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High-harmonic generation has been established in gases both as a source of 
extreme ultraviolet light as well as a tool for studying atomic and molecular 
physics in the attosecond time domain. The more recent extension of these 
methods to condensed matter affords much higher conversion efficiencies and 
offers an even richer selection of accessible phenomena. Atomically thin two- 
dimensional semiconductors combine mechanical robustness with intriguing 
many-body physics and exceptionally strong light-matter interaction. This mini- 
review gives a glance into the high-harmonic generation mechanisms in two- 
dimensional semiconductors, with particular emphasis on symmetry 
considerations, many-body effects, photodoping, and techniques to further 
enhance the high-harmonic generation efficiency.
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1 Introduction

High-order harmonic generation (HHG) is the foundation of Attosecond Science 
(Antoine et al., 1996; Corkum and Krausz, 2007; Calegari et al., 2007). The non-linear 
interaction of a strong laser field with matter drives the electron motion, emitting radiation 
extending up to the extreme ultraviolet domain. The resulting train of attosecond bursts can 
be used as a tabletop attosecond radiation source (Sansone et al., 2006). Moreover, the HHG 
spectrum encodes a direct fingerprint of a material’s electronic structure (Vozzi et al., 2011) 
and its changes triggered by the laser on the attosecond timescale.

The electronic and atomic dynamics following the excitation are connected to the 
relaxation of a highly excited state through several decay channels like multi-electron-hole 
excitations, collective modes, phonon excitations, charge transfer, and even formation or 
breaking of chemical bonds and molecular rearrangements (Baker et al., 2006; Smirnova 
et al., 2009; Bruner et al., 2016). These microscopic mechanisms, which take place on 
extremely short timescales, are the basis for numerous potential applications, from solar 
energy harvesting to nanotechnology, biochemistry and life science.

The recent shift of laser technology towards the realization of few-cycle strong laser 
pulses in the mid-infrared regime (Vozzi et al., 2006; Vozzi et al., 2007) has enabled HHG 
from bulk crystals (Ghimire et al., 2011), which naturally holds a series of advantageous 
features, such as a compact configuration to simplify the operation conditions, the 
requirement of lower pulse intensities (few μJ in solids vs. few mJ in gases) (Lanin 
et al., 2017; Li et al., 2020), and the involvement of strong electron interactions 
(Ghimire and Reis, 2019). This opened new perspectives for probing the electron 
dynamics in solids (Silva et al., 2018) and for generating extreme ultraviolet laser 
sources with high efficiency (Luu et al., 2015; Garg et al., 2018).
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The laser-driven control of ultrafast electronic processes allows 
manipulating the non-linear current in a solid, which can be the first 
step towards petahertz optoelectronic devices (Schiffrin et al., 2013; 
Schultze et al., 2013; Krausz and Stockman, 2014). Furthermore, 
HHG spectroscopy enables access to the physical properties of a 
solid in an all-optical way, allowing the reconstruction of the band- 
structure and its out-of equilibrium evolution (Vampa et al., 2015a; 
Lanin et al., 2017).

2 Basics of the HHG mechanism

In the gas phase, HHG is widely understood within a 
semiclassical three-step model: an electron tunnels into the 
free-electron continuum, where it is accelerated and 
eventually emits a high-energy photon when it recombines 
with a bound hole (Vampa et al., 2014; Lee et al., 2024). In 
solids, electron–hole wave packets are promoted to conduction 
and valence bands via quantum tunneling. The duration of the 
tunneling excitation window is typically few hundreds of 
attoseconds to single femtoseconds, depending on the 
frequency of the driving light. Subsequently, the carriers are 
coherently accelerated in the crystal by the oscillating field and 
propagate far from their equilibrium positions. The electron and 
hole can eventually recombine, generating high energy photons 
via the interband mechanism of HHG (Vampa et al., 2014; 
Vampa et al., 2015b; Ghimire and Reis, 2019; Yoshikawa 

et al., 2019). Due to the nonparabolicity of electron and hole 
dispersion in the material, the harmonically driven carriers 
undergo anharmonic motion (Golde et al., 2008; Schubert 
et al., 2014; Wu et al., 2015), resulting in additional sources 
of nonlinear current due to Bloch oscillations and anomalous 
velocities associated with the Berry curvature of the bands 
(Ghimire et al., 2011; Vampa et al., 2014; Ghimire and Reis, 
2019; Lee et al., 2024) in what is known as the intraband 
mechanism of HHG. Both inter- and intraband transitions 
play decisive roles for solid-state HHG. Their complex 
interplay can either enhance or counteract the HHG 
efficiency. A deeper understanding of its intricacies holds the 
promise for achieving higher HHG efficiencies and for 
identifying control parameters to manipulate HHG efficiency 
and spectra.

3 Two-dimensional semiconductors

Two-dimensional semiconductors, in particular transition metal 
dichalcogenides (TMDs) such as MoS2 (see the inset of Figure 1a), 
combine mechanical and photochemical robustness with 
multifaceted exciton and higher many-body physics, valley degree 
of freedom, and exceptionally strong light-matter interaction. 
Monolayers (MLs) of TMDs with sub-nm thickness exhibit a 
wide gamut of photonic functionalities, including photodetection 
(Yin et al., 2012), photovoltaics (Fontana et al., 2013), saturable 

FIGURE 1 
(a) HHG spectrum from monolayer MoS2. The spectrum shows the sixth to the 13th harmonics of the driving light centered at a photon energy of 
0.30 eV. The inset illustrates the crystal structure of the MoS2 monolayer. (b) Harmonic intensity from monolayer MoS2 as a function of the peak pump 
intensity I for representative harmonic orders n = 7, 9, 12 and 13 (dots). A fit of the experimental data to a power law, Ip, yields a phenomenological 
exponent of p = 3.3 for all four harmonic orders (solid lines). This behavior deviates strongly from the behavior for a perturbative nonlinear response 
of In (dashed lines, scaled to experiment at the highest intensity). (c,d) Dependence of HHG on crystallographic orientation of monolayer MoS2. 
Experimental arrangement of HHG for detection polarized perpendicular (c) and parallel (d) to the driving field. The red and blue arrows represent the 
electric field polarization direction of the driving and generated light, respectively. The dashed line identifies the (perpendicular) mirror symmetry plane of 
the crystal, and θ denotes the relative angle between the mirror plane and the fundamental field. (e, f) False color representation of the HHG spectrum 
versus crystal orientation in the perpendicular (e) and parallel (f) polarization configuration. The color bar represents the measured harmonic yield on a 
linear scale. (g,h) All-optical control of HHG. (g) Schematic illustration of optically controlled HHG in monolayer MoS2. HHG produced by excitation with 
the driving (seed) light in monolayer MoS2 is modulated via exposure to the control pulse preceding the seed pulse. (h) HHG spectra revealing the intensity 
associated with third, fourth, and fifth harmonics in the presence (blue) and absence (red) of the control light. The photon energy of control light is ~3.1 eV 
with an average power of ~100 nW (corresponding peak intensity Ic ~ 1.44 GW/cm2), and the seed light photon energy is ~0.57 eV with an average power of 
~80 µW (corresponding peak intensity I0 ~ 1.15 TW/cm2). The time delay Δτ between the control and seed light pulses is ~0.4 ps. Reproduced with 
permission from (Liu et al., 2017) (a–f) and (Wang et al., 2022) (g,h).
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absorption (Zhang et al., 2014), optical gain (Ye et al., 2015), 
photocatalysis (Peng et al., 2016), electrooptical modulation 
(Vella et al., 2017), and optical parametric amplification 
(Trovatello et al., 2021).

Bulk MoS2 is built from layers consisting of a sheet of Mo atoms 
and two hexagonal lattices of S atoms in trigonal prismatic 
arrangement. The layers are stacked in 2H order, with pairs of 
layers forming a repeat unit. Unlike the bulk, the 1H monolayer 
breaks inversion symmetry. In addition to the semiconducting 2H 
(1H) phase, a metallic octahedral 1T phase arises upon strong 
doping, e.g. using Li intercalation (Joensen et al., 1986; Sandoval 
et al., 1991). ML TMDs have a hexagonal Brillouin zone similar to 
graphene, but due to the lack of inversion symmetry it has 
inequivalent K and K′ valleys (conduction band minima and 
valence band maxima) at the corners (Xiao et al., 2012; Schaibley 
et al., 2016). These valleys can be represented by a pseudospin 1/2. 
Carriers in the K and K′ valleys are subject to Berry curvatures of the 
same magnitude but opposite sign (Feng et al., 2012), which act like 
effective magnetic fields in momentum space. The strong spin-orbit 
coupling together with the time-reversal symmetry causes spin 
splitting with opposite signs at the K and K′ valleys, thus 
coupling the spin and valley pseudospin (Xiao et al., 2012). 
Composite quasiparticles, such as excitons, bear a valley 
polarization due to the valley localization of their constituent 
electrons and holes, resulting in a valley dependent optical 
selection rule, in which right and left circularly polarized light 
couples to inter-band transitions at opposite valleys.

In the linear regime, the most prominent optical feature of 
many-body physics in ML TMDs are strong excitonic resonances in 
the absorption spectrum even at room temperature. These are 
enabled by large effective masses and a low dielectric screening 
of the Coulomb interaction. Exciton binding energies are of the 
order of hundreds of meV and MLs of sub-nm thickness absorb up 
to 10%–20% of the incident light at the excitonic resonances 
(Chernikov et al., 2014; He et al., 2014). This unusually strong 
light-matter interaction can be further enhanced using external 
resonator structures such as distributed Bragg reflectors (Chen 
et al., 2018). The strongly bound, room-temperature stable 
excitons determine key optoelectronic properties and form the 
basis for yet more complex many-body quasiparticles, such as 
trions or biexcitons. Importantly, Coulomb correlations can be 
sensitively tuned by stacking monolayers; the exciton binding 
energy is strongly reduced in multilayer TMD crystals (Evans 
and Young, 1967). Photoexcitation with excess energy with 
respect to the lowest exciton resonance generates hot electron- 
hole pairs, which relax to form a mixed population of excitons 
and free carriers (leading to photodoping) on a few-hundred fs 
timescale. Such population subsequently recombines with typical 
time constants of tens to hundreds of ps (Borzda et al., 2015; Vega- 
Mayoral et al., 2016; Trovatello et al., 2022).

Atomically thin semiconductors have the distinct advantage that 
propagation effects such as phase matching and reabsorption of the 
generated high harmonics are minimized. The seminal work on 
HHG in ML MoS2 by (Liu et al., 2017) found a pump intensity 
dependence of I3.3 for all observed even and odd harmonics 
(Figures 1a, b). Since in the perturbative limit we would expect 
the nth harmonic yield to scale as In, this result establishes the non- 
perturbative character of the generation process.

4 Symmetry considerations

HHG in solids depends crucially on crystal symmetry. In 
multilayer MoS2, different HHG patterns have been found for 
different crystalline polytypes, highlighting the role of crystal 
structure in the HHG process and the scope of using the details 
of the HHG spectrum and its angular dependence as a fingerprint of 
a material’s structural properties (Jia et al., 2020). The effect of 
broken inversion symmetry in ML TMDs is observed as the 
emission of even-order harmonics (Liu et al., 2017; Yoshikawa 
et al., 2019; Lou et al., 2020; Liu et al., 2020; Cao et al., 2021) 
(Figures 1a, e, f). Berry curvature acts as a pseudomagnetic field and 
drives anomalous currents perpendicular to the electric field of the 
pump laser. The contributions of intraband motion in the K and K′ 
cancel for the driving field component along a mirror plane, but not 
for the perpendicular component.

An anisotropy study of HHG in WS2 and MoSe2 found 
contrasting results for the two materials (Kobayashi et al., 2021). 
In WS2, the polarization of the odd-order harmonics continuously 
follows the direction of the driving laser field (Figure 1d), whereas 
the even-order harmonics are polarized parallel to the crystal mirror 
planes. A sudden flip of the polarization of the even-order 
harmonics from one crystal mirror plane to another occurs as 
the laser polarization direction (angle β in Figures 1c, d) is about 
midway between the two mirror planes. In MoSe2, a deviation from 
these trends indicates that the symmetry effects are material 
dependent and suggests that polarization-resolved HHG 
measurements can reveal the roles of the intra- and interband 
contributions as well as the deflection of the electron-hole 
trajectories by nonparabolic bands in the crystal (Kobayashi 
et al., 2021).

In ML MoS2, HHG as a function of crystal orientation relative to 
the pump light polarization (angle β in Figures 1c, d) shows 
pronounced nodes in the HHG spectra at certain crystal 
orientations (Yue et al., 2022). In addition, for several mid- 
infrared wavelengths, the parallel-polarized odd-order harmonics 
below (above) 3.5 eV are enhanced for driver polarization along the 
armchair (zigzag) direction, which can be traced to electron-hole 
recombination from different conduction bands, effectively probing 
the vectorial nature of recombination dipoles in different bands 
(Yue et al., 2022).

5 Many-body effects

In ML TMDs, the electric field uniting an electron and a hole 
into an exciton is of comparable magnitude to that of the light 
driving the HHG. Indications for the potential importance of 
Coulomb correlations in this regime in ML TMDs were first 
reported in (Liu et al., 2017), who found a significantly higher 
HHG efficiency for ML vs. bulk MoS2. This was attributed to the 
more efficient screening of the driving field in the bulk case. 
Similarly, high-order sideband generation in bulk and ML WSe2 

(Freudenstein et al., 2022) found significant influence of Coulomb 
correlations. A pump-probe experiment on ML WS2 using a sub- 
resonant infrared pump as typically used for HHG showed that even 
at the critical field strength for ionization, the exciton develops a 
Floquet sideband but remains intact (Kobayashi et al., 2023).
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Coulomb correlations are expected to dramatically enhance the 
HHG (Hader et al., 2023). For sub-resonant pump energies up to 
approximately the exciton binding energy, the coupling to and 
between excitonic states with high oscillator strength leads to an 
increase of HHG intensities of up to approximately two orders of 
magnitude. The enhancement becomes weaker for higher excitation 
energies. For excitation near and above the bound excitonic states 
the enhancement is reduced to a factor of approximately two to 
three. Here, strong absorption leads to bleaching of the absorption 
and pinning of the distributions near half-filled level. This leads to a 
broad emission sub-floor for each harmonic (Hader et al., 2023).

Many-body interactions are key to capturing the relative 
strength of harmonics in the direction perpendicular to the 
driving field, while harmonics parallel to the driving field remain 
qualitatively similar to the non-interacting independent particle 
picture (Lee et al., 2024). The importance of many-body effects 
in the perpendicular configuration is a consequence of the interplay 
of an excitonic enhancement of the oscillator strength for interband 
transitions together with the anomalous intraband velocity arising 
from the Berry curvature, which can drive the electron and hole in 
the same direction in real space, leading to the potential for 
enhanced electron-hole correlation effects. In addition to the A 
and B excitons at the K and K′ points in the Brillouin zone, also the C 
and D resonances originating from band nesting enhance the HHG 
(Yoshikawa et al., 2019).

6 Photodoping

All-optical control of HHG (Guan et al., 2020) is realized by 
exciting the carriers with a resonant control pulse prior to the impact 
of the strong infrared pulse that drives the HHG (Figures 1g, h), 
achieving a high modulation depth of ~95% in ML MoS2 at a control 
pulse energy of 250 pJ (Wang et al., 2022). The control pulse 
redistributes valence band carriers to the conduction band, which 
decreases the HHG efficiency within 100 fs or less. Subsequently, 
HHG starts recovering with two different time constants along with 
the relaxation of photocarriers. The faster time constant of the order 
1 ps can be understood as the result of carrier relaxation processes, 
while the slow time constant of the order 100 ps should be associated 
with slower electron-hole recombination processes (Borzda et al., 
2015; Vega-Mayoral et al., 2016; Trovatello et al., 2022). The high 
modulation depth of the fourth and fifth harmonic generation by as 
much as 95% (84%) suggests that interband polarization contributes 
dominantly to HHG in the explored energy region.

The decrease in the HHG yield induced by the control pulse 
(Figures 1g, h), to a large extent arises from dephasing of the coherent 
electron–hole wave packets (Heide et al., 2022; Peterka et al., 2023), 
rather than solely from a weakening of the interband transition by 
simple phase-space filling. The generated high harmonic radiation 
results from the macroscopic nonlinear current of coherently 
oscillating electrons. Once the quantum phase between the electron 
and the field of the driving infrared wave is lost, the electron does not 
further contribute to the generated coherent wave. The most important 
scattering processes are electron–phonon scattering, electron–electron 
scattering, and scattering at ionized impurities. While the 
electron–phonon scattering times for electrons with low kinetic 
energy are typically long (hundreds of femtoseconds to 

picoseconds) compared to the oscillation period of the mid-infrared 
light (several femtoseconds), the electron–phonon and 
electron–electron scattering times can become much shorter for 
electrons that are accelerated to high kinetic energies and/or at high 
densities of excited carriers. As the density of the carriers excited by the 
control pulse decreases on picosecond time scales, the harmonic signal 
recovers to the value without the resonant pump after several tens of 
picoseconds (Peterka et al., 2023).

Using a sub-resonant pump pulse with photon energy lower than 
the exciton transition energy, the excitons are generated mainly via 
two-photon absorption driven by a combination of one photon from 
the control pulse and one photon from the strong infrared driving 
pulse (Peterka et al., 2023). This process occurs only when the pulses 
are overlapped in time on the sample. Due to the short duration of 
pulses used in this study, this leads to ultrafast modulation of HHG at 
sub-100 fs timescales, thus enabling a new class of fast nonlinear optical 
devices working in the strong-field regime.

7 Extrinsic HHG enhancement

Enhancing the light-matter interaction by nanostructures is an 
effective way to increase non-linear effects. A semi-open distributed 
Bragg reflector can achieve electric field enhancement over the entire 
area of a TMD monolayer deposited upon it (Liu et al., 2025). 
Moreover, the semi-open structure prevents the reabsorption of the 
generated harmonics. When focusing a 2.2-μm femtosecond laser 
pulse on ML TMDs on the distributed Bragg reflector structure, the 
third to the seventh order harmonics are enhanced by more than two 
orders of magnitude compared to MLs on an unstructured substrate 
(Liu et al., 2025).

8 Conclusion and outlook

The strong light-matter interaction, minimized reabsorption, 
and intrinsic phase matching make atomically thin semiconductors 
ideal candidates as active materials in compact EUV light sources, as 
objects of investigation using HHG, and finally, in novel device 
concepts based on the modulation of HHG. While very efficient 
HHG has been demonstrated, the underlying mechanisms are 
intricate and go beyond the simple three-step model description 
in many aspects. Further study is required to gain the depth of 
understanding of aspects like many-body correlation, Berry 
curvature, and chirality that is necessary to control and optimize 
HHG. Possible tuning knobs that have in part been already explored 
are the modulation of the carrier density via ultrafast photodoping 
(Guan et al., 2020; Wang et al., 2022; Heide et al., 2022; Peterka et al., 
2023), chemical doping (Huang et al., 2017; Yu et al., 2019), or 
electrical gating (Nishidome et al., 2024); and strain (Guan et al., 
2019; Bae et al., 2022). The HHG efficiency can be greatly enhanced 
by distributed Bragg reflectors (Liu et al., 2025) or other semi-opoen 
resonators such as photonic crystals (Wu et al., 2014), plasmonic 
nanoantennas (Lee et al., 2015), or the intrinsic optical cavity of 
tubular analogues of two-dimensional materials (Visic et al., 2019). 
Furthermore, there is now a whole library of two-dimensional 
semiconductors far beyond those already tested, and they can be 
combined into stacks, with the relative angles of their crystal axes as 
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an additional control parameter (Naik and Jain, 2018; Yuan et al., 
2020; Kennes et al., 2021; Ciarrocchi et al., 2022).
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