTS from
n-SC to p-SC. In contract to the n-E, , the positive (p) E|
leads to the narrower @, and wider ®,,. It suggests that the
graphene /Pbl, HTS still keeps the n-SC under the p-E | . More
interestingly, when the p-E is higher than +0.5 V/nm, the
®,, is narrowed to approximately zero. It indicates that the
p-E, can transform the graphene/Pbl, HTS from n-SC to
n-type Ohmic contact (n-OC).

In order to have a deep understanding of the electric-
field-tunable electronic properties of graphene/Pbl, HTS, we
calculate its projected band structures under different n-£
and p-E . These results are depicted in Fig. 8. One can find
that the Fermi level of graphene/Pbl, HTS moves toward
the VBM of the Pbl, part under the n-£,. It means that
under the n-E; the VBM of the Pbl, part moves closer to
the Fermi level, whereas the CBM shifts far from the Fermi
level. Therefore, under the n-E | , the ®,, is widened, while the
®,, is narrowed. When the n-E is smaller than —0.17 V/nm,

235419-5
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FIG. 8. Projected band structures of graphene/Pbl, HTS under different strengths of electric fields, ranging from (a) £ = —0.3 V/nm,
(b) E =—-0.15V/nm, (¢) E =0 V/nm, (d) E = +0.15 V/nm, and (e) E = +0.3 V/nm. The dashed line represents the Fermi level, which is
set to be zero. Red and blue lines represent the contributions of the graphene and Pbl, layers, respectively.

the VBM of the Pbl, part is closer to the Fermi level than its
CBM, leading to a transformation from n-SC to p-SC in the
graphene/Pbl, HTS. In contrast to the case of the n-E, the
Fermi level of graphene/Pbl, HTS moves toward the CBM of
the Pbl, part. This nature leads to an increase in the &, and
to a decrease in the @, and thus results in the transformation
from n-SC to n-OC at the critical p-E; of +0.5 V/nm.

The dependence of the binding energy, SBH, and con-
tact types of graphene/Pbl, HTS as a function of interlayer
distances is illustrated in Fig. 9. Before investigating this
effect, it should be noted that the interlayer couplings in vdW
heterostructures can adjust in experiments through different
strategies, including scanning tunnel microscopy [55] and the
insertion of hexagon boron nitride [56]. Figure 9(a) shows
that the graphene/Pbl, HTS has the lowest binding energy
at the equilibrium interlayer distance of Deq = 3.48 A Tt is
interesting from Fig. 9(b) that the interlayer coupling can be
used to modify both the SBH and the contact types of such
graphene/Pbl, HTS. Indeed, one can find from Fig. 9 that the
SBHs of graphene/Pbl, HTS, including ®, and ®,, vary by
two different ways. The ®,, is decreased with increasing the
interlayer distance, while the &, is increased with increasing
the interlayer distance. It is obvious from Fig. 9(b) that when
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the interlayer distance is smaller than 3.0 A, the @, decreases
and becomes smaller than the &, of graphene/Pbl, HTS,
leading to the transformation from n-SC to p-SC contact.

The band structures of graphene/Pbl, HTS under different
interlayer distances are also calculated and depicted in Fig. 10.
It can be seen that when the interlayer distance is increased,
the Fermi level moves toward the CBM of Pbl, part. Thus,
the @, of such HTS is decreased, whereas its ®, decreases
with increasing the interlayer distance. When the interlayer
distance is smaller than 3.0 A, the VBM of Pbl, part gets
closer to the Fermi level than the CBM, thus making a
transition from n-SC to p-SC contact type. The nature of
the strain effects on electronic properties of graphene/Pbl,
HTS is related to the charge transfer between two constituent
monolayers. Bader charge analysis shows that the charge
transfers from graphene to Pbl, layers at the interlayer spacing
of 3.48, 3.08, and 2.68 A are 0.054, 0.062, and 0.071 e,
respectively. It indicates that with decreasing the interlayer
spacing, the interlayer coupling between graphene and Pbl,
is enhanced, and thus more electrons are transferred from
graphene to the Pbl, layer. When the interlayer coupling
is strengthened, i.e., the interlayer distance decreases, more
electrons are transferred from graphene to VBM of the Pbl,
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3
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FIG. 9. The variation of (a) binding energy and (b) the SBH of graphene/Pbl, HTS as a function of interlayer distances.
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FIG. 10. Projected band structures of graphene/Pbl, HTS under different interlayer spacings: (a) D = 2.68 A, (b) D =3.08 A, (c) D =
3.48 A, (d) D = 3.88 A, and (e) D = 4.28 A. The dashed line represents the Fermi level, which is set to be zero. Red and blue lines represent

the contributions of the graphene and Pbl, layers, respectively.

layer, leading to a decrease in the ®,. The controllable SBH
and contact types in graphene/Pbl, HTS make it promising
candidate for designing the Schottky devices.

IV. CONCLUSION

In conclusion, we have constructed theoretically and in-
vestigated systematically the structural, electronic properties,
and interface characteristics of graphene/Pbl, heterostructure
using first-principles calculations. The combination between
graphene and Pbl, monolayer tends to the formation of the
n-type Schottky contact with the Schottky barrier height of
0.89 eV. The weak vdW forces keeps the graphene/Pbl, het-
erostructure feasible and can be synthesized in experiments.
The intrinsic electronic properties of both graphene and Pbl,
monolayers are well preserved in such heterostructure. Fur-
thermore, the strain engineering and electric field are crucial
for controlling both the Schottky barrier height and contact

types of graphene/Pbl, heterostructure. The graphene/Pbl,
heterostructure can transform from the n-type Schottky con-
tact to the p-type one or to Ohmic contact by applying electric
field or by adjusting interlayer distance. The controllable
electronic properties and contact types in graphene/Pbl, HTS
make it a promising candidate for designing and improving
the performance of high-efficiency Schottky nanodevices.
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