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properties of these materials, in particular 
through the interlayer interactions, has 
opened up a new regime of materials engi-
neering. In sharp contrast to conventional 
bulk materials, the interlayer interactions 
in van der Waals coupled materials can 
be controlled mainly by two approaches, 
that is, designing interlayer stacking con-
figurations[7–9] and/or applying external 
fields.[10,11] The former approach relies 
on the relatively weak van der Waals 
interaction between neighboring layers. 
Compared with the interfaces of bulk 
semiconductors, where strong covalent 
or ionic bonds between heteroatoms lead 
to a well-aligned interface, van der Waals  
coupled materials can have various stacking 
configurations with different twist angle 
between neighboring layers. These twist 
structures can either be realized by direct 
growth methods or controlled by transfer  

methods. The latter approach for engineering interlayer inter-
actions relies on the convenience to electrically gate ultrathin 
van der Waals coupled layers. When a gate voltage is applied 
along the out-of-plane direction, the displacement field between 
the layers can be as large as 0.3 V Å−1. For van der Waals  
coupled materials, both approaches are effective in tuning their 
electronic, mechanical, optical properties, etc. The band struc-
tures can be easily modified, since the hybridization of the elec-
tronic states from adjacent layers significantly depends on both 
the stacking configuration and the out-of-plane electric field.

Recent experiments have demonstrated the unusual effects 
of the interlayer van der Waals coupling in a number of 2D 
materials. For example, in bilayer graphene, by changing the 
relative twist angle between the two layers, van Hove singu-
larities (vHs) emerge in its band structure.[7] Furthermore, 
the energy of the vHs is controllable by the twist angle. More 
recently, in bilayers transition metal dichalcogenide (TMDCs), 
the circularly polarized photoluminescence (PL) can be con-
tinuously tuned via an electrical field applied perpendicular to 
the 2D film.[11] Indeed, van der Waals coupling of atomically 
thin 2D layers is of significant promise in the contemporary 
material engineering. It provides us with a new path to realize 
high-performance electronic, photovoltaic, photonics, and 
optoelectronic devices, for example, field-effect transistor and 
light-emitting diodes based on different 2D layers stacking are 
designed to realize flexible and transparent electronics;[12–14] 
MoS2/WS2 heterostructure can be operated as a p-n diode;[15–17] 
TMDCs/graphene was addressed as high quantum efficiency 
light-harvesting devices.[18–20] The research in 2D materials is 
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1. Introduction

Recent studies on van der Waals coupled 2D layered materials 
have unveiled a wide range of novel phenomena distinctly 
different from their bulk counterparts.[1–6] Engineering the 
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also rapidly developing due to the expanding family of 2D mate-
rial species, ranging from metallic single-layer NbSe2, semime-
tallic graphene, to semiconducting single-layer TMDCs and 
insulating hexagonal boron nitride(h-BN). As such, the degree 
of freedom in choosing the components in constructing the  
van der Waals coupled heterostructures leads to a variety of 
material systems. This diversity makes the interfacial engi-
neering in 2D more appealing than that in 3D or 1D system, as 
interfacial engineering in 1D has so far only been experimen-
tally achieved in double-wall carbon nanotubes.[21,22]

Here, we review how the properties of graphene are modi-
fied via van der Waals interfacial engineering, including inter-
layer electronic states hybridization and periodical potential 
modification. Besides, the cases of other 2D layered material 
are discussed, such as phosphorene, TMDCs, and TMDCs het-
erostructures. Finally, we present the prospects of using the  
van der Waals coupled 2D materials for next-generation elec-
tronics and optoelectronics.

2. Van der Waals Coupling in Graphene

2.1. Electronic Properties of Monolayer Graphene 
and AB-Stacking Bilayer Graphene

Graphene, a single layer of sp2-hybridized carbon atoms bonded 
into a honeycomb structure, is the first atomically thin 2D layer 
to be investigated extensively.[23–26] The unique structural con-
figuration of graphene gives rise to exotic properties, such as 
excellent mechanical strength,[27–29] ultrahigh thermal conduc-
tivity,[30–33] broadband light transmittance,[34–37] and so on. Due 
to these remarkable material properties, graphene has attracted 
intense research interests in the past decade, and is likely to 
remain one of the leading research topics in the next decade. 
For potential applications of graphene, tailoring its electronic 
properties is of great significance.

The honeycomb structure of graphene is composed of two 
interpenetrating triangular Bravais lattices (Figure 1a). Three 
of four carbon atomic valence electrons form σ bands with sp2 
hybridization, while the left pz orbital develops into π and π* 
bands close to the Fermi energy. The π band energy dispersion 
is in the form of a conical shape around the zero energy K and 
K′ points (the Dirac points), which are responsible for the novel 
properties of graphene (Figure 1b).

With one more layer added, bilayer graphene exhibits much 
different properties. The electronic states in both layers are 
in the same energy range, the interlayer electronic coupling 
mainly manifests as direct hybridization between interlayer 
electronics states. Electronic states from one layer can directly 
couple to the states from the other layer, which will be the 
strongest in the degenerate coupling case, giving new features 
such as vHs.

Configurations of AA-stacking/twisted/AB-stacking bilayer 
graphene are shown in Figure 1d. In AA (AB) stacking, the 
A→B bond directions are the same (opposite) for the two 
layers, while in twist stacking, the A→B bond directions have 
a relative angle (0 < θ < 180°). They can be directly obtained 
by chemical vapor deposition (CVD) growth,[38–43] mechanical 
exfoliation of graphite,[44–46] or precise transfer techniques.[47,48] 

Among them, the AB-stacking structure (also known as the 
Bernal stacking in graphene) is the most energetically favorable 
configuration. The modification of the band structure in the 
AB-stacking bilayer graphene comes from the electron hop-
ping between the two freestanding monolayers. Because of the 
interlayer electron hopping, the linearly dispersive and two-
fold degenerate π and π* bands split into four nearly parabolic 
bands, π1, 1

*π , π2, and 2
*π  (Figure 1c). Within the valleys, the 

two conduction bands ( 1
*π  and 2

*π ) are nearly parallel to each 
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other, so are the two valence bands (π1 and π2). In the absence 
of an external electric field, the top valence band and bottom 
conduction band touch each other at the K and K′ points of 
the Brillouin zone. When an external electric field is applied 
along the out-of-plane direction, the two graphene layers are 
no longer protected by the inversion symmetry. As a result, an 
energy gap will be opened in the valleys.[10,44,45,49]

2.2. Van Hove Singularities in Twisted Bilayer Graphene

Low-energy band structure of bilayer graphene is extremely 
sensitive to the stacking order. In twisted bilayer graphene, 
the twist angle between the two overlaid layers would intro-
duce a moiré pattern with a much larger period than the gra-
phene lattice (Figure 2a). The Brillouin zones of the two layers 
are also rotated by the same angle relative to each other, as 
shown in Figure 2b. Therefore, the two Dirac cones separated 
by ΔK touch each other, with the lowest energy touching points 
forming two saddle points with positive and negative ener-
gies, respectively. The saddle points in the energy momentum 
landscape contribute to the vHs in the density of states (DOS) 
spectra, shown as the two pronounced peaks in Figure 2b.[50,51] 
In the situations where the twist angle is very small (θ ≤ 1°), the 
DOS peaks are very close to the Dirac points.[52,53] As a result, 
the electron bands between the two Dirac points of the top and 
bottom layers are only weakly dispersive.

Li et al.[7] first observed vHs in twisted bilayer graphene by 
means of scanning tunneling spectroscopy (STS) and Landau 
level spectroscopy. After that, Yan et al.[54] and Brihuega 
et al.[55] showed these singularities are angle dependent and 

can be explained by tight-binding calcula-
tions. Raman spectroscopy was also used to 
study the vHs and provides a new view on 
investigating the electronic band structure 
of twisted bilayer graphene.[56,57] The moiré 
period revealed by STM varies with the twist 
angle of bilayer graphene (Figure 2c). By 
detecting the tunneling differential conduct-
ance dI/dV, STS is used to provide informa-
tion about the local DOS as a function of 
energy. The two sharp peaks with an energy 
separation ΔEvHs in DOS curve correspond 
to the rotation-induced vHs (Figure 2d,e). 
The larger the twist angle is, the more sepa-
ration the two Dirac cones will be, resulting 
in a blueshift of the vHs. The energy sepa-
ration ΔEvHs is twist angle (θ) dependent 
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′ , where b is lat-

tice constant in reciprocal space, Fν ′  is the 
renormalized Fermi velocity, and tθ is the 
interlayer hopping energy). The experiment 
results are in agreement with the tight-
binding and density functional theory (DFT) 
calculations.

2.3. Mechanical Coupling: Interlayer Vibrations

The van der Waals coupling affects not only the electronic 
properties, but also mechanical properties of 2D materials. 
Raman spectroscopy is a powerful technique to characterize 
the mechanical coupling between neighboring layers.[58–65] In 
few-layer graphene, due to its 2D character, the Raman spec-
trum is usually composed of two dramatically different types of 
vibrational modes, that is, intralayer and interlayer vibrational 
modes. The D, G, and 2D peaks are all corresponding to the 
in-plane intralayer vibrational modes (Figure 3b).[65–68] Other 
peaks in the spectrum, for example, the interlayer shearing 
modes (C modes) in the in-plane direction and the layer 
breathing modes (LBMs) in the out-of-plane direction, all origi-
nate from the interlayer mechanical coupling (Figure 3a).[69–72] 
These modes may have slightly different names in other 2D 
materials, but the vibrational manners are basically similar. 
Therefore, it is straightforward to use the C modes and LBMs 
to characterize the interlayer coupling strength.

Compared with G mode in graphene, the C mode is much 
more sensitive with the stacking layer number. Tan et al.[70] con-
firmed that the C modes of suspended few-layered graphene 
range from 31 cm−1 for bilayer to 43 cm−1 for bulk graphite 
(Figure 3c). A linear-chain model is proposed to explain this 
blueshift of C mode from bilayer to bulk graphite: with the layer 
number increasing, the overall restoring force of the linear- 
chain increases as well, resulting in a larger shear modulus.

At room temperature, Raman spectrum of LBMs in Bernal 
stacking multilayer graphene was hardly observed due to its 
weak electron phonon coupling.[73] While in twist one, LBMs 
are significantly enhanced under laser excitation energy around 
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Figure 1.  a) Lattice structure of graphene, a1 and a2 are the lattice unit vectors. Orange (blue) 
ball stands for A (B) atom of graphene. Low-energy band structure of b) monolayer and 
c) AB-stacking bilayer graphene. d) Configurations of AA-stacking/twisted/AB-stacking bilayer 
graphene. Gold and black hexagons belong to different layers.
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vHs. Multilayer graphene with different twist angel or number 
of layers are characterized by low-frequency Raman spectrum 
and the peak position of LBMs (≈100 cm−1) is found to be 
determined by the number of stacking layers and independent 
with twist angle.[74] This indicates the mechanical coupling of 
graphene is hardly tuned by the stacking orientation between 
layers.

Because these two interlayer vibration modes directly 
reflect the collective vibration of component layers, they pro-
vide a prototype for investigation of the interlayer interactions 
in layered materials. LBMs and C modes in TMDCs can be 
observed significantly even at room temperature due to its 
strong electron phonon coupling and similar behaviors like 
graphene are observed in bilayer TMDCs[75–78] and TMDCs 
heterostructures:[79,80] AA-/AB-stacking bilayers have higher 
LBM frequency than that in bilayers with arbitrary twist angle, 
indicating stronger coupling between two layers. While the C 
mode is absent in twisted bilayers because of the weak in-plane 
mechanical oscillation strength in incommensurate system.

3. Van der Waals Coupling in Graphene/h-BN 
Heterostructure

Van der Waals coupling also plays a critical role in determining 
the properties of van der Waals heterostructure. Graphene/h-
BN is a representative example, where the constituent layers, 
graphene, and h-BN, have dramatically different bandgap 
(0 eV for graphene, and ≈5.5 eV for h-BN). As a result, the 
interlayer electronic coupling has distinctively different effects 
compared to the direct hybridization in bilayer graphene 
case. In graphene/h-BN heterostructure, the graphene Dirac 
cones sit deeply within h-BN bandgap, which prevents energy 
matching between h-BN electronic states and low-energy 
graphene states. Therefore, the direct coupling between gra-
phene and h-BN electronic states can often be neglected. 
Instead, the effects of interlayer van der Waals coupling can 
be modeled with an effective potential on graphene layer, 
which mixes two electronic states from the same graphene  
layer.
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Figure 2.  a) Illustration of moiré pattern with twist angle of 9.6°. b) Brillouin zone, energy dispersion relation, and vHs of twisted bilayer graphene. 
c) Moiré pattern of bilayer graphene with different rotation angle obtained by STM. d) Local DOS spectra taken on the moiré pattern shown in (c). 
The arrows point to vHs; e) vHs separation as a function of rotation angle. Reproduced with permission.[55] Copyright 2012, American Physical 
Society.
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3.1. Hofstadter’s Butterfly in Graphene/h-BN

A fractal energy spectrum is developed when a magnetic field 
and a superlattice potential are applied simultaneously to 
an electron system. This spectrum is called the Hofstadter’s 
butterfly. In 2013, the evidence of the Hofstadter’s butterfly 
spectrum was realized in 2D system of graphene/h-BN het-
erostructure.[81–83] As reported by Dean et al.,[83] graphene/h-
BN heterostructure can be fabricated by sequential transfer of 
individual layers with accurate twist angle control (Figure 4a). 
Since crystal lattices of graphene and h-BN are isomorphic with 
only 1.8% mismatch, the moiré pattern can have a superlattice 
periodicity as large as several nanometers, an ideal length scale 
to explore the fractal spectrum. Figure 4b shows the transport 
experiment of graphene/h-BN heterostructure, the resistance is 
measured as a function of the gate voltage, and two extra satel-
lite peaks appeared symmetrically on both sides of the charge 
neutrality point at temperature 300 mK. But when the tem-
perature rises above 100 K, the two satellite peaks disappear, 
indicating the weak coupling (≈10 meV) between graphene and 
h-BN layers. The satellite peaks arise from the secondary Dirac 
cones, which appear in both conduction and valence bands at 
the edge of the superlattice Brillouin zone.

As shown in Figure 4c, the periodic potential splits the flat 
Landau level bands into several “Hofstadter mini-bands.” The 
effects of the superlattice electron potential and the magnetic 
field to the formation of the mini-band can be described by Wan-
nier’s theory: in a magnetic field B, the number of states per 
area of each filled Landau level is given by B/Φ0, where Φ0 = h/e   
is the magnetic flux quanta. Energy gaps in the Hofstadter 

spectrum are constrained by linear trajecto-
ries Φ/Φ0 =  (n/n0 − s)/t, where Φ  =  B/n0 
is the magnetic flux per unit cell, where s 
and t are integers denoting the superlattice 
mini-band filling index and quantized Hall 
conductance of the gapped state, respectively. 
This is different from the usual Landau level 
description: Φ/Φ0 =  (n/n0)/v, where v is the 
Landau level filling fraction.

3.2. Pseudospin Mixing in Graphene/h-BN 
Moiré Superlattice

In graphene/h-BN heterostructures, the 
effective potential on graphene layer should 
satisfy the symmetry of the system. There-
fore, its periodicity is identical to the moiré 
superlattice of the heterostructure. The sim-
plest potential of such type is a slowly spa-
tially varying scalar potential (because of 
the large periodicity of moiré superlattice), 
which was often invoked to understand the 
emerging mini-Dirac points observed in 
early transport and STS studies.[81–83] Later 
it was demonstrated theoretically and experi-
mentally that there were three types of pos-
sible potentials satisfying the symmetry of 
the system, labeled as u0, u3, and u1,[84] with 

distinctively different physical meaning: u0 is the slowly var-
ying scalar potential as mentioned above, which cannot open 
a gap at the boundary of mini-Brillouin zone, and is called 
“pseudospin-blind” potential. u3 is spatially varying fast that it 
becomes opposite at the two graphene sublattices in the same 
unit cell, and therefore can be called “pseudospin-dependent” 
potential. u1 is the “pseudospin-mixing” potential since it 
does not change potential on specific site, instead it changes 
the hopping energy between neighboring sublattices. Both u3 
and u1 terms can open a gap at the boundary of mini-Brillion 
zone, however the gaps are distinctively different: u3 opens 
a “normal” gap and u1 opens an “inverse” gap, similar to the 
band inversion phenomena in topological insulators. Optical 
spectroscopy study reveals the dominant role of u1, the “pseu-
dospin-mixing” potential, in graphene/h-BN heterostructure, 
which is consistent with theoretical predictions.[85]

4. Van der Waals Coupling in 2D Materials 
beyond Graphene

After the discovery of graphene, other atomically thin van der 
Waals coupled materials, such as infrared-gapped black phos-
phorus, semiconducting molybdenum disulfide, and insulating 
h-BN, are developed by directly mechanical exfoliation from 
their bulk materials or chemical vapor deposition method. 
These rich 2D materials offer us an extensive platform for stud-
ying new physics and engineering next-generation photonics 
and optoelectronics. In the following section, we will intro-
duce 2D materials beyond graphene, in the examples of black 
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Figure 3.  Illustration of a) interlayer and b) intralayer vibrational modes in the examples of 
C mode, LBM, G mode, and D mode in graphene. c) C mode (left) and G/2D mode (right) 
spectra of few-layered graphene. The frequency shows layer number dependence. Reproduced 
with permission.[70] Copyright 2012, Nature Publishing Group.



R
ev

ie
w

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1601054  (6 of 13)

phosphorus and TMDCs, and discuss how their properties are 
tuned by van der Waals coupling between layers.

4.1. Layer-Dependent Electronic Structure in Black Phosphorus

Similar to graphite, black phosphorus is an atomic-layered 
material with layers stacking together by van der Waals inter-
actions. In the thickness of about 10 nm, black phosphorus 
exhibits a mobility of 1000 cm2 V−1 s−1 at room temperature, 
which is much higher than that of TMDCs materials.[86–89] In 
addition, monolayer black phosphorus, that is, phosphorene, is 
predicted to be a semiconductor with a bandgap of 2 eV at Γ 
point of its Brillouin zone.[90–94]

The bandgap of few-layer phosphorene decreases continu-
ously as the layer number increases. Theoretical calculations 
predict that the bandgap of black phosphorus covers a spec-
trum of 0.3 eV (bulk) to 2 eV (monolayer)[93] which is vital for 
optoelectronic technologies. PL measurements are used to 
probe the bandgap of monolayer and few-layer phosphorene 
but it is affected by the defects and impurities.[87,95–97] Li et al.[98] 
reported the layer-dependent intrinsic electronic structure in 

phosphorene by polarization-resolved reflec-
tion spectroscopy, which is insensitive to 
defects and impurities. They reported quan-
titatively the lowest and above-bandgap 
higher exciton resonance from monolayer 
to pentalayer and demonstrated these few-
layer phosphorene are all direct bandgap 
semiconductors. The decrease of bandgap 
with increasing layer number and the rise 
of the higher energy exciton resonances are 
both due to the strong interlayer interac-
tions between layers. These characters can 
be simply described by 1D tight-binding 
calculation with considering the coupling of 
single-particle electronic states at the Γ point 
in Brillouin zone. Furthermore, the absorp-
tion and PL spectra are strongly polariza-
tion-dependent as a consequence of highly 
anisotropic in phosphorene.

4.2. Van der Walls Coupling in Transition 
Metal Dichalcogenides

The discovery of TMDCs markedly broadens 
the spectrum of 2D materials and shows 
many characteristic properties. Most lay-
ered TMDCs have bandgaps at visible light 
energy and undergo an indirect to direct 
bandgap transition as the thickness is 
reduced to a monolayer limit.[99,100] Due to 
the strong light–matter interaction, TMDCs 
are widely used in optoelectronic and nano-
photonic applications.[101–104] The broken 
inversion symmetry in TMDCs brings about 
ideal system for exploring spin and valley 
physics.[105] Therefore, the modulation of 

those interesting properties through interfacial engineering, 
namely, the interlayer stacking configuration and applied fields, 
will be the next popular focus for researchers.

4.2.1. Evolution of Interlayer Coupling in Twisted Bilayer MoS2

Liu et al.[8] studied the interlayer coupling evolution by Raman 
and PL spectroscopy. Triangle-shaped MoS2 monolayers and 
bilayers with different stacking orders are grown by CVD 
method. Figure 5a shows the PL spectra of monolayer and 
bilayer MoS2 with different twist angles. Monolayer MoS2 shows 
only one pronounced peak (peak I) resulting from the A exciton 
recombination at the K point of the Brillouin zone at the energy 
range <2 eV. For the bilayer case, a lower-energy peak (peak 
II) arises, which is attributed to an indirect bandgap lumines-
cence between the conduction band states at K and the valence 
band states at the center of the Brillouin zone (Γ). Here, the 
valence band splitting at the Γ point plays a critical role in the 
direct-to-indirect bandgap transition. Due to the van der Waals  
coupling, the otherwise degenerate valence band states at Γ 
split into two branches, in which the higher energy branch lies 
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Figure 4.  a) Sketch of the layered h-BN and graphene heterostructure with a mismatch angle θ. 
b) Measured resistance versus gate voltage at temperature of 300 mK with zero magnetic field. 
The two additional small peaks originated from the sub-Dirac cones caused by the interlayer 
interactions. c) Landau fan diagram showing longitudinal resistance, Rxx (left), and Hall resist-
ance, Rxy (right). Reproduced with permission.[83] Copyright 2013, Nature Publishing Group.
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at a higher energy than the valence band state at K. Therefore, 
the indirect bandgap energy (peak II) directly reflects the inter-
layer coupling strength: the lower the indirect bandgap, the 
stronger the coupling strength. This is significantly meaningful 
to determine the correlation of interlayer coupling strength and 
twist angles configuration. They find the positions of the peak I 
(direct bandgap transition) are hardly changed with twist angle 
but peak II turns to much lower energies for perfectly regis-
tered, AA-/AB- (twist angle of 0°/60°) stacking MoS2 bilayers 
(Figure 5c). This means the interlayer electronic coupling is 
significant for all twist angles but is strongest in the perfectly 
registered ones.

The interlayer mechanical coupling of bilayer MoS2 is 
studied by Raman spectroscopy (Figure 5b,d). Compared to 
monolayer MoS2, the two conspicuous peaks, that is, the in-
plane E1

2g and out-of-plane A1g vibration modes, exhibit red 
and blueshifts, respectively. In particular, the energy shift 
of the A1g mode, affected by the interlayer mechanical cou-
pling, is strongly dependent on the twist angle. Therefore, 
the separation between these two peaks ωA − ωE reflects the 
effective interlayer mechanical coupling strength: the further  
the separation, the stronger the coupling strength. Similar to the  
electronic coupling, the perfect registered bilayers have the 
strongest mechanical coupling, while for other stacking orders, 
weaker mechanical coupling is observed.

From ab initio calculations, the interlayer vertical separa-
tion has much more crucial effects than the twist angle on the 
size of the bandgap in van der Waals coupled TMDCs mate-
rials. That is different from the gapless graphene, in which 

the interesting electronic properties around 
the Dirac point are dramatically modified in 
small twist angles.

4.2.2. Tunable Valley Polarization in 
Bilayer MoS2

Monolayer TMDCs materials have broken 
inversion symmetry. As a result, the K and 
K′ valleys are no longer equivalent. Interband 
transitions at those two valleys should follow 
the valley-selective circular dichroism.[105–109] 
At the K valley, only light of right (σ+) cir-
cular polarization can be absorbed, whereas 
at the K′ valley, only light of left (σ-) circular 
polarization can be absorbed. In AB-stacking 
bilayer TMDCs materials, the inversion sym-
metry is preserved and the valley-selective cir-
cular dichroism vanishes, while the circular 
dichroism can be reinstated by changing the 
stacking configuration[9,110] between the two 
layers, or using an electric field[11,111] to break 
the inversion symmetry.

Jiang et al.[9] found the robust valley and 
spin polarization in twisted MoS2 bilayer. 
This is much different from the naturally 
stacking bilayer, because the inversion sym-
metry is broken in twisted bilayers and the 
valley-selective circular dichroism is allowed. 

Furthermore, the interlayer coupling is largely reduced com-
pared to that of naturally stacking bilayer. It means that the 
twisted bilayer MoS2 is more similar to “doubled monolayer.” 
As a result, the spin configuration is locked in individual layers, 
leading to the observation of valley polarization.

The inversion symmetry of AB-stacked bilayer MoS2 can also 
be broken by applying a perpendicular electronic field similar to 
that in Bernal stacking bilayer graphene. Wu et al.[11] reported 
the valley magnetic moments in bilayer MoS2 are tunable by 
applying a perpendicular electronic filed, and the potential dif-
ference between two layers leads to the inversion symmetry 
broken. A back-gate voltage Vg was applied to control the elec-
tric field in field-effect transistors. They found that the degree 
of polarization depends strongly on the back-gate voltage and 
approaches zero at a certain voltage Vc. In further investiga-
tion, they found the absolute value of the degree of polarization 
is symmetric when tuning Vg around Vc, and saturates when 
|Vg-Vc | ≳ 30 V. In comparison, the polarization from monolayer 
MoS2 under the same condition is gate independent.

4.3. TMDCs Heterojunction

Heterojunctions stacked by atomically thin van der Waals 
materials provide a different approach of materials engi-
neering through modifying the interlayer interactions. These 
heterojunctions can be simply obtained from transfer[47,112–115] 
and CVD method.[116–120] Most of the monolayer TMDCs are 
direct bandgap semiconductor showing strong light–matter 
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Figure 5.  a) PL spectra and b) Raman spectra of MoS2 monolayer and bilayers with twist angles 
of 0°, 15°, and 60°. c) The PL peak energy evolution with twist angle, peak I is hardly changed 
and peak II is lowest for AA-/AB-stacking bilayers. d) Raman peak separation between the A1g 
and E2g in MoS2 bilayers of different twist angles, which is the largest for AA or AB stacking 
and nearly a constant for other twist angles. Reproduced with permission.[8] Copyright 2014, 
Nature Publishing Group.
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interaction.[121–123] However, according to theoretical calcula-
tions, when these monolayers stack vertically and form het-
erojunctions, many of these heterojunctions have type II band 
alignment,[124–127] which means the conduction band minimum 
and valence band maximum reside in two different layers. 
Therefore, the photoexcited electrons and holes can naturally 
separate into the two different layers.[128–132] Those separated 
electrons and holes are still bound by Coulomb interaction 
due to the strong spatial confinement and reduced screening  
effects compared to bulk solids, and those pairs are often 
referred to as interlayer excitons.[133,134] These TMDCs het-
erostructures provide an ideal platform for investigating new 
physics and are regarded as candidates for optoelectronic 
devices such as photodiodes, photovoltaic cells, and light-emit-
ting devices.

4.3.1. Ultrafast Charge Transfer

Hong et al.[128] first reported the ultrafast charge transfer in 
MoS2/WS2 heterostructure prepared by transfer methods. The 
band alignment is schematically shown in Figure 6a. In the PL 
spectra, the MoS2 and WS2 monolayers show strong intensi-
ties at their respective A-exciton resonances, while signals are 
efficiently quenched in the MoS2/WS2 heterostructure because 
of the ultrafast interlayer charge transfer. To detect the charge 
transfer process, transient absorption spectroscopy measure-
ment was performed by pump–probe technique at 77 K. A fem-
tosecond pulse was used to excite the A-exciton of MoS2 with a 
pump laser energy low enough to avoid exciting the A-exciton of 
WS2. Then the photoinduced changes in the reflection spectra 
(ΔR/R), which is directly proportional to the change in absorp-
tion coefficient, are probed by a supercontinuum femtosecond 
pulse after controlled time delays. Therefore, the accumula-
tion of electrons and holes in different layers can be detected 
by a probe light with proper wavelength. Figure 6b presents 

a 2D plot of transient absorption spectrum in a MoS2/WS2 
heterostructure as a function of time-delay and probe energy 
at 77 K. A significant peak can be observed around 2.059 eV, 
corresponding to the WS2 A-exciton resonance in MoS2/WS2 
heterostructure. Since the pump laser energy (1.86 eV) is much 
lower than WS2 A-exciton resonance energy, this signal must 
be related to the hole transfer from MoS2 to WS2. The hole 
transfer time is determined to be ultrafast (sub-50 fs) in this 
weakly coupled MoS2/WS2 heterostructure, after deconvolution 
of the transient absorption signals (Figure 6c).

4.3.2. Valley-Polarized Interlayer Excitons

Rivera et al.[133] detected the interlayer exciton luminescence 
signal in MoSe2/WSe2 heterostructure, in which the electrons 
and holes locate at different layers. The lifetime of these inter-
layer excitons is as long as 1.8 ns, much longer than that of 
interlayer excitons in monolayers. Recently, they found this 
interlayer excitons can be spin-valley polarized similar to that 
of a monolayer.[135] The heterostructures consist of exfoliated 
monolayers of WSe2 and MoSe2, which are aligned with twist 
angle near 0°, and the Brillouin zones of the two layers are 
almost perfectly overlapped (Figure 7a). As we have discussed 
above, MoSe2/WSe2 heterostructures have type II band align-
ment as shown in Figure 7b. Under excitation of light, ultrafast 
charge transfer takes place and the interlayer excitons form. A 

factor 
I I

I I
ρ = −

+
+ −

+ −
 is defined to describe the degree of polariza-

tion. I± is the intensity of PL with right or left circularly polari-
zation. When a right circularly polarized (σ+) laser excite, the 
interlayer exciton PL intensity of σ+ and σ− are detected, as 
shown in Figure 7c. The data reflect the interlayer exciton is 
valley-polarized with a degree of the polarization greater than 
0.3. Time-resolved interlayer exciton PL measurement was 
carried out to study the decay of valley polarization and found 
the valley polarization can remain in nanoseconds (Figure 7d). 
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Figure 6.  a) Band alignment of MoS2/WS2 heterostructure from theoretical calculation. The hole in laser excited MoS2 will transfer to a lower energy 
at WS2 layer, forming interlayer exciton. b) 2D plots of transient absorption spectra at 77 K from a MoS2/WS2 heterostructure under pump energy of 
1.86 eV. The significant peak around 2.059 eV is corresponding to the resonance of WS2 A-exciton. c) Dynamic evolution of transient absorption signal 
at the WS2 A-exciton resonance in the MoS2/WS2 heterostructure. After deconvolution, the hole transfer between layers is determined to be ultrafast, 
within 50 fs. Reproduced with permission.[128] Copyright 2014, Nature Publishing Group.
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These long-lived valley-polarized interlayer excitons exhibit lat-
eral drift and diffusion over several micrometers.

5. Applications Based on Van der Waals Coupled 
2D Materials

We have discussed about the physical properties in layered 
materials engineered by the van der Waals interaction herein-
before. In addition, this interaction is believed to be an effec-
tive method to combine various properties in a single device. 
Such concept leads us to realize fruitful photonics and optoelec-
tronics applications with amazing performance.

Vertical stacking heterostructure of graphene and TMDCs 
is considered to be an ideal photodetector with high efficiency 
and ultrafast photoresponse. In this kind of 2D photodetectors, 
there are three main processes in the photocurrent generation: 
light absorption to form excitons, excitons dissociation to free 
electron–hole pairs, and the electron hole transfer to positive 
and negative electrodes. In this system, TMDCs have strong 
light–matter interaction, and 95% of the light across the visible 
range can be absorbed by a 300 nm thin film,[18,136] while gra-
phene is regarded as transparent and flexible electrode due to 
its high mobility.[137–140] As the channel in this heterostructure 
device can be as short as few nanometers, large enough elec-
trical field can be applied to direct the strongly bound electrons 

and holes to move in opposite directions 
(approximately hundred meV).[141–145] At the 
same time, the efficient and ultrafast charge 
separation between TMDCs and graphene 
layers leads to a high quantum efficiency and 
ultrafast photoresponse in the heterostruc-
ture device.[128,146]

Graphene/TMDCs/graphene vertical 
photodetector with h-BN encapsulated were 
fabricated by Britnell et al.[18] Two pieces of 
monolayer graphene are used as source and 
drain electrodes with gate-tunable work-
functions. The intercalary few-layer WSe2 
serves as photoactive material. As shown in 
Figure 8a, when a gate voltage is applied, 
photoexcited electron–hole pairs in WSe2 will 
separate into the upper and lower graphene 
layers, respectively. The external quantum 
efficiency, defined as the ratio of the number 
of generated charge carriers to the number 
of incident photons, is demonstrated to 
be as high as 30%. In the further work of 
Massicotte et al.,[147] the photoresponse time 
is determined to be as fast as ≈5 ps, detected 
by time-resolved photocurrent measure-
ments (Figure 8b).

6. Discussion

As discussed in Section 2, the interlayer elec-
tronic coupling in van der Waals systems has 
two types: “direct hybridization” in systems 

like bilayer graphene, bilayer MoS2, etc.; and “effective poten-
tial” in systems like graphene/h-BN. These two situations are 
quite different.

In the direct hybridization case, giving a specific elec-
tronic state in one layer (state 1), the momentum selection 
rules require that only states in the other layer with the same 
momentum (state 2) can directly couple to it. Note that here 
“same” is comparing to a shared reference frame, for example, 
the Brillouin zone of layer 1 (BZ1). Depending on the interlayer 
alignment, state 2 will be different states compared to BZ2, 
since BZ2 and BZ1 can be aligned differently. If the energy 
of state 2 matches with state 1, that is, degenerate coupling 
case, the coupling will be particularly strong, often leading to 
new features, such as vHs in bilayer graphene. Therefore, the 
momentum and energy of degenerately coupled states will sen-
sitively depend on twist angle, and can be simply determined 
by overlaying the band structures of two layers and find the 
crossing points.

One unique example is states with zero momentum 
(Γ point), since the momentum selection rule always allows 
them to couple to others states at Γ point. If the two layers 
are the same material, Γ point states always have the same 
energy, regardless of interlayer twist angle. Therefore, in sys-
tems such as bilayer MoS2 with arbitrary twist angle, the Γ 
point states always have strong coupling and split into two, 
making bilayer MoS2 an indirect bandgap semiconductor. The 
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Figure 7.  a) Brillouin zone of a MoSe2-WSe2 heterostructure, with twist angle near zero. 
b,c) Schematic and PL spectra of valley-polarized exciton. With σ+ circularly polarized light 
excited, the interlayer exciton mainly have σ+ circularly polarized luminescence. d) Time-
resolved interlayer exciton PL shows long-lived interlayer exciton with polarization. Reproduced 
with permission.[135] Copyright 2016, American Association for the Advancement of Science.
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shearing mode or layer-breathing Raman mode also refers 
to the Γ point. In bilayer MoS2, the coupling strength only 
depends explicitly on the interlayer spacing rather than twist 
angle. This scenario changes in materials systems with ani-
sotropy, where the interlayer coupling at Γ point can depend 
strongly on the interlayer twist angle. For example, in bilayer 
black phosphorus, theoretical calculations show that the cou-
pling between the valence band tops of the two layers vanishes 
as the twist angle approaches 90°, while such coupling is quite 
strong and splits the two band tops by around 1 eV at 0° twist  
angle.[148]

In the effective potential case, momentum selection 
rule still exists, however the exact form is completely dif-
ferent. The momentum conservation requires that any 
two states can be coupled if their momentum differ-
ence is the same, and therefore can be compensated by 
Umklapp scattering, that is, the momentum of the effec-
tive potential, , , , 1 11 2 12 1 21 2 221 2 1 2q n b n b m b m bn n m m = + + + , where 
b1j and b2j are reciprocal lattice vectors of layer 1 and layer 
2. Usually the Fourier component amplitude of the effec-
tive potential with momentum q decreases very fast with 
|q|, and therefore only a few terms need to be considered. 
Taking graphene/h-BN heterostructure with small twist 
angle as an example, since b1j and b2j are close, we can 
let n1 = −m1 and n2 = −m2 to minimize |q|. Then we get 

( ) ( ), 1 11 21 2 12 22 1 1 2 21 2q n b b n b b n c n cn n = − + − = + , where c1 and c2 
are reciprocal lattice vectors of the mini-Brillouin zone. And 
the selection rule requires that states at boundary of the 
mini-Brillouin zone will have degenerate coupling, as has 
been discussed in various studies.[84,149,150]

7. Conclusion

In this paper, we review recent progress in the interfacial engi-
neering of a number of 2D layered material systems, including 
bilayer graphene, graphene/h-BN heterostructures, bilayer 
TMDCs, and TMDCs heterostructures. In these systems, the 
interfacial engineering, which is realized by changing the 
stacking configuration and/or applying external fields, leads to 
material properties different from neither a monolayer system 
nor a bulk system. We further elucidate the origins of these 
changes, and discuss the essential role of the modification of 
the interlayer coupling.

This interfacial engineering of van der Waals coupled 2D 
layered materials has been rapidly expanding the breadth of 
the 2D materials research, since the van der Waals coupled 
layers can virtually be achieved by stacking any kind of 2D 
materials together and host a great platform for studying a 
wide range of physical phenomena in these systems. However, 
the industrial applications of these coupled layers still have a 
way to go, because the large-scale and controlled synthesis of  
van der Waals coupled 2D materials of predesigned stacking is 
still of great challenge. At the current stage, the usual mechan-
ical transfer method is inefficient and labor-intensive. Also, the 
size of fabricated samples is mostly in micrometer scale, far 
away from the wafer-scale size as needed in industry. These fac-
tors all limit the immediate application of these materials in the 
modern industry.

We would also like to point out a few unsolved problems and 
opportunities in the interfacial engineering of 2D materials. 
The first problem is an unclear understanding of the dynamical 
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Figure 8.  a) Top left: WS2 photovoltaic devices with two graphene layers as transparent electrodes. Top right: Band alignment with a built-in electric 
field. Excitons in WS2 dissociate to free electron–hole pairs and transfer to graphene electrodes. Bottom: Current as a function of bias voltage with and 
without light illumination. Reproduced with permission.[18] Copyright 2013, American Association for the Advancement of Science. b) Top: Schematic 
illustrating the cross-sectional view of the h-BN/G/WSe2/G/h-BN heterostructure device. The time-resolved photocurrent was detected as two ultra-
short pulse lasers with a time-delay Δt focused on the device. Bottom: Time-resolved photocurrent measurements results, from the rise curve we can 
get the response time of the device, τ = 5.5 ps. Reproduced with permission.[147] Copyright 2015, Nature Publishing Group.
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process in van der Waals coupled layers, such as the ultrafast 
charge and energy transfer, phonon dynamics, and photocur-
rent generation. The understanding of these dynamical pro-
cesses is important for rational design of future electronic and 
optoelectronic devices. More works should be performed to 
explore the relations between the interfacial structure and the 
ultrafast process. The second issue is to use interfacial engi-
neering to study other novel phenomena beyond the electronic 
and optical ones. As recent studies have demonstrated that 2D 
materials could develop ferromagnetism and superconductivity, 
it is quite natural to ask whether these properties can be con-
trolled by interlayer engineering methods introduced in this 
review.
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