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Abstract: Two-dimensional (2D) semiconductors have captured broad interest as light emitters, due to their unique excitonic ef-
fects. These layer-blocks can be integrated through van der Waals assembly, i.e., fabricating homo- or heterojunctions, which
show novel emission properties caused by interface engineering. In this review, we will first give an overview of the basic
strategies that have been employed in interface engineering, including changing components, adjusting interlayer gap, and tun-
ing twist angle. By modifying the interfacial factors, novel emission properties of emerging excitons are unveiled and dis-
cussed. Generally, well-tailored interfacial energy transfer and charge transfer within a 2D heterostructure cause static modula-
tion of the brightness of intralayer excitons. As a special case, dynamically correlated dual-color emission in weakly-coupled
bilayers will be introduced, which originates from intermittent interlayer charge transfer. For homobilayers and type II het-
erobilayers, interlayer excitons with electrons and holes residing in neighboring layers are another important topic in this re-
view. Moreover, the overlap of two crystal lattices forms moiré patterns with a relatively large period, taking effect on intralay-
er and interlayer excitons. Particularly, theoretical and experimental progresses on spatially modulated moiré excitons with ul-
tra-sharp linewidth and quantum emission properties will be highlighted. Moiré quantum emitter provides uniform and integrat-
able arrays of single photon emitters that are previously inaccessible, which is essential in quantum many-body simulation and
quantum information processing. Benefiting from the optically addressable spin and valley indices, 2D heterostructures have be-
come an indispensable platform for investigating exciton physics, designing and integrating novel concept emitters.
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the generation of novel 2D emitters by forming diversified ex-
citonic states!'%, Notably, we use the broad definition of “2D
heterostructures” as proposed by Wang et all'l to include
both 2D homobilayers (two of the same materials) and 2D het-
erobilayers (two different materials), and progresses related
to light emission properties of both will be discussed in this Re-
view. Although substantial progresses have been achieved to
engineer the 2D emitters by applying an external field, e.g.,
electric/magnetic field or strain, they are not the focus of this
review.

We will mainly cover several factors that are important in
engineering the interfacial structures of 2D heterostructures,
including the electronic structure of each monolayer, the relat-
ive band alignment, the interfacial gap as well as the twist
angle. Various interface interactions in heterostructures can

1. Introduction

Low-dimensional luminescent materials have been
broadly investigated due to their distinctive optical and opto-
electronic properties, which originate from the quantum size
effect! 2, Among various low-dimensional materials, atomic-
ally thin transition metal dichalcogenides (TMDs) — includ-
ing the extensively studied WS,, MoS,, WSe,, and MoSe, mono-
layers — are semiconductors with direct bandgaps at the vis-
ible and near-infrared energies3l. In such a two-dimensional
(2D) system, the reduced Coulomb screening leads to strong
excitonic effects* 51, which account for a great variety of the
excitonic states formed by tightly bound electrons and holes.
As a result, multiple excitonic species dominate the lumines-
cent properties of TMD monolayers, which guarantees TMDs
future applications in optics and optoelectronics.

Thanks to the atomically flat surface and the weak van
der Waals (vdW) force, vertically stacked TMDs have provided
a fruitful platform for synthesizing 2D luminescent materials
with enormous flexibility. Chemical vapor deposition(®], physic-
al epitaxy, and polymer-based transfer techniquest’-9! are effi-
cient methods for fabricating 2D heterostructures. Interlayer
coupling in homo-/hetero-bilayer TMDs plays a key role in
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modulate the intralayer exciton by energy transfer and
charge transfer. A specific stacking configuration, such as a
twist angle (close to 0° or 60°), will lead to interlayer hybridiza-
tion, thus the bandgaps of 2D bilayers might evolve from dir-
ect into indirect. At the same time, new excitonic states
emerge, such as the interlayer excitons with electrons and
holes residing in different layers. In addition, the superposi-
tion of atomic lattices in a 2D bilayer can produce large-scale
periodicity, i.e, the moiré pattern. Moiré pattern arises from
the lattice mismatch and/or the twist angle of the two com-
ponent monolayers. The periodic moiré superlattice intro-
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Fig. 1. (Color online) Features of lattice and band structures of TMD monolayers and heterostructures. (a) 2D hexagonal lattice representing mono-
layer TMDs. R; are the vectors connecting nearest metal atoms. (b) Schematic drawing of valley-contrasting splitting at the K and K’ valley of the
band structure at the band edges. (c) Spin and valley coupled optical selection rules. K (K’) valley couple to o+ (o) circularly polarized light!3l.
Copyright 2012, American Physical Society. (d) Band structures calculated with exchange-correlation energy functions, and the corresponding Bril-
louin zone (the top right)B3". Copyright 2013, American Physical Society. (e) Calculated band-edge energies for various TMDs based on ab initio
density functional theory calculation using the Perdew-Burke-Ernzerhof functional (blue) and GOWO (pink), respectively32l, Copyright 2016, Insti-

tute of Physics.

duces a new periodic potential, which has been uncovered to
trap intralayer and interlayer excitons, forming arrayed 2D
emitters or even arrayed quantum emitters. Based on the
huge progresses on twisted heterobilayers during recent
years, twisted optoelectronics has grown to be a main stream
of optoelectronics.

In this review, firstly, we introduce the basic strategies
used to engineer the interface which can modulate the lumin-
esce features of 2D emitters. Secondly, we discuss theoretic-
al and experimental demonstration of emergent emissions in
terms of intralayer and interlayer excitons, respectively. Fi-
nally, we summarize the advance of 2D emitters and emphas-
ize their unique features. We also have a practical outlook on
the applications. We hope this review can stimulate new
strategies for designing novel 2D emitters and promote the de-
velopment of optical information technology and optoelec-
tronic devices.

2. Interface engineering of 2D heterostructures:
basic strategies

2.1. Components

The intrinsic energy band structures and electronic states
of components for fabricating heterostructures are basic de-
terminants for the properties of an assembled structure. Dur-
ing the past decade, various 2D materials with different elec-
tronic structures have been used as components of hetero-
structures, including semiconductors, semi-metals, and insulat-
orsl'2, Differences in the intrinsic properties of the compon-

ents enable the assembled heterostructures to exhibit di-
versity in optical and optoelectronic properties.

Here, we focus on the semiconducting MX, compounds
with M being Mo or W and X being S, Se or Te. The MX, com-
pounds have been broadly studied not only because of their
stability at ambient conditions, but also benefited by their
unique excitonic and valleytronic features. The band struc-
tures of TMD monolayers have the extrema at the K and K’
corners of the hexagonal Brillouin zone, which have distinct-
ive spin and valley indices (Figs. 1(a) and 1(b))["3-'7], The ex-
citons in TMD monolayers have large binding energies of hun-
dreds of millielectron volts['8l and thus the Bohr radius is only
of a few nanometersl'9. Due to the inversion symmetry break-
ing of TMD monolayers, the excitons are optically address-
able based on the valley-contrasting optical selection rules at
Kand K’ valleys, i.e., direct interband transition in the K (K') val-
ley couples exclusively with the right (left) circularly polar-
ized light (Figs. 1(b) and 1(c))['>- 161, Moreover, the broken inver-
sion symmetry also allows strong spin-orbit coupling of trans-
ition metal d orbitals, which are the main components of the
conduction and valence bands at K and K’ valleys[20- 211, Strong
spin-orbit coupling causes spin splitting at the extrema of the
conduction and valence bands, which results in two bright ex-
citon states (electron and hole with the same spin)i22 231, The
two bright excitons are generally referred to as the lower-en-
ergy A and higher-energy B excitons. Due to the time-re-
versal symmetry, the spin splitting has opposite signs in the K
and K’ valleys, which couples the spin and valley degrees of
freedom('5 161: the bright exciton is spin up in one valley and

H Li et al.: Interface engineering in two-dimensional heterostructures towards novel emitters
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Fig. 2. (Color online) Interlayer gap dependence of energy and charge transfer at the 2D interface. (a) The energies of the band-edge states as a
function of the interlayer gap in MoS,/WS, heterostructurest'l. Copyright 2013, American Physical Society. (b, c) Schemes of Forster and Dexter en-
ergy transfer mechanism (left), and schemes (right) of representative TMD heterobilayers showing the direction of Forster and Dexter energy trans-
ferl4>.461. Copyright 2016, American Chemical Society (b) and 2019, American Chemical Society (c). (d) Scheme of WSe,/WS, heterostructures with
different BN intermediate layers. (e) Charge transfer kinetics for heterostructures with different BN layer thicknesses!#7l. Copyright 2020, Americ-

an Chemical Society.

spin down in the other (Fig. 1(c)). Therefore, these optical selec-
tion rules qualify the emission of excitons in TMD monolay-
ers to carry valley-contrasting optical helicity as well as the
spin information of electrons. Additionally, there are also
spin- or momentum-forbidden dark excitons with non-zero
center-of-mass momentum which are related to photon scat-
tering(24 251, Those dark excitons can greatly influence the emis-
sion properties, especially when their energies are lower than
that of the bright excitons.

Homobilayers can be either prepared from direct exfoli-
ation from the bulk crystals, or by stacking two monolayers
after exfoliation. These two methods lead to disparate optic-
al features corresponding to distinct interband transitions,
since the interlayer hybridization between two identical mono-
layers is significant and highly sensitive to interlayer coup-
ling conditions (Fig. 1(d))26 271, In homobilayers, without any
band offset, electron and hole states at the K and K’ valleys re-
main largely localized within each layer, whereas, homobilay-
ers have degenerate exciton states in both layers, which has
been manifested as the coexistence of both intralayer and in-
terlayer exciton states at the K and K’ points[28-30],

TMD monolayers (and their alloys(33!) provide diversified
band structures. This feature allows people to fabricate hetero-
structures with different types of band alignments (Fig. 1(e)),
ie. types 1, II, and IIIB4. The charge transfer behavior is
fairly different in three types of heterostructures. For type I,
the straddling band gap make electrons and holes both accu-
mulate in one component with a smaller bandgap. For type
I, the staggered band gap with extrema of conduction and
valence band in opposite components causes the separation
of electrons and holes in different components(35 36, For type
III, the band alignment with a broken gap means that the con-
duction band minimum (CBM) of one component is below
the valence band maximum (VBM) of the other. TMD het-
erobilayers are of type II band alignment, with CBM and
VBM in different monolayers. The energy offset between the
extrema of the conduction or valence band can drive ultra-

fast interface charge transfer, especially when the interlayer
gap is small.

2.2. Interlayer gap

In 2D bilayers, besides the band offset of the compon-
ents, the interlayer coupling at the interface3”! and the elec-
tronic structures of bilayers!38! can be readily tuned by increas-
ing[36:37. 391 or decreasing!®? the real-space interlayer gap. The
states around the K point and T point are insensitive to the in-
terlayer gap, while -point states are different (Fig. 2(a))'l.
Here we summarize two types of gap-dependent interlayer in-
teractions, ie, energy transfer and charge transfer. The
charge and energy transfer processes in TMD heterobilayers
usually happen in the femto-to-nanosecond timescales and
have been investigated in detail using the pump-probe spec-
troscopy with femtosecond resolution(3> 42 431, The dynamics
of charge and energy transfer processes in various low-dimen-
sional materials have been recently reviewed by Hu et al4l,

The spin singlet ‘bright’ excitons in TMD monolayers
have in-plane dipole moments. When the two layers are effi-
ciently coupled in the heterostructure, the Forster energy trans-
fer takes place, with the exchange energy across the interlay-
er gap by dipole-dipole interaction (Fig. 2(b))5 48l The
Forster energy transfer is effective in relatively long distance
(<10 nm) and highly dependent on the distancel*!. When the
distance is small (<1 nm), another type of energy transfer,
namely the Dexter energy transfer emerges. The Dexter en-
ergy transfer relies on charge exchange interaction based on
the overlap of electron clouds of donor and acceptor. In a
type I heterobilayer, electrons and holes will both transfer
from one monolayer with a larger bandgap to the other
with a smaller bandgap, leading to the Dexter energy trans-
fer (Fig. 2(c))¥6l. Moreover, the Dexter energy transfer can
also occur between spin-forbidden triplet states, based on
the Wigner spin conservation rulet®, Unlike the Forster en-
ergy transfer which only allows the energy exchange
between bright excitons, the Dexter energy transfer enables

H Li et al.: Interface engineering in two-dimensional heterostructures towards novel emitters
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Fig. 3. (Color online) Twist-angle-dependent features of the 2D interface. (a) Twist-angle dependence of the average layer distance of the
WS,/WSe, heterobilayer based on AA-stacking (blue) and AB-stacking (red) configurations, calculated by dispersion-corrected DFT. (b) Calcu-
lated K-K (blue) and 'K (red) transition energies for AB-stacked heterobilayers with different twist angles®. Copyright 2021, Oxford University
Press. (c—e) Transient kinetics in the MoS, layer for WSe,/MoS, heterobilayers with three different twist angles, including a single exponential rise

(CT: charge transfer process) and a single exponential decay (CR: charge recombination process).

(f) Interfacial charge transfer lifetime and

charge recombination lifetime as a function of A¢ (bottom axis) and momentum change (top axis) in WSe,/MoS, heterojunctions. Inset shows
scheme illustrating the twist angle in momentum spacel*2. Copyright 2017, American Chemical Society.

the exchange of both bright and dark excitons, thus offering
an excellent strategy to brighten the dark exciton in TMD lay-
ers.

On another hand, interlayer charge transfer processes pro-
foundly affect the features of each individual component and
the heterostructure as a whole. The interlayer gap can effi-
ciently affect the strength of the interlayer coupling and is an
important determinant for interlayer charge transferl>% 57, For
closely stacked heterobilayers, ultrafast optical measure-
ments using pump-probe spectroscopy with femtosecond res-
olution have revealed that the charge transfer takes place
within 40 fs in type I heterobilayers!'0. 35 42,52,531_QOn the oth-
er hand, for loosely-contacted heterobilayers, the charge trans-
fer rate was retarded exponentially with increasing distance
between the layers. This is in agreement with the distance-de-
pendent electron-transfer rate in the Marcus theory!>0 311,
With the increase of layer spacing, the charge transfer re-
lated kinetic process gradually slows down (Figs. 2(d) and
2(e))#7). More interestingly, in vertical heterobilayers without
any heating or annealing procedure, correlated fluorescence
blinking between the two components appears, due to the in-

termittent interfacial charge transfer across the interlayer
gap[36,39,54]_

2.3. Twistangle

Besides component and interlayer gap, the third basic de-
gree of freedom in interface engineering is twist angle. Fol-
lowing discussions in Section 2.2, it shall be noted that the in-
terlayer distance of stacked 2D heterostructures can slightly
vary under different relative orientation (twist) angle
between the two monolayers (Figs. 3(a) and 3(b))[26: 55 561, Ac-

cording to the dispersion-corrected density functional theory
calculations, the equilibrium-state bilayer separation is a func-
tion of twist angle 6. The theory indicates that bilayer separa-
tion of intermediate 6 is larger than that of 8 = 0° and 60°
(Fig. 3(a))i26: 271, Furthermore, based on previous theoretical
studies, the coupling of I and Q valleys is huge and insensit-
ive to twist angle in TMDs, which results in strong layer mix-
ing and ultrafast interlayer charge transfer'%.571, As a comparis-
on, the coupling strengths in K and K’ valleys shall be sensit-
ive to the twist anglesB’ 411, When twist angles or lattice mis-
matches are large, the monolayer electronic states of the K
point are largely localized within individual layers, while
when the twist angle is small, the interlayer hybridization can
occur and cause a direct-to-indirect bandgap change. There-
fore, the bandgap of a bilayer exhibits significant depend-
ence on the twist anglel®® (Fig. 3(b)). Moreover, the indirect
bandgap is more sensitive to twist angles than the direct
ones. According to experimental results from transient ab-
sorption spectroscopy, the interlayer charge transfer in TMD
heterobilayers was found to be robust, surprisingly independ-
ent of the twist angle (Figs. 3(c)-3(f))*% 52, Such interlayer
charge transfer has been theoretically proposed to be associ-
ated with the phonon-assisted inter-valley scattering process
regardless of crystal orientation!'?, However, the timescale of
carrier decay after charge transfer varies with the twist angle.
As a result, the recombination of electrons and holes in
different layers is profoundly affected by lattice momentum
(Figs. 3(c)-3(f)® 8l For small twist angles and minor lattice
mismatches, TMD heterobilayers exhibit moiré patterns with
a large period (compare to the lattice constant), which intro-

H Li et al.: Interface engineering in two-dimensional heterostructures towards novel emitters
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Fig. 4. (Color online) Enhanced emission by interfacial interaction in TMD heterostructures. (a, b) Forster energy transfer in MoSe,/WS, heterobilay-
ers, including photoluminescence excitation intensity map at 78 K where the color scale represents emission intensity (a) and photolumines-
cence spectra for MoSe, emission from different heterostructures excited in resonance with A exciton of WS, (W-A) at 2.00 eV at room temperat-
ure (b)“5. Copyright 2016, American Chemical Society. (¢, d) Trion-mediated Forster energy transfer and optical gating effect in
WS,/hBN/MoSe, heterostructures, including the scheme of trion-mediated energy transfer and optical gating effect (c), and photoluminescence
spectra at different positions of heterostructures (d)“8l. Copyright 2020, American Chemical Society. (e, f) Dexter energy transfer in
WSe,/MoTe, heterostructures, including photoluminescence spectra of different domains (e) and schematic depiction of near-unity energy trans-
fer of both bright and dark excitons from WSe, to MoTe, ()#¢l. Copyright 2019, American Chemical Society. (g, h) Enhanced emission of
MoSe,/MoS, heterostructures by interlayer charge transfer, including a schematic of the band alignment describing the transfer of electrons and
holes (g) and photoluminescence intensity maps of the MoSe,/MoS, with one or two layers h-BNs at the interface. Scale bars are 5 um72l. Copy-
right 2016, American Chemical Society.

duces periodic potential and influence the dynamics of carri-
ers and excitons. In particular, twist-angle engineering in ho-
mobilayers and heterobilayers has been applied to realize vari-
ous emission properties of emerging excitons, such as interlay-

citons prefer to go through non-radiative recombination be-
cause of the indirect transition path.

3. Intralayer exciton emission modulated by

er excitons and moiré excitons. When the twist angles togeth-
er with the lattice mismatch are large enough to make the con-
duction band and valence band misaligned in k space, the
emissions of various excitonic species in the heterobilayer are
weak. In other words, intralayer exciton emission is quenched
because interlayer charge transfer is faster than recombina-
tion of intralayer excitonsi®9. Meanwhile, the interlayer ex-

interfacial engineering

Because of the significant excitonic effects caused by the
increased Coulomb interaction, TMD monolayers exhibit a
variety of unique exciton states, which dominate their optic-
al properties. In 2D bilayers, the intralayer excitons at the K
and K'valleys within each layer are similar to the individual
monolayers but accompanied by additional interactions from

H Li et al.: Interface engineering in two-dimensional heterostructures towards novel emitters
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Fig. 5. (Color online) Fluorescence blinking of 2D emitters. (a) Optical image (left) and fluorescence images (three panels on the right) of a
WS,/MoSe, heterobilayer showing bright, neutral, and dark emission state of WS, at the heterobilayer region. (b) Spectra of WS, and MoSe,, and
optical image of WS,/MoSe; heterobilayer (inset). (c) Time-dependent intensity of WS, (red curve) and MoSe, (blue curve) emission from the spec-
tra shown in (b)B36. Copyright 2017, The Authors. (d) Capture of interfacial photocurrent in a blinking WSe,/WS, circuit at zero bias. The photocur-
rent and fluorescence intensities are recorded synchronously!39. Copyright 2021, American Chemical Society.

the neighboring material®®® 611, The emission of intralayer ex-
citons and the conversion between different exciton states
can thereby be profoundly modulated by the change of inter-
face interaction.

3.1. 2D emitters with boosted emission

Exfoliated monolayer TMDs usually have a limited
quantum yield'3l, Pioneering studies have made efforts to
boost their emission, with strategies like chemical doping©Z,
electrical gating and strain tuning(63 641, In this review, we will
mainly focus on representative progress with interface engin-
eering based on interlayer interaction. The broken inversion
symmetry of TMD monolayers enables spin splitting at the
edges of both valence and conduction bandsl'> 65 66l The
spin splitting is large at the VBM (hundreds of millielectron
volts) but is 10-100 times smaller at the CBM[13. 14 22, 23, 67, 68],
As a result of spin splitting, the recombination of electrons
and holes with the same spin emits light with different ener-
gies, which is attributed to the low-energy A excitons and
high-energy B excitons[®7], Besides, there are also nearly degen-
erate exciton states with higher energy, namely C excitons,
that participate in interband transitions according to the ab-
sorption spectra of TMD monolayers®7: 691, Usually, the A ex-
citon dominates the emission from TMD monolayers.
However, with large exciton oscillator strength, B and C ex-
citons can affect the A exciton emission, especially when the
excitation is in resonance with their excitonic energies’% 711,

In a 2D heterobilayer, because of large oscillator strength
and parallel dipole orientation in two layers, interlayer en-
ergy transfer based on dipole-dipole interaction could realize
modulation of emission from a 2D emitter pair. Eda et al!*!
have proved a fast Forster energy transfer process in
MoSe,/WS, heterobilayers. They showed that the Forster coup-
ling between ground state excitons in WS, layer and higher-or-
der excitons in MoSe, layer enhances the emission of A ex-
citons in MoSe; (Figs. 4(a) and 4(b)). Besides, the Forster en-
ergy transfer can also be mediated by trion with the accumula-
tion of electrons in one component, which leads to an optic-
al gating effect (Figs. 4(c) and 4(d))8. Such efficient energy

transfer offers prospects for optical amplification and energy
harvesting through delicate layer engineering. Besides the
Forster energy transfer, Zhu et all*® discovered ultrafast Dex-
ter energy transfer process in WSe,/MoTe, van der Waals het-
erostructures, which enhanced the emission of MoTe, by
transferring the electrons and holes to MoTe, (Figs. 4(e) and
4(f)).

Interlayer charge transfer is another extensively studied in-
teraction with emerging optical and electrical properties. For
semiconductors, the injection of electrons and holes will intro-
duce extra free charges. When these extra charges interact
with excitons, they will bind to form charged excitons, called
trions73-751, Neutral excitons and trions in TMD monolayers
are stable at room temperature due to their remarkably large
binding energies, hundreds of millielectronvolts!'8 19, Com-
pared with neutral excitons, trions have lower energy and are
more likely to go through nonradiative processes such as
Auger recombination. In monolayers per se, electrostatic ex-
periments on back-gated devices have indicated that inject-
ing electrons or holes can manipulate excitons and trions in
TMD monolayers76 771, In TMD heterostructures, the intensity
and energy of emissions based on excitonic species in each
layer can be changed by interlayer charge transfer at the inter-
face (Figs. 4(g) and 4(h)). In MoSe,/MoS, heterobilayers, inter-
layer charge transfer significantly enhanced MoSe, photolu-
minescence (PL)72, Using hexagonal boron nitride (hBN) as
the spacer at the interface of MoSe,/MoS, heterostructures,
Kim et al. adjusted the interlayer charge transfer to maximize
the MoSe, PL and achieved a 9-fold increasel’2.,

3.2. Blinking 2D emitters

Fluorescence intermittency, namely fluorescence blink-
ing, has been extensively studied in zero-dimensional sys-
tems including quantum dots and molecules”78-80, The mech-
anism involves random charge transfer processes or fluctu-
ations in the charge-carrier traps/®'l. Xu et ali3¢ discovered a
new type of blinking effect in the 2D systems for the first
time (Figs. 5(a)-5(c)). In the blinking TMD heterobilayers, the
weak coupling of layers gives birth to intermittent interfacial
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(e) Scanning electron microscopy image of twisted WSe, bilayer showing a reconstructed moiré pattern®. Copyright 2021, Wiley-VCH GmbH.
(f) Photoluminescence spectra at five positions in a WSe, homobilayer®!l. Copyright 2022, Royal Society of Chemistry.

charge transfer as well as retained intralayer exciton emis-
sion in monolayers. Meanwhile, charge transfer events usu-
ally change the doping state of two components with oppos-
ite trends. As a result, both the lifetime and the intensity of
the two components exhibit negatively correlated fluctu-
ations. Such intermittent interlayer charge transfer events
crossing a long-range interfaces have been directly captured
by simultaneously record the fluctuating interlayer photocur-
rent and fluorescence signals (Fig. 5(d))39. The spontaneous
giant fluctuation of charge carrier density in one layer can
even flip the doping type of a semiconductor component, ex-
hibiting either random or controllable switching of positive
and negative correlations in a blinking heterobilayer!39. By
designing the interface using WS, monolayer and Au film,
Curto et all5* demonstrated the in-plane correlation of the ex-
citon fluctuation in the WS, monolayer. Their sample showed
spatially correlated PL over tens of micrometers with simultan-
eous changes in the emission intensity and lifetime. The blink-
ing effect in 2D systems provides a unique platform to study

charge carrier dynamics and non-equilibrium physics and
shows the potential application in correlated emitters in
quantum technology.

3.3. Intralayer moiré excitons

Owing to the similar hexagonal lattices of TMD monolay-
ers, the superposition of two monolayers with small mis-
matches forms a superlattice with a relatively larger period-
icity as compared to the pristine lattice constant, called the
moiré superlattice. The large periodic lattices can dramatic-
ally modify the electronic states and create a new periodic po-
tential for carriers and excitons, namely moiré potentiall82], Ac-
cording to theoretical studies, the moiré potential has ex-
trema that are generally centered at the high-symmetry posi-
tions of the superlattice (Fig. 6(a)). The moiré potential can in-
fluence the dispersion of intralayer excitons and localize ex-
citons at different high-symmetry positions in the superlat-
tice (Fig. 6(b))182 83, Intralayer exciton states are separated in-
to multiple states by moiré periodical potential4-89, which

H Li et al.: Interface engineering in two-dimensional heterostructures towards novel emitters
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leads to finite-momentum exciton states and modifies optic-
al selection rules. In WS,/WS, homobilayers with a twist angle
of 1.46° the emission spectra show multiple peaks with con-
stant energy difference (Figs. 6(c) and 6(d))!87}, which is attrib-
uted to the confined intralayer excitons by moiré potential.
Moreover, localized moiré intralayer excitons are sensitive to
the moiré periodicity. In a twisted WSe,/WSe, homobilayer,
the moiré superlattice has two high-symmetry positions with
high and low potential energy, respectively. When the moiré
periodicity is small, the high-energy excitons will relax and
move to the low-energy position and then emit. Emission
from the high-energy excitons can emerge in the region with
large moiré periodicity (>10 nm) when the length of the
moiré period is beyond the reach of exciton diffusion before
the recombination. (Figs. 6(e) and 6(f))88l, Localized moiré int-
ralayer excitons have been observed in several moiré sys-
tems and become a powerful and interesting platform for in-
vestigating correlated excitonic states.

4. Interlayer exciton emission modulated by
interfacial engineering

Most combinations of common TMD monolayers (e.g.,
WS,, MoS,, WSe,, and MoSe,) feature ultrafast interlayer

charge transfer, causing electrons and holes to separate and
reside in different layers, respectively. The Coulomb interac-
tions between adjacent layers allow the generation of elec-
tron-hole pairs with out-of-plane electrical dipole moments,
to form the interlayer excitons. Lots of interest has been attrac-
ted into the unique properties of interlayer excitons like their
long lifetime!39.921, quantum-confined Stark effect®3], valley po-
larization and high-temperature (~100 K) exciton condensa-
tion®4, Unlike intralayer excitons that can be studied via ab-
sorption spectroscopy, interlayer excitons have weak oscillat-
or strengths and are generally probed by emission spectra. Lu-
minescence from the interlayer exciton also belongs to the
field of 2D emitters and can be highly modified through inter-
face engineering, which is worth looking into.

4.1. Interlayer excitons

The efficient formation of interlayer excitons requires cer-
tain prerequisites: suitable interlayer gap and proper twist
angle between TMD monolayers in heterostructures. In type
II heterostructures, owing to the small interlayer gap that con-
tributes to the interlayer charge transfer, the Coulomb interac-
tion between two layers is strong enough to produce interlay-
er excitons, with smaller binding energy and lower emission
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scopy (PFM) images at two locations of the heterostructure subjected to stress!''3], Copyright 2021, Wiley - VCH GmbH. (h) Excitation power-de-

pendent emission spectra of 1D moiré exciton(''4, Copyright 2021, Am
ticel'13l, Copyright 2021, Nature.

energy compared to the intralayer excitons of both compon-
ents (Fig. 7(a))>9. In addition, the alignment of the conduc-
tion and valence bands in k space contributes to the radiat-
ive recombination of electrons and holes located in different
layers. The relative twist angles between the two layers also
shift the electron and hole bands in momentum space (k
space). Thus, the PL energies and intensities of interlayer ex-
citons exhibit distinct dependence on the twist anglel27. 55991,
By combining photoluminescence spectroscopy and first-
principles calculations, Kunstmann et all'! identified that
the electrons and holes of interlayer excitons in MoS,/WSe,
heterostructures locate at the K point and I point respect-
ively (Figs. 7(b) and 7(c)). Compared with the K-K transition,
the I'-K transition is in quantitative agreement with the experi-
ment. The valence band maximum at the I valley is a hybrid
state of both layers and it moves upwards as hybridization in-
creases. Shin et al®’] reported that the emission of interlayer
excitons in MoSe,/WSe, heterostructures increases with twist
angle around 0° and 60° and disappeared at 10°-50° (Fig.
7(d)). Highly aligned Brillouin zones of two monolayers pro-
motes the efficient formation and radiative recombination of
interlayer excitons!® 97. 101, 1021 Moreover, the emission en-
ergy of interlayer excitons is associated with the twist-angle de-
pendence of interlayer coupling strength (Fig. 7(e)). In ho-
mobilayers with a small twist angle, interlayer excitons can co-
exist with intralayer excitons in the same K or K’ valley[28-30,
forming a hybrid exciton state.

The spin-valley information of electrons in TMD monolay-
ers is a unique quantum index of intralayer excitons. For inter-

erican Chemical Society. (i) Trapped interlayer trions in a moiré superlat-

layer excitons, due to the breaking of the out-of-plane mirror
symmetry, the restriction of spin conservation is no longer val-
id. As a result, the optical transition dipole of the spin-triplet
exciton is in the same order of magnitude as that of the spin-
singlet exciton['%3], Rivera et al"%8 realized valley-specific inter-
layer excitons in WSe,/MoSe, vertical heterostructures using
circularly polarized optical pumping (Fig. 7(f)). The valley life-
time of circular polarization-resolved emission from the inter-
layer exciton was measured to be ~40 ns, which allows visualiz-
ation of lateral diffusion (Fig. 7(g)). Moreover, interlayer ex-
citons are not confined to the bilayers. In multilayer hetero-
structures constructed by stacking TMD monolayer and few
layers, emission from interlayer excitons can be obtained and
engineered('%. The spin- and valley-contrasting emission of
interlayer excitons has been demonstrated in various 2D bilay-
er systems. This allows optical addressing of both the spin
and valley configuration of interlayer excitons, and makes
TMD heterostructures promising in device technologies
based on valleytronics.

4.2. Interlayer moiré excitons

As discussed in Section 2.3, the moiré superlattice
formed by two TMD monolayers produces a periodic poten-
tial that can localize intralayer excitons. Similarly, there is also
a potential landscape for interlayer excitons in the moiré super-
lattice (Figs. 8(a)-8(c)), which generates localized states and
provides exotic emission features('05. 106, The low-energy inter-
layer exciton states are typically localized at the high-sym-
metry positions of the moiré superlattice. The specific high-
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oxc

Fig. 9. (Color online) Quantum emission from moiré excitons. (a) Nano-patterned quantum emitter arrays. Left: distribution of oscillator strength
of the interlayer exciton. Right: nanodot confinements at A points, realizing a periodic array of excitonic quantum emitters. Three high-sym-
metry points corresponding to the moiré superlattices are labeled as A, B, and G, respectivelyt%, Copyright 2017, Science. (b) Normalized emis-
sion spectra excited by photon energy of 1.55 eV with different excitation power densities!''8l, Copyright 2021, American Chemical Society.
(c-f) Quantum features of moiré interlayer excitons. (c) Photoluminescence spectrum of MoSe,/WSe, moiré superlattices at 4 K. (d) Time-re-
solved normalized PL intensity of the single emitter fitted by single exponential decay fit (red line), which reveals a lifetime of 12.1 £ 0.3 ns. (e) In-
tegrated PL intensity of the same single emission peak (1.401 eV) at different excitation powers. (f) Photon antibunching revealed by second-or-
der photon correlation statistics (g (1)) of emission with the experimental data (red solid line) and the Poissonian interval error (red shadowed

area)l'9, Copyright 2020, Science.

symmetry position offers the electron and hole with differ-
ent rotation centers, leading to an additional angular mo-
mentum. Thus, the emission of interlayer excitons is modu-
lated by moiré reciprocal lattice vectors('97-109, leading to fi-
nite momentum of optically active exciton states. According
to the theoretical analyses, the interlayer excitons at differ-
ent high-symmetry points follow different optical selection
rulest07. 1091, The helicity-resolved photoluminescence from
heterobilayers with different twist angles reveals valley polariz-
ation of trapped interlayer excitons (Figs. 8(d) and 8(e)). Addi-
tionally, in the moiré superlattice formed by bilayer MoSe,
and monolayer WSe,, Brotons-Gisbert et all''% observed main-
tenance of strong valley polarization of interlayer exciton
from corresponding components, which is attributed to spin-
layer locking of interlayer excitons trapped in moiré poten-
tials.

In addition to the twist angle that determines the superlat-
tice geometry, in-plane and out-of-plane strain is another de-
cisive factor to influence the periodicity of moiré potentials.
The spatially inhomogeneous superlattice structure with differ-
ent periodicity induced by strain exhibits different emission
characteristics in different regions(®8l, Bai et al.l''®! have presen-
ted strain-induced one-dimensional moiré patterns, in which
the emission from excitons shows linear polarization and high-
er intensity than that in zero-dimensional moiré potentials
(Figs. 8(f)-8(h)). Such sensitivity to strain field provides a new
path to control the moiré potential landscape as well as the ex-
citonic dynamics in TMD heterobilayers, leading to the poten-
tial application of responsive optical and electronic devices.
When the moiré excitons are coupled to charge carriers, the

charge-coupled moiré excitons (moiré trions) can emerge
(Fig. 8(i))(105 115, 1171, The studies show that moiré trions exhib-
it sharp emission lines with high sensitivity to sample inhomo-
geneity (Fig. 8(i)). Baek et all''3! have realized spectrally track-
ing of the emitters as the moiré excitons are charged by ex-
cess carriers. They also discovered stepwise changes in the
moiré trions emission energy resulted from the Coulomb inter-
actions from carriers at the nearest-neighbor moiré sites. The
emission features of moiré trions can sensor to characterize
Coulomb interaction and visualize charge correlated states,
which can be used to judge the uniformity of moiré superlat-
tices.

4.3. Moiré quantum emitters

Quantum emitters, known as “single-photon emitters”,
are crucial for photon-based quantum information pro-
cessing in quantum technologies. In TMD monolayers, the loc-
alized excitons trapped by defects can show the single-
photon nature with narrow line widths of around 100 peV
and strong photon antibunching(20-1251, |n TMD moiré super-
lattices, the excitons confined by the periodical moiré poten-
tial, namely moiré excitons, are predicted to become
quantum emitters. This is reasonable due to the large oscillat-
or strength of the interlayer exciton and the strong variation
(~116 meV) of moiré potential around the minima (A point)
(Fig. 9(a))["%9, In heterobilayers moiré superlattices, the previ-
ously broad emission from interlayer excitons under relat-
ively high-powered excitation can turn into multiple narrow
peaks with linewidth down to around 100 eV, when the
power of excitation is low (Fig. 9(b))l'10. 119,126, 127] Based on
the periodical moiré potentials, Yu et all'% have simulated
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Table 1. Primary progresses on novel van der Waals emitters based on interface engineering.

Interface engineering

method Interface parameter Component Properties
~10A WSe,/MoTe, 6! Dexter energy transfer

Interlayer gap 2 <10 nm MoSe,/WS, 451 Forster energy transfer

WS,/MoSe, 36!

2-5 nm, no spacing layer WS,/WSe, 29 Fluorescence blinking

20 MoSe,/WS,[139 Hybridized exciton

05+0.3° WSe,/WS, 5]

1.5° WSe,/WS,[87] Intralayer moiré exciton

<5° WSe,/WSe, (88!

1.36° WSe,/WSe, (89

0°/60° MoSe,/WSe, > Long-live interlayer exciton
MoSe,/WSe,[102

0°-60° MoS,/WSe,l100! k-space indirect interlayer exciton
WS,/WSe, 1561

) ~0°/~60° MoSe,/WSe,[%8]

Twist angle ® o .
2°/20°/57° MoSe,/WSe,!126] Valley polarized interlayer exciton
58.7°+ 0.7° WSe,/MoSe,!14%!
2°/20°/57° MoSe,/WSe,[126! L
1o MoSe,/WSe, 106 Interlayer moiré exciton
56.7 +0.2° MoSe,/WSe,1%]
~60° MoSe,/WSe,[117] Interlayer moiré trion
57.5° MoSe,/WSe, 105!
0°/60° MoSe,/WSe; (MoS,/WSe,)[109]
<1° MoSe,/WSe, (MoS,/WS,)141] Moiré quantum emitter
~60° MoSe,/WSe,[119]

aThe phenomenon shall be robust for almost all angles.

b In these works, thermal annealing is applied to reach a closely packed state with an estimated interlayer distance of 0.6-0.7 nm.

highly uniform and ordered nanodot arrays of quantum emit-
ters. They found that the moiré-trapped interlayer excitons
with long lifetimes can be tuned from quantum emitters to ex-
citonic superlattices with giant spin-orbit coupling by apply-
ing the electric field or strain. Baek et all'' found the
photon antibunching phenomenon from a single moiré-
trapped interlayer exciton in a MoSe,/WSe, heterobilayer
(Figs. 9(c)-9(f)). They demonstrated that the discrete anhar-
monic spectra arise from electron-hole pairs trapped in moiré
potentials, which exhibits opportunities to investigate the
single-photon emitters with high tunability.

5. Summary and outlook

In summary, we have reviewed progress on novel van
der Waals emitters based on well-designed homo- or hetero-
junctions, representative observations are summarized in Ta-
ble 1. The excellent excitonic features of TMD heterostruc-
tures enable exploration of many-body quantum phenom-
enal?8 1291 and development of novel devices, such as val-
leytronic devices!'0], excitonic transistors!'30 1311, switches['32,
lasers!33. 1341 and photodetectors('3%], Nevertheless, chal-
lenges need to be taken up to push the boundary of the field
of excitonic physics and to realize applications in even broad-
er scenarios. Firstly, to better make use of the wide
tunability of excitons in TMD heterostructures, more efforts
are needed to tailor the absorption and emission of excitons.
Methods such as coupling heterostructures with cavities!'34
and plasmonic materials('36: 1371 show additional promise in
the design of light sources and other photonic applications.
Secondly, the substantial binding energies and long optical life-

times of interlayer excitons provide opportunities for the realiz-
ation of high-temperature Bose-Einstein condensation with ex-
citons, which is still an area that needs to be meticulously ex-
plored. Thirdly, interlayer excitons possess a sufficiently high
degree of valley polarization and long valley-polarized life-
time at room temperature, thanks to their significantly sup-
pressed intervalley scattering. These features are crucial for
the practical processing of valley information carried by polar-
ized light. Finally, in moiré superlattices, the trapped ex-
citons at the moiré potential minima enable single photon
emission, but impede the exciton transport('38l, It remains a
challenge to modulate and characterize moiré quantum emit-
ters localized at the moiré potential. Moreover, the periodic-
al moiré unit cells support the formation ofidentical
quantum emitters, which holds the promise for large-scale in-
tegration of coherent quantum-emitter array needless of ex-
tra modulation.
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