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Abstract
Tremendous developments in the synthesis and understanding of two-dimensional materials such as
graphene, phosphorene, BN and MoS2 have spurred great interest in exploiting their heterostructures
in devices. Here, we present a compact review of the modeling and simulation of stacked twodimensional materials and devices. Particular emphasis is placed on the intriguing phenomena
enabled by different stacking geometries and material choices, and the fundamental physical
mechanisms behind them, which enable new device concepts and applications to be developed which
would have been difﬁcult to achieve with other material platforms.

1. Introduction
The discovery of graphene [1–3] ushers in a new
research realm of two-dimensional (2D) materials [4],
ranging from basic physics [5] and chemistry [6, 7], to
applications such as transistors [8–16], photovoltaics
[17–21], light-emitting devices [19, 22–28], optical
and gas sensors [29–38], and to topological ﬁeld effect
transistors [39, 40], that potentially have a large impact
on science and technology. Van der Waals (vdW)
interaction is emerging as a versatile ‘glue’ to engineer
the structure and properties of vertically stacked 2D
materials [41], which can be tailored by selection of
the material, relative orientation and shift of the
component layers, as well as reversible external
controls such as electric ﬁeld and elastic strain, and
thus have seemingly unlimited tunability. While there
has been tremendous progress in the synthesis, processing and characterization of 2D materials, modeling
and simulation provide complementary tools for
exploring the fundamental properties of 2D materials,
as well as being design tools for devices. In the
following, we will highlight some recent works on
modeling and simulation of stacked 2D materials and
devices. Rather than providing a comprehensive
review, we will emphasize a number of novel physical
effects in stacked 2D materials that lead to novel device
concepts. Limited by our knowledge, this cannot be
© 2015 IOP Publishing Ltd

(and is indeed far from) a complete overview of all the
exciting developments in this ﬁeld.

2. Stacking materials
The 2D materials library has been greatly expanding
since the isolation of graphene in 2004, to include
graphene, hexagonal boron nitride (hBN), 2D chalcogenides, 2D oxides, graphene derivatives, phosphorene and so on [41]. In principle, any 2D material can
be used as a layer in the stack due to the pervasiveness
and versatility of vdW interaction as a ‘weak glue’.
Among these material candidates, graphene, hBN and
transition metal dichalcogenides (TMDCs) are extensively utilized and studied, partly because of their
availability (relatively high mechanical, thermal and
chemical stability), and distinct but complementary
properties. Semimetal graphene can be used as an
electrode, hBN as a protective cover or substrate
[42, 43], gate dielectric [43] and tunnel barrier [9, 44–
46], and TMDCs (such as MoS2 and WSe2) as a
semiconductor in devices. Integrating the unique
properties of these different 2D materials therefore
offers numerous possibilities for shaping the future of
nanoelectronics. Moreover, electronic and optoelectronic devices made entirely of 2D materials have been
synthesized, with superior carrier mobility characteristics [13, 14]. In the following, we will focus on the
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Figure 1. Perfectly lattice-matched graphene/hBN heterostructures. (a) Schematic model of ABA stacking hBN/SLG/hBN. Adapted
with permission from [58], copyright 2012 The Royal Society of Chemistry. (b) Schematic drawing of the metal/hBN/SLG structure
and the electrostatic potential (energy) across the structure. Adapted with permission from [60], copyright 2011 American Chemical
Society. (c) Dual-gated ﬁeld effect transistor (FET) based on the ABC stacking conﬁguration: Schematic model (top), transmission
spectrum under E⊥ = −1 V Å−1 and Vbias = 0 V (down left) and transfer characteristic under E⊥ = −1 V Å−1 and Vbias = 0.1 V (down
right). Adapted with permission from [57]. Copyright 2012 Nature Japan K.K. (d) Band structure of BLG, hBN/BLG/hBN with B-CC-B, N-C-C-N, and B-C-C-N ordering of dimers along the c axis as a function of external electric ﬁeld. Adapted with permission from
[59], copyright 2011 American Chemical Society.

modeling and simulation studies of the vertical
combinations of many of these 2D materials.
2.1. Graphene/hBN
Graphene/hBN heterostructures have been synthesized by roll-to-roll chemical vapor deposition [47–
49] or mechanical transfer technique [42, 43, 50–52].
Apart from the extensive experimental studies, due to
a relatively minor lattice mismatch of 1.8% between
graphene (smaller) and hBN, different sequences of
commensurate stacking of graphene/hBN heterostructures, such as single-layer graphene (SLG)/BN
[53–56], BN/SLG/BN [57, 58], and BN/bilayer graphene (BLG)/BN [59], were investigated using density
functional theory (DFT) calculations, as illustrated in
ﬁgure 1(a). In the most energetically favored AB
(boron) stacking SLG/BN bilayer, the bands near the
Fermi level (Ef) have graphene-like linear dispersion
features, with a small gap of 0.05 ∼ 0.10 eV predicted
by DFT calculations using local-density approximation, arising from sublattice symmetry breaking [53–
56]. Since hBN is an ideal substrate and gate dielectric,
metal/hBN/graphene stacks are commonly used for
2

ﬁeld-effect devices. DFT calculations for Cu/hBN/
graphene stacks are performed to study how the carrier
concentration (doping) of graphene depends on the
thickness of the hBN layers [60]. The doping level
decreases with increasing hBN layer thickness and
approaches zero for thick layers. The doping level can
also be varied by applying an external electric ﬁeld
(electrostatic doping), and the resulting shift of the
Fermi level has a modiﬁed square-root-like dependence on the applied electric ﬁeld. An analytical model
whose parameters are shown in ﬁgure 1(b) is developed. Bokdam et al showed through DFT calculations
and analytical derivation [60] that the intrinsic doping
and the dependence of the Fermi level on the applied
gate voltage in graphene ﬁeld-effect devices using a
thin layer hBN gate dielectric can be well described by

ΔE f = ±

1+2αD0 d ∣ Vg − V0 ∣ /κ − 1
αD0 d / κ

, where the gate voltage

α = e 2/ε0 A,
Vg = − eE ext d/κ ,
V0 = WM − WG − ΔCu ∣ BN − ΔBN ∣ C , D0 = 0.09/(eV2 ∙
unit cell), E ext is the external electric ﬁeld, d is the
thickness of the dielectric layer, κ is the vertical
dielectric constant of the hBN layer, and A = 5.18 Å2 is
the area of a graphene unit cell.
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Although SLG maintains zero-band gap with and
without a perpendicular electric ﬁeld, hBN/SLG/hBN
shows a stacking-dependent energy gap tunable by
electric ﬁeld [54, 57]. The band gap of SLG is opened
to 0.16 eV without an electric ﬁeld and can be further
increased to 0.34 eV with a strong electric ﬁeld, when
properly sandwiched between two hBN single layers
[57]. The zero-ﬁeld band gaps are found to increase by
more than 50% when many-electron effects are included in the quasi-particle band structure calculations
by the GW method [57]. The ab initio quantum transport simulation of a dual-gated ﬁeld effect transistor
(FET) made of such a sandwich structure reveals an
electric-ﬁeld-enhanced transport gap of 0.26 eV under
an electric ﬁeld of -1 V Å−1, and an on/off current ratio
of 8.5 (ﬁgure 1(c)). Compared with the ratio of 1.06
delivered by the pure SLG FET, the on/off ratio is
increased by a factor of 8. Despite the rather weak
switching effect, hBN/SLG/hBN sandwich structures
offer a new route to engineer the band gap of SLG.
Free-standing BLG already has an electric ﬁeld
tunable band gap. After being sandwiched between
two hBN monolayers, the band gap tuning of BLG by
an external electric ﬁeld was not changed much, as
shown in ﬁgure 1(d), apart from additional screening
[59]. The gap of BLG is continuously modulated from
0 to 0.2 eV and is robust with respect to stacking disorder, suggesting that hBN is a better substrate for graphene-based devices than SiO2.
The microscopic Moiré patterns of graphene on
hBN, resulting from the lattice mismatch and orientational misalignment between the two crystals, have
been observed by scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) [50–
52, 61, 62]. The formation of Moiré patterns leads to
local sublattice symmetry breaking and induces a
long-range superlattice potential in graphene. The
interplay between short- and long-wavelength effects
results in a band structure described by isolated superlattice minibands and an unexpectedly large band gap
at charge neutrality [51, 52, 62–64]. This picture is
conﬁrmed by the observation of the fractional quantum Hall effect and Hofstadter’s butterﬂy at ﬁnite
magnetic ﬁelds [51, 62–64]. Obviously, models that
assume perfectly matched graphene/hBN heterostructures are not capable of predicting or explaining
these fascinating phenomena. So far, several theoretical approaches [65–73] have been developed to study
the electronic structures of graphene/hBN Moiré
superlattices. Effective models have been derived
based on the extension from twisted BLG [67], the
symmetry-based continuum perturbation approach
[68, 69] and DFT calculations [65, 70, 72], as well as
the tight-binding lattice Hamiltonian [74]. Using
these effective models, the characteristic band properties of both SLG/hBN (ﬁgure 2) and BLG/hBN
(ﬁgure 3), such as the Moiré minibands, the generation of secondary Dirac-like spectra, and the gap opening at the corners of the superlattice Brillouin zone,
3

can be explained. The valley splitting is more signiﬁcant in BLG on hBN than SLG on hBN due to
stronger inversion-symmetry breaking [74]. The
energy spectrum in the magnetic ﬁeld in the presence
of hBN substrate was also calculated, as shown in
ﬁgure 4 [51, 62–64, 74].
2.2. TMDCs/graphene
With direct band gaps in the visible electromagnetic
spectrum, large exciton binding energies, and strong
photoluminescence, monolayer semiconducting
TMDCs such as MoS2 and WSe2 are novel material
platforms for optoelectronic applications. Optoelectronic devices based on monolayer [12, 33] or fewlayer [10, 11, 29] MoS2 and WSe2 have been fabricated
with good photoresponsivity. Graphene exhibits an
extraordinary absorbance of 2.3% in the visible light
range, despite its thickness being only 3.3 Å [75]. The
feasibility of coupling a semiconducting TMDC
monolayer with graphene to create a bilayer Schottky
barrier solar cell was addressed by Bernardi et al in
2013 using a combination of ﬁrst principles calculations based on DFT and the GW–Bethe Salpeter
method [18]. The calculation assumes that the buffer
single-layer region between the metallic electrode and
the MoS2/graphene junction is long enough
(ﬁgure 5(a)), such that the Fermi energy near the
contact recovers its value in SLG or monolayer MoS2,
unaffected by the MoS2/graphene interfacial dipole.
The band energy alignment of the heterostructure
under this assumption is shown in ﬁgure 5(b). The
calculation shows that the electronic states of graphene
and MoS2 do not hybridize near the Fermi energy, and
the absorbance at the visible spectrum is close to the
sum of the absorbance of isolated graphene and the
MoS2 monolayer (ﬁgure 5(c)). This 1 nm thick solar
cell is estimated to exhibit power conversion efﬁciencies of up to ∼1%. Despite the relatively low efﬁciency
compared to thicker active layers, the power generated
by a unit volume or mass of active layer material
(power density) in a 1% efﬁcient MoS2/graphene solar
cell is extremely large, corresponding to approximately one to three orders of magnitude higher power
densities than the currently existing ultrathin solar
cells. After this simulation work, more 2D TMDCs/
graphene heterostructures for solar photovoltaic
applications have been examined [20]. The Schottky
barrier solar cell employing WS2 as a photoactive
semiconductor exhibits efﬁcient photon absorption in
the visible spectral range, yielding 3.3% photoelectric
conversion efﬁciency with multilayer graphene as the
Schottky contact. The experimental works on MoS2/
graphene for multifunctional photoresponsive devices
[76, 77] and vertically stacked graphene/TMDCs/
graphene junctions (TMDCs = MoS2, WS2, and
WSe2) with highly efﬁcient photocurrent generations
[78, 79] have also been reported, with the theoretical
predictions being systematically checked.
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Figure 2. Electronic properties of SLG/hBN. (a) moiré miniband spectra around K (drawn within the rhombic superlattice BZ) and
density of states (DOS), calculated by symmetry-based approach . Adapted with permission from [68], copyright 2013 American
Physical Society. (b) 3D plot of the ﬁrst and second electron and hole bands of K-valley (drawn within the hexagonal superlattice BZ),
calculated by the continuum model. (c) Band structures of SLG/hBN with θ = 1°, 2°, and 5° on the k-space path shown in (b),
calculated by the effective continuum model. (b), (c) Adapted with permission from [74], copyright 2014 American Physical Society.

2.3. Stacked TMDCs
Semiconductor TMDC heterostructures present a
powerful platform for excitonic engineering
[21, 80, 81] and band-to-band tunneling [15] for both
fundamental studies and application interests. Stacked
MoS2 and WSe2 (or WS2) are studied most extensively
in experiments. In modeling and simulation, an
excitonic solar cell based on an MoS2/WS2 bilayer is
proposed by Bernardi et al [18]. By combining the
DFT and GW–Bethe Salpeter method, the performance of the MoS2/WS2 solar cell is estimated. In
contrast to the MoS2/graphene interface, the interaction between two TMDC monolayers leads to signiﬁcant modiﬁcation of the band structure compared to
the isolated monolayers (ﬁgure 5(d)). The analysis of
the projected density of states (PDOS) shows that at
the K point the valence band maximum (VBM) and
conduction band maximum (CBM) are contributed
by orbitals of WS2 and MoS2, respectively
(ﬁgure 5(e)). This means that with the absorption of a
photon of visible energy, an electron is transferred
4

from a state localized on WS2 to a state localized on
MoS2, thus achieving the formation of a chargetransfer exciton shared by the two layers. Therefore a
type-II heterojunction [82], which enables exciton
dissociation and charge separation, is achieved at the
MoS2/WS2 interface. Although recombination centers
may occur at VBM near the Γ point due to the
hybridization between MoS2 and WS2, they expect the
key photoexcitation at visible photon energies to
involve states at the K point and conclude that the
observed band alignment would lead to effective
photovoltaic operation [18]. The optical absorption
spectrum of the heterostructure is calculated as shown
in ﬁgure 5(f), which is signiﬁcantly different from the
sum of the spectra of the two composing layers owing
to the interlayer interactions and the formation of an
indirect gap. Power conversion efﬁciency values are
estimated to be 0.4–1.5% for a bilayer of MoS2/WS2
with a 1.2 nm thickness, resulting in extremely high
power densities similar to the MoS2/graphene proposed in section 2.2. The theoretically predicted
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Figure 3. Electronic properties of BLG/hBN. (a) moiré miniband spectra around K(drawn within the rhombic superlattice BZ) and
density of states (DOS), calculated by symmetry-based approach . Adapted with permission from [69], copyright 2013 American
Physical Society. (b) Band structures BLG/hBN system with θ = 0, calculated by the tight-binding model (left) and the effective
continuum model (middle). Right panel: Three-dimensional plot of the ﬁrst and second electron and hole bands of K-valley (drawn
within the hexagonal superlattice BZ), calculated by the continuum model. Adapted with permission from [74], copyright 2014
American Physical Society.

efﬁcient exciton separation and strong light absorption in MoS2/WS2 heterostructures are demonstrated
experimentally afterwards, regardless of the epitaxy
and orientation of the stacking [81].
2.4. Stacked Dirac materials
It is well known that 2D Dirac materials, such as
graphene, silicene, and germanene, possess fascinating
Dirac-cone band structure and very high carrier
mobilities of up to 105 cm2 (V ∙ s)−1 [1, 8, 83]. These
5

features make them attractive for applications in highperformance nanoelectronics. However, none of these
Dirac materials is suitable for effective FET operation
at room temperature due to their zero band gaps. A
recent DFT-based study by Wang et al showed that
without opening their band gaps, the vertically stacked
Dirac materials like silicene/graphene can be directly
used for constructing high performance devices [16].
This is because in heterostructures of Dirac materials,
electron transport from graphene to silicene near Ef is
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Figure 4. Energy spectrum of SLG/hBN system with θ = 0° as a function of magnetic ﬁeld strength in (a) wide and (b) narrow ranges of
energy. In each ﬁgure, the quantized values of Hall conductivity inside energy gaps are indicated by numbers in units −e2/h as well as
shading ﬁlling the gaps. The Hall conductivity of the gray area cannot be determined by the present calculation. (c) Wannier diagram
calculated for the energy spectrum in (a). Each gap is plotted as a line of which thickness is proportional to the gap width, and the color
represents the quantized Hall conductivity. (d) Energy spectrum originating from monolayer’s K region (black) and K′ region (red).
(e-h) Plots similar to (a-d) except for BLG/ hBN system. Adapted with permission from [74], copyright 2014 American Physical
Society.

Figure 5. (a)–(c) MoS2/graphene interface and Schottky barrier solar cell. (a) The MoS2/graphene solar cell model. (b) Band
alignment at a MoS2/graphene interface, as predicted using DFT. (c) Absorbance of the MoS2/graphene interface and its composing
monolayers, computed within the independent particle approximation using DFT. (d)–(f) MoS2/WS2 interface and excitonic solar
cell. (d) DFT band structure of the MoS2/WS2 bilayer. (e) PDOS of the MoS2/WS2 bilayer. The energy is referenced to the Fermi
energy. (c) Absorbance spectra of the MoS2/WS2 bilayer and of the individual composing layers, computed using BSE. Adapted with
permission from [18], copyright 2013 American Chemical Society.

forbidden without the assistance of phonons due to
the momentum mismatch, as shown in ﬁgure 6(a).
Although this silicene/graphene heterostructure is
made of all-metallic material components in themselves, a large transport gap of over 0.4 eV is observed
6

in an ab initio quantum transport simulation of a
single-gated two-probe model, accompanied by a high
on/off current ratio of up to 104 (ﬁgure 6) at zero
temperature. Such an intriguing property in silicene/
graphene heterostructures is robust against the relative
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Figure 6. Graphene/silicene heterostructure and vertical FET. (a) Band structure. Green and red stand for graphene and silicene
components. (b) (E, kx) dependent transmission probability. Inset: Dirac cones of graphene (green) and silicene (red) in the miBZ. (c)
Schematic of the single-gated heterostructure vertical FET. (d) Transfer characteristics at Vds = 0.2 V. Reproduced with permission
from [16]. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

rotation of the two Dirac materials and can also be
expanded to silicene/germanene and homogenous
twisted BLG. Therefore, an all-metallic junction can
be strongly rectifying at sufﬁciently low temperatures,
if the crystalline quality of both monolayers are high
enough (so no momentum-imparting defect scattering) and they maintain structural incommeasurability [16].
2.5. Phosphorene/MoS2 and phosphorene/graphene
Black phosphorus is a layered semiconductor that
recently regained much attention after the rise of 2D
materials. By mechanical or liquid exfoliation [84–86],
black phosphorus can be successfully reduced to few
layers and even monolayer, named phosphorene.
With a layer-number-dependent direct band gap of
0.3 ∼ 1.5 eV [87], phosphorene is predicted to be a
promising material for electronic and optoelectronic
applications. Phosphorene FETs with thicknesses ranging from 2 to 30 nm have been fabricated by a
number of groups [84, 87–93], revealing ambipolar
conduction and high hole mobility of up to 1000 cm2
(V ∙ s)−1 at room temperature. AlOx and Al2O3
passivation can effectively protect phosphorene FETs
against ambient degradation [92, 93]. A photodetector
has also been realized in phosphorene [94].
Given the attractive properties of phosphorene,
attempts to combine phosphorene with other 2D
materials have been made both experimentally and
theoretically. Phosphorene shows well-behaved p-type
transport characteristics. An inverter was constructed
7

through integration of a p-type phosphorene transistor and a complementary n-type MoS2 transistor [84].
Based on DFT calculations, bilayer phosphorene/
MoS2 heterostructure was demonstrated as an effective solar cell [95]. The band alignments shown in
ﬁgures 7(a) and (b) suggest that the AA and ABstacked bilayer phosphorene/MoS2 form type-II heterojunctions. The power conversion efﬁciency is predicted to be as high as 18%/16%, as shown in
ﬁgure 7(c), which is one order of magnitude higher
than the values mentioned above for MoS2/graphene
and MoS2/WS2 solar cells. A gate tunable phosphorene/MoS2 p-n diode was demonstrated soon after this
simulation work [96]. The structural and electronic
properties of monolayer and bilayer phosphorene/
graphene heterostructures were also calculated [97].
By applying a perpendicular electric ﬁeld, the position
of the band structure of phosphorene can be tuned,
thus realizing the control of the doping of phosphorene and Schottky barrier height.

3. Stacking geometry and external ﬁeld
control
An unprecedented degree of control of the electronic
properties can be achieved through low-energy geometrical operations of the component layers, such as
adjusting their relative orientation (twist), in-plane
translation (shift), and out-of-plane bending. These
operations do not change the primary covalent
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Figure 7. (a) Computed band offsets between monolayer MoS2 (acceptor) and AA-stacked bilayer phosphorene (donor). (b) Band
offsets between monolayer MoS2 (acceptor) and AB-stacked bilayer phosphorene (donor). The numbers are the CBM and VBM levels
with respect to vacuum level. (c) Computed power-conversion efﬁciency contour as a function of the donor band gap and conduction
band offset. Adapted with permission from [95], copyright 2014 American Chemical Society.

bonding topology of an individual layer, and therefore
involve only weak forces such as vdW and bending
elastic energies. These operations also tend to be highly
reversible, and therefore can be regarded as an
extension of the elastic strain engineering idea, where
one uses external strain ﬁeld—uniform or spatially/
temporally varying—to control physical and chemical
properties [98]. Similarly, electric ﬁeld, magnetic ﬁeld,
temperature ﬁeld etc may also be used to tune the
functional properties reversibly.
3.1. In-plane twist
The interlayer electronic coupling depends on the
interlayer twist angle in most stacked 2D materials.
Relative rotation can be regarded as an effective way to
modulate the properties of stacked 2D materials. The
twisted graphene/hBN systems have been discussed
above. In twisted SLG/hBN/SLG heterostructures,
momentum and energy conservations limit coherent
tunneling between the graphene electrodes, which
induces a resonance peak and negative differential
conductance, therefore leading to a tunable radio
frequency oscillatory current that has potential application in high-frequency electronics [45, 46]. In
twisted BLG, new physical phenomena ranging from
new van Hove singularities [99–101] and Fermi
velocity renormalization [102–104] to unconventional quantum Hall effects [105] are observed. In
twisted bilayer MoS2, the interlayer distance varies
with the twist angle, and the electrical and optical
properties are tuned correspondingly [106].
Here we brieﬂy introduce a recent theoretical work
that shows how a spatially varying band gap is created
by a tiny twist angle (θ < 0.05°) between two identical
semiconducting atomic sheets to drive exciton
motion, that may be used for solar energy harvesting
and electroluminescence [107]. The small twist creates
an internal stacking translation u(r) that varies gently
with the position r and controls the local band gap
Eg(u(r)) (ﬁgure 8). Carbon/BN (CBN) and phosphorene lattices are used as model materials in this work.
8

The local band gap map of twisted bilayer CBN are calculated by ﬁrst principles methods. As shown in
ﬁgure 8(b), Eg(u(r)) is predicted to have multiple local
minima due to secondary or even tertiary periodic structures in-plane. Driven by Eg (u (r)), excitons ﬂow to
local Eg minima (‘funnel centers’), leading to a pattern of
multiple unique ‘drainage basins’. When θ is tiny, the
Eg(u(r)) maps thus created are self-similar with peak
and valley Eg values invariant, but with spatial period
scaling as 1/θ. The excited-state energy-ﬂow pattern can
be further engineered by atomic structure design, for
example, tuning the shape of the periodic C and BN
domains. In comparison, the band gap landscape of
twisted bilayer phosphorene is much simpler. As shown
in ﬁgure 8(e), only three rectangular prototypical AA,
AB, and AC stacking regions (in yellow, blue, and red
rectangles, respectively) are found in the Moiré pattern.
AA and AC stacking regions serve as exciton basins with
Eg(u(r1min)) = 0.95 eV and Eg(u(r2min)) = 0.78 eV,
respectively, surrounded by regions with locally maximal Eg = 1.04 eV at AB stacking. A larger Eg contrast can
also be achieved by a compressive strain or an external
electric ﬁeld in the vertical direction, which would
enable the twisted bilayer CBN and phosphorene to
absorb/emit an even broader spectrum of light. Indeed,
with a reasonable electric ﬁeld like 2.5 V nm−1, parts of
the Moiré superlattice will become metallic, while the
remainder remains semiconducting, so one can achieve
a mixed metallic-semiconductor superlattice with the
bandgap contrast. This design may be applied to many
other atomically thin layers, including GaS, GaSe, GaTe,
MX2-type dichalcogenides, graphitic carbon nitride,
and so on. A solar cell or light emitter with easily controllable band gap contrast may be built.
3.2. In-plane shift
Stacked 2D materials have various types of defects,
which can control the properties. Vacancies, surface
adsorbates, twin boundaries, and grain boundaries are
often observed in 2D materials. Among them, there is
one special type of low-energy defect that involves
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Figure 8. (a) Atomic structure and stack translation u of twisted bilayer CBN. (b) Moiré pattern of twisted bilayer CBN with a twist
angle of 2.5° and its 3D surface plot of Eg(u(r)) in eV for a whole supercell with distinct exciton basins labeled by I = 1−18 and dividing
ridges marked by white lines. (c) Exciton basins around I = 1 and streamlines, where open circles, closed circles, and stars denote Eg(r)
minima (ﬂow attractors), maxima (ﬂow repellers), and saddle points (triple junction of basin watersheds) respectively. (d) Atomic
structure of bilayer phosphorene and (e) Moiré pattern of twisted bilayer phosphorene with a twist angle of 2.5°. Gray, pink, purple,
and blue spheres denote carbon, boron, phosphorus, and nitrogen atoms. AA, AB, and AC stacking regions in (e) are marked by green,
red, and blue rectangles. Adapted with permission from [107], copyright 2014 American Chemical Society.

bending, i.e., wrinkles and ripples. Here we would like
to discuss ripples in commensurately stacked 2D
materials with ‘quantized’ amplitude, recently termed
‘ripplocations’ [108].
Using in situ transmission electron microscopy,
Kushima et al directly observed the nucleation and
motion of ripplocations in both electrochemically
pumped and mechanically processed few-layer MoS2
[108]. In contrast to monolayer ripples on noncrystalline or ﬂuid substrate with no long-range order, ripplocations in commensurate bilayer 2D materials are
found to be long (∼10 μm), straight and narrow (a few
nm core width) and with preferential crystallographic
orientation, as shown in ﬁgure 9(a). While crystallographically they are just dislocations, energetically
they are quite the opposite to dislocations in 3D solids,
as conventional dislocations with the same Burgers
vector will repel following Frank’s rule, while samesign ripplocations actually attract in a commensurate
bilayer, due to the fact that 2D materials are embedded
in vacuum with almost no in-plane elastic energy and
are also bendable. These observations were conﬁrmed
by ﬁrst-principles DFT calculations. In particular,
9

ripplocation cores are highly localized within a few
nanometers, and their core energy scales as E ∼ n1/3
from continuum mechanics analysis and E ∼ n0.4 from
empirical potential atomistic calculations, where n
represents an extra n units of MoS2 inserted in the top
layer (nb is the Burgers vector) when forming surface
ripplocation in a commensurate bilayer. Figure 9(b)
displays the formation energy as a function of number
of extra units n. The sublinear behavior of the formation energy means that ripplocations thermodynamically favor merging with each other. Nudged
elastic band calculations further reveal that the migration barrier of ripplocation is very small, only
∼5.6 meV Å−1, meaning that ripplocations can move
very easily at room temperature. The energy barrier
for merging two ripplocations with the same sign was
calculated using the empirical force ﬁeld method
shown in ﬁgure 9(c). The corresponding merging barrier was found to be ∼0.2 eV Å−1, two orders of magnitude larger than the migration energy barrier.
Ripplocations are crystallographic, straight and
narrow like nanotubes, and are predicted to have a
similar thermal stability and chemical inertness to
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Figure 9. (a) Transmission electron microscopy image and schematic of ripplocations in multilayer MoS2. (b) Atomic structure of
ripplocations with different number of extra MoS2 units and their formation energy with a sublinear behavior. (c) Schematic of two
ripplocations separated by distance d and the calculated merging energy barrier. (d) Conductance eigenchannel at (k, E) = (Γ,
−0.7 eV) in bilayer MoS2 with ripplocation (n = 3). Adapted with permission from [108], copyright 2015 American Chemical Society.

those of nanotubes. This is because their formation
and motion do not involve the breaking of covalent
bonds, but only the weaker vdW and bending elastic
energy penalties. Indeed, if one characterizes a full
nanotube by a bending angle from start to ﬁnish, 2π,
then rippolocation would be 0π defect, and we may
also call it ‘zero tube’ to contrast with the 2π-defect,
the full tube. Incidentally, there is also a family of πdefects, the so-called ‘half tubes’, which are straight,
narrow folded edges in bilayers [109]. The full tubes,
half tubes and zero tubes all have similar stability and
chemical/thermal inertness for the reasons outlined
above, and therefore may enable integrated 1D defect
engineering in electronic and optoelectronic applications [110]. For example, carrier transport across and
along a ripplocation will differ from that in pristine 2D
materials. Using the ﬁrst principles Green’s function
method [111–114], Kushima et al demonstrated that
ripplocation has a direct impact on the transmission
coefﬁcient of electrons and holes [108]. In the case of
ripplocation with an extra three units of MoS2, the
transmission coefﬁcient of the conductance eigenchannel at momentum-energy (k, E) = ( Γ, −0.7 eV) is
only 34%, with the rest completely scattered back,
forming a partial standing wave-packet across the
10

ripple resembling a giant ‘px’-like super molecular
orbital, presented in ﬁgure 9(d). The latter reveals a
strong quantum-conﬁnement induced resonance
within the region bounded by two sides of ripplocation. The transport along the ripplocations is also
expected to be subject to the quantum conﬁnement
effect, while the corresponding carrier transport
should be quantized as translational invariance is still
preserved.
3.3. Multilayer stacking
2D materials typically exist in 3D bulk form as layered
phases with strong in-plane covalent bonds and weak,
vdW-like coupling between the layers, enabling their
exfoliation into monolayer or few-layer crystals via
mechanical or chemical methods [4, 7, 115]. First
principles calculations showed that the interlayer
binding and exfoliation energies for many layered
compounds are of the order of 20 meV Å−2 [116, 117].
In contrast, typical covalent bonding energy is in the
order of several eV per atom. While the interlayer
coupling in the bulk phase of 2D materials is relatively
weak, signiﬁcant changes in electronic structure and
physical properties can happen when bulk phases are
isolated into monolayers or few layers, resulting from
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quantum conﬁnement and the removal of the interlayer coupling. Notably, graphene, monolayer carbon
isolated from graphite, is a Dirac semimetal with sp 2
bond and linear energy-momentum dispersion near
Fermi level [5], which is not present in bilayer
graphene or graphite. Bulk MoS2 is an indirect
bandgap semiconductor with negligible photoluminescence. However, when thinned down to monolayer, quantum conﬁnement results in the indirect to
direct bandgap transition of MoS2 and the photoluminescence intensity is enhanced by several orders of
magnitude [118–121]. The quasiparticle bandgap
increases from the bulk value of 1.29 eV (indirect gap)
[119] to around 2.8 eV (direct gap) for monolayer
[122–125], and the exciton binding energy increases
dramatically from 0.1 eV to around 1 eV due to
signiﬁcant reduction of dielectric screening between
electron and hole [122–125]. Similar electronic-structure evolution from bulk to monolayer has been
demonstrated by ﬁrst principles calculations
[126, 127] and experiments for several other group 6
transition metal dichalcogenides, including MoSe2
[128, 129], WS2 [130–132] and WSe2 [130].
The symmetry group of monolayers can be different from the bulk, enabling phenomena otherwise forbidden by symmetry in the bulk. For example,
inversion symmetry is present in bulk MoS2 but not in
monolayer. A lack of inversion symmetry in MoS2
monolayer is responsible for the selective response to
circularly polarized optical excitation between two
inequivalent valleys (K and K′) in the momentum
space [133–135], a phenomenon referred to as circular
dichroism [135, 136]. Broken inversion symmetry also
results in the large spin splitting in the valence band
[125, 137, 138] and the coupling of spin and valley
degrees of freedom [137]. Consequently, selective
population of charge carriers with a particular spin
into one valley can be achieved by optical pumping
with circularly polarized light [133–135, 137, 139].
This opens up the possibility of using monolayer MoS2
and other similar transition metal dichalcogenides for
‘valleytronics’, a device concept that exploits the valley
degrees of freedom of electrons in multi-valley semiconductors. An absence of inversion symmetry in
MoS2 monolayer also results in piezoelectric response
[24, 140, 141], which has also been theoretically predicted for monolayer BN [142], monolayers of other
molybdenum and tungsten dichalcogenides with trigonal prismatic metal-chalcogen coordination [140],
and monolayers of several group 13 metal monochalcogenides (GaS, GaSe and InSe) [143].
3.4. Breaking inversion symmetry with electric ﬁeld
Electric ﬁeld is a basic method for controlling functionalities of electronic devices and is fully compatible
with modern semiconductor architectures. Since 2D
materials are extremely thin, the absolute voltage
applied across the 2D membrane does not need to be
11

big to achieve a large electric ﬁeld. Gate leakage current
can be greatly reduced via vdW heterostructuring [41]
with dielectric layers such as BN sheet [43]. In
standard device applications such as a metal-oxidesemiconductor ﬁeld-effect transistor (MOSFET), the
gate electrode directly controls carrier depletion
between source and drain electrodes, thereby turning
the device on and off. Recently, a different electricﬁeld-induced on-off mechanism was proposed that
enables a new type of concept transistor, namely, the
vdW heterostructured topological FET (vdW-TFET)
[40]. The vdW-TFET consists of a 2D quantum spin
Hall insulator (QSHI) [144–150] and top and bottom
dielectric layers. The former is a key functional unit
while the latter ones minimize direct tunneling upon
the gate voltage. The QSHI is a special 2D insulator
whose bulk has nontrivial topology in the electronic
band structure that is protected by time-reversal
symmetry and labeled by the Z2 topological index. So
far, only the interfaces formed in the HgTe/(Hg,Cd)Te
quantum well [148] and InAs/GaSb quantum
well [151] have been experimentally identiﬁed as a
QSHI. Whether interfaces or standalone materials,
QSHIs have a 2D nature. Therefore, there is a
natural connection between the ﬁeld of QSHI and the
general research in 2D materials, and a number of
2D materials have been theoretically predicted
as QSHIs using ﬁrst-principles calculations
[152–157].
Recently, Qian et al [40] predicted a new class of
QSHIs in the 1T′ phase of TMDCs [158, 159], MX2,
where M = (W, Mo), and X = (Te, Se, S). Monolayer
MX2 TMDCs possess a few polytypic structures,
including 1H, 1T, and 1T′. Both 1H and 1T are topologically trivial, while 1T′, a Peierls-like distorted structure shown in ﬁgure 10(a), is topologically nontrivial.
Peierls distortion leads to the inversion of M′s d orbitals and X′s p orbitals at the Γ point in the 2D Brillouin
zone, followed by band gap opening under spin–orbit
coupling, similar to Kane and Mele’s model for graphene [144, 145]. Its theoretical band structure is
shown in ﬁgure 10(b). The corresponding Z2 index of
1T′ MX2 is nontrivial, predicted with DFT [160, 161]
and many-body perturbation theory within Hedin’s
GW approximation [162, 163] using both the n-ﬁeld
method and the time-reversal invariant momentum
(TRIM) point method for systems with inversion symmetry [164]. The edge states were then calculated by
using the surface Green’s function method in the ﬁrst
principles
quasiatomic
orbital
basis
[111, 112, 114, 165, 166], displayed in ﬁgure 10(c).
The calculated penetration depth is about 5–10 nm
which is evident from the position-resolved density of
states in ﬁgure 10(d).
Interestingly, electric ﬁeld can introduce topological phase transition in 1T′-MX2 by breaking the inversion symmetry and introducing a strong Rashba spin
splitting to the doubly degenerated bands near the
fundamental gap at Dirac points. As the electric ﬁeld
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Figure 10. (a) Atomic structure of 1T′-MX2 (top view and side view). (b) Band structure of 1T′-MoS2. Light blue and red dots indicate
the X′s p orbital and M′s d characters in the inverted valence and conduction bands, respectively. The inset shows the calculated GW
band structure near two Dirac points with and without spin–orbit coupling in red dashed line and black dark line, respectively. (c)
Edge density of states calculated by surface Green’s function method. (d) Position-resolved local density of states. Ly indicates the
distance away from the edge. (e) Phase diagram of Z2 topological index under vertical electric ﬁeld. (f) Schematic of vdW
heterostructured topological FET. Adapted with permission from [40], copyright 2014 AAAS.

increases, the fundamental gap will close and then
reopen, associated with a topology change to a trivial
Z2 phase. The critical ﬁeld strength for 1T′-MoS2 is
0.142 eV Å−1. The calculated phase diagram is shown
in ﬁgure 10(e). This leads to the proposal of a new type
of topological transistor, vdW-TFET, illustrated in
ﬁgure 10(f) where a topological material with electric
ﬁeld tunable Z2 index is sandwiched between BN layers [40]. The electric ﬁeld is then applied through the
top and bottom gates that are separated from the central BN-MX2-BN layers by top and bottom dielectrics.
The signal-to-noise ratio can be enhanced by vertical
patterning via multilayer alternating BN-MX2 and/or
horizontal patterning via parallel top and bottom gate
electrodes. With electric ﬁeld, the topological phase
change under each gate will turn the edge channels in
the non-gated region on and off. The effect of BN
monolayers in this stacked 2D vdW-TFET device was
also investigated using ﬁrst principles DFT calculations. It was found that BN has little effect on the electronic structure of 1T′-MX2 due to the fact that the BN
layers are weakly bonded to 1T′-MX2 layers and their
valence and conduction band edges associated with
the large band gap are far away from the Fermi level in
1T′-MX2. Both spatial and energetic distances protect
the electronic structure of 1T′-MX2 near the Fermi
level from orbital hybridization with BN layers. This is
clearly demonstrated in the projected density of states
plot of stacked BN-WTe2, where WTe2 was slightly
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stretched in order to account for the lattice mismatch
between BN and WTe2.

4. Conclusions and outlook
We have presented a very brief and incomplete review
of a few intriguing aspects of stacked 2D materials and
devices from the modeling and simulation perspective.
Its capacity and capability, however, have not been
fully explored. There are plenty of choices of 2D
materials, ranging from metals, semimetals, and
semiconductors, to insulators, some of which exhibit
nontrivial topology in their electronic structures.
Stacking these 2D materials together in different
rotational, translational and stacking geometries, in
full integration with low-energy 1D defects (full tube,
half tube and zero tube) with external ﬁeld control,
may lead to many more unexpected phenomena and
discoveries of new physics and device concepts.
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