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Abstract: Two-dimensional (2D) monolayers supporting a wide variety of highly confined 

plasmons, phonon polaritons, and exciton polaritons can be vertically stacked in vdWHs with 

controlled constituent layers, stacking sequence, and even twist angles. Van der Waals 

heterostructures (vdWHs) combine advantages of 2D material polaritons, rich optical 
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structure design and atomic scale integration, which have greatly extended the performance 

and functions of polaritons, such as wide frequency range, long lifetime, ultrafast all-optical 

modulation, and photonic crystals for nanoscale light. Here, we review the state of the art of 

2D material polaritons in vdWHs from the perspective of design principles and potential 

applications. We start by discussing some fundamental properties of polaritons in vdWHs, 

and then cover recent discoveries of plasmons, phonon polaritons, exciton polaritons and 

their hybrid modes in vdWHs, respectively. We conclude with a perspective discussion on 

potential applications of these polaritons such as nanophotonic integrated circuits, which will 

benefit from the intersection between nanophotonics and materials science. 
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1. Introduction 

Tunable nanophotonic systems that can be integrated with silicon and manipulate light at 

deep-subwavelength scales is of paramount importance for photonic integrated circuits
[1]

, 

enhanced light-matter interaction
[2]

, sub-diffraction imaging
[3]

, metamaterials
[4]

, and negative 

refraction
[5]

 among other feats. In particular, polaritons in two-dimensional (2D) materials 

exhibit the highest degree of mode confinement
[6]

. A variety of highly confined polaritons 

with unique properties
[6-7]

 have been demonstrated in 2D materials, e.g. electrically tunable 

plasmons in graphene
[7a, 8]

, ultra-low-loss phonon polaritons in h-BN
[9]

 and α-MoO3
[7c, 7d]

, 

room-temperature exciton polaritons in MoSe2
[10]

, WSe2
[11]

 and CsPbBr3 microsheets
[12]

, and 

Cooper-pair polaritons
[13]

. These polaritons have prompted the exploration of multiple 

potential applications, such as surface-enhanced infrared spectroscopy
[8a, 14]

, optical 

sensors
[15]

, nanolasers
[16]

, light modulators
[17]

, and nanophotonic circuits
[18]

. However, in 

most practical applications, important challenges, such as relatively large optical loss, 

reduced operation frequency range, and slow modulation speed, are remaining. 

The hybrid light-matter nature of polaritons (i.e., quasiparticles made up of a photon 

strongly coupled to an electric dipole) can be passively tuned by designing the composition 

and geometry of the hosting materials
[9, 19]

, offering important advantages for nanophotonic 

systems
[6a, 20]

. Recently, van der Waals (vdW) heterostructures (vdWHs), which can be 

fabricated by exfoliating 2D materials down to isolated monolayers and subsequently 

reassembling them in a layer by layer fashion in precisely chosen compositions, stacking 

sequence, and twist angles, provide a versatile way to customize polaritons
[21]

. For example, 

the ultralong lifetime graphene plasmons in graphene/h-BN vdWHs
[7a, 22]

, efficient all-optical 

modulation of graphene plasmons in the graphene/monolayer MoS2 vdWHs
[23]

, strong 

plasmonic nonlinear response in graphene/metal heterostructures
[24]

 have been demonstrated. 

Moreover, the behavior of polaritons can also be modulated by creating moiré patterns in the 

vdWHs, for example, the extremely long plasmon lifetimes (~3 ps) in stacked bilayer 
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graphene
[25]

, the photonic crystals of twisted bilayer graphene
[26]

, and tunable topological 

transitions of phonon polaritons in twisted α-MoO3 bilayers
[27]

. 

Rapid progress in vdWHs fabrication is quickly opening a vast space for the design of 

polariton-based nanophotonic devices with unprecedented characteristics and unique 

functionalities. This field has been driven from multiple angles, including the expansion of 

available atomic-layered materials
[28]

, the impressive improvement in the techniques for 

assembling high-quality vdWHs with controlled thickness, sequence, and relative angles
[29]

, 

and the fast development of nano-optical characterization methods
[6b, 7a, 30]

. Exciting 

theoretical proposals have anticipated how these materials, when combined, can team up to 

produce new physical phenomena
[28]

. Furthermore, the electronic states of a large set of 

atomically thin 2D materials and their vdWHs have been mapped out
[31]

, thus assisting in the 

exploration of active modulation by chemical doping or electric gating. All of these factors 

have led to a dizzying growth in the complexity and functionality of vdWHs
[32]

, as 

exemplified by unconventional superconductivity
[33]

, exotic magnetism
[34]

, and generalized 

Wigner crystals
[35]

. Alongside these frontiers of vdWHs, exotic polariton features are 

expected to emerge from the behavior of their electronic, phononic, and excitonic degrees of 

freedom.  

Here, we review the emerging but rapidly developing field of polaritons in vdWHs. 

Compared with the reviews on 2D material polaritons
[6a, 14b, 14c, 20, 36]

, we focus on the 

polaritons in vdWHs, and detailedly analyze the mechanisms of plasmons, phonon polaritons, 

and exciton polaritons in vdWHs which are classified depending on their macroscopic or 

microscopic characters in Section 2. We then separately review plasmons in vdWHs in 

Section 3, phonon and exciton polaritons in vdWHs in Section 4, and polariton hybridization 

in vdWHs in Section 5 to explore their unique properties. We conclude with a summary of 

challenges and perspectives opened by polaritons sustained by vdWHs in the field of 

nanophotonics. 
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Table 1. Diversity of already demonstrated polaritons in vdW heterostructures and 

opportunities remaining to be explored (indicated by ○). Numbers in the table indicate 

references. 

Type of polariton . 

. Tailoring mechanism 
Plasmons 

Phonon 

polaritons 

Exciton 

polaritons 

Cooper pair 

polaritons 

Macro- 

scopic 

mechanism 

Dielectric 

engineering 

Phase change 

materials 

○ [37] ○ ○ 

Dielectric 

designs 

[38] [3, 39] [40] ○ 

Coupling to 

optical 

structure 

Optical cavities 
[41] [42] [40b, 43] [13] 

Resonant 

antennas 

[44] [45] ○ ○ 

Waveguides 
[46] [47] [48] ○ 

Photonic 

crystals / 

metasurfaces 

[38] [49] [50] ○ 

Micro-scop

ic 

mechanism 

Band 

structure 

engineering 

Charge 

doping/transfer 

[23, 51] ○ [52] ○ 

Local 

strain/Moiré 

superlattices 

[53] [27a, 27d, 54] [55] ○ 

Molecular 

intercalation 

[56] [19] ○ ○ 

Coupling to 

other 

quasi-particle

Molecular 

vibrations 

[14a, 14e] [57] ○ ○ 

Cooper pairs  
[8b] ○ ○ ○ 
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s Excitons 
[58] [58a] ○ ○ 

Plasmons 

[8c, 41a, 41c, 

44b, 53e, 59] 

[4, 22b, 60] [43d] [13] 

Phonon 

polaritons 

[4, 22b, 60] [27, 54b, 61] ○ ○ 

Exciton 

polaritons 

[40b] ○ ○ ○ 

 

 

2. Mechanisms of polariton modulation in vdWHs 

We find it interesting to classify existing studies on 2D polaritons in vdWHs according to the 

macroscopic or microscopic mechanisms that are explored, as shown in Table 1. Indeed, 

plasmons, phonon, exciton, and cooper-pair polaritons have already been extensively studied 

in vdWHs. In general, they can be engineered and coupled via the following methods: (I) 

dielectric engineering of the environment, (II) coupling between polaritons and optical 

structures, (III) band-structure engineering of the materials supporting polaritons, and (IV) 

coupling between polaritons and other quasi-particles (i.e., polaritons, molecular vibrations, 

excitons and so on). Figure 1 summarizes the main features of polaritons in vdWHs, 

including the operation mechanisms and main applications. Microscopic mechanisms 

correspond to band-structure engineering and coupling to quasi-particles, which are mainly 

achieved through charge doping and emergence of moiré superlattices in the vdWHs. Others 

macroscopic mechanisms are related to the electromagnetic coupling between polaritons and 

electromagnetic modes across layers and in the environment (i.e., dielectric response and 

nanostructure optical modes). Applications of the polaritons span a wide range including 
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communication and information technologies, quantum information, imaging, detecting and 

sensing, and energy harvesting. 

 

 

Figure 1. Polaritons of 2D materials in vdWHs: From fundamental properties to disruptive 

applications. Polaritons sustained by vdWHs feature widely tunable and distinct properties. 

Plasmons, phonon polaritons, and exciton polaritons can be tailored by relying on 

microscopic mechanisms (e.g., electrical doping, optical doping, coupling to other 

quasi-particles such as polaritons and excitons, and moiré superlattices) and macroscopic 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202201856 by xiangdong guo - <
Shibboleth>

-m
em

ber@
nanoctr.cn , W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

 

9 

mechanisms (e.g., dielectric engineering, coupling between polaritons and optical structures). 

These mechanisms have been exploited to realize integrated devices with wide applications. 

 

3. Plasmons in vdWHs 

Metallic and semiconducting 2D materials such as graphene and black phosphorus (BP) can 

support plasmons (the collective oscillation of free electrons aimed by their electromagnetic 

interactions). Plasmon properties mainly depend on the carrier density, carrier mobility, 

optical structure, and surrounding environment of the hosting materials. Even if the intrinsic 

plasmons of graphene and BP have excellent properties (e.g., tunability, low loss, and high 

confinement), stacking layers with distinct dielectric, electronic, optical, and magnetic 

properties can introduce novel and exciting functionalities
[7a, 22a, 59b]

, which are relevant to 

many plasmonic applications, such as sensitive detectors and efficient emitters. Next, we 

review several examples to discuss the involved mechanisms (ranging from microscopic to 

macroscopic) and the corresponding advantages. 
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Figure 2. Plasmonic zoo in 2D vdWHs. (a) Efficient Fizeau drag of graphene plasmons from 

Dirac electrons in a gate-tunable h-BN/graphene/h-BN heterostructure
[51d]

. Copyright 2021, 

Springer Nature. (b) All-optical modulation of graphene plasmons via photogenerated charge 

doping in a graphene/monolayer MoS2 heterostructure
[23]

. (c) Visualizing a nanoscale 

photonic crystal for graphene plasmons in twisted bilayer graphene
[26]

. Copyright 2018, 

Science. (d) Acoustic graphene plasmons of the graphene/Al2O3/Au heterostructure strongly 

coupling to molecular vibration modes
[41c]

. Copyright 2019, Springer Nature. (e) 

Graphene-plasmon photonic crystal formed by integrating a continuous graphene monolayer 

in a back-gated substrate with nano-structured gate insulators
[38a]

. Copyright 2019, Springer 

Nature. 

 

3.1 Band structure engineering 

3.1.1 Voltage-gated plasmonic devices with high quality 

Dynamical tuning of plasmons in 2D atomic crystals can be efficiently achieved through 

voltage-gated devices. Among all 2D materials, graphene and its plasmons are the most 

widely studied due to the low loss and dynamical tunability inherited from the linear Dirac 

dispersion of graphene. Its relatively low and tunable carrier density of this material renders 

graphene plasmons tunable from terahertz to mid-infrared frequencies, and even extending to 

the near infrared region. This is in contrast to surface plasmon polaritons of metals, which are 

typically emerging in the ultraviolet to the near-infrared range of frequencies. However, the 

first demonstrated voltage-gated graphene plasmonic devices fabricated on Si/SiO2 substrates 

exhibited relatively modest plasmon lifetimes
[8e, 8f, 22a]

 (<100 fs) as a result of low carrier 

mobility and high charge disorder produced by charged impurities and surface phonons in the 

SiO2 dielectric substrate. 

Eventually, by encapsulating graphene in h-BN/graphene/h-BN vdWHs, it was found 

that h-BN can act as an atomically flat dielectric free of dangling bonds, enabling devices 

with ultralow disorder that reduce losses and produce long plasmon lifetimes (~500 fs, 
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corresponding to ~9 plasmon wavelengths of propagation distance 
[22a, 62]

). This kind of 

vdWHs also introduce superb gate-voltage tunability. For example, electrical 2π phase-shift 

control of infrared light was demonstrated in one of such vdWHs sustaining graphene 

plasmons with a 350-nm footprint
[63]

. The plasmon lifetime in h-BN/graphene/h-BN vdWHs 

can be further extended by eliminating impurity scattering in high-quality samples and going 

to cryogenic temperatures to dramatically reduce inelastic plasmon coupling to thermal 

phonons
[7a]

. Remarkably, the plasmon propagation length measured at liquid nitrogen 

temperature using scattering scanning near-field optical microscopy (s-SNOM) can exceed 50 

plasmon wavelengths (~10 µm, corresponding to 1.6 ps lifetime), which defines a record of 

highly confined and tunable polariton modes
[7a]

. Such high-quality modes open the 

exploration of quantum effects, such as the Fizeau drag of graphene plasmons, which was 

directly visualized in h-BN/graphene/h-BN vdWHs through s-SNOM imaging at 170 K
[51c]

 

and 25 K
[51d]

. Due to electron flow dragging during propagation of graphene plasmons, a 

plasmon wavelength difference of 3.6% can be introduced by a drag current relative to the 

situation without a current, as shown in Figure 2a. 

Besides h-BN, other vdW materials, such as mica and 2D Talc
[64]

, have also been 

explored as atomically flat substrates for graphene plasmons. In graphene/mica vdWHs, not 

only the quality of graphene plasmons is improved, but also flexible plasmon devices can be 

made
[64a]

. Dual-gated graphene devices for near-field imaging were developed in the vdWHs 

of graphene/h-BN/graphene/h-BN, bilayer MoS2/h-BN/graphene/h-BN, and 

WSe2/h-BN/graphene/h-BN
[51e, 65]

. 

3.1.2 Plasmon modulation through chemical and optical doping 

Charge redistribution between adjacent layers in vdWHs can also be used to modulate 

plasmons with new functionalities. For example, robust plasmonic features were visualized in 

an undoped graphene/α-RuCl3 vdWH due to the massive charge transfer taking place at the 
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interface of graphene/α-RuCl3
[51a]

. The graphene Fermi energy were evaluated to be about 0.6 

eV, thus implying that vdWHs provide an efficient strategy for generating nanometer-scale 

plasmonic interfaces without resorting to external gating. Depositing ordered molecular 

layers of pentacene on top of a graphene layer can also modulate its plasmons
[51b]

. The 

plasmon wavelength decreases systematically, but nonlinearly, with the pentacene thickness 

due to the occurrence of tunneling-type electron transfer from pentacene to graphene
[51b]

. 

Unlike electrical gating, which requires an active bias voltage, these interface charge transfer 

methods provide a way to tailor graphene plasmons with permanent properties for long-term 

applications. 

Photogenerated carrier transfer in vdWHs opens a new approach to all-optical 

modulation of plasmons in 2D materials. For example, efficient all-optical mid-infrared 

plasmonic modulators have been realized in graphene/monolayer MoS2 vdWHs due to the 

ultrafast and efficient doping of graphene with the photogenerated carrier in monolayer MoS2 

(Figure 2b)
[23]

. The direct-gap in monolayer MoS2 makes it possible to tune graphene 

plasmons by using a conventional light-emitting diode, while the fast interface charge 

transfer (~600 fs) in atomically thin vdWHs is highly promising for ultrafast plasmon 

modulation. 

Chemical and optical doping modulation approaches can greatly extend the 

functionalities and applications of plasmons in 2D materials, which largely depend on the 

properties of the constituent layers. As such, this subfield can benefit from the development 

of new materials and the improvement in techniques for the fabrication of high-quality 

vdWHs. For example, some high-quality monolayer TMDs such as WSe2 and WS2 possess 

an even higher photosensitivity than MoS2, so they appear to be promising for application in 

graphene plasmon modulation. 

3.1.3 Modifying plasmons through moiré patterns 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202201856 by xiangdong guo - <
Shibboleth>

-m
em

ber@
nanoctr.cn , W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

 

13 

In vdWHs, the lattice mismatch or rotational misalignment between stacked 2D layers can 

produce moiré superlattices in which the interlayer interactions qualitatively change the 

electronic band structure, generate new quantum phenomena, and strongly modify their 

plasmons. For example, moiré patterns formed due to minor lattice mismatch between 

graphene and h-BN have been widely studied, where tunable correlated insulating states, 

tunable superconductivity, mini-Dirac cones and the Hofstadter’s butterfly patterns have been 

identified
[66]

. Infrared nano-imaging implies that the superlattice Dirac mini-bands in 

graphene/h-BN vdWHs can produce an additive contribution to the pristine graphene 

plasmon
[53d]

. 

Moiré patterns formed in twisted bilayer graphene (TBLG) with small twist angles can 

act as natural plasmonic photonic crystals for controlling light at the nanoscale (Figure 2c)
[26]

. 

This is due to the periodic variations in the optical response of the vdWHs arising from the 

moiré domain walls
[67]

. The electronic structures across the moiré domain walls are 

topologically protected chiral one-dimensional (1D) states with enhanced local optical 

conductivity, which can support long-lifetime plasmons at room temperature
[25]

 (~3 ps, 

exceeding monolayer graphene plasmon lifetimes encapsulated in h-BN, ~0.5 ps
[22a]

). 

Plasmons supported by TBLG are extremely sensitive to the twist angle due to 

Fermi-velocity renormalization and its effect on interlayer electronic coupling
[53f]

. 

In brief, these examples illustrate how these moiré vdWHs provide a pathway for 

controlling nanoscale light by exploiting the quantum properties of vdWHs
[68]

. 

3.2 Plasmon coupling to other quasi-particles 

Strong coupling between highly confined graphene plasmon and quasi-particles in several 

systems can be used in sensors and photodetectors. For example, in vdWHs consisting of 

graphene and a superconductor, the Higgs mode of the latter, which is usually challenging to 

observe through far-field optics, can be probed by coupling to graphene plasmons, giving rise 
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to a clear mode anticrossing
[8b]

. Likewise, coupling of graphene plasmons to molecular 

vibrations allows us to perform enhanced infrared spectroscopy for label-free identification of 

trace molecules
[14c, 14d, 41c]

. Additionally, using acoustic graphene plasmons with extremely 

high confinement, ängstrom-thick protein and SiO2 layers can be sensitively detected via 

infrared spectroscopy (Figure 2d), providing a new platform for achieving strong light-matter 

interaction
[41c]

. Incidentally, a framework combining density functional theory (DFT) with 

macroscopic quantum electrodynamics (QED) has been developed for studying quantum 

light-matter interactions of intersub-band transitions in TMDs and acoustic polaritons
[58b]

. 

3.3 Designing plasmons with optical structures and dielectrics 

In graphene/dielectric/metal configurations, acoustic graphene plasmons with extremely high 

field confinement can be excited, so that light is vertically confined (as propagating 

plasmons) between the metal and the graphene
[41a, 41c, 41d, 69]

. These so-called acoustic 

plasmons originate from the strong hybridization of graphene plasmons with their mirror 

images in the metal layer
[41c, 41d]

, and they can exist even using monolayer h-BN as the 

dielectric (corresponding to a vertical confinement limit)
[59b]

. Besides, by using a silver 

nanocube as the metal in the graphene/monolayer h-BN/metal vdWHs, it has been shown that 

a single nanometer-scale acoustic graphene plasmon cavity is realized, reaching mode 

volume confinement factors of ~5×10
-10

 
[8c]

. Acoustic plasmons in graphene/h-BN/metal 

vdWHs provide a platform for studying ultrastrong-coupling phenomena and have been 

explored for applications such as enhanced infrared spectroscopy
[41c]

, enhanced 

third-harmonic generation
[24]

, and probing the quantum surface-response functions of 

neighboring metals
[41b]

. Interestingly, the slow plasmon propagation velocity (c/250, close to 

the electron Fermi velocity) accompanied by the ultrahigh compression of light can be used 

to probe the nonlocal response of the graphene electron liquid
[69]
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The direct combination of graphene and metal antennas are important for efficient 

excitation and emission of plasmons
[44b]

, which can find applications in optoelectronics, 

nanophotonic integrated circuits, sensing, and quantum information among others. For 

example, resonant optical antennas and designed metal patterns can be used for launching and 

controlling the propagation of graphene plasmons
[70]

. In this context, mid-infrared radiative 

emission from bright hot plasmons in graphene was observed by using gold nanodisks to 

promote scattering and localized plasmon excitation
[44a]

. 

Periodically doped graphene can be realized by an integrating graphene layer with 

nanostructured gate insulators, providing an alternative method to control graphene plasmons. 

Using this approach, a tunable photonic crystal for graphene plasmons was realized by using 

a back-gated platform with nano-structured gate insulators (patterned SiO2)
[38a]

, as shown in 

Figure 2e. In the resulting plasmonic crystal structure, propagating plasmons with a 

continuous dispersion are transformed into Bloch polaritons that are programmable through 

the applied gate voltage
[38b]

. Moreover, for specific patterns of the gate and bias voltages, 

graphene-plasmon valleytronics are predicted theoretically
[71]

. 

 

4. Phonon and exciton polaritons in vdWHs 

4.1 Tuning phonon polaritons in vdWHs 

The anisotropic features of 2D vdW materials such as h-BN and α-MoO3 endow their 

hyperbolic phonon polaritons (HPhPs) with extremely high confinement, which coupled to 

their ultralow inelastic losses have understandably attracted a wide interest in the research 

community
[6b, 7c, 7d, 9, 72]

. However, the difficulty in modifying the lattice vibrations of crystals 

makes it challenging to tune phonon polaritons. Constructing vdWHs provides a viable 
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approach to modulate and extend the functionalities of HPhPs in 2D crystals via the 

following mechanisms, ranging from macroscopic to microscopic in character. 

4.1.1 Dielectric engineering 

The highly confined HPhPs sustained by 2D materials are very sensitive to the local dielectric 

environment. For example, the HPhPs in h-BN thin films or antennas can be modulated by 

placing it on different polar substrates, such as quartz, 4H-silicon carbide and gold film
[39e, 73]

, 

or covering it with layers of a high-refractive-index van der Waals crystal (WSe2)
[39f]

. The 

use of anisotropic substrates translates into anisotropic HPhPs, for example, when combining 

the in-plane isotropic HPhPs waveguide modes of h-BN with anisotropic BP in an integrated 

structure (Figure 3a)
[39b]

. Active tuning of the polaritonic resonances can be achieved using a 

gated graphene monolayer as the dielectric
[39f, 74]

. 

Phase-transition materials, which can undergo dramatic changes in their optical behavior 

(e.g., insulator-metal transition) driven by external stimuli (e.g., temperature, stress, and 

optical pumping), provide a platform for HPhPs modulation
[75]

. For example, h-BN HPhPs 

can be dynamically modulated by varying the temperature (e.g., a 1.6-fold change of 

wavelength) when supported on a VO2 substrate that transitions from dielectric to metallic in 

the range of 60 °C to 80 °C, which can also be used to design patterned local dielectric 

environments for the control of HPhPs propagation (Figure 3b)
[37a, 37c]

. In a parallel effort, by 

using the low-loss phase change material Ge3Sb2Te6 to control HPhPs at the nanoscale, 

polariton refractive and meta-optics of h-BN HPhPs were also experimentally 

demonstrated
[37b]

. 

Another rising type of vdWH structure to support ultraconfined surface phonon 

polaritons (SPhPs) comprises atomically thin vdW dielectrics (e.g., TMD
[76]

 and MoO3
[39a]

) 

supported on bulk dielectric (e.g., SiC, AlN, and GaN). In contrast to polaritons in 2D 

materials like h-BN, the polar substrate serves as a source of surface-phonon polaritons 
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(SPhPs), which are then confined into the atomic thin vdW dielectrics with a large 

confinement factor (>100)
[76]

. These ultraconfined SPhPs propagating in the atomic vdW 

materials can further be reconfigured and engineered by introducing anisotropic vdW 

materials and patterned substrates
[39a]

. 

The high sensitivity of HPhPs to the dielectric environment can be used for nanoimaging 

nanostructures placed beneath the vdW materials (e.g., in buried or encapsulated device 

geometries). In this direction, the enlarged imaging and the super-resolution focusing of 

buried metallic nanostructure were demonstrated by using h-BN HPhPs
[77]

. Recently, the 

moiré superlattices of undoped twisted graphene bilayers encapsulated by h-BN were directly 

imaged through s-SNOM, which senses the effective optical phase change of the h-BN 

HPhPs reflectance at the domain walls and does not require the excitation of graphene 

plasmons
[3]

. 

4.1.2 Coupling via optical structures 

Integrating HPhPs with optical structures in vdWHs can also generate high-quality hybrid 

polaritons. For example, phonon-polaritonic crystals were realized by incorporating h-BN 

film on a silicon-based photonic crystal, and local field distribution patterns resembling the 

Archimedean-like tiling were observed (Figure 3c)
[49b]

. Additionally, in a 

h-BN/dielectric/metal structure, ultraconfined acoustic HPhPs similar to acoustic plasmons 

can be generated due to the coupling between HPhPs and the image-potential response from 

the metal
[61]

. Also, by coupling to resonant metal plasmonic antennas, one can efficiently 

launch HPhPs in thin h-BN slabs
[45b]

, and the resulted enhanced light-matter interaction can 

be used for sensitive and fast mid-infrared photodetection based on graphene
[45a]

. 

The vdWHs can also extend the functionalities of optical devices. For example, a 

h-BN/silicon hybrid waveguide can simultaneously enable dual-band operation at both 

mid-infrared and telecom frequencies
[47]

. 
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4.1.3 Band structure and strain engineering 

In vdWHs, rotational misalignment or lattice mismatch of the constituent layers gives rise to 

moiré superlattices, which can introduce periodic lattice strain (also denoted solitons in this 

context) to tune phonon polaritons (Figure 3d)
[54b]

. In addition, heating may further cause 

lattice strain due to the mismatch of the thermal expansion coefficients in different materials 

forming part of the vdWH. For example, for h-BN (negative expansion coefficient) on a 

silicon substrate (positive coefficient), wrinkles are generated in h-BN flakes after annealing, 

and consequently, strain causes blue shifts in the h-BN phonons and reduces the IR response 

below the resonance phonon frequency[54a].  

Molecule/atom intercalation can directly modify the HPhPs material, providing a novel 

method to chemically manipulating HPhPs. Specifically, intercalation of Na atoms in α-V2O5 

enables a broad spectral shift of Reststrahlen bands, and the HPhPs show ultra-low losses 

(lifetime of 4 ± 1 ps), similar to phonon polaritons in a non-intercalated crystal (lifetime of 

6 ± 1 ps)
[19c]

. Additionally, switching of HPhPs in α-MoO3 can be achieved through 

non-volatile and recoverable hydrogen intercalation (Figure 3e)
[7c, 19b]

. Moreover, efficient 

and tunable reflection of HPhPs were demonstrated at the built-in intercalation interfaces
[19a]

. 

4.1.4 Coupling to molecular vibrations 

The ultra-strong coupling observed between HPhPs and molecular vibrations is not only a 

new method to modulate phonon polaritons, but it also suggests that phonon polaritons can be 

utilized for molecule recognition. More precisely, strong coupling between HPhPs in h-BN 

and molecular vibrations in adjacent molecular layers causes the emergence of pronounced 

mode anti-crossing pattens in the dispersion relations (Figure 3f)
[57a]

. Likewise, HPhPs in 

h-BN nanoresonators have also been demonstrated to enhance molecular vibrational 

spectroscopy, reaching the strong coupling limit
[57b]

. 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202201856 by xiangdong guo - <
Shibboleth>

-m
em

ber@
nanoctr.cn , W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

 

19 

 

Figure 3. Phonon polaritons of 2D materials in vdWHs. (a) Scattering SNOM image of 

anisotropic HPhPs modes (frequency =1410 cm
-1

) in a h-BN/BP heterostructure
[39b]

. Scale 

bars, 2 µm. (b) Refraction of h-BN HPhPs within a h-BN/VO2 vdWH at the domain boundary 

of dielectric and metallic VO2
[37c]

. (c) Photonic crystal for h-BN HPhPs made by integrating a 

h-BN flake on a silicon optical crystal
[49b]

. Scale bar, 2 μm. Copyright 2021, American 

Chemical Society. (d) Schematic diagram of a soliton superlattice in a twisted h-BN 

bilayer
[54b]

. (e) Tuning of α-MoO3 HPhPs by intercalation with hydrogen (the black dashed 

line indicates the hydrogenation boundary)
[19b]

. (f) Strong coupling between propagating 

HPhPs in h-BN and molecular vibrations in an adjacent thin molecular layer
[57a]

. Copyright 

2020, Springer Nature. 

 

4.2 Exciton polaritons in vdWHs  

Exciton polaritons with low effective mass and strong nonlinearity in atomically thin crystals 

offer an ideal platform for studying Bose-Einstein condensation, superfluidity, soliton 

transmission, quantum vortex effects, and other fundamental phenomena. Moreover, 
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materials sustaining exciton polaritons are compatible with a wide range of substrates and 

optoelectronic device geometries, therefore enabling new strategies to control high-quality 

exciton polaritons by engineering vdWHs.  

4.2.1 Integration in optical structures 

By integrating monolayer TMDs (e.g., MoS2
[78]

, WS2
[43f, 79]

, MoSe2
[80]

, and WSe2
[81]

) with 

high-quality-factor optical cavities or antennas one can reach the strong light-matter coupling 

regime and form hybrid exciton polaritons
[78, 82]

. Specifically, room temperature exciton 

polaritons were observed in monolayer TMDs embedded in a dielectric Fabry–Perot (FP) 

microcavity due to the high quantum yield and large exciton binding energy monolayer
[78, 

81-82]
. Recently, compelling evidence of bosonic condensation of exciton polaritons has been 

found in an atomically thin crystal of MoSe2 embedded in a dielectric microcavity under 

optical pumping at cryogenic temperatures (Figure 4a)
[83]

. In addition, spin- and 

valley-selective propagation of exciton polaritons was observed in a monolayer of MoSe2 that 

was strongly coupled to a microcavity photonic mode
[43c]

. 

Optical structures such as compact Tamm-plasmon photonic microstructure (Figure 

4b)
[82a]

, open cavities
[43d, 43f, 84]

, metasurfaces
[50b]

, and photonic crystal structures
[50a, 85]

 have 

also been demonstrated to couple with TMDs to form 2D exciton polaritons, thus opening a 

way for developing novel and exotic exciton-polariton devices. For example, helical 

topological polaritons were found to survive up to 200 K without any external magnetic field 

in monolayer WS2 excitons coupled to a nontrivial hexagonal photonic crystal protected by 

pseudo time-reversal symmetry (Figure 4c)
[50a]

. Highly nonlinear trion-polaritons were also 

observed in monolayer TMDs
[84a]

. 

4.2.2 Charge carrier manipulation 
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vdWHs additionally enable new strategies for tuning exciton polaritons by controlling 

light-matter coupling and carrier doping/injection. For example, spatially separated indirect 

excitons with ultralong lifetime can be produced by the coupling between partially filled 

Landau levels in the quantum-Hall-effect region of double-bilayer-graphene/h-BN vdWHs 

(Figure 4d)
[52c]

. High-temperature exciton condensation was also observed in electrically 

generated interlayer excitons in MoSe2-WSe2 double atomic layers with a density up to 10
2
 

excitons per square centimeter
[86]

. These vdWHs provide an ideal platform for exploring the 

strong bosonic behavior regime in electronic systems. Moreover, the cavity spectroscopy of 

monolayer MoSe2 can be electrically tuned (e.g., in a vdWH consisting of 

MoSe2/h-BN/graphene) and exhibits strongly bound trion and polariton resonances, as well as 

nonperturbative coupling to a single microcavity mode (Figure 4e)
[52b]

. 

4.2.3 Moiré polaritons in twisted vdWHs 

Moiré lattice potentials formed in vdWHs can tune the properties of excitons. Recently, by 

integrating MoSe2-WS2 heterolayers in a microcavity, a cooperative coupling between 

moiré-lattice excitons and microcavity photons was obtained up to the temperature of liquid 

nitrogen (Figure 4f), thereby integrating versatile control of both matter and light into one 

platform to study collective phenomena
[55]

. 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202201856 by xiangdong guo - <
Shibboleth>

-m
em

ber@
nanoctr.cn , W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

 

22 

 

Figure 4. Exciton-polaritons in vdWHs. (a) Bosonic condensation of exciton–polaritons in 

MoSe2/h-BN vdWHs integrated with top and bottom DBR
[83]

. Copyright 2021, Springer 

Nature. (b) Helical topological exciton polariton by coupling a monolayer of WS2 to a 

nontrivial photonic crystal
[50a]

. Copyright 2020, Science. (c) h-BN/MoSe2 monolayer placed 

in an open-access microcavity where Laguerre–Gauss photonic modes strongly couple to 

exciton and trion states forming polaritons
[84a]

. (d) Exciton condensation in two bilayer 

graphene systems where interlayer excitons are created in the quantum Hall region
[52c]

. 

Copyright 2017, Springer Nature. (e) Gated exciton-polaritons in the MoSe2/h-BN/graphene 

heterostructure
[52b]

. Copyright 2016, Springer Nature. (f) Schematic of the moiré polariton 

system formed by excitons confined in a moiré lattice and coupled to a planar optical 

cavity
[55]

. Copyright 2021, Springer Nature. 

 

5. Polariton-polariton coupling in vdWHs 
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In vdWHs, the vertical stacking of different polaritonic materials can result in strong coupling 

between different types of polaritons, opening up an exciting perspective to modulate and 

design polaritonic devices. 

5.1 Plasmon-plasmon coupling 

In graphene/dielectric/metal vdWHs, acoustic graphene plasmons with extremely high 

confinement can be excited due to the hybridization between graphene plasmons and their 

image-potential plasmons in the metal (Figure 5a)
[59b]

, as discussed above in Sec. 3.3. 

Plasmon-plasmon interactions in graphene/spacer/graphene
[87]

 and graphene/spacer/BP 

vdWHs have been studied and shown to cause a redistribution of the plasmonic field 

depending on both the involved materials and the structure parameters
[59c]

. Moreover, in a 

mixed-dimensional single-walled carbon nanotube/h-BN/graphene vdWHs, the hybrid of 1D 

and 2D plasmons can retain the high figures of merit of 1D plasmons and additionally have 

the gate tunability
[88]

. 

In the context of twisted photonics, coupling and hybridization between graphene 

plasmons has also been investigated. In particular, as shown in Figure 5b, when two layers of 

graphene nanoribbons are stacked with a misalignment angle, the hybridization of hyperbolic 

polaritons that are supported by the graphene nanoribbon layers undergo a transition through 

an optical topological state as the angle is varied
[89]

. 
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Figure 5. Polariton-polariton coupling in vdWHs. (a) Ultraconfined acoustic plasmons 

generated by the coupling of graphene plasmons and image interaction in the metal in a gold 

nanoribbon/dielectric/graphene vdWH
[59b]

. Copyright 2018, Science. (b) Plasmon-plasmon 

coupling in twisted hyperbolic metasurface (graphene nanoribbon arrays) stacked with a twist 

angle
[89]

. Copyright 2020, American Chemical Society. (c) Schematic of twisted α-MoO3 

layers
[27a]

. Copyright 2020, Springer Nature. (d) HPhPs-HPhPs coupling (s-SNOM amplitude 

images) in twisted α-MoO3 controlled through the twisting angle (0°, 20°, 63°, and 90° in the 

images)
[27b]

. Copyright 2020, Springer Nature. (e) Plasmon-HPhPs coupling in a 

graphene/h-BN vdWH
[4]

. Copyright 2015, Springer Nature. (f) Dispersion of hybridized 

plasmon-HPhPs
[4]

. Copyright 2015, Springer Nature. 

 

5.2 Coupling between phonon polaritons 

In-plane anisotropic crystal layers such as α-MoO3 can support HPhPs that are of course 

anisotropic in the basal plane
[7c, 7d]

. These types of modes can generate abundant exotic 

phenomena by coupling with each other or with traditional HPhPs. For example, twisted 
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α-MoO3 vdWHs (Figure 5c) have been designed to manipulate the propagation direction of 

HPhPs (Figure 5d) via the introduction of a twisting angle 
[27]

. To achieve efficient control, 

the twisting configuration requires: (1) extreme basal plane anisotropy of the polaritons; (2) 

sufficient overlap of the polariton fields from stacked slabs
[27b]

. Both are actually 

advantageous properties provided by vdWHs. 

Hybrid polaritons can also be produced in the α-MoO3/SiC heterostructure at their 

common phonon-polaritonic frequency range. When anisotropic HPhPs of α-MoO3 meet the 

isotropic SiC phonon polaritons, the iso-frequency curves of the resulting hybrid polaritons 

undergo a topological change due to the presence of strong coupling and unique coupling 

characteristics. Interestingly, this behavior dramatically changes the propagation of α-MoO3 

HPhPs, from previously forbidden transmission directions into newly possible transmission 

directions
[39a]

. 

It should be noted that, although the methodology for tuning phonon polaritons in twisted 

α-MoO3 is similar to that for twistronics in moiré engineering
[54b]

, their physical origins are 

different. The former stems from the angle-dependent electromagnetic hybridization between 

anisotropic HPhPs in stacked α-MoO3
[27b]

, whereas the latter is attributed to the peculiar 

strain engineering by vdW superlattices
[54b]

. 

5.3 Hybridization between plasmons and phonon polaritons 

Since plasmons in the mid-infrared range can cover the frequency band of HPhPs, 

electromagnetic coupling between plasmons and phonon polaritons should allow them to 

combine their advantages. As an instance of such type of hybrid modes, phonon-plasmon 

polaritons in graphene/h‑ BN heterostructures are signaled by band anti-crossings in the 

graphene plasmon dispersion near the energy of h-BN optical phonons (Figure 5e,f)
[90]

. Such 

hybridized modes combine the long lifetime of HPhPs and the tunability of graphene 

plasmons
[4, 22b, 91]

. Moreover, when the isotropic graphene plasmons is replaced by in-plane 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202201856 by xiangdong guo - <
Shibboleth>

-m
em

ber@
nanoctr.cn , W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

 

26 

anisotropic BP plasmons, anisotropic plasmon-phonon-polariton modes are observed in the 

BP/h-BN vdWHs
[92]

. All-angle in-plane negative refraction between plasmons, phonon 

polaritons, and their hybrid polaritons in vdWHs have been predicted based on full-wave 

simulations, which can be used for the design of nanoscale metasurfaces and nanoimaging 

elements
[5, 93]

. In addition, hybrid modes in graphene/h-BN vdWHs can be combined with 

other types of structures, such as air-Au microstructured substrates, to further control the 

direction and velocity of polariton propagation
[60a]

. 

 

6. Perspectives 

Although the study of polaritons in vdWHs is still in its infancy, vdWHs offer exciting 

opportunities for designing high-quality 2D polaritons based on the vast and expanding 

family of 2D materials and the ability to arbitrarily program new stacked structures. We 

therefore anticipate that atomically thin vdW materials and their ultraconfined polaritons are 

promising for the miniaturization and integration of optoelectronic devices. Therefore, 

polaritons in vdWHs can provide an effective solution to the ultimate goal of optoelectronic 

on-chip integration, thus breaking the limitations associated with Moore's law in 

silicon-based chips. Here, we present an outlook on functional on-chip integrated devices in 

Figure 6a, including nanoscale light sources (optical and electrical excitation in Figure 6b,c), 

optical waveguides (polariton waveguides at telecom wavelengths with controllable 

transmission in Figure 6d,e), optical modulator and switches (from modulator to quantum 

computing in Figure 6f,g), detectors (single-molecule infrared detection, miniature infrared 

spectrometer, near-field thermal detection in Figure 6h-j), and others. 
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Figure 6. On-chip polaritonic devices based on vdWHs. (a) Schematic diagram of the 

photonic integrated devices and a photonic integrated circuit in the vdWHs. (b) Schematic 
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illustration of a single nanorod exciton polariton laser driven by optical excitation
[94]

. (c) 

Electrically excited plasmon luminescence in a gold nanostructure
[95]

. Copyright 2017, 

Springer Nature. (d) Telecom polariton on sodium-based plasmonic waveguiding 

nanostructure
[96]

. Copyright 2020, Springer Nature. (e) Controlled propagation of phonon 

polaritons in h-BN on the phase-change material Ge3Sb2Te6
[37b]

. (f) Programmable polaritons 

in a monolayer MoS2/graphene vdWHs
[23]

. (g) Quantum computing with graphene 

plasmons
[97]

. (h) Infrared single-molecule detection with acoustic polaritons
[98]

. Copyright 

2021, Royal Society of Chemistry. (i) Ultrasmall mid-infrared spectrometer
[99]

. Copyright 

2021, Springer Nature. (j) Detection of near-field heat flux. 

 

6.1 Light/polariton sources 

Optically excited exciton-polariton lasers. Polariton condensates have broad prospects to 

design energy-efficient lasers. However, in order to produce useful laser applications, we 

need to meet three core requirements: coherence, room-temperature operation, and electrical 

injection of charge carriers. In a polariton laser (Figure 6b), the coherence of the emitted 

radiation is inherited from the condensate wave function
[94]

. Then, layers of TMDs have been 

identified as a promising platform for this purpose, with the potential of operating at elevated 

temperatures
[100]

. However, it remains a technical challenge to reliably implement carrier 

electrical injection in a material system that holds large exciton binding energy. Hybrid 

inorganic–organic devices and electrically pumped TMD heterostructures could become a 

visionary route to overcome such current limitations
[78]

. 

Electrically excited polaritons. Usually, polaritons are excited by light sources and after 

travelling along a waveguide, they are re-emitted as photons into free space. For practical 

applications of polaritons in integrated circuits, there is a need to generate and read out 

polariton signals by direct electrical means, without involving the intermediate generation of 

excitons, as shown in Figure 6c
[95]

. The coupling of metal-insulator-metal (MIM) tunnel 

junctions to polariton waveguides provides an effective way for electronic-polariton 
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transducers. MIM vdWHs have the advantage of atomic-scale thickness and provide a 

promising platform to integrate such reading electronic devices with polariton waveguides. 

6.2 Optical waveguides 

2D polaritons at the telecom frequency. To cope with the ever-growing demand for higher 

data-transfer rates, broader bandwidths, and higher on-chip integrability in 

telecommunication applications, highly confined 2D polaritons at the telecom frequency 

range are needed (Figure 6d)
[96]

. However, the widely studied families of 2D polaritons 

provided by graphene plasmons and h-BN HPhPs operate at frequencies below the telecom 

frequency range
[6b, 23]

. The variety and complexity of vdWHs are promising to realize 2D 

polaritons in the telecom frequency range by choosing appropriate materials
[101]

 and stacking 

factors for telecom applications, such as data interconnection, light sources, modulators, and 

detectors. The combination of more conventional dielectric waveguides with tuning elements 

based on doped graphene and electrically shifted excitons also appears as a promising 

approach to actively controllable telecom waveguides. 

Controlled propagation of polaritons. Manipulating high-speed and low-loss photonic 

circuits at the nanoscale has become a goal pursued in the field of polariton. The most 

effective means to manipulate polariton propagation are designing dielectric environment in a 

heterojunction system, such as 2D materials on photonic crystals
[50a, 102]

, on phase change 

materials
[37b, 37c, 39d]

 and on other substrates
[39a, 103]

. With the development of optical 

nanostructures and active materials, the optical field will be greatly manipulated to realize 

prototype devices such as in-plane metalenses (e.g. Figure 6e)
[37b]

. In addition, the 

unidirectional propagation of polariton can also be manipulated by means of a 

one-dimensional grating structure
[104]

, which provides a new dimension to control the 

polariton propagation. 

6.3 Optical modulators and logic gates 
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Modulators. Modulators superimpose information signal onto carrier signal for the purpose of 

light communication, which should obviously benefit from the availability of a wide range of 

actively tunable polaritons in vdWHs
[36a]

. 2D polaritons are much easier to be modulated than 

modes in conventional 3D structures because the electronic states of the constituent atomic 

layers are fully exposed to the chosen external stimuli. More importantly, the rich materials 

and stacking structures in vdWHs demonstrate the flexibility and diversity of polariton 

modulation (e.g, electrical/optical/chemical doping (Figure 6f)
[7a, 8c, 23, 60c, 105]

, temperature
[37a, 

37c]
, and mechanical strain). Moreover, twisted vdWHs have showcased interesting features, 

including flexibility and tunability in manipulating light, contributing to the novel photonic 

devices
[26]

. 

Quantum logic gates. Among the various approaches to quantum technologies (e.g., 

computing, communication, imaging, and sensing), all-optical architectures are especially 

promising due to the robustness and mobility of single photons
[106]

. A universal two-qubit 

logic gate, where qubits are encoded as surface plasmons propagating along graphene 

nanostructures, exploiting the strong third-order nonlinearity and long plasmon lifetimes in 

this material, has been proposed to enable single-photon-level interactions (Figure 6g)
[97]

. In 

particular, strong two-plasmon absorption in graphene nanoribbons can greatly exceed 

single-plasmon absorption to create a square-root-of-swap that is protected by the quantum 

Zeno effect against the evolution into undesired failure modes. 

6.4 Detectors 

Single molecule identification. Ultraconfined polaritons in vdW materials have demonstrated 

the compression of infrared light into nanoscale volumes, which can largely enhance 

light-matter interaction to facilitate molecule sensing and identification. In particular, 

graphene-enabled ultrasensitive detection has recently been demonstrated for biological and 

inorganic molecules
[41c]

. By designing polaritonic vdWHs with atomically thin nanocavities, 
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the ultimate limits of light confinement could be explored, which could potentially contribute 

to reach the sought-after detection limit of single molecules (see Figure 6h)
[98]

. 

Ultrasmall mid-infrared spectrometers. Optical spectrometry is one of the most powerful and 

widely used characterization tools in scientific and industrial research. Spectrometers are 

cornerstone instruments in scientific research across various disciplines and in technological 

developments for many industries
[99]

. However, the demand for portable or handheld spectral 

analysis devices (Figure 6i) requires shrinking of these systems down to centimeter-scale 

footprints
[107]

. With the strong light-matter interaction, multifunctionality, and ultracompact 

integration offered by polaritons in vdWHs, ultrasmall single-detector spectrometers should 

have extraordinary potential in reconstructing the spectrum of broadband light with unparallel 

speed and sensitivity.  

Enhanced near-field thermal detection. Ultraconfined polaritons in 2D materials feature a 

high density of optical energy, which can significantly enhance near-field thermal detection 

beyond the diffraction limit (Figure 6j). In particular, graphene plasmons, h-BN HPhPs, and 

their hybridized polariton modes in vdWHs have demonstrated to yield super-Planckian heat 

transfer, which for some engineered designs can become the leading mechanism of heat 

dissipation
[108]

 (i.e., faster than even conventional heat diffusion). Therefore, polaritons in 

vdWHs can be used as a good platform to study the physical mechanisms of near-field 

thermal radiation and develop new thermal management devices (i.e., heat-assisted magnetic 

recording, thermal lithography, scanning thermal microscopy, non-contact thermal 

management, thermal circuits, and near-field thermophotovoltaics). 

In conclusion, this review shows that vdWHs based on the combination of 2D materials have 

greatly improved our ability to manipulate polaritons, and consequently, these types of 

structures have expanded our capabilities for new applications at the frontiers of nanoscale 

photonics and optoelectronics. We expect that polaritons in vdWHs will play a major role in 
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promoting the development of many advanced interdisciplinary studies addressing 

nano-optoelectronic devices, nano-energy devices, and nano-biological devices to name a 

few. 

Box 1: Fundamentals of polaritons and vdWHs 

2D polaritons 

Polaritons are quasiparticles sustained by a material as a result of the interaction and 

mixing between light and polarization charges (i.e., dipole active transitions) in the medium. 

In particular, surface polaritons can be excited as surface electromagnetic waves at the 

interface between positive (e.g., air or a conventional dielectric) and negative (e.g., 

two-dimensional van der Waals (2D vdW) structures) permittivity materials
[6a]

. The vast 

types of 2D materials display an extensive set of polaritons, including plasmons (interaction 

with free carriers), phonon polaritons (with optical phonons), exciton-polaritons (with 

excitons), magnon polaritons (with spin resonances), and Cooper-pair polaritons (with 

Cooper pairs). Due to the quantum confinement and the reduction of dielectric screening of 

the 2D layers, 2D polaritons exhibit the highest degree of confinement among all known 

materials, as well as several other excellent properties such as dynamical tunability
[109]

. 

vdWHs 

2D materials consist of a single- or few-atom-thick, covalently-bonded lattices. Such 

dangling-bond-free atomic sheets often exhibit extraordinary electronic and optical 

properties, in contrast to nanostructures plagued with dangling bonds and trap states at the 

surface. In particular, 2D materials can be mechanically isolated, mixed, and matched, 

combining highly disparate atomic layers to create a wide range of vdWHs without the 

constraints of lattice matching and processing compatibility. This allows considerable 

freedom to create diverse vdWHs with functionalities that were not previously possible. 
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Engineering polaritons in vdWHs 

A variety of fabricated vdWHs have been shown to exhibit extraordinary performances 

and novel functionalities compared with pristine 2D materials. From the macro and micro 

perspectives, we divide the coupling and modulation mechanisms of different polaritons in 

vdWHs into the following types (as shown in Table 1). Macroscopic mechanisms: (1) 

dielectric engineering and (2) coupling to optical structures; Microscopic mechanisms: (1) 

Band-structure engineering and (2) coupling to other quasi-particles. Since plasmon and 

exciton polaritons are the results of resonance behavior sustained by charge carriers, an 

externally applied field can easily control the charge behavior, so understandably, several 

studies have exploited microscopic mechanisms to modulate such plasmon and exciton 

polaritons. In contrast, phonon polaritons are limited by the rigidity of lattice vibrations, so 

current research methods find it difficult to directly change the material crystal lattice, and 

therefore, their modulation has so far resorted on macroscopic mechanisms except the strain 

modulation. 

Box 2: General dispersion relationship of 2D polaritons in vdWHs 

The dielectric function of 2D materials is generally divided into the following three 

categories, assuming a dielectric tensor of the form 

                           {

𝜀𝑥 0 0
0 𝜀𝑦 0

0 0 𝜀𝑧

}, 

which captures most situations of current interest: 

(1) Isotropic polaritonic materials: 𝜀𝑥 = 𝜀𝑦 = 𝜀𝑧 < 0 

(2) Uniaxial hyperbolic polaritonic materials: 𝜀𝑥 = 𝜀𝑦 > 0, 𝜀𝑧 < 0 or 𝜀𝑥 = 𝜀𝑦 < 0, 𝜀𝑧 > 0 

(3) Biaxial anisotropic polaritonic materials: 𝜀𝑥 ≠ 𝜀𝑦 ≠ 𝜀𝑧 and 𝜀𝑖 < 0 (𝑖 ∈ {𝑥, 𝑦, 𝑧}) 
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Considering a vdWH of the form air/vdW1/vdW2, due to the extreme absorption of the 

polariton modes, the dispersion can be calculated from the poles of the imaginary part of the 

Fresnel reflection coefficient (Im{rp}) for p polarization in the vdWH. Using the reflection 

coefficients of the 1-2 (air/vdW1) and 2-3 (vdW1/vdW2) interfaces, which are given by 

r12 =
𝜀2𝑧𝑘1

𝑧 − 𝜀1𝑧𝑘2
𝑧

𝜀2𝑧𝑘1
𝑧 + 𝜀1𝑧𝑘2

𝑧 

r23 =
𝜀3𝑧𝑘2

𝑧 − 𝜀2𝑧𝑘3
𝑧

𝜀3𝑧𝑘2
𝑧 + 𝜀2𝑧𝑘3

𝑧 

we obtain the reflection coefficient of the upper surface of the heterostructure as 

r𝑝 =
r12 + r23𝑒𝑖2𝑘2

𝑧𝑑

1 + r12r23𝑒𝑖2𝑘2
𝑧𝑑

 

where the subscripts 1, 2, and 3 correspond to air, vdW1, and vdW2 materials, respectively, d 

is the thickness of the vdW1 material, and 𝑘𝑗
𝑧 = √𝜀𝑗𝑖(𝜔/𝑐)2 − (𝜀𝑗𝑖/𝜀𝑧)𝑞2 with 𝑖 ∈

{𝑥, 𝑦} denotes the out-of-plane (along z) light wave vector in medium j=1, 2, 3. A detailed 

analysis of the above expression yields the properties of polaritons in this type of structure, 

resulting from the dielectric permittivities of the constituents (i.e., the materials in the 

different layers). More complex structures can be studied following a similar type of analysis. 
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