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Abstract. Two-dimensional (2D) van der Waals materials are shaping the
landscape of next-generation devices, offering significant technological value
thanks to their unique, tunable, and layer-dependent electronic and optoelectronic
properties. Time-domain spectroscopic techniques at terahertz (THz) frequencies
offer noninvasive, contact-free methods for characterizing the dynamics of carriers
in 2D materials. They also pave the path toward the applications of 2D materials
in detection, imaging, manufacturing, and communication within the increasingly
important THz frequency range. In this paper, we overview the synthesis
of 2D materials and the prominent THz spectroscopy techniques: THz time-
domain spectroscopy (THz-TDS), optical-pump THz-probe (OPTP) technique,
and optical pump–probe (OPP) THz spectroscopy. Through a confluence
of experimental findings, numerical simulation, and theoretical analysis, we
present the current understanding of the rich ultrafast physics of technologically
significant 2D materials: graphene, transition metal dichalcogenides, MXenes,
perovskites, topological 2D materials, and 2D heterostructures. Finally, we offer
a perspective on the role of THz characterization in guiding future research and
in the quest for ideal 2D materials for new applications.
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1. Introduction

Since the discovery of graphene [1], a variety of two-dimensional (2D) materials have
emerged, unveiling both rich new physics that stems from reduced dimensionality and
opening doors to exciting new applications and next-generation devices. 2D materials
are room-temperature-stable layered structures with strong intralayer covalent bonds
and weak interlayer van der Waals (vdW) bonds [2]. To date, over five thousand
compounds and layered structures have been identified, with more than five hundred
2D materials already synthesized in laboratories [3]. Noteworthy examples of this new
class of materials include transition metal dichalcogenides (TMDs), transition metal
carbides/carbon nitrides (MXenes), 2D perovskites, phosphorene, silicene, germanene,
and 2D oxides. The bandgaps of 2D materials range from zero for graphene [1], to a
few meV for silicene and germanene [4], to a few eVs for TMDs, and over 5 eV for
oxides [5]. 2D materials find applications in transistors [6], phototransistors [7, 8],
photodetectors [9], light-emitting diodes [10], and solar cells [11].

Beyond the high carrier mobility, 2D materials exhibit interesting spin-valley
physics induced by robust spin-orbit coupling. Owing to the reduced dimensionality
and the resulting reduced dielectric screening, Coulomb interactions in 2D materials
play an important role in electronic transport [12]. In TMDs, limited screening results
in the formation of excitons and trions with binding energies that reach hundreds of
meV [13, 14, 15]. The prevalence of excitonic and trionic emission at room temperature
is a consequence of these high binding energies. The many-body physics of excitons and
trions, alongside single-particle electronc transport governed by electron interactions
with phonons, impurities, boundaries, and defects, results in interesting electronic
and optoelectronic responses, revealed particularly well via ultrafast experiments on
femtosecond-to-picosecond timescales [16].

The terahertz (THz) part of the electromagnetic spectrum, with frequencies
ranging from 0.1 THz to 10 THz (see Fig. 1(a)), fills the gap between the
microwave and the infrared, offering nonionizing radiation suitable for noninvasive
detection and probing. This frequency band is important for fundamental materials
exploration, given that the scattering rates of charge carriers, materials vibrational
excitations, and many-body correlated phenomena in both bulk semiconductors and
2D materials fall within this range (see Fig. 1(b)). Terahertz devices [19] are a
bridge between lower-frequency electronic and higher-frequency photonic devices, and
their applications span imaging [20, 21, 22], communication [23, 24, 25, 26], and
manufacturing [27, 28, 29]. Selection of materials for next-generation ultrafast 6G
communication technology, which will operate at 200 GHz and beyond (this includes
core technology devices such as antennas, modulators, and detectors, as well as edge
devices [30, 31, 32]) requires detailed information about THz materials conductivity.
In addition, THz field-effect transistors are in development and being introduced
into integrated circuits [33, 34, 35, 36], and conductivity is a key parameter for
determining their channel performance. In manufacturing, quality control in sensing
and imaging applications requires materials with high yet fairly frequency-independent
conductivity, which certain 2D materials such as MXenes possess. Figure 1(c) shows
various applications in different parts of the THz frequency band. Unsurprisingly, the
key to unlocking the potential of 2D materials for myriad applications lies in their
comprehensive experimental characterization, aided by detailed microscopic theory.

THz spectroscopies provide contact-free, nondestructive, and noninvasive
characterization of near-equilibrium and nonequilibrium carrier dynamics in materials
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Figure 1. (a) The electromagnetic spectrum, where the THz band resides
between the typical electronic-application band to the left and the photonic-
application band to the right. Reprinted with permission from [17], Copyright
2023, Nature Publishing Group. (b) The electronic and phononic excitations
occurring in the THz band. Blue shows electronic and red shows phononic
excitations. Reprinted with permission from [18]. Copyright 2019, IOP
Publishing. (c) Representation of different applications in the terahertz spectrum.

at THz frequencies [37, 38], in contrast to traditional electronic transport
measurements, which are prone to uncertainties due to contact resistance, Schottky-
barrier formation, and sample damage [39]. THz spectroscopy techniques offer direct
access to time- and frequency-resolved conductivity, a quantity that provides insights
into the behavior of charge carriers, exciton and trion binding energies, interband
and intraband electron transitions, surface-electron dynamics, as well as phonon and
plasmon resonances [40, 41, 42, 12, 43]. Widely used time-resolved techniques are THz
time-domain spectroscopy (THz-TDS), optical pump terahertz probe spectroscopy
(OPTP), and optical pump–probe (OPP) THz spectroscopy. THz-TDS probes
equilibrium carrier dynamics, providing real and imaginary parts of the conductivity
without relying on Kramers-Kronig relations. OPTP extracts photoconductivity,
offering insights into the relaxation dynamics of photoexcited carriers, which includes
both radiative and nonradiative recombination processes, and the formation and
recombination of excitons and trions [44, 45]. OPP combines elements of ultrafast laser
spectroscopy and THz spectroscopy to study the dynamics of photoexcited carriers
[46, 47, 48].

This article presents a comprehensive review of recent progress in experimental
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and theoretical efforts to understand THz conductivity and photoconductivity in 2D
vdW materials. Section 2 discusses the synthesis process of 2D materials, while
Sec. 3 provides a brief overview of time-domain THz spectroscopic techniques.
Section 4 explores phenomenological, numerical, and quantum-mechanical models
of conductivity. Section 5 reviews experimental and numerical findings on the
THz response of 2D materials, specifically graphene, TMDs, MXenes, perovskites,
topological 2D materials, and heterostructures. Finally, Sec. 6 concludes with remarks
and future outlook.

2. Synthesis of 2D Materials

In this section, we delve into the techniques used for synthesizing graphenelike
materials such as h-BN, TMDs, graphitic carbon nitride (g-C3N4), black phosphorous
(BP), silicene, and MXenes. Three general approaches—micromechanical, ion-
intercalation, and liquid phase—have been developed to break the weak van der Waals
attraction between adjacent layers of TMDs or graphene and form few-layer films or
monolayers of these materials from a bulk sample. These methods can be grouped
into two large categories: “bottom up” and “top down.”

In bottom-up approaches, individual constituents are systematically assembled
to form more complex structures. Conversely, top-down techniques involve the
disassembly or breakdown of a layered precursor material. In the case of graphene, this
typically involves starting with natural crystals like graphite or artificially synthesized
materials, such as highly oriented pyrolytic graphite, monolayers, or a few-layers flakes,
and then reducing or thinning them to achieve the desired graphenelike structures.
Various exfoliation techniques are among top-down methods.

2.1. Chemical vapor deposition

Chemical vapor deposition (CVD) stands as a prominent precision-driven technique in
the synthesis of 2D materials, including TMDs and graphene. This method showcases
the immense potential for breakthroughs in materials science, as supported by various
studies [49, 50, 51, 52]. In the CVD process, a gaseous precursor containing the
constituent atoms or molecules of the desired material is introduced into a high-
temperature reactor chamber. Within this chamber, the precursor undergoes chemical
reactions and deposits as a thin film on a substrate.

CVD enables exceptional control over key properties of the resulting 2D materials,
such as layer thickness, crystallinity, and composition. This precision makes CVD
indispensable for a wide range of applications in nanoelectronics, photonics, and
beyond, as evidenced by various studies [53, 54, 55].

One noteworthy development in CVD techniques is the introduction of a capping
technique by Tsigkourakos for chemical vapor deposition of large and uniform MoS2

flakes [56]. Figure 2(a) shows the typical growth process of TMD layers via CVD.
This innovation has expanded the possibilities for MoS2 synthesis. Additionally,
CVD has been instrumental in successfully growing monolayer MoS2 on a large
scale, as demonstrated in the study by Pelella et al. [57]. The precision of CVD
is highlighted by its ability to control the properties of the resulting samples and
minimize contamination [58, 59].

Metal-organic chemical vapor deposition (MOCVD), which has been traditionally
used to deposit III–V and II–VI compounds, is appealing because of the higher purity
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Figure 2. (a) Schematic of a typical CVD growth process for 2D TMDs.
Reprinted with permission from [64]. Copyright 2020, Springer-Nature. (b)
Dependence of TMD sample characteristics on mass flux and growth rate. High
metal precursor flux makes samples polycrystalline whereas low flux makes them
single-crystalline. High growth rate results in large grain sizes, or, in the case of
single-crystal growth, large TMD samples. Reprinted with permission from [65].
Copyright 2018, Nature Publishing Group.

organometallic compounds used in deposition of 2D semiconducting 2H–TMDS, as
required in optoelectronic and high-performance electronic applications [60, 61, 62].
MOCVD can grow large-scale, uniform samples [63].

The exfoliation of graphite techniques limit sample size to small flakes, which
are not useful in THz studies, where long wavelengths require large-area samples. As
a result, CVD, specifically MOCVD is commonly used because of its advantage of
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growing large-size samples at a faster rate. For example, in experiments performed by
Ruan et al. [66], single-layer graphene was grown from a solid-state carbon source on
copper foil with PMMA present at 800-1000◦C [67]. Low-pressure H2/Ar gas mixture
was introduced and subsequently transferred onto SiO2 substrate. A similar technique
was followed to prepare single and few-layer graphene in [68, 69, 70]. Monolayer MoS2

grown directly on sapphire was obtained from precursor MoO3 reacting with sulfur
powder at 650 ◦C and 10 Torr pressure [71] for 10 minutes. Trilayer MoS2 was grown
in a two-step thermolysis process with (NH4)2MoS4 baked at 120◦C for 30 min. Yan
et al. [72] grew few-layer WS2 samples on sapphire using WO3 as a precursor for
tungsten at 1000 ◦C for 30 minutes. Depending on the flux rate of metal precursor and
growth rate, samples can be grown with varying crystallinity and grain size as shown
in Fig. 2(b). Although CVD growth of MXenes and perovskites faced difficulties in
the past, recent technological improvement has made it possible to grow them. Wang
et al. [73] recently demonstrated the growth of MXenes by CVD, where they used
CH4 and TiCl4 gas mixture at 950 ◦C on Ti surface. Sn-Pb based 2D perovskite thin
films were recently grown after SnCl2/PbCl2 precursor in a phenylethylamine iodide
(PEAI) atmosphere that underwent transformation at 100 ◦C [74]. To our knowledge,
CVD-grown MXenes and perovskites are yet to be tested using THz spectroscopic
techniques.

2.2. Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a sophisticated physical vapor deposition technique
designed for the epitaxial growth of single-crystalline thin films. Epitaxial growth
involves the incremental deposition of thin film layers atop a crystalline substrate,
which results in good alignment of the crystal structure between the film and the
substrate. Within this process, atoms or molecules individually adhere to the
substrate’s surface, which produces thin films with atomic-level composition control.

MBE growth unfolds within the confines of a vacuum chamber, where one or
more thermal energy beams of atoms or molecules are directed onto a substrate. As
the atoms or molecules condense on the substrate, a thin film is grown [75]. The
incorporation of exceptionally pure source materials (typically 99.9999%) and the
establishment of an ultra-high-vacuum growth environment (typically maintained at
pressures lower than 10−9 Torr) helps prevent contamination within the material.
Moreover, the lower growth temperatures inherent to MBE facilitate the creation of
vertical heterostructures with minimal degradation or intermixing/interaction among
distinct materials.

In all, MBE has several advantages over other thin-film deposition techniques,
such as sputtering or CVD. First, MBE offers a high degree of control over the film
growth process, including the film thickness, composition, and doping level. Second,
MBE can be used to grow high-quality, single-crystal films with sharp interfaces.
Third, MBE is a versatile technique that can be used to grow a wide variety of
materials, including semiconductors, metals, oxides, and nitrides. [76].

Thanks to the inherent advantage of precision without sacrificing growth rate,
MBE has been the primary growth method for topological insulators (TI) such as
Bi2Se3, Bi2Te3, and Sb2Te3, which require careful maintenance of stacking order (for
example, Se–Bi–Se–Bi–Se in Bi2Se3 known as a quintuple layer (QL) along the c-
axis direction [77, 78]). Typically, a two-step growth method is followed to grow
TIs: a low-temperature nucleation layer is grown to compensate for dangling bonds,



Terahertz conductivity of two-dimensional materials: a review 7

a)

b)

Figure 3. Fabrication process for 2D perovskites. (a) Spin-coating
method, where a precursor-carrying solvent is gradually poured onto a spinning
substrate. Trichloromethane/PMMA is deposited, followed by drying for grain
size reduction. Adapted with permission from [88]. Copyright 2020, American
Chemical Society. (b) Induced peripheral crystallization (IPC) method, where a
hot precursor solution is dripped on then sandwiched between substrate and a
glass slide on top. At high temperatures, nucleation occurs at the edge of the top
glass slide. Adapted with permission from [89], CC–BY 4.0.

followed by annealing and deposition of the thin films [79]. Bi2Se3 on sapphire or
silicon substrates were grown where van der Waals epitaxy compensates 15% lattice
mismatch. Typical Knudsen-type cells supply Se flux. However due to the outgassing
of Se from the substrate, Se:Bi pressure is kept at 15:1 to 20:1 [80, 81, 82]. Bansal et
al. [81] grew Bi2Se3 on undoped Si substrates in high vacuumm pressure 9 × 10−8

Pa at 860 ◦C substrate temperature and later the thin films grown were characterized
using THz-TDS and OPTOP measurements [83]. The growth rate for Bi2Se3 is usually
around 1 QL/min [84]. While Bi2Te3 follows a similar growth method, Sb22Te3 growth
parameters are being actively researched, with growth rates ranging 0.2-2 QL/min,
substrate temperatures 200-320 ◦C, Te:SB flux ratios from 2:1 to 20:1 [85, 86, 87].

2.3. Spin-coating technique

Compared to traditional 2D materials, 2D perovskites are more complicated to grow
over a large area using vapor deposition techniques. The general recipe for synthesizing
2D perovskites involves introducing them in liquid phase to a substrate via spin-
coating techniques. The key challenge lies in improving the wettability of the polar
perovskite polymer with polar solutions, which is required for the polymer to adhere

https://creativecommons.org/licenses/by/4.0/deed.en
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to polar substrates such as glass [90]. Introducing intermediate polar solvents, such
as dimethyl sulfoxide (DMSO) or γ-butyrolactone (GBL), is used to make the solvent
polar. Burgos-Caminal et al. [91] used an antisolvent method, in which precursor
solutions—BuAI or PEAI (1 mmol)and PbI2 (0.5 mmol)—was dissolved in 1 mL of
DMSO and spun for 10 s at 1000 rpm, followed by 6000 rpm for 30 s, and annealed at
100 ◦C . Chlorobenzene acted as an antisolvent to facilitate the crystallization process.
The sample was then measured by TRTS process. Cao et al. [88] were able to grow
polycrystalline (PEA)2SnBr4 perovskite thin films via the spin-coating method. The
2D perovskite was treated with ice-water and dissolved in PMMA/trichloromethane
solution as shown in Fig. 3(a) to reduce grain size. After drying, they were able to
achieve 100 µm thick film with 100 mm × 100 mm size area. Liu et al. [89] introduced
the induced peripheral crystallization (IPC) technique, where temperature-controlled
crystallization preferentially happened in the glass edge with a small lateral area on
the top surface. The IPC process is shown in Fig. 3(b). The area of the sample was
reported over 2500 mm2, well suited for THz experiments. Growth of single-crystalline
2D perovskites, monolayer or few-layer, has not been reported.

2.4. Exfoliation techniques

For completeness, in this section we present an overview of exfoliation techniques, but
note that it is difficult to produce large-area samples required for THz experiments
using exfoliation.

Mechanical exfoliation involves precise cleavage of layered materials, such as
graphite or bulk TMD crystals, into atomically thin two-dimensional sheets. This
is accomplished through the application of mechanical force, typically using adhesive
tape. Novoselov et al. [92] successfully synthesized graphene from graphite using
the Scotch-tape method in 2004. These tapes are typically made from well-known
polymers like polymethylmethacrylate (PMMA) [93]. The resulting monolayer or
few-layer sheets exhibit extraordinary electronic, optical, and mechanical properties,
which makes them ideal candidates for next-generation electronic devices, sensors,
and energy storage systems. For example, they can serve as the channel material for
fabricating interband tunnel field-effect transistors (FETs) that exhibit lower power
consumption than classical transistors [94, 95].

To transfer the thin film from the tape to a target substrate, scientists typically
press the tape onto the substrate, such as a silicon wafer or another suitable material.
Gentle pressure, solvent, and sometimes heat are applied to ensure good adhesion
between the thin film and the substrate [96]. However, completely removing the tape
can be quite challenging. Thermal treatment, for instance, may introduce defects and
oxidized p-type doping to the materials [97]. On the other hand, acetone and other
solvents used for rinsing often leave chemical and organic residues on the resulting
nanolayer after the transfer, and this rinsing process can be time-consuming and
environmentally unfriendly [98]. Depending on the material and intended application,
additional steps like annealing or chemical processing may be necessary to improve
the quality and properties of the transferred thin film.

Mechanical exfoliation has limitations in terms of yield for high-quality
monolayers. While it provides sufficient material for laboratory experiments, scaling
up production can be challenging [99, 92]. Nevertheless, recent years have seen the
introduction of improved mechanical exfoliation techniques designed to facilitate scale-
up, such as the spin pumping automated mechanical exfoliation technique [100].
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Liquid exfoliation involves dispersing bulk TMD crystals or graphite flakes into
a liquid solvent, followed by direct exfoliation aided by shear force or ultrasound-
induced acoustic cavitation [101, 102, 103, 104]. This technique utilizes organic
solvents, water/surfactant systems, or ionic liquids as a medium to disperse bulk
samples and extract nanolayers. Liquid exfoliation offers several advantages, including
scalability, cost-effectiveness, and the ability to produce large quantities of high-quality
two-dimensional materials.

The resulting suspension contains atomically thin layers of the desired material,
which can be readily deposited onto various substrates by submerging the substrate
in the emulsion. This approach allows precise control over thickness and properties.
Several factors, including the power of ultrasound, shear rate, concentration of bulk
material [105], and solvent and surfactant properties [106, 107], influence the quality
of the resulting layers [108, 109]. Researchers have explored various techniques,
such as salt-assisted refluxing and ethylenediamine-assisted exfoliation, to effectively
exfoliate materials like MoS2 nanosheets and obtain high-yield monolayer extraction
[110, 111]. Novel methods, like hydrazine-assisted ball milling, have also been
introduced to fabricate high-quality TMD nanoflakes through a combination of
chemical intercalation and mechanical exfoliation [103]. The same process can be
performed using shock waves for ablation of TMD materials [112].

While chemical exfoliation, particularly via ion intercalation, is commonly used
for bulk materials, it can sometimes alter the quality of the resulting 2D material. For
instance, chemically exfoliated MoS2 layers may lose their semiconducting properties
due to structural changes induced by Li intercalation [113]. Liquid phase exfoliation
often leads to a dispersion of flakes characterized by varying lateral sizes and
thicknesses. This inherent heterogeneity poses a significant challenge for practical
applications and represents a major impediment to the widespread industrial adoption
of this technique.

Photoexfoliation is a cutting-edge technique in materials science. Employing
the fundamental principles of light–matter interactions, photoexfoliation relies on the
controlled absorption of photons to induce localized heating and subsequent exfoliation
of thin layers from bulk materials [114, 115]. The process starts by obtaining a bulk
crystal of a layered material, such as TMD. A laser beam, often in the visible or
near-infrared spectrum, is focused onto the surface of the bulk TMD crystal. The
energy from the absorbed laser light is transferred to the TMD crystal, causing
localized heating and expansion. This sudden increase in temperature leads to a
rapid vaporization of material, creating a high-pressure bubble beneath the surface.
As the bubble expands and bursts, it exfoliates or cleaves a thin layer of TMD material
from the bulk crystal [116, 117].

The exfoliated monolayer or few-layer TMD sheets are released into the
surrounding environment, where they can be collected on a substrate placed nearby or
dispersed in a suitable solvent to form a suspension. The obtained TMD monolayers
can be characterized using various techniques to confirm their quality and thickness.
This method offers a novel means of achieving monolayer or few-layer materials with
tailored properties, revolutionizing the landscape of 2D materials research [118, 119].
Photoexfoliation provides excellent control over layer thickness and quality [120, 121].
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Figure 4. Schematic of common THz spectroscopic systems: (a) THz-TDS
and (b) OPTP. An additional delay stage is present in the pump path in OPTP
spectroscopy. Reprinted with permission from [131]. Copyright 2017, IOP
Publishing.

3. Characterization of 2D Materials at THz Frequencies

3.1. Terahertz time-domain spectroscopy (THz-TDTS)

Terahertz time-domain spectroscopy (THz-TDS) is a powerful technique that has
gained prominence in recent years for its ability to investigate materials and molecules
in the THz frequency range, typically spanning from 0.1 to 10 THz [122, 123, 124, 125].
THz-TDS offers a unique window into the spectral region where electronic and
vibrational transitions of molecules and materials occur, providing valuable insights
into their structural and dynamical properties [126].

Figure 4(a) shows a typical THz-TDS setup. The fundamental principle behind
THz-TDS involves the generation of ultrashort pulses of terahertz radiation and their
subsequent detection, allowing for the precise measurement of the amplitude and
phase of the terahertz field as a function of time [127, 125]. A femtosecond laser
pulse is focused on a nonlinear crystal. The intense laser pulse induces a nonlinear
response in the crystal, generating terahertz radiation. The pulse is then sent through
a beam splitter, creating a reference pulse and a sample pulse. The sample under
investigation is placed in the path of the sample pulse. The terahertz radiation
interacts with the sample, and its properties influence the pulse in terms of absorption,
reflection, and transmission. The altered sample pulse and the reference pulse (the
gate path in Figure 4(a)) are sent to a detector, where the electric field of the
pulses is measured as a function of time. The detector can be a photoconductive
antenna, electrooptic crystal, or other devices sensitive to terahertz radiation. The
time-domain signal obtained from the detector is then Fourier-transformed to obtain
the frequency-domain spectrum. The resulting spectrum represents the absorption or
reflection characteristics of the sample at different terahertz frequencies. The obtained
spectrum provides information about the sample’s dielectric properties, including
absorption peaks related to vibrational and rotational modes. This temporal-
domain approach facilitates the extraction of valuable information about a material’s
dielectric, refractive, and absorptive properties [128, 129, 130, 17].

The versatility of terahertz time-domain spectroscopy has led to its adoption
in numerous diverse fields from investigation of the electronic properties and lattice
dynamics, such as phonon resonances, intermolecular vibrations, and electronic
transitions [124, 132] to studying biomolecules and their interactions [133, 134], and
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security and quality control applications such as concealed weapons or drug detection.
THz-TDS offers a direct method for extracting the complex equilibrium

conductivity from experiments. This is typically achieved through a transmission
measurement approach, where a THz pulse E(t) is directed onto the sample, and the
resulting transmitted pulse Esam(t) is observed. The sample, in this context, is the
2D material grown or transferred onto a substrate.

As the THz pulse traverses the sample, it undergoes absorption and delay due
to interactions with both the sample and the underlying substrate. To isolate the
contribution of the sample, a reference pulse Esub is measured, representing the
response of the substrate without the sample. The Fourier transform of these signals

yields the transmission function T (ω) = Esam(ω)
Esub(ω)

.

Under the thin film approximation, which holds true for 2D materials, the complex
conductivity σ(ω) is determined as described by Lloyd-Hughes and Jeon [135],

σ(ω) =
n+ 1

Z0

(
Esub(ω)

Esam(ω)
− 1

)
, (1)

where Z0 = 377 Ω is the free space impedance and n is the refractive index of the
substrate. n can be treated as frequency-independent as most substrates exhibit
dispersionless optical properties in the THz range.

3.2. Optical pump–probe (OPP) THz spectroscopy

Optical pump–probe (OPP) terahertz spectroscopy is a versatile pump–probe
technique that combines elements of both ultrafast laser spectroscopy and THz
spectroscopy to study the dynamics of photoexcited carriers in materials [46, 47].
This powerful method is employed to investigate the dynamics of a wide range of
materials and systems, offering valuable insights into their electronic and vibrational
properties on ultrafast timescales [47, 48].

In this technique, the pump pulse is used to excite a sample by temporarily
altering its electronic or vibrational states. The pump pulse typically has a duration
on the order of femtoseconds and can be tuned to specific wavelengths corresponding
to electronic transitions in the material. The pump pulse excites carriers in the
material by promoting electrons to higher energy states, creating electron–hole pairs
(excitons) or other charge carriers. This perturbation generates a transient response
in the material, leading to changes in its optical properties. The probe pulse is then
introduced with a controlled time delay after the pump pulse. By measuring the
change in the probe pulse intensity or phase, system response to the initial excitation
is recorded [136, 137]. The probe pulse is sensitive to the changes induced by the
pump pulse, such as alterations in the sample’s dielectric properties caused by the
presence of photoexcited carriers. The delay between the pump and probe pulses can
be precisely controlled, allowing the study of the ultrafast processes and dynamics that
occur within the material. The time-domain signal is Fourier-transformed to obtain
the frequency-domain spectrum. The resulting THz spectrum provides information
about the dynamics of carriers, including their mobility, recombination rates, and
other relevant parameters. The obtained data can be analyzed to extract various
material parameters, such as carrier lifetimes, mobility, and the influence of external
factors (e.g., temperature, doping) on carrier dynamics.

The key innovation of OPP THz spectroscopy lies in its ability to capture
the ultrafast and often complex dynamics of various systems, such as charge-
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carrier recombination in semiconductors, structural changes in biomolecules, or phase
transitions in materials [138]. As a result, this technique has found applications
in physics, chemistry, materials science, and biology, offering new avenues for
understanding the behavior of matter at the picosecond to femtosecond timescales.

3.3. Optical pump THz probe (OPTP) spectroscopy

Optical pump terahertz probe (OPTP) spectroscopy is a time-resolved technique
designed to investigate photoinduced carrier dynamics. It quantifies the change
in conductivity, ∆σ(ω), arising from photoinduction. In this method, the sample
undergoes photoexcitation induced by an above-bandgap optical pulse, followed by
probing using a THz pulse. The time elapsed between the photoexcitation pulse and
the peak of the THz pulse is referred to as the pump–probe delay. A typical setup is
depicted in Fig. 4(b).

To establish a baseline, a reference measurement is conducted without
photoexcitation. The alteration in transmitted electric fields, denoted as ∆E(t) =
Esam(t) − E0

sam(t), where Esam(t) represents the electric field with photoexcitation
and E0

sam(t) denotes the electric field without photoexcitation, is directly correlated
with ∆σ(t). Following Fourier transformation, under the thin film approximation, this
relationship is expressed as:

∆σ(ω) = −n+ 1

Z0

∆E(ω)

E0
sam(ω)

(2)

The detailed methods for extraction are described in previous reviews [139, 140, 141,
142].

3.4. Benefits of THz spectroscopies in characterizing 2D materials

Terahertz spectroscopies provide a distinctive path to observing novel phenomena
in 2D materials. As shown in Figure 1(b), single-particle and collective electron
excitations, as well as vibrational and phonon excitations, occur in this frequency
range. For example, OPTP on TMDs revealed the layer-dependent influence of
exciton and trion formation [71]. Moreover, THz spectroscopies provide insights into
ultrafast physics phenomena that are difficult to access using other methods, such
as the effects of synthesis and processing. For example, the change in the sign of
graphene photoconductivity due to substrate impurities was first observed in THz
spectroscopic studies [143, 144]. MXenes showed distinct carrier dynamics before and
after annealing owing to the reduction of internanosheet distance, as observed in OPTP
measurements [145]. While frequency-domain techniques, such as far-IR Fourier-
transformed infrared spectroscopy (FTIR), have also been used in the THz range, they
suffer from a low signal-to-noise ratio [146]. Finally, not only do THz spectroscopies
capture intraband transitions, they are also highly versatile in investigating high-
temperature processes, many-body effects, and nonlinear THz effects [146, 18]. THz
time-resolved characterization also provides direct observation of complex conductivity
spectrum without using the Kramers-Kronig relation [147].
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4. Conductivity Models

4.1. Phenomenological models

The frequency-dependent complex conductivity σ = σ1 + iσ2 extracted from
experiments provides insights into carrier transport in 2D materials. Often,
experimental data is fitted with simple phenomenological models, such as the Drude
model and its expanded forms, including the generalized Drude model, Drude–
Smith model, and Drude–Smith–Lorentz model. These models may offer reasonable
representations of the observed conductivity spectrum, depending on the governing
transport process of the material. However, in cases where many-body interactions
prevail, these simpler conductivity models may prove inadequate.

The Drude model describes the electrical properties of conductors where the
dominant scattering mechanism for charge carriers is energy-independent or weakly
energy-dependent. The Drude model characterizes the conductivity [135, 140] as

σ(ω) =
σdc

1− iωτ
, (3)

where ω is the angular frequency, τ is the effective momentum-relaxation time [148],
sometimes referred to simply as the relaxation time or scattering time, and σdc is
the dc conductivity. Experimentally, however, it is convenient to write the Drude
conductivity as

σ(ω) =
D

Γ

1

1− iω/Γ
, (4)

where Γ = 1/τ is the relaxation rate (the inverse of the relaxation time) and D = σdcΓ
(sometimes also written D = πσdcΓ) as is the experimentally measured quantity known
as the Drude weight.

It turns out that Drude model is well suited for the description of THz absorbance
in 2D material with parabolic bands, such as TMDs. At THz frequencies, intraband
(rather than interband) processes dominate, and the 2D materials’ energy-independent
density of electronic states results is energy-independent electron–phonon scattering
rates and, consequently, Drude-like behavior [149].

While the simple Drude model is appropriate in 2D materials with parabolic
electronic dispersion, for bulk semiconductors such as silicon [150] and GaAs [151],
and nanomaterials such as suspended graphene [152], where the dominant scattering
mechanism has a pronounced energy dependence, the generalized Drude model is more
appropriate. This model reads

σ(ω) =
D

Γ [1− (iω/Γ)1−α]
β
, (5)

where α and β are real-valued parameters (0 ≤ α, β ≤ 1). For α = 0 and β = 1, the
generalized Drude model reduces to the simple Drude model.

However, in a wide range of 2D materials including TMDs, THz conductivity
shows non-Drude trends owing to phenomena that go beyond the simple single-electron
scattering picture.
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The Drude–Smith model is an extension of the Drude model, where the Smith
term incorporates backscattering. It was was introduced in [153, 154] as

σ(ω) =
σdc

1− iωτ

[
1 +

∞∑
n=1

cn
(1− iωτ)n

]
, (6)

where cn are backscattering parameters that describe the memory effect of carrier
velocity. While the Drude model describes isotropic carrier scattering, the Drude–
Smith model is used to describe anisotropic scattering with a preferential direction.
cn = 0 indicates full anisotropic and elastic Drude scattering while cn = −1 indicates
complete suppression of conductivity due to backscattering. The infinite sum in Eq.
(6) is often truncated to the first term, giving rise to a more commonly known form
in literature:

σ(ω) =
σdc

1− iωτ

[
1 +

c

1− iωτ

]
. (7)

The backscattering may be attributed to localization due to compositional
inhomogeneity and alloy scattering [155, 156], polycrystallinity [157], or the
characteristics of weakly confined systems [158, 159, 160]. An interpretation based
on a diffusive restoring current has been proposed [161], modified from Eq. (7) and
incorporating two different relaxation times. Modified Drude–Smith-like conductivity
has also been suggested for semiconductor nanocubes and nanocrystals [162, 163].

In monolayer and few-layer materials, quasiparticles such as exctions and trions
play a significant role in the THz conductivity [71]. The effect of excitonic and
trionic resonances is included through the addition of Lorentz-type peaks in the Drude
formula:

σ(ω) =
∑
m

Dmiω

ω2 − ω2
0,m − iωΓ

. (8)

Here, the subscript m accounts for different types of resonances and ω0,m are the
resonant frequencies. Similar terms can be added to the Drude–Smith model, resulting
in the Drude–Smith–Lorentz model that captures both backscattering and resonant
phenomena originating from multiparticle excitations.

4.2. Multiphysics models

Theoretical and computational work in the terahertz frequency range is limited. A
major obstacle is the requirement to simultaneously consider electronic transport and
electrodynamics, owing to the similar values of excitation frequencies and typical
scattering rates. This alignment renders the frequently used quasistatic approach for
electrodynamics inadequate. A multiphysics tool combining ensemble Monte Carlo
(EMC) transport simulation, finite-difference time-domain (FDTD), and molecular
dynamics (MD) has been employed to counter the challenge [164, 165, 149]. EMC is
a particle-based stochastic semiclassical simulation technique where a large number
of carriers are tracked over time as they drift and scatter under relevant scattering
mechanisms. The technique can be used to efficiently simulate non-equilibrium carrier
dynamics [166, 167]. EMC is widely used for simulating device physics at dc and in the
low-frequency regime [168] under the quasistatic approximation for electromagnetic
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Figure 5. The Yee cell assignment of electric and magnetic fields E and H,
charge density ρ, and current density J in an air/MoS2/SiO2 structure. The 2D
material lies in the central plane, sandwiched between the half-spaces filled with
air on top and substrate on the bottom. E and H fields are staggered in space.
E is co-located with J. Charge density ρ, which does not commonly feature in
pure FDTD implementations, must be incorporated in the coupled EMC–FDTD
simulation.

fields. At terahertz frequencies, this assumption is not valid. That is where FDTD
comes into play which delivers a full-wave solution of Maxwell’s equations in a way
that self-consistently couples to the transport solver [164, 169, 150, 165, 152, 149].
FDTD calculates the electric field E and magnetic field B, which is used to calculate
Lorentz force F acting on the carriers and update the current density and position
of the carriers using EMC. Figure 5 shows the staggered Yee-cell implementation of
EMC–FDTD scheme for a layer of MoS2 on top of SiO2 substrate. The technique,
along with the incorporation of MD for short-range sub-grid cell interaction, has been
used to calculate THz conductivity of doped silicon [170, 169, 164, 150], graphene
[165, 152, 171], and TMD MoS2 [149].

4.3. Quantum models

The phenomenological models and multiphysics models described above incorporate
semiclassical electronic transport, which, among other things, implies that interband
transitions are neglected, which may be appropriate at THz frequencies in 2D
materials. However, if interband transitions may not be neglected, then a quantum-
electronic-transport picture becomes necessary. A common approach is to employ
the Kubo–Greenwood linear-response formula with the relaxation-time approximation
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(RTA) that compresses all scattering information into one effective relaxation time.
A more accurate approach to quantum electronic transport that encompasses both
full electronic dispersions and a detailed account of various dissipative mechanisms
involves solving the Markovian master equation for the density matrix [172], and this
technique has been used to calculate both linear and nonlinear response of graphene
and TMD nanostructures [173, 174]. However, due to nonlocal screening effects in 2D
materials, exciton and trions are also relevant in 2D materials in the THz frequency
range, which we will discuss in detail in Sec. 5. In general, a solution to the Bethe-
Salpeter equation (BSE) is required to treat many-body phenomena, and we refer
interested readers to the review by Quintela et al. [175]. Perturbative approaches
taking into accountg free-carrier, exciton, and trion contributions to conductivity
while employing a phenomenological scattering rate have also been reported in 2D
systems [176, 177, 178].

5. THz Response of 2D Materials

In this section, we first explore the effects of doping, charged impurities, substrate,
and growth environment on THz-frequency carrier dynamics in graphene. Next, we
examine the impact of free carriers, excitons, and trions on the carrier dynamics in
TMDs and also highlight the significance of boundary and defect scattering in MXenes.
Furthermore, we explore exciton–polaron interactions in perovskites and novel surface-
state physics in topological materials.

5.1. Graphene

Ever since the discovery of graphene [1], significant attention has been devoted to
exploring its optoelectronic [179], plasmonic [180, 181], and THz [182, 183, 184]
properties. In the THz range, optical absorption in graphene arises from free-carrier
intraband transitions, aligning with the traditional Drude model [143, 68, 185, 186, 67,
187]. Experimental studies based on Fourier-transform infrared spectroscopy (FTIR)
have concluded that the gate-dependent ac near-equilibrium conductivity of graphene
is primarily governed by intraband transitions, leading to free-carrier absorption and
scattering at various doping densities.

Despite the consistency of these experimental findings, discrepancies emerged
when the measured Drude weight (denoted as D0 = 2πEF /~) was compared with
calculations based on the random-phase approximation (RPA) at 0 K. Possible factors
such as short-range electron–electron interaction [188], localized impurity distribution
[189, 190], and theoretical predictions of higher-than-D0 Drude weight [191] were
considered. Subsequent macroscopic multiphysics simulations shed light on the
reduction of the Drude weight, attributing it to a combination of substrate impurity–
electron interaction, electron–electron interaction, and clustered impurity distribution
[165, 171]. To achieve a good fit for σ(ω), the use of the generalized Drude model in
Eq. (5) became necessary.

Figures 6(a)–6(c) depict the real part of σ(ω) as a function of THz frequency.
Notably, the reduced conductivity observed at low THz frequencies aligns well
with experimental data obtained from references [67, 68, 192] when fitted using
the generalized Drude model. In Fig. 6(d), the dominant scattering process is
illustrated as the impurity density increases: at low impurity densities, scattering is
predominantly influenced by phonon scattering with strong spin-orbit coupling, while
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Figure 6. (a) Real part of σ(ω) calculated using EMC–FDTD–MD simulation
and matched against experimental results from [67, 68, 192]. (b) A clustered
distribution of impurities is needed to explain the low conductivity obtained
in experiment. (c) The generalized Drude model best fits to the experimental
data for graphene on top of hBN and SiO2 substrates. (d) As the impurity
density increases, the dominant scattering mechanism changes from SO phonons
to clustered impurities, and lowers the conductivity. Reprinted with permission
from N. Sule, K. J. Willis, S. C. Hagness, and I. Knezevic, Phys. Rev. B 90,
045431 (2014) [152]. Copyright (2014) by the American Physical Society.

higher impurity densities lead to the formation of electron–hole puddles dictating
conductivity.

THz-TDS measurements have shown a sheet conductivity of large-area graphene
films grown by CVD that is thirty times larger than that observed at visible
wavelengths [193]. This enhancement is attributed to the dominance of intraband
processes.

The growth environment plays a key role in THz performance of graphene
structures kept in a low-humidity environment, as shown by Maeng et al. [194]. When
modifying carrier density via electrostatic gating, for the Fermi energy close to the
Dirac point, sheet conductivity was shown to be dependent on temperature, not carrier
density. Far from the Fermi energy, conductivity changes ∝

√
N , with N being the

carrier density. In contrast, a study by Buron et al. kept the sample in atmospheric
conditions with ample O2 and H2O, and the work showed linear dependence with gate
voltage [195]. This is because the gas adsorption process produces p-type graphene
where transport is dominated by long-range impurity scattering. A semiclassical
Kubo-based formalism that takes free-carrier intraband processes into account often
provides an accurate representation of single-layer and few-layer graphene sheets [196].

https://doi.org/10.1103/PhysRevB.90.045431
https://doi.org/10.1103/PhysRevB.90.045431
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Figure 7. (a),(c) Ultrawideband THz signal used in THz-TDS experiment
of single crystal (SC) Cu (green) and copper foil (CF) Cu (brown) grown
graphene. (b) The real part (triangles) and imaginary part (circles) of σs
SC-grown graphene show traditional Drude fitted conductivity (d) CF-grown
graphene shows the Drude-Smith type response indicating the onset of boundary
scattering. Reprinted with permission from [69]. Copyright 2014, American
Chemical Society.

Nonetheless, there are specific instances where the Drude model falls short, as
it fails to explain experimental observations that demonstrate a reduction in surface
conductivity at dc and low frequencies. In a study conducted by Buron et al., graphene
was grown on single-crystalline (SC) and commercial-foil (CF) copper substrates, then
transferred onto a SiO2 substrate [197, 69]. While the graphene grown on SC-Cu
exhibited traditional Drude behavior, as shown in Fig. 7(a),(b), the sample grown
on CF-Cu showed non-Drude behavior, specifically following the Drude–Smith model,
as in Eq. 7, shown in Fig. 7(c),(d). The origin of this behavior is attributed to the
localization (stemming from pronounced back-scattering) of carriers in the commercial
disordered (“dirty”) metals. The non-Drude conductivity is also evident in graphene
grown on metal-backed polymer substrates [198], graphene [199], reduced graphene-
oxide [200], and 3D graphene aerogels [201].

The nonequilibrium photoconductivity of graphene, typically studied through
the optical-pump terahertz-probe (OPTP) technique, has undergone extensive
investigation. Early studies on ultrafast carrier dynamics in graphene revealed
a reduction in THz conductivity after photoexcitation [202, 203]. This negative
photoconductivity suggests a population inversion process near the Dirac point,
leading to stimulated emission—a phenomenon crucial for potential graphene lasers.

Subsequent studies by Frenzel et al. [204, 205], Jnawali et al. [206], and
Tielrooji et al. [207] also observed negative photoconductivity. However, the
origin of this phenomenon was attributed to secondary hot-carrier generation [207].
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Figure 8. (a) The transient photoconductivity ∆σ(t) is depicted for (a) pristine
and (b) Hydrogenated graphene samples. C/H ratio of the samples G-H1, G-H2,
and G-H3 is 19 %, 25%, and 29% respectively. (c) |∆σmax| plotted against fluence,
φ where |∆σmax| ∼ φ1/3. The photoinduced conductivity spectra ∆σ(ω) fitted
for (d) pristine graphene as well as (e) G-H1 and (f) G-H2 graphene samples under
a pump fluence of 340 µJ/cm−2. ∆σ(ω) shows negative to positive transition as
hydrogen content increases. Reproduced with permission from [70]. Copyright
2018, Royal Society of Chemistry.

Photoexcited carriers interact with doped carriers via carrier–carrier scattering,
generating secondary hot carriers. These hot carriers are rapidly neutralized by
Auger recombination, resulting in unsustainable population inversion. The interplay
between scattering rate and Drude weight has been identified as a contributing factor
to the negative terahertz photoconductivity. The photoconductivity, expressed as
∆σ/σ = ∆D/D − ∆Γ/Γ, becomes negative when the increase in scattering in the
second term dominates the change in the Drude weight in the first term.

Kar et al. [70] observed a transition from negative to positive photoconductivity
in hydrogenated graphene (Fig. 8) to a bandgap opening and a shift in the Fermi
energy. Tomadin et al. [208] attributed this transition to an increase in free carrier
density and a rise in electron temperature. Docherty et al. [209] demonstrated that
p-doped CVD-grown graphene exhibits positive photoconductivity in O2 and negative
photoconductivity in an N2-rich environment. The negative photoconductivity in a
gaseous environment was attributed to a small band gap (∼8 meV) opening near
the Dirac point after gas adsorption, which alters the linear density of states of pure
graphene and lowers the photoconductivity.
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5.2. TMDs

In contrast to graphene, which has linear electronic band dispersion and no bandgap,
TMDs in monolayer and multilayer forms possess direct and indirect bandgaps,
respectively. TMDs can be thinned down through mechanical and chemical exfoliation,
and synthesized into single and multilayers using methods such as CVD and MOCVD.
In monolayer TMDs, a transition-metal layer is sandwiched between two layers of
chalcogens. Multilayer TMDs are formed by stacking trilayers, which are held together
by the weak van der Waals forces. Depending on the transition metal involved, TMDs
can exhibit semiconducting, metallic, semimetallic, or insulating properties. Common
TMDs include atomically thin MoS2, MoSe2, MoTe2, WS2, and WSe2, which have
been extensively studied for their interesting optoelectronic properties [210, 211, 212].

Most time-resolved pump-probe experiments investigating the ultrafast carrier
dynamics in TMDs have actually involved OPTP [213, 214]. As OPTP requires light
excitation above the bandgap, these studies are primarily focused on the exciton and
trion dynamics [215]. A more comprehensive understanding of free carriers and their
role in the equilibrium ac conductivity of TMDs is crucial, and simulations can shed
valuable insight on this issue. Figure 9 shows the simulation results, obtained using
the multiphysics EMC–FDTD technique discussed in [149, 165], for the terahertz
ac conductivity of single-layer TMDs that are suspended (Fig. 9(a)) and supported
(Figs. 9(b)–(d)) on commonly used substrates hBN, Al2O3, and SiO2 [216]. Carrier
scattering with acoustic phonons, optical phonons (both nonpolar and polar aspects
of such scattering), impurities, and surface optical phonons are considered in the
simulation. Monolayer TMDs are quasi-2D direct-bandgap materials with nearly
parabolic bands and isotropic effective mass m∗ at the K point. This translates to
energy-independent terahertz scattering rates at low electron energies for a number
of mechanism where the rate is proportional to the density of states. While in the
suspended case there is no dominant scattering mechanism, for supported TMDs the
dominant SO phonon scattering lies in the higher THz range. For electron density of
5×1012 cm−2 and impurity density of 1×1012 cm−2, which are reasonable values based
on experiments, the calculation shows higher low-frequency conductivity of suspended
layers without any SO phonon scattering than for layers supported on substrates. hBN
is less polar than SiO2 and Al2O3, and, consequently, TMD electrons have a lower
scattering rate with SO phonons on hBN than on the other two polar substrates.
Overall, the free-carrier contribution to THz conductivity in TMDs shows Drude-
like behavior as the dominant mechanisms have energy-independent rates, which
mathematically leads to a Drude-type conductivity [149]. The fitting parameters for
the Drude model can be found in Table 1. While the Mo-based TMDs have comparable
conductivities, W-based TMDs have a slightly higher conductivity thanks to the lower
m∗. The results can be interpreted as the conductivity of pristine TMDs without grain
boundaries, so no grain-boundary-induced backscattering is present. The simulation
results may aid in the effort to understand THz-frequency near-equilibrium free-carrier
electronic transport in TMDs on different substrates and having different impurity
densities.

The characteristics of photoexcited TMDs differ significantly from those where
carriers are near equilibrium. In the context of single-layer TMDs, the primary
influence on their physical characteristics stems from the Coulomb interaction among
carriers. This effect is particularly pronounced due to reduced dielectric screening,
which enables exciton excitation even at room temperature. MoS2 stands out as the
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Figure 9. Real part of σ(ω) as a function of THz frequency of MoS2, MoSe2,
MoTe2, WS2, and WSe2 (a) suspended (without substrate), supported on (b)
hBN, (c) sapphire (Al2O3), and (d) SiO2 substrate. The electron density and
impurity density through the simulation is 5 × 1012 cm−2 and 1 × 1012 cm−2

respectively. The dots correspond to conductivity calculated from EMC-FDTD
simulation [149]. Solid lines are Drude fits, with the parameters given in Table 1.

most researched TMD, especially notable for its potential optoelectronic applications
following the observation of a giant enhancement in photoluminescent (PL) emission.

The first study of THz photoconductivity of TMDs was conducted by Docherty
et al. [71] in 2014 using the OPTP technique. The authors’ ultrafast transient
study of CVD-grown monolayer MoS2 revealed the ultrafast quenching of PL,
independent of the type of resonant carriers. This phenomenon was attributed to
fast recombination with high-density surface trap states. Figures 10 (a) and (b) show
the photoconductivity of monolayer and trilayer MoS2, respectively. The authors
reported positive real and negative imaginary parts of the photoconductivity, which
is reasonable when a restoring force on carriers is present, or there is a resonance
with excitons or plasmons. Monolayer MoS2 with a trion binding energy of ∼18 meV
(4.5 THz) exhibited a trion resonance according to a fit of the conductivity with the
Drude–Lorentz model (Eq. (8)). Trilayer MoS2, lacking trion mode but with an
exciton binding energy of ∼100 meV, did not exhibit trion resonance.

Lui et al. [217] performed OPTP measurements of CVD-grown monolayer MoS2

with an 400-nm pump pulse. Figure 10(d) shows the time-resolved normalized THz
waveform ∆E(t)max/E(t)max(∝ −Re(∆σ)) exhibiting a fast relaxation time of 1 ps
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Table 1. Drude-fit parameters for various 2D materials and substrates obtained
from EMC–FDTD [149]

Material Substrate σDC (mS) τ (fs)

MoS2 – 0.2280 80.00
hBN 0.1504 51.28

Sapphire 0.0671 21.28
SiO2 0.0562 16.67

MoSe2 – 0.2552 90.91
hBN 0.1920 68.97

Sapphire 0.0685 27.03
SiO2 0.0626 20.83

MoTe2 – 0.1779 76.90
hBN 0.1669 66.67

Sapphire 0.0566 25.00
SiO2 0.0451 18.87

WS2 – 0.5171 99.01
hBN 0.4658 90.91

Sapphire 0.2124 38.46
SiO2 0.1813 31.25

WSe2 – 0.4755 96.01
hBN 0.3780 83.33

Sapphire 0.1626 34.48
SiO2 0.1346 28.57

and subsequently a long relaxation time of 42 ps. Figure 10(e) shows the complex
conductivity for the probe time delay of 3 ps and 40 ps. In contrast to the observation
of Docherty et al., both the real and imaginary parts of the photoconductivity were
negative. The authors attributed this phenomenon to the formation of negative trions
(two electrons and one hole quasiparticle). The presence of negative trions, with a
higher effective mass (m∗T = 2m∗e + m∗h), leads to reduced mobility. Nevertheless, a
complete understanding of the origin of negative and positive conductivity remains
unclear, necessitating further theoretical efforts.

Subsequently, Cunningham et al. [218] conducted OPTP measurements on CVD-
grown monolayer MoS2. The authors reported a positive real part and negligible
imaginary part of ∆σ, indicating no trion resonance. The absence of trions was
suggested to result from O2 neutralization at grain boundaries during the growth
process. The photoconductivity was fitted using the Drude–Smith model, suggesting
the presence of carrier backscattering and grain boundaries.

For multilayer MoS2, Kar et al. [219] characterized 5–6 layer samples via OPTP.
The carrier dynamics were reported to be dominated by Auger-assisted scattering
involving electrons, holes, and excitons. In a study by Strait et al. [220], OPTP
spectroscopy was performed on multilayer MoS2 at different temperatures. Below 200
K, the Drude conductivity was reported to be limited by acoustic phonons, while at
high temperatures, the conductivity was limited by optical phonons.

Several studies have been conducted on tungsten-based TMDs. Docherty et
al. [71] first investigated THz response of monolayer WS2 which showed a fast
photoexcitation (τ ∼ 1 ps) followed by a slow decay (τ ∼ 15 ps) process as shown in
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Figure 10. THz photoconductivity (∆σ) spectra for various monolayer and
multilayer TMDs. (a) Monolayer MoS2, 1.5 ps after photoexcitation with 3 eV
(squares) and 1.9 eV (crosses) photons. The resonance at 18 meV is attributed
to trions. (b) Trilayer MoS2 1.5 ps after photoexcitation by 1.9 eV photons. It
does not show tronic resonance in the THz range, but has an exciton resonance
around 100 meV. (c) Monolayer WSe2 excited with 1.65 eV photons, 1 ps after
photoexcitation shows a clear A excitonic resonance. Reprinted with permission
from [71]. Copyright 2014, American Chemical Society. (d) Temporal evolution
of the ratio of ∆E(t)max/E(t)max fitted with a bi-exponential (red line) yields
a short and a long lifetime, τ1 = 1 ps and τ2 = 42 ps, respectively. The long
component emerges as the primary contributor to the overall dynamic response
in the high-fluence regime. (e) Negative ∆σ(ω) throughout the whole THz range
at τ = 3 and 40 ps for the pump fluence of 50 µJ/cm−2 and photon energy 3.1
eV. Reprinted with permission from C. H. Lui, A. J. Frenzel, D.V. Pilon, Y.-H.
Lee, X. Ling, G. M. Akselrod, J. Kong, and N. Gedik, Phys. Rev. Lett. 113,
166801 (2014) [217]. Copyright (2014) by the American Physical Society.

Fig 10(c). However, the study had low signal-to-noise ratio. Later, a study by Xu
et al. [221] shed more light on carrier transport. Photoconductivity fitted with the
Drude–Smith model indicated carrier localization dominated by exciton formation,
Auger recombination, and surface trapping. They could not detect exciton and
trions. Dong et al. [223] showed that substrate-induced disorder facilitates the carrier
localization process. In contrast, Gustafson et al. [222] reported the first measurement
of trion binding energy in monolayer WS2 at round 7.5 THz. They modeled the
photoconductivity as the sum of three components: a Drude component, a broad-
resonance component, and a dissociation-of-trions component. Figure 11 shows the
photoconductivity of monolayer WS2. Figures 11(a) and 11(b) show the Drude–Smith
type conductivity for different pump fluences at τp = 1 ps and τp = 3 ps, respectively
[221], and Fig. 11(c) shows the trion contribution to photoconductivity [222]. The
discrepancy between the studies may stem from the former study having a narrow
frequency range (below 7 THz) while the latter had a much broader frequency range
to capture the trion effects.

Finally, bulk WSe2 OPTP measurement revealed the presence of free carriers
and excitons simultaneously [224]. As a result, photoconductivity was fitted with the

https://doi.org/10.1103/PhysRevLett.113.166801
https://doi.org/10.1103/PhysRevLett.113.166801
https://doi.org/10.1103/PhysRevLett.113.166801
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Figure 11. Complex photconductivity of monolayer WS2 at pump delays of (a)
1 ps and (b) 3 ps, utilizing a pump fluence of 95 µJ/cm−2. Similarly, at pump
delay of (c) 1 ps and (d) tp = 3 ps with a pump fluence of 74 µJ/cm−2 (e) at 1 ps
and (f) 3 ps at a pump fluence of 52 µJ/cm−2. The pump-pulse wavelength is 400
nm. Experimental data (dots and circles) are fitted with the Drude–Smith model
(solid curve). Reproduced with permission from [221]. Copyright 2019, IOP
Publishing. (g) Complex photconductivity at various fluences for a monolayer
WS2 sample pumped at resonance (557 nm) with A exciton at 20 K and probed
after 0.4 ps. The jump at 7 THz corresponds to a trion resonance. Reprinted
with permission from [222]. Copyright 2019, American Chemical Society.

Drude–Smith–Lorentz model. Authors identified the fast phonon-assisted processes
and the slow defect-assisted processes as the main decay mechanisms, and grain size
and polycrystallinity of the sample played important roles [225].

5.3. MXenes

MXenes represent a novel category of 2D materials comprising transition metal
carbides, nitrides, carbonitrides, and borides, and are characterized by the formula
Mn+1XnTz (or x). In this formula, M stands for a transition metal such as Sc, Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, while X is either carbon, nitrogen, or boron, and n can be 1, 2,
3, or 4. The Tz component signifies surface termination, which can include groups like
-OH, -O, and/or -F [226]. The name MXene originates from their primary method of
synthesis, which involves the selective etching of the A-group elements (predominantly
aluminum) from their parent MAX phases. Presently, more than 70 stable varieties of
MXenes have been theoretically predicted, and upwards of 30 have been successfully
created in laboratory settings [227]. Among them, bulk Ti3C2Tx has conductivity
as high as 20,000 Ωcm−1 [228], which results in a strong absorption across the THz
range and makes it a promising new material for electromagnetic shielding and THz
detectors [229, 230, 231].

THz-TDS studies conducted by Li et al. [232] on a continuous 25-nm-thick and a
discontinuous 16-nm-thick film of Ti3C2Tx showed intrinsic THz dc conductivity on
the order of ∼ 1100 Ωcm−1. The analysis revealed that both films exhibit suppressed
conductivity at low frequencies, which was attributed to carrier transport being
hindered by carrier localization at boundaries between nanoflakes. This effect was
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Figure 12. (a) THz sheet conductivity of a 16-nm Ti3C2Tx film excited
by a pulse of fluence 280 µJ/cm−2 and 800 nm wavelength. (b) Drude–Smith
fits without excitation (as shown in (a)) and 3 ps after excitation. Suppression
of the real part and the negative imaginary part of the conductivity indicate
carriers constrained over mesoscopic lengths owing to nanocrystalline barriers
and granularity of the sample. (c) THz photoconductivity at different times after
excitation. Negative photoconductivity for all cases indicates metallic behavior
of the material, with an increase of boundary scattering. Reproduced with
permission from [232]. Copyright 2018, IOP Publishing.

modeled using the Drude–Smith model, as shown in Figs. 12)(a) and (b), and the
model emphasizes the impact of defects and barriers like nanoflake edges on carrier
transport. The continuous film, with larger overlapping flakes, showed higher dc
conductivity and a less negative Drude–Smith c-parameter than the discontinuous
film. The study also showed that film morphology, particularly the size and overlap
of individual flakes, plays a crucial role in film conductivity, with larger nanoflakes in
uniform films being preferable for applications requiring high MXene conductivity. A
more recent study by Li et al. [233] indicated that substrate scattering dominates for
monolayer samples while many-layer samples show reduced substrate dependence due
to dielectric screening effect.

OPTP measurement with 400 nm and 800 nm wavelength excitation on the 25
nm sample revealed sustained negative photoconductivity over several picoseconds.
Figure 12(c) shows the negative photoconductivity for 800 nm pulse. The authors
attributed this phenomenon to increased scattering due to the increased temperature
of the hot carriers generated via the interband transitions following above-bandgap
excitation.

MXenes containing molybdenum, such as Mo2Ti2C3Tz and Mo2TiC2Tz, where
some titanium atoms are substituted by Mo, show reduced overall conductivity
stemming from difficult inter-nanosheet carrier transport and lower intrinsic free
carrier density of the material. The THz-TDS measurement of Mo2Ti2C3Tz show
a similar Drude–Smith low-field conductivity to that of Ti3C2Tx (Fig. 13), albeit
with a smaller magnitude. In contrast, the OPTP photoconductivity measurement
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Figure 13. THz-TDS measurement of the sheet conductivity of
Mo2Ti2C3Tz , (a) without annealing and (b) after 200◦C vacuum annealing.
(c) Mo2TiC2Tz without annealing and (d) Mo2TiC2Tz after 200◦C vacuum
annealing. Conductivity is lower than that of Ti3C2Tz . Reprinted with
permission from [145]. Copyright 2020, American Chemical Society.

a) b)

Figure 14. OPTP measurement of the photoconductivity of (a) Mo2Ti2C3Tz

at different times after excitation for unannealed sample (left) and annealed at
200◦C sample (right). (b) The same quantities as in (a), but for Mo2TiC2Tz . In
contrast to Ti3C2Tx, MXenes containing Mo exhibit positive photoconductivity,
potentially because of carriers moving to the low-effective-mass bands after
excitation. Reprinted with permission from [145]. Copyright 2020, American
Chemical Society.
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(Fig. 13) shows a positive ∆σ, possibly because of the higher mobility of photoexcited
carriers over the intrinsic carriers that reside in the heavy-average-effective-mass band
[145]. Annealing further enhances the transport of photoexcited carriers by reducing
the number of carriers trapped around point defects within the nanosheets, nanosheet
edges, and at the surface. The behavior of THz photoresponse of Mo-containing
MXenes over bare MXenes requites further research is necessary to comprehensively
understand electronic transport and defect interaction in MXenes.

5.4. 2D perovskites

2D metal halide perovskites, with lead (Pb) being the most common metal, represent a
variation of 3D perovskites. They consist of layers separated by organic molecules and
are attractive for potential applications in solar cells due to their high solar-to-electrical
energy conversion efficiency, reaching up to 21%, and increased environmental stability
compared to their 3D counterparts [234]. These perovskites exhibit a significant
exciton population with binding energies ranging between 200 and 300 meV [235].
The carriers in these materials have a polaronic nature, essentially representing free
carriers coupled with lattice vibrations [236], making them unique candidates for
various optoelectronic applications.

Ruddlesden–Popper (RP) perovskites are the most commonly used 2D
perovskites, having the general formula An+1BnX3n+1, where A and B represent
cations, and X denotes an anion, such as oxygen. The variable n in the formula
indicates the count of octahedral layers that make up the perovskite-like structure in
these materials.

The first OPTP study revealed that reduced screening in 2D perovskites
contributes to a lower density of traps and a larger exciton population when moving
from bulk to 2D [237]. The presence of excitons in 2D perovskites is further
substantiated in recent studies by Burgos-Caminal et al. [91]. In this study,
ultrabroadband (3-16 THz) time-resolved terahertz spectroscopy (TRTS) (similar
to OPTP) and fluorescence upconversion spectroscopies (FLUPS) were employed to
probe the formation of excitons. The PEA2PbI4 sample was excited at 400 nm and
510 nm, corresponding to the bandgap and excitonic resonance peaks, respectively.
Exciting above the band-edge leads to rapid cooling of the carriers and subsequent
exciton formation. The photoconductivity spectra follow a non-Drude-type response.
The Drude–Smith–Lorentz model is used to incorporate free carrier backscattering
and resonance peaks, accounting for inter-excitonic transitions. The presence of
long-duration excitons at high densities eliminates the possibility of traditional Mott
decomposition into unbound carriers and emphasizes the possibility of biexcitonic
interaction and Auger heating.

Similar findings were reported by Folpini et al. about the presence of free
carriers and excitons in a similar 2D perovskite NBT2PbI4 at the THz range [238].
It reported the interaction between polaronic-free carriers and excitons as a major
contribution in THz response. A small number of unpaired polarons interact with a
large excitonic bath and produce restoring force to localize polarons. Figure 15shows
the transient THz conductivity for different pump fluence and probe delays. The
photoconductivity follows the Drude-Lorentz model with a free carrier polaronic term
and a Lorentzian excitonic resonance term. It is evident that inter-excitonic and
exciton-polaron interaction play an important role in THz 2D perovskite transport
which requires detailed investigation.
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Figure 15. OPTP measurement of the photoinduced complex optical
conductivity of the 2D NBT2PbI4 perovskite thin film at different pump–probe
delays for excitation at 790 nm. (a) Real ∆σ1 (black line) and imaginary ∆σ2
(blue line) parts of the optical conductivity with 65 µJ/cm−2 fluence 0.5 ps
after the photoexcitation; (b) ∆σ1 acquired 0.5 ps after the photoexcitation
at 28 (maroon dotted curve), 50 (yellow dash-dotted curve), and 65 µJ/cm−2

fluence (red solid curve); (c)–(f) ∆σ1 (black open circles) and∆σ2 (blue open
diamonds) acquired at 65 µJ/cm−2 for 0.5 ps, 1 ps, 2 ps, and 4 ps pump-
probe delays, respectively, together with the related Drude–Lorenz fit (red solid
curve). The green dashed curve and maroon dotted curve are the Drude and
Lorentz contributions to the fit, respectively. The main contributor to the
photoconductivity are the charged polaronic carriers interacting with a large
excitonic bath. Reprinted with permission from [238], CC–BY 4.0.

5.5. Topological 2D materials

Recent investigations into finding alternatives to traditional 2D materials have led to
the discovery of 2D materials with exotic properties.

Topological insulators (TIs) are a new class of quantum material that exhibits
insulating bulk states while having gapless surface conducting states that are
intrinsically topologically protected by the band structure [239]. The possibility of
exciting electrons from the bulk state to the surface state and vice versa in these
materials provides an excellent opportunity to use them in optical switching [240, 241]
and quantum computing [242]. Bi2Se3 and Bi2Te3 stand out as frequently explored TI
materials because of their 2D nature (metallic surface states independent of thickness)
and topological properties.

Photoexcited carrier dynamics of Bi2Se3 probed via OPTP with a 2 ps probe
delay showed the interplay between topological surface states and bulk states [243].
For Bi2Se3 thicknesses less than 15 quintuple layers (QLs), the photoconductivity was
negative, transitioning to positive for higher thickness samples at low temperatures
(10 K). Similar to graphene, the phenomenon was explained by looking at the
ratio of ∆DDrude/∆ΓDrude, which determines the sign of photoconductivity. The TI
surface states, which are thickness-independent, contributed to the scattering rate,
making the ∆DDrude/∆ΓDrude ratio small, while for higher thickness samples, bulk
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conduction channels opened up, making the ratio large and thus showing positive
photoconductance. At higher temperatures (230 K), bulk-phonon-mediated scattering
drove bulk electrons to surface states. The additional electrons screen the charged
impurities to produce a lower scattering rate, showing positive photoconductivity.
Similar results were also reported in another study [83], showing short-lived (∼10
ps) scattering from surface states in thin samples and faster (∼5 ps) rise and decay
times coming from bulk contribution in thicker samples. The same group in Ref. [243]
reported THz-TDS measurements on 32 QL Bi2Se3, with surface electrons dominating
the equilibrium conductivity and bulk phonon modes showing up around 2 THz. The
bulk Bi2Se3 reported the mode at 1 THz [244]. To summarize, the topological surface
states in TIs, which can also suppress bulk dissipation, may open up a new frontier in
high-performance optoelectronic devices.

5.6. Topological semimetals (TSMs)

Topological semimetals (TSMs), also known as Weyl semimetals, have attracted
interest due to their inversion or time-reversal symmetry breaking. They exhibit
high nonlinear optical properties [245] and massless Weyl fermions with very high
electrical properties [246]. 2D TSMs such as PdTe2, PtTe2, WTe2, and Mn3Sn carry
topological properties with the added advantage of being 2D in nature. However,
studies in the THz range are limited. A recent study showed that 2D TSMs produce
record values of THz photoresponse and highly anisotropic THz conductivity [247],
owing to the photogalvanic effect caused by topological electrons, making them
suitable for THz detection. A polarization-resolved THz-TDS study of thin films
of antiferromagnetic Mn3Sn revealed a longitudinal conductivity as high as 3800
Ω−1cm−1 and a large anomalous Hall conductivity of 20 Ω−1cm−1, which is beneficial
for spintronic applications [248]. Research in the terahertz application of topological
materials is just getting started, showing promising results to date.

5.7. 2D heterostructures

We conclude this section with a brief progress report on vdW Graphene and TMD-
based heterostructures, which are promising for THz application as they are not
limited by traditional lattice-matching growth conditions and atomic-interdiffusion
constraints. Graphene/TMD heterostructures are particularly interesting for
harvesting high mobility and conductivity of graphene, as well as high optical
absorption of TMDs. OPTP and TA experiment on graphene/MoS2 heterostructure
revealed interlayer exciton with long formation time around 18 ps [249]. The transition
from positive to negative photoconductivity in PtSe2/graphene heterostructures
modulated by stacking order has been reported [250].

Heterostructures based solely on TMDs generally possess type-II band
alignment that facilitates the formation of interlayer excitons [251]. Vertical CVD
grown MoSe2/MoS2 heterostructures exhibit significant enhancements in the THz
photoconductivity over single-material structures [252]. CVD-grown MoTe2/WTe2
heterostructures showed sub-picosecond exciton lifetime, potentially promising for
ultrafast THz detectors [253]. Research in graphene and TMD heterostructures is
a relatively new field, with many opportunities for development.
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6. Conclusion

In this article, we presented a focused review of time-resolved ultrafast THz techniques
and their implementation in conductivity and photoconductivity studies of 2D van
der Waals materials, along with an overview of materials synthesis and processing
and the theoretical models used for the interpretation of conductivity spectra. The
studies reveal interesting phenomena, such as negative photoconductivity due to
increased scattering rate in graphene at bandgap excitation, the formation of heavy
trions in TMD MoS2, the reduction of mobility in MXenes because of increased
boundary scattering, and polaronic interaction in thin-film perovskites at room
temperature. The process of neutral and charged bound-exciton formation in
2D semiconductors, leading to either negative or positive photoconductivity needs
further exploration. Additionally, strain, magnetic fields, and quantum confinement
can also exert significant influence in controlling THz conductivity. For example,
introducing in-plane strain can induce a topological phase transition producing spin-
controlled current switching in TMDs [254], edge-state currents in bilayer graphene,
and magnetic-field-controlled phase shift of polarization dependence [255], as well
as an enhancement of charge localization and thus photoconductivity reduction in
twisted graphene-MoS2 heterostructures [256]. There are a number of THz-TDS and
OPTP studies on graphene and TMDs, but there is a need for further exploration
of other promising 2D materials and structures, such as topological insulators, Weyl
semimetals, 2D metamaterials, and their heterostructures.

On the modeling front, while the experimental results are usually fitted with
phenomenological models, there is inherent ambiguity in model selection, given that
distinct models with different parameters can seemingly fit the data. Thus ultrafast
carrier dynamics in emerging 2D materials with a detailed microscopic modeling
of charge transport is necessary. Incorporating many-body effects is particularly
important in 2D materials, given the high exciton binding energy and increased
Coulomb interaction present in 2D materials.

THz spectroscopies are powerful tools for understanding ultrafast carrier
dynamics and transport with sub-picosecond resolution. This capability allows us to
measure the fundamental physical properties such as density, mobility, and scattering
time of carriers, as well as understand the morphology and quality of grown samples by
looking at the conductivity spectra. 2D materials appear to have significant potential
for next-generation electronic and optoelectronic devices. However, challenges such
as environmental stability, which materials like black phosphorus lack, and the need
for large-scale synthesis beyond millimeter scale need to be addressed first, although
significant progress has been made in automating the synthesis process of 2D materials
[257].

However, certain aspects of THz spectroscopy can be further improved. At
present, THz imaging resolution is limited by the beam focus size, which depends on
the long THz wavelength. This prevents imaging of samples below a few microns in
size [17]. One way of solving the issue can be incorporating atomic force microscopy
(AFM), which has a finer resolution, with terahertz spectrometers [258, 259]. The
sharp conducting tip of AFM can focus the THz beam subwavelength and characterize
conductive properties of the sample directly below it. In addition, liquid water has high
absorption at THz frequencies, which means THz setups are only useful in controlled
laboratory conditions. To compensate for water effects, numerical algorithms can
be developed [260, 261]. If the liquid effect is eliminated numerically, more complex
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setups can be developed to provide high numerical aperture for improved focusing.
At present, THz spectroscopy techniques are developing fast, incorporating a

broad range of probe frequencies and highly tunable pump excitations. These
developments are spurred in part by the growing interest in the applications of 2D
materials as photonic elements, radiation and shielding devices, and storage systems.
We believe this review might serve as a useful resource for upcoming research endeavors
into the exciting THz physics of 2D materials.
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M. Bonn, “Ultrafast photoconductivity of graphene nanoribbons and carbon nanotubes,”
Nano Lett., vol. 13, pp. 5925–5930, Nov. 2013.

[200] S. Kar, S. Jayanthi, E. Freysz, and A. K. Sood, “Time resolved terahertz spectroscopy of low
frequency electronic resonances and optical pump-induced terahertz photoconductivity in
reduced graphene oxide membrane,” Carbon N. Y., vol. 80, pp. 762–770, Dec. 2014.
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“Observation of rapid exciton-exciton annihilation in monolayer molybdenum disulfide,”
Nano Lett., vol. 14, pp. 5625–5629, Oct. 2014.

[214] Z. Wang, A. Molina-Sánchez, P. Altmann, D. Sangalli, D. De Fazio, G. Soavi, U. Sassi,



Terahertz conductivity of two-dimensional materials: a review 42

F. Bottegoni, F. Ciccacci, M. Finazzi, L. Wirtz, A. C. Ferrari, A. Marini, G. Cerullo, and
S. Dal Conte, “Intravalley spin-flip relaxation dynamics in single-layer WS2,” Nano Lett.,
vol. 18, pp. 6882–6891, Nov. 2018.

[215] J. Lu and H. Liu, “A critical review on the carrier dynamics in 2D layered materials investigated
using THz spectroscopy,” Opt. Commun., vol. 406, pp. 24–35, Jan. 2018.

[216] T. Kang, T. W. Tang, B. Pan, H. Liu, K. Zhang, and Z. Luo, “Strategies for controlled growth
of transition metal dichalcogenides by chemical vapor deposition for integrated electronics,”
ACS Mater. Au, vol. 2, pp. 665–685, Nov. 2022.

[217] C. H. Lui, A. J. Frenzel, D. V. Pilon, Y.-H. Lee, X. Ling, G. M. Akselrod, J. Kong, and N. Gedik,
“Trion-induced negative photoconductivity in monolayer MoS2,” Phys. Rev. Lett., vol. 113,
p. 166801, Oct. 2014.

[218] P. D. Cunningham, K. M. McCreary, A. T. Hanbicki, M. Currie, B. T. Jonker, and L. M.
Hayden, “Charge trapping and exciton dynamics in large-area CVD grown MoS2,” J. Phys.
Chem. C Nanomater. Interfaces, vol. 120, pp. 5819–5826, Mar. 2016.

[219] S. Kar, Y. Su, R. R. Nair, and A. K. Sood, “Probing photoexcited carriers in a few-layer MoS2

laminate by time-resolved optical pump-terahertz probe spectroscopy,” ACS Nano, vol. 9,
pp. 12004–12010, Dec. 2015.

[220] J. H. Strait, P. Nene, and F. Rana, “High intrinsic mobility and ultrafast carrier dynamics
in multilayer metal-dichalcogenide MoS2,” Phys. Rev. B Condens. Matter Mater. Phys.,
vol. 90, Dec. 2014.

[221] S. Xu, J. Yang, H. Jiang, F. Su, and Z. Zeng, “Transient photoconductivity and free
carrier dynamics in a monolayer WS2 probed by time resolved terahertz spectroscopy,”
Nanotechnology, vol. 30, p. 265706, June 2019.

[222] J. K. Gustafson, P. D. Cunningham, K. M. McCreary, B. T. Jonker, and L. M. Hayden,
“Ultrafast carrier dynamics of monolayer WS2 via broad-band time-resolved terahertz
spectroscopy,” J. Phys. Chem. C Nanomater. Interfaces, vol. 123, pp. 30676–30683, Dec.
2019.

[223] H. M. Dong, Z. H. Tao, L. L. Li, F. Huang, W. Xu, and F. M. Peeters, “Substrate dependent
terahertz response of monolayer WS2,” Appl. Phys. Lett., vol. 116, p. 203108, May 2020.

[224] C. He, L. Zhu, Q. Zhao, Y. Huang, Z. Yao, W. Du, Y. He, S. Zhang, and X. Xu, “Competition
between free carriers and excitons mediated by defects observed in layered WSe2 crystal
with time-resolved terahertz spectroscopy,” Adv. Opt. Mater., vol. 6, p. 1800290, Oct. 2018.

[225] P. Gopalan, A. Chanana, S. Krishnamoorthy, A. Nahata, M. A. Scarpulla, and B. Sensale-
Rodriguez, “Ultrafast THz modulators with WSe2 thin films [invited],” Opt. Mater. Express,
vol. 9, p. 826, Feb. 2019.

[226] E. Colin-Ulloa, A. Fitzgerald, K. Montazeri, J. Mann, V. Natu, K. Ngo, J. Uzarski, M. W.
Barsoum, and L. V. Titova, “Ultrafast spectroscopy of plasmons and free carriers in 2D
MXenes,” Adv. Mater., vol. 35, p. e2208659, Feb. 2023.

[227] K. Hantanasirisakul and Y. Gogotsi, “Electronic and optical properties of 2D transition metal
carbides and nitrides (MXenes),” Adv. Mater., vol. 30, p. 1804779, Dec. 2018.

[228] T. S. Mathis, K. Maleski, A. Goad, A. Sarycheva, M. Anayee, A. C. Foucher,
K. Hantanasirisakul, C. E. Shuck, E. A. Stach, and Y. Gogotsi, “Modified MAX phase
synthesis for environmentally stable and highly conductive Ti2C3 MXene,” ACS Nano,
vol. 15, pp. 6420–6429, Apr. 2021.

[229] Y. I. Jhon, M. Seo, and Y. M. Jhon, “First-principles study of a MXene terahertz detector,”
Nanoscale, vol. 10, no. 1, pp. 69–75, 2018.

[230] F. Shahzad, M. Alhabeb, C. B. Hatter, B. Anasori, S. Man Hong, C. M. Koo, and Y. Gogotsi,
“Electromagnetic interference shielding with 2D transition metal carbides (MXenes),”
Science, vol. 353, pp. 1137–1140, Sept. 2016.

[231] G. Li, N. Amer, H. A. Hafez, S. Huang, D. Turchinovich, V. N. Mochalin, F. A. Hegmann,
and L. V. Titova, “Dynamical control over terahertz electromagnetic interference shielding
with 2D Ti3C2Ty MXene by ultrafast optical pulses,” Nano Lett., vol. 20, pp. 636–643, Jan.
2020.

[232] G. Li, K. Kushnir, Y. Dong, S. Chertopalov, A. M. Rao, V. N. Mochalin, R. Podila, and L. V.
Titova, “Equilibrium and non-equilibrium free carrier dynamics in 2D Ti3C2Tx MXenes:
THz spectroscopy study,” 2d Mater., vol. 5, p. 035043, June 2018.

[233] E. Li, J. Wei, T. Zhang, H. Wan, Y. Cheng, J. Xie, H. Li, K. Zhang, J. Xu, J. Hu, Q. Wen,
X. Xiao, T. Zhao, M. Hu, F. Su, T. Wang, and G. Fang, “Charge carriers localization effect
revealed through terahertz spectroscopy of MXene: Ti3C2Tx,” Small, Dec. 2023.

[234] M. Shao, T. Bie, L. Yang, Y. Gao, X. Jin, F. He, N. Zheng, Y. Yu, and X. Zhang, “Over 21%
efficiency stable 2D perovskite solar cells,” Adv. Mater., vol. 34, p. e2107211, Jan. 2022.



Terahertz conductivity of two-dimensional materials: a review 43

[235] E. Cinquanta, E. A. A. Pogna, L. Gatto, S. Stagira, and C. Vozzi, “Charge carrier dynamics
in 2D materials probed by ultrafast THzspectroscopy,” Adv. Phys. X., vol. 8, Dec. 2023.
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