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Advances in van der Waals thermoelectric
materials: prospects and challenges
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This paper provides a comprehensive review of models and advancements in the discovery of novel van
der Waals (vdW) layered materials for thermoelectric applications. The theoretical complexities involved in
predicting thermoelectric properties are explored, highlighting the key aspects and challenges in the
accurate prediction of fundamental thermoelectric parameters. First-principles and semiclassical models
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are illustrated, and their respective strengths and limitations in guiding experimental efforts are discussed.
The synthesis methods are discussed, suggesting the strengths and limitations of each approach. Current
state-of-the-art characterisation techniques for measuring key thermoelectric properties are reported,

along with examples of top-performing vdW materials. Critical challenges in developing high-efficiency
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thermoelectric materials are mentioned, suggesting future research directions.

|. Introduction

Thermoelectric transformation is a versatile form of energy
conversion that efficiently uses the abundant waste heat
generated by current industrial processes. This technology is

Prof. Paolo Mele is currently a
tenured Professor at Shibaura
Institute of Technology (Omiya
campus, Saitama, Japan). He
obtained a Masters degree in
Chemistry and a PhD in Chemical
Sciences from the University of
Genoa (Italy). In 2003, he moved
to ISTEC-SRL in Tokyo to study
melt-textured ceramic
superconductors. He then worked
as a postdoc at Kyoto University
(JSPS fellowship) from 2004 to
2007, Kyushu Institute of
Technology (JST fellowship) from 2007 to 2011, Hiroshima
University (as lecturer) from 2011 to 2014, and Muroran Institute of
Technology (as Associate Professor) from 2015 to 2018, before
reaching his current position. His research interests include
materials for energy and sustainable development (superconductors
and thermoelectrics); fabrication and characterization of thin films
of oxides, ceramics, and metals; study of the effect of
nanostructuration on physical properties; thermal transport; vortex
matter and the development of new materials for
photoelectrocatalysis. Recently, Prof Mele has focused on the
intersection of materials science and computational methods, with a
particular emphasis on sustainable energy materials.

Paolo Mele

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4lf00383g&domain=pdf&date_stamp=2025-07-04
http://orcid.org/0000-0001-7855-9216
http://orcid.org/0000-0002-9291-7646
http://orcid.org/0000-0002-0053-5641
http://orcid.org/0000-0003-4407-1778
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lf00383g
https://pubs.rsc.org/en/journals/journal/LF
https://pubs.rsc.org/en/journals/journal/LF?issueid=LF002004

Open Access Article. Published on 20 March 2025. Downloaded on 1/19/2026 11:13:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

not only advantageous for converting heat into electricity,
enabling the recovery of energy that would otherwise be lost
through the Seebeck effect, but it is also effective in reverse
using electricity to drive cooling processes through the Peltier
effect.”” These dual capabilities make thermoelectric
materials highly valuable for both power generation and
cooling applications, offering a sustainable solution to
enhance energy efficiency and reduce overall energy
consumption in various industries.

Recently, the integration of thermoelectric materials in
emerging technological areas has been reported. Of
particular interest, thermoelectric materials are starting to
find their way into artificial intelligence (AI) to implement
functionalities such as hand motion recognition® and robotic
hand response.* Further, they are used in fire alarming
systems® and smart building technologies® where the
conversion of thermal fluctuations into usable electrical
signals improves automation and energy efficiency. These
materials especially in the 2D van der Waals (vdW) systems
have shown rather specific transport characteristics which
make them very promising for future electronic and
optoelectronic devices.

The thermoelectric conversion efficiency is quantified by
) . S*eT
the figure of merit, 2T =

and the power factor PF = 5.

In this expressions z is a dimensionless coefficient that
reflects the material's performance, whereas S is the Seebeck
coefficient, which quantifies the voltage generated in
response to a temperature difference, ¢ is the electrical
conductivity, T is the absolute temperature, and x is the
thermal conductivity.” High zT values indicate high efficiency
in thermal-to-electrical energy conversion, whereas the power
factor (PF) quantifies the ability of a material to generate
electrical power from a given temperature gradient.®
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Van der Waals (vdW) layered materials have emerged as a
promising class of thermoelectric materials.” Their key
feature consists in the low dimensionality of the chemical
bonds along the x-y plane, held together by weak van der
Waals forces along the perpendicular direction, allowing for
easy mechanical exfoliation and the creation of atomically
thin layers that can be combined as Lego blocks, offering a
huge space of unexplored novel materials with exotic
chemical and physical properties."’

The reduced dimensionality and consequent electronic
wave-function confinement make this class of materials
fundamentally different from their three-dimensional
counterparts. Proper engineering of the layers can
significantly enhance carrier mobility and reduce lattice
thermal  conductivity, leading to an  increased
thermoelectric figure of merit and overall conversion
efficiency. These effects on key parameters are driven by
quantum confinement, and highlight the potential for
optimising thermoelectric properties in two-dimensional
materials."""?

Compared to bulk materials, the quantum confinement
and reduced dimensionality in 2D systems can enhance the
density of states near the Fermi level, leading to an improved
Seebeck coefficient, while phonon scattering at the atomic
scale can reduce thermal conductivity, thereby increasing the
overall thermoelectric efficiency.

Recent  advancements in  the  synthesis and
characterisation of vdW layered materials have opened new
avenues for optimising their thermoelectric performance.
Various methods such as mechanical exfoliation, chemical
vapour deposition (CVD), and solution-based techniques have
been employed to produce high-quality vdW layers with
controlled thickness and composition.'®'*'> Each method
offers distinct advantages and challenges in terms of
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scalability, uniformity, and material quality. For instance,
CVD can produce large-area monolayers suitable for practical
applications, while solution-based methods offer a scalable
route for mass production.'®*”

Several layered 2D materials have been experimentally
investigated for their thermoelectric performance, with
maximised power factors achieved under specific conditions.
The key categories of high-performing thermoelectric 2D
materials include: transition metal dichalcogenides (TMDs),
such as MoS, and WSe,, which have shown promising
results when carrier concentration is tuned through electric
double-layer gating; titanium disulphide (TiS,), which
exhibits moderate thermoelectric performance when
intercalated with organic molecules due to enhanced charge
transport; graphene, which, despite its intrinsically low
Seebeck coefficient, achieves an exceptional power factor
when placed on hexagonal boron nitride (h-BN), benefiting
from reduced carrier scattering; and black phosphorus (bP),
known for its anisotropic electronic properties, which
demonstrates enhanced thermoelectric performance under
electrostatic gating.

Table 1 summarises the main categories of layered 2D
materials together with the notable features. These findings
highlight the tunability of thermoelectric properties in 2D
systems and underscore their potential for energy harvesting
applications.

Despite  these advancements, several challenges
remain, and achieving high zT values requires a delicate
balance between electrical conductivity and thermal
conductivity."® Increasing electrical conductivity often
leads to an increase in thermal conductivity, which can
be detrimental to thermoelectric performance.® Therefore,
strategies to decouple these properties are critical, and
the contribution of defects, grain boundaries, and layer-

to-layer  interactions  plays a  significant  role."’
Additionally, the integration into functioning devices
while maintaining their intrinsic properties is a

challenge that needs to be addressed.*”

This paper reviews the recent advancements in vdwW
layered thermoelectric materials, identifies the challenges
faced in their development, and explores potential future
research directions. We discuss various synthesis methods,
the structural and electronic properties of these materials,
and their thermoelectric performance. We also highlight
recent experimental and theoretical frameworks that have
contributed to our understanding of the fundamental

Table 1 Thermoelectric properties of main 2D vdW material families
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mechanisms. By addressing the current challenges and
exploring innovative solutions, we aim to provide insights
into the future directions of research.

Il. vdW layered structures as good
thermoelectric materials

Achieving high thermoelectric performance requires
optimising several interrelated parameters: the Seebeck

coefficient (S), electrical conductivity (o), and thermal
2

conductivity (k). The figure of merit, 27 = , combines

these parameters into a single value that measures overall
device efficiency. Increasing S can improve the voltage
generated from a temperature gradient, but it often comes
at the cost of reducing o. Similarly, while reducing x
improves heat retention, it can be challenging because
increasing o often leads to a proportional increase in «.
The key to designing high-performance thermoelectric
devices is to decouple these parameters, for instance by
engineering materials with low lattice thermal conductivity
but high electrical conductivity, such as vdW materials. By
carefully balancing these parameters, researchers can
design materials that perform optimally under real-world
conditions. This requires not only an understanding of
the material's intrinsic properties but also how these
properties translate to device performance in practical
applications.

The formulation of these quantities can be expressed as a
function of the fundamental physical parameters. The
Seebeck coefficient is:

_ HZICBZT
T 2eEp(V,e f,g(e,V), 0)’

(1)

where kg is the Boltzmann constant, T is the absolute
temperature, e is the elementary charge, and Er is the Fermi
energy which is a function of the potential V, the energy level
g, the Fermi-Dirac distribution function f; the density of
states g(¢,V), and the chemical potential p.

g*CeDe
keT '

= (2)
where ¢ is the elementary charge, D, is the electron diffusion
coefficient, and C. is the electron concentration.

Thermal conductivity, with contribution from electron and
phonon diffusion (x = x. + x;,), has the general form:

Material family Notable features

Transition metal dichalcogenides
(TMDs)
Group IV-VI compounds
Janus monolayers

thermoelectric performance
MXenes

854 | RSC Appl. Interfaces, 2025, 2, 852-872

Tunable electronic properties, ranging from semiconducting to metallic behaviours

Anisotropic crystal structures with high Seebeck coefficients and low thermal conductivity
Structural asymmetry leads to anisotropic electronic and vibrational properties, resulting in high

Surface functionalization can induce semiconducting properties with good thermoelectric performance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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n(v)icey
3Nx

(3)

Kep =

Here n is the number of particles per unit volume, (v) is
the mean particle speed, 4 is the mean free path, ¢y is molar
heat capacity and N, is Avogadro's number.

A low lattice thermal conductivity, high electric
conductivity and large Seebeck coefficient are desired to
maintain a high z7. The complex inter-correlations between
the variables in the definition of each thermoelectric
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Fig. 1 a) Schematic trend of normalised properties as a function of
carrier concentration for both 3D and 2D materials. The plot shows
the behaviour of the Seebeck coefficient (S), electrical conductivity (o),
thermal conductivity (<), power factor (S%s), and figure of merit (zT) for
carrier concentrations ranging from 10%*® to 10?2 cm™. Solid lines
represent 3D material properties: S (dark blue), ¢ (orange), x (dark
green), S%¢ (dark red), and zT (red). Dashed and dotted lines represent
corresponding 2D material properties: S,p (dark blue, dashed), o:p
(orange, dashed), xop (dark green, dashed), S2s,p (dark red, dash-
dotted), and zT,p (red, dash-dotted). The x-axis is logarithmically
scaled to show the wide range of carrier concentrations, and the
y-axis displays normalised properties with a limit up to 2.5. The legend
at the top center provides a clear distinction between 3D and 2D
properties for each parameter. bl) Schematic representation of the 2D
structural and electronic features that potentially contribute to the
shift of the variables in the plot a). Here, b2) represents the two
dimensional phonon-phonon scattering, b3) localised phonon modes,
as extracted from the work of Sun et al.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parameter make it difficult to improve all the properties
simultaneously.

In general, 2D materials can leverage their low
dimensionality to address some of the challenges that make
it difficult to simultaneously adjust all variables to a desired
target (as schematically illustrated in Fig. 1). The potential
benefit can be summarised here:

1. 2D quantum confinement leads to a sharper density
of states (g(e,V)) near the Fermi level, which increases the
energy dependence of the electronic states, thus increasing
§.'%?? Firstly, the improvement in the Seebeck coefficient in
superlattices is generated from the step-like n(e,V), produced
by n(e,V) = gle,V)f, where g(e,V) is the density of states (DOS)
per unit volume and per unit energy. This g(e,V) can be
increased  through  carrier-pocket  engineering  in
superlattices. When the width of the barrier layer is
comparable to that of the quantum well, the localised
electron wave function will be released. The anisotropy of
the band structure offers a possibility of tuning the relative
contributions of different carrier pockets at the Fermi
surface by changing the superlattice parameters, such as
the growth direction, lattice period, and layer thickness.
This leads to a sharp shift in the local DOS and an
increment of the Seebeck coefficient with little change in
the carrier concentration, thus decoupling the electrical
conductivity and the Seebeck coefficient. In doped layers,
the presence of ionised impurity scattering centers confined
in the potential well and blocked by the potential barrier
reduces the carrier scattering events, resulting in higher
carrier mobility, which has a slight influence also on
phonon transport, leading to u/x, values of a superlattice
being much higher than those of bulk materials.

2. Interface effects can be divided into three categories:
specular, diffuse, and hybrid (partially specular and partially
diffuse). At a diffuse interface, the thermal conductivity along
the layers is irrelevant to the transmissivity and reflectivity.
Therefore, the thermophysical properties are decoupled and
can be calculated from the individual layers separately.>

3. In the presence of delocalised graphene-like n-electrons,
high electrical conductivity can be achieved. Furthermore,
the 2D structure reduces scattering events, which increases
charge carrier mobility.”® The heat carried by charges during
transmission links electrical and electronic thermal
conductivity through the Wiedemann-Franz law. Although
electric and electronic thermal conductivity are distinct
properties, they exhibit similar behaviour at a specific
temperature, and essentially the ratio of these conductivities
can be approximated to the Lorentz number.>*

4. The weak interlayer vdW forces will result in low
phonon transport across layers, significantly reducing lattice
thermal conductivity."”*® The phonon mean free path (MFP)
is substantially different when comparing 2D and three-
dimensional (3D) materials: in 2D materials, phonons are
confined to two dimensions, which generally leads to
different  scattering mechanisms compared to 3D
materials.>*®?”  Phonon-phonon scattering and boundary

RSC Appl. Interfaces, 2025, 2, 852-872 | 855
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scattering tend to be more significant in 2D materials
because of the increased surface-to-volume ratio. As a general
trend, the reduced dimensionality in 2D materials like
graphene or transition metal dichalcogenides can lead to
longer phonon mean free paths, due to the fewer available
scattering channels compared to 3D materials®® In 3D
materials, phonons have more available scattering channels
due to the higher number of degrees of freedom. This
typically results in shorter phonon mean free paths compared
to 2D materials.>® Furthermore, 2D superlattices can reduce
thermal conductivity upon creation of phonon band gaps
and flattened phonon dispersion relations, which limit the
group velocity of phonons and enhance scattering, leading to
lower thermal transport.®® However, phonon scattering
depends on the nature of the specific interface that can be
appropriately engineered, and phonon transmission can be
either facilitated or hindered. Proper engineering of the
interface and the presence of defects, grain boundaries, and
interfaces in 2D heterostructures may increase phonon
scattering, which disrupts the flow of heat-carrying phonons
and reduces thermal conductivity. Furthermore, phonon
modes can become localised, which effectively limits thermal
conductivity as it reduces the overall phonon transmission
across the material.”*

5. The quantum-confinement produces a new kind of
Umklapp scattering process. The finite layer thickness and
the large superlattice constant lead to a small Brillouin zone
in the stacking direction. The Umklapp process is confined
in this small Brillouin zone, which reduced thermal
conductivity. The effect also impacts the thermal conductivity
along the layers.

lll. Theoretical complexity in
thermoelectric properties calculations

The calculation of thermoelectric parameters requires a
detailed understanding of the electronic structure and
phonon dynamics within a material.**** The Seebeck
coefficient, for instance, is a function of the electron density
and the transport distribution function, both of which are
sensitive to the material's band structure and scattering
mechanisms. Similarly, electrical conductivity is governed by
the charge carriers’ mobility and concentration, which are
significantly — affected by impurities, defects, and
temperature. Thermal conductivity, particularly the lattice
contribution, involves complex phonon scattering processes
that are difficult to model accurately due to the intricate
interactions between phonons, defects, and impurities
within the crystal lattice.

Within a quantum mechanics framework, the Seebeck
coefficient can be reformulated as follows:

L
g 2
eTLqq

(4)

where L; and L;; are the transport coefficient related to
current-energy and current-current correlations, respectively.

856 | RSC Appl. Interfaces, 2025, 2, 852-872
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The electrical conductivity in the (o,4) directions is given by:

n oo a o
Cap = Y _TT [ 76"k, 2)/, 0" (K 2)|. (5)
k

Here, 7 is the reduced Planck constant, V is the volume of
the system, k is the wavevector, indicating the momentum
state of an electron, J,, j/; are the current operators in the «
and f directions, and G®(k, ¢), G*(k, ¢) are the retarded and
advanced Green's functions, describing the propagation of
electronic states and ¢ is the energy of the electronic states.

The electronic contribution to the thermal conductivity

(xe) is:
Ke:l(@_ sz>7 (6)

T\ e2 €2L11

where L,,, L1, and L,; are the transport coefficient related to
energy-energy,  current-energy  and
correlations, respectively.

The phonon thermal conductivity (x,) is given by:

current-current

o= |, aeidetie)). Y

where V is the volume of the system, ¢ is the time, jo(¢) is the
heat current operator at time ¢, and (Jo(t)jo(0)) is the
correlation function of the heat current, describing how the
heat current at time ¢ is related to that at time 0.

The evaluation of the Seebeck coefficient,
conductivity, and thermal conductivities purely from first-
principles calculations is challenging due to the complex
nature of electron and phonon interactions. These
calculations require accurate modelling of quantum states,
many-body interactions, and non-equilibrium conditions, all
of which are computationally Additionally,
accurately accounting for temperature dependence and
scattering processes adds further complexity. The quantum
mechanical treatment of these quantities often involves
advanced methods such as Greens functions and the Kubo
formula, making the computations both resource-intensive
and technically demanding.

electrical

intensive.

A. Calculation approaches

Quantum mechanical methods, such as density functional
theory (DFT), can provide accurate descriptions of the
electronic and phonon structure and the behaviour of atomic
systems at 0 K. The choice of the suitable exchange-
correlation functional, which may significantly impact the
energetics and geometry of the materials, can be
complemented by a semi-empirical approach. Among the
functionals, the local density approximation (LDA) is
computationally efficient and works well for systems with
slowly varying electron densities, such as simple metals and
semiconductors.**?* However, it tends to over-bind in 2D
materials, leading to inaccurate interlayer distances and poor
modelling of van der Waals (vdW) interactions, which are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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crucial for layered materials like graphene and transition
metal dichalcogenides (TMDCs). The generalised gradient
approximation (GGA) improves upon the LDA by considering
the gradient of the electron density, offering better
predictions for a wider range of materials, including
molecules, surfaces, and bulk systems.”> The GGA,
particularly the PBE functional, is widely used due to its
balance between accuracy and computational cost. However,
the GGA still underestimates binding energies and
overestimates bond lengths in weakly bound systems, leading
to possibly large inaccuracies in vdW materials. It also
struggles with systems exhibiting strong electron correlation,
such as certain TMDCs and complex oxides.*> Meta-GGA
functionals, like strongly constrained and appropriately
normed (SCAN), capture the delicate balance between
covalent and vdW interactions, leading to more accurate
modelling of these systems. However, the inclusion of
higher-order terms in meta-GGA functionals increases
computational complexity, making them more resource-
intensive and potentially less consistent across different
material types.*® Finally, hybrid functionals, such as B3LYP
and HSEO06, combine exact Hartree-Fock exchange with GGA
or LDA, resulting in the highest accuracy for electronic
properties, especially for 2D vdW materials.”” These
functionals are effective for calculating accurate band gaps
and other electronic properties in semiconductors,
insulators, and systems with significant electron correlation.
However, hybrid functionals are computationally demanding
and their accuracy can be sensitive to the choice of
parameters, such as the fraction of Hartree-Fock exchange,
which may need to be tailored for specific systems.
Additionally, van der Waals functionals must be included
in DFT calculations due to the inability of DFT to capture
dispersion interactions or long-range correlation effects,
which is crucial in 2D materials. These functionals provide a
way to incorporate non-local correlations and model weak
interlayer interactions.*®*?? Recent advancements have
reduced the computational cost of vdW functionals, making
them more comparable to traditional GGA functionals. This
has allowed for their application in larger and more complex
systems without significant computational penalties.”® A
common issue with vdW functionals is their tendency to
either overestimate or underestimate interaction strengths.
For example, the original vdW-DF may overestimate long-
range forces, while vdW-DF2 might underestimate key
coefficients like the Cq term, affecting the accuracy of
dispersion energy predictions.*®*® The performance of vdW
functionals is closely tied to the choice of exchange
functional. For instance, using revPBE in vdW-DF can result
in inaccurate binding distances. Alternative exchange
functionals, such as optB88, have been developed to improve
accuracy, but the optimal choice is still strongly system
dependent, and there is currently no vdW functional that
performs consistently across different materials.**°
Although the DFT models provide a
understanding  of  electronic  structure,

detailed
calculating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermoelectric ~ parameters requires an  additional
theoretical framework to describe and quantify transport
mechanisms.

The Boltzmann transport equation (BTE) is a common
model used to approximate the theoretical value of these
properties, within a semi-classical framework.*"** Solving the
BTE requires detailed knowledge of the relaxation times, which
are influenced by various scattering mechanisms, including
phonon-phonon, electron-phonon, and impurity scattering.
Accurately determining these relaxation times often
necessitates sophisticated computational techniques, such as
ab initio molecular dynamics simulations, which can be
computationally expensive and complex.**** Moreover, the
interplay between electronic and thermal transport properties
adds another layer of complexity.*® For instance, strategies to
reduce thermal conductivity, such as introducing nano-
structures or alloying, can adversely affect the electrical
conductivity and the Seebeck coefficient. This interdependence
means that theoretical models must simultaneously account
for multiple transport phenomena and their interactions,
making accurate predictions particularly challenging. For
example, the phonon BTE describes thermal transport in a
solid where phonons govern the process through vibrations of
the crystal's atoms, and any alteration in these vibrations can
significantly impact the thermal and electrical transport
properties.’”*® Additionally, the relaxation time approximation
simplifies the BTE by assuming that all scattering processes
can be characterised by a single relaxation time, which is not
always valid. This approximation is often used in conjunction
with the Wigner-Boltzmann transport equation for systems
with homogeneously distributed defects and under the
assumption of a linear response to external electric fields.*>*

Within the semi-classical BTE approximations, the

formulation of the Seebeck coefficient can be redefined
51-53
as:

1 Je(e?(e)(e - p) (—aj;i"))g(s)de

e Jelen? () (~242) g (e)de

(8)

where e is the elementary charge, 7 is the absolute
temperature, ¢ is the energy of the charge carriers, y is the
chemical potential (Fermi level), v is the electron group
velocity, f is the Fermi-Dirac distribution function, and 7 is
the relaxation time,

The integration over all possible energy states, accounting
for the distribution of carriers and their energy-dependent
transport properties, which are influenced by the material's
electronic structure and various scattering mechanisms,
makes the calculation of S relatively complex.

The electron conductivity is then given by:

o= e J (e (e) (_L@) 2(e)de. 9)

oe

The integral requires precise knowledge of the energy-
dependent transport distribution function and how the
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carrier distribution changes with energy, making it necessary
to consider detailed interactions within the material.

The thermal conductivity in the context of electronic
contributions (often denoted as «.) can be expressed
quantum mechanically as:

v | [ @62 (-4 )eee] o7, o)

This expression is complex because it involves two
integrals, one of which is included in 6S>T, that account for
the energy distribution of carriers and their transport
properties. In particular, the second term (¢S>T) accounts for
the correlation between energy levels, adding further
complexity to the calculations. An example of calculated S, o
and power factor (PF) within the BTE model is shown in
Fig. 2.

The Landauer transport equations (LTE) provide an
alternative model to understand electronic transport,
particularly at the nanoscale. Unlike the BTE, Landauer
theory models conductance as a quantum mechanical
transmission problem.>>™’ It assumes ballistic transport,
where electrons traverse the material without scattering,
making it ideal for analysing transport in mesoscopic
systems like quantum dots and nanowires.’® While the BTE
excels in describing diffusive transport where scattering is
significant, Landauer theory gives a more accurate
description in systems where quantum coherence is
maintained over the length of the conductor. The Landauer
approach is particularly useful in systems where quantum
effects are non-negligible and where ballistic transport
dominates, like low dimensional materials, offering a
powerful alternative to the semi-classical nature of the BTE.”®
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Fig. 2 Seebeck coefficient (first row), electrical conductivity (second
row) and power factor (third row) of selected vdW heterostructures
under strain, calculated within the BTE model by Ahmad et al.>*
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Within the Landauer model the Seebeck coefficient, electron
conductivity and electronic thermal conductivity become:>"*°

1 JTe@) e p)(-%) de

T er jTe(g)(—%f))dg (1)
o= ez%ﬁ T(E) (—%f))d}s, (12)
- % UTe(g)(g—ﬂ)z (—%)de} —o$T,  (13)

where T¢(¢) is the electron transmission function.

The Landauer formalism focuses on quantum mechanical
aspects, particularly the transmission function that reflects
the probability of carriers traversing a conductor. It is best
suited for mesoscopic systems where phase coherence is
crucial, whereas Boltzmann approximation relies on
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semiclassical assumptions, with a focus on scattering events,
relaxation times, and velocities of carriers. It is more
applicable to bulk materials where quantum coherence is not
significant. Examples of the calculated electronic
transmission, Seebeck coefficient, power factor, and
thermoelectric figure of merit are shown in Fig. 3.

Both approaches are essential for comprehensively
understanding transport phenomena, with Landauer theory
providing a more straightforward, albeit idealised, perspective
compared to the more complex, scattering-based BTE.*

To evaluate the main contribution to thermal conductivity
in semiconductors and insulators it is essential to analyse
the underlying phonon dynamics, which still involves solving
the transport equations, and can be approached using
methods like the discrete ordinates method or spherical
harmonics expansions. All these methods aim to solve the
transport equations numerically, considering anisotropic
relaxation times and accounting for phonon-phonon
interactions.®*®”  The phonon thermal conductivity
quantified using lattice dynamics calculations is given by:

1
C,v; ® v;ToMRT
NVC; AVA Aty )

Kp = (14)

where """ is the single-mode relaxation time (SMRT), and
C, is the mode heat capacity defined as

ha)ﬁ‘ 2
0= ()

Here, N is the number of unit cells, V. the volume of the
unit cell, C; the mode heat capacity, v, the phonon group
velocity, 73"%" the single-mode relaxation time, # the reduced
Planck's constant, o, the phonon frequency, and n,(7) the
Bose-Einstein distribution function. Complexity arises from
the need to integrate over all phonon frequencies and
account for the frequency-dependent specific heat, phonon
group velocity, and mean free path, which all depend on the
intricate details of the lattice dynamics.

In nano-structures and low dimensional systems like
quantum wells and superlattices, electron-phonon interactions
can lead to non-equilibrium phonon distributions, and should
be included for an accurate analysis.®®”*

exp(fiw; ks T)
lexp(fiw; [k T) - 1]

(15)

IV. Synthesis methods

Although the experimental measurement of thermoelectric
properties  requires  well-established techniques, the
fabrication of 2-dimensional vdW materials requires
particular expertise due to the relative novelty of their
synthesis and handling methods. The synthesis of 2D layered
materials is typically achieved by employing mechanical
exfoliation, chemical vapour deposition (CVD), and solution-
based techniques.

Mechanical exfoliation, also known as the “scotch tape”
method, while effective for producing high-quality
monolayers, faces challenges in scalability."® Innovations in
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automated mechanical exfoliation systems have improved
throughput and consistency, making the technique more
practical for research applications.”® Detailed steps of this
method are discussed in the following section.

CVD has emerged as a key technique for synthesising
large-area, high-quality monolayers and heterostructures with
precise control over layer thickness and composition. For
example, CVD-grown monolayer MoS, using sulphur and
molybdenum hexacarbonyl precursors demonstrates high
uniformity and excellent electronic properties, making it
suitable  for electronic and optoelectronic
applications."® Additionally, the CVD synthesis of large-area
graphene and transition metal dichalcogenides (TMDs) has
facilitated the development of high-performance transistors
and photodetectors."®

Solution-based methods, including liquid-phase
exfoliation and chemical synthesis, offer scalable routes for
producing large quantities of vdW materials. These methods
involve dispersing bulk crystals in solvents followed by
exfoliation through sonication or chemical reactions. The
scalability and simplicity of solution-based methods make
them attractive for industrial applications, despite challenges
in achieving uniformity and controlling defects."’

various

A. Mechanical exfoliation

The mechanical exfoliation process has been a pioneering
technique for isolating monolayers from bulk vdW layered
materials. This method involves peeling layers from a bulk
crystal using adhesive tape, which are then transferred onto a
substrate. Its simplicity and effectiveness in producing high-
quality monolayers made it popular in early studies of
graphene and other 2D materials."® However, despite its
success in research applications, mechanical exfoliation faces
significant limitations in scalability and reproducibility.

The process of mechanical exfoliation typically involves
several steps:

1. Preparation of bulk crystal: a bulk vdW crystal is cleaved
to expose a fresh surface. This initial step is crucial as it
ensures that the layers to be exfoliated are clean and free
from contaminants, which can otherwise affect the quality of
the exfoliated layers.'®**

2. Adhesive application: adhesive tape is applied to the
cleaved surface and then peeled away, capturing thin layers
of the material. This method has been successfully used to
exfoliate a variety of vdW materials, including graphene,
MoS,, and other transition metal dichalcogenides
(TMDs).”>”*

3. Transfer to substrate: the tape with exfoliated layers is
pressed onto a substrate, such as silicon dioxide (SiO,) on
silicon (Si), and then carefully removed to leave behind the
2D layers. This transfer step is critical to achieving well-
aligned and defect-free monolayers.”*

Several advancements have been made to refine this
technique. For instance, using micro-trench structures has
enabled the exfoliation of materials like bismuth to sub-10

RSC Appl. Interfaces, 2025, 2, 852-872 | 859


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lf00383g

Open Access Article. Published on 20 March 2025. Downloaded on 1/19/2026 11:13:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

m
3
2
1
o
3
4
\M e Depletion 2
3
- /6 0 o o e
e 00
®@ © ® o Metal | MoS,
1.4 - -
. TS%E, T10% Eye
12 s ;:_I ] at (e only) (¢ only)
“=Ed ‘\\ " 3 3
i
1.0
< 0.8 pgertis, Pt
3 o & N
< * 4
© 0.6 1 g
- Aueie \\‘
04 — E5/° Aum’“\‘~ '
i ®
3 Ni SN
., WA G
0.2 e Au
AT \.\“- “Agrsnﬁ ‘~\\\ 5
0.0 +1 . REEP . =
[} 1 2 3 4 5
£ (%)

Fig. 4 A) Simplified schematic of the MoS,/metal Schottky junction
illustrating reduced interlayer energy and van der Waals (vdW)
interactions. The Schottky-induced electric field distorts the electron
distribution, increasing the effective interlayer distance (D) and thereby
reducing vdW interactions. Electron depletion (reduced electron density
ne) leads to decreased polarisability, further diminishing vdW interactions.
B) Electrostatic profile of the MoS,/metal Schottky junction using the full
depletion approximation. The electron density n. (green dashed line)
decreases in MoS; (right side) and correspondingly increases in the metal
(left side). An electric field (blue dashed line) is established within the
MoS, depletion width (xg), peaking near the interface. The y-axis
represents the change in electron density (Ang) or electric field strength,
and the x-axis denotes the distance from the interface, with x = 0 at the
MoS,/metal interfacial plane. C) Comparison of properties of monolayer
MoS,/metal interfaces predicted to enable monolayer-selective MME and
experimental attempts with different monolayer MoS,/metal interfaces.
Aluminium (Al) could not enable monolayer-selective MME, similar to
other reports.”®

nm thicknesses, which can then be analysed using atomic
force microscopy and Raman spectroscopy.”” Similarly,
mechanical exfoliation has been employed to produce high-
mobility layers of GdTe;.”®

One of the significant achievements with this method
is the ability to produce heterostructures in a relatively
easy way.”> Additionally, this method has facilitated the
analysis of electronic properties of new materials, such as
one-dimensional wires and molecular wires, which are
identified through photoluminescence during exfoliation.””
As shown in Fig. 4, the mechanisms and properties of
MoS,/metal Schottky junctions illustrate the potential for
enabling  monolayer-selective = mechanical modulation
etching (MME).

Despite its effectiveness in producing high-quality
monolayers, mechanical exfoliation is not suitable for large-
scale production. The layers obtained can vary in thickness
and size, and the process is labor-intensive. For instance, the
process typically follows a geometric progression in thickness
reduction, rather than a simple halving with each tear, which
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complicates  consistency.””  Advances in  automated
mechanical exfoliation systems have been made to improve
throughput and consistency, but these systems still struggle
to meet the demands of industrial applications.5°

To address these challenges, research has been directed
towards enhancing the reproducibility and scalability of the
technique. This includes developing automated systems for
layer-by-layer exfoliation and transfer, as well as combining
mechanical exfoliation with other techniques like CVD to
produce hybrid structures with improved properties.®*

While mechanical exfoliation remains a valuable
technique for fundamental research and the production of
high-quality vdW monolayers, its scalability and consistency
challenges need to be addressed to meet the demands of
industrial applications. Ongoing research and technological
advancements are expected to enhance its practicality and
expand its applications in various fields.

B. Chemical vapour deposition

Chemical vapour deposition is a widely used technique for
the controlled growth of large-area vdW layers, making it
crucial for practical applications. CVD involves the chemical
reaction of vapour-phase precursors on a heated substrate,
resulting in the deposition of thin films. This method offers
precise control over the thickness, composition, and
uniformity of the deposited layers, which is essential for
high-quality applications.

The CVD process typically includes the following steps:

1. Precursor introduction: gaseous precursors are
introduced into a reaction chamber containing the substrate.
This step is critical as the choice of precursors and their flow
rates determine the chemical reactions that will form the
vdW layers.5>%3

2. Reaction and deposition: the precursors decompose or
react at elevated temperatures, leading to the deposition of
the desired material on the substrate. For example, in the
CVD growth of MoS,, sulphur and molybdenum hexacarbonyl
are commonly used precursors.®®

3. Post-deposition treatments: annealing or other
treatments may be applied to improve ecrystallinity and
remove impurities. These treatments can significantly
enhance the electrical and thermal properties of the
deposited layers.***

CVD has been successfully employed to synthesise a
variety of vdW layered materials, including graphene and
transition metal dichalcogenides. This method allows the
synthesis of large-area monolayers, with satisfactory results
for MoS,, highlighting the potential of CVD for reaching
industrial level production.®

Additionally, CVD is suitable for the growth of complex
vdW heterostructures. The layer-controlled CVD growth of
MoS, vertical heterostructures via vdW epitaxy has shown
precise control over the number of layers.** The development
of air-stable 2D magnetic CrS, on a mica substrate using
CVD is another significant advancement, offering new

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 a) Schematic illustration of graphene nucleation on liquid Cu
under low carbon chemical potential facilitated by abundant free
electrons. b) Plots of the nucleation density and nucleation time of
graphene on Cu as functions of temperature. The Arrhenius plot for
the nucleation density indicates the activation energies for solid and
liquid Cu. c-e) Scanning electron microscopy (SEM) images showing
the time evolution of graphene single crystal growth on liquid Cu at
1120 °C with 5 sccm of CHy for: c)t=2s,d)t=3s,ande) t =4 s.
Time zero (t = 0 s) is defined as the moment when CHy, is introduced
into the CVD furnace. f) and g) Graphene growth conducted at
different precursor concentrations of CHy: f) 5 sccm and g) 10 sccm at
1100 for 10 s.8¢

possibilities ~ for ~ magnetic  applications at room
temperature.®” As illustrated in Fig. 5, the nucleation and
growth dynamics of graphene on liquid copper (Cu) are
significantly influenced by temperature and precursor
concentration under low carbon chemical potential.

However, challenges remain in optimising the CVD
process for different materials and ensuring scalability.
Achieving uniformity over large areas, controlling the number
of layers, and integrating CVD-grown materials with other
processes are ongoing areas of research. For example, the
anomalous thickness dependence of the Curie temperature
for 1 T-CrTe, grown by CVD shows that more work is needed
to understand and control these properties.®” Furthermore,
the fabrication of top-gated field-effect transistors (FETs)
using CVD-grown materials highlights the need for low-
temperature synthesis methods compatible with flexible
substrates like glass.®® The synthesis of GaSe/MoSe, misfit
heterostructures using a two-step CVD process demonstrates
the ability to create vertically stacked and lateral
heterostructures with tunable electronic properties.®’
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Other important aspects are the vdW structures’ surface
energy and wettability, which are influenced by the
underlying substrate and the dominant vdW forces, and play
a crucial role in the overall performance and integration of
the materials in devices.”

The synthesis of hexagonal boron nitride (hBN)
heterostructures for 2D vdW electronics via CVD is another
example of the method's versatility. hBN serves as an
excellent insulator and is essential in constructing versatile
tunnelling devices.”" Additionally, studies on the thermal
conductivity of CVD-grown Bi,0;Se particularly
successful.””

While CVD remains a cornerstone technique for high-
quality synthesis, ongoing research is essential to overcome
current challenges and improve scalability, uniformity, and
integration. Advances in this area will continue to expand the
applications of vdW materials in various fields, including
electronics, photonics, and thermoelectrics,'*"%8278%87-96

were

C. Solution-based methods

Solution-based methods, including liquid-phase exfoliation
and chemical synthesis, provide an alternative approach for
the large-scale production of vdW layered materials. These
methods involve dispersing bulk crystals in a solvent,
followed by exfoliation through sonication or chemical
reactions to produce monolayers or few-layer nano-sheets.

The key steps in solution-based methods are:

1. Dispersion: bulk vdW materials are dispersed in a
suitable solvent, often with the aid of surfactants to stabilise
the exfoliated layers. For example, surfactants like sodium
dodecyl sulphate (SDS) or organic solvents such as N-methyl-
2-pyrrolidone (NMP) can be used to facilitate the dispersion
of materials like graphene and MoS,."

2. Exfoliation: ultrasonication or chemical reactions are
employed to exfoliate the material into individual layers or
nano-sheets.  Ultrasonication involves applying high-
frequency sound waves to break the vdW interactions holding
the layers together. This method has been effective in
producing large quantities of few-layer graphene and other
2D materials.'>"’

3. Centrifugation: the dispersion is centrifuged to separate
the exfoliated layers from the unexfoliated bulk material and
other impurities. Centrifugation parameters such as speed
and duration are critical in achieving effective separation.
High-speed centrifugation helps in isolating monolayers and
few-layer nano-sheets from thicker flakes."”

4. Collection: the supernatant containing the exfoliated
layers is collected for further processing or use. The quality
of the collected material can be further enhanced through
additional purification steps, such as filtering or further
centrifugation.®’

As illustrated in Fig. 6, isopycnic density gradient
ultracentrifugation (iDGU) enables layer-by-layer separation
of various two-dimensional materials, leading to improved
thickness monodispersity. Liquid-phase exfoliation is
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Fig. 6 Separation by isopycnic density gradient ultracentrifugation
(iDGU). a) Layer-by-layer separation of graphene via iDGU. Atomic
force microscopy images and cross-sectional line profiles reveal nano-
sheets of monolayer and bilayer thickness. b) Layer-by-layer separation
of hexagonal boron nitride (h-BN) using iDGU. c-f) Layer-by-layer
separation of transition metal dichalcogenides (TMDs) by iDGU with
polymeric surfactants reducing the effective buoyant density: c) MoS,,
d) WS,, e) MoSe,, and f) WSe,. g) Separation of high-density ReS,
layers using iDGU with a mixture of iodixanol and CsCl to increase the
gradient medium's buoyant density. h-j) Thickness histograms
demonstrating improved monodispersity after iDGU for h) graphene, i)
h-BN, and j) MoS,.%8

advantageous due to its simplicity, scalability, and ability to
produce large quantities of material. It has been successfully
used to exfoliate a wide range of vdW materials, including
graphene, transition metal dichalcogenides (TMDs), and
black phosphorus. For instance, black phosphorus nano-
sheets with high carrier mobility have been produced using
liquid-phase exfoliation."®

Chemical synthesis approaches, such as solvothermal or
hydrothermal methods, can also produce vdW materials with
controlled morphology and size. These methods involve the
reaction of precursors in a solvent at elevated temperatures
and pressures, leading to the formation of vdW materials.
Solvothermal synthesis has been used to produce MoS, nano-
sheets with precise control over size and morphology."”
However, these methods often result in materials with
defects and varying layer thicknesses, which can impact their
performance. Defects such as vacancies, grain boundaries,
and functional groups introduced during exfoliation can
affect the electrical and thermal conductivity of the materials.
Efforts to improve the quality and uniformity of solution-
processed vdW materials are ongoing, with significant
progress being made through the optimisation of exfoliation
conditions and the development of novel solvents and
stabilisers.”® For instance, optimising the sonication power
and duration can help in reducing defects and achieving a
higher yield of monolayer materials. Similarly, using high-
purity solvents and surfactants can minimise contamination
and improve the overall quality of the exfoliated materials.
The use of mixed solvents and surfactant combinations to
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enhance exfoliation efficiency and material quality has also
been explored."”

While solution-based methods offer a scalable and
versatile approach for producing vdW layered materials,
ongoing research is essential to address the challenges
related to material quality and uniformity.*>'”°7:9°

D. Challenges in scaling synthesis for industrial applications

While laboratory techniques like mechanical exfoliation
and CVD provide excellent control over material properties
at small scales, scaling these methods for industrial
applications presents significant challenges. Mechanical
exfoliation is highly effective for producing high-quality
monolayers but is labor-intensive and difficult to scale for
large-scale manufacturing. Conversely, CVD offers scalability

but often introduces grain boundaries and non-
uniformities that degrade the material's thermoelectric
performance.

To address these issues, hybrid approaches are being
explored, combining CVD with solution-based methods to
improve scalability while maintaining high material quality.
Automated mechanical exfoliation techniques and innovations
in CVD growth parameters are also being developed to bridge
the gap between research-grade and industrial-scale production
of vdW materials. Overcoming these scaling challenges is
critical for translating promising lab-scale materials into
commercially viable thermoelectric devices."**'*

V. Characterisation and measurement
of relevant thermoelectric properties

While synthesis methods control the structural and electronic
properties of vdW materials, characterisation techniques
provide valuable feedback to optimise synthesis protocols,
understanding the materials’ performance and optimising
them for applications in commercial devices. They involve
evaluating key parameters S, ¢ and . Advanced techniques
have been developed to accurately measure these properties
in low-dimensional and nano-structured materials.

For the Seebeck coefficient, micro-fabricated heater and
sensor arrays allow for high-resolution measurements even in
small and thin samples. The four-probe method is commonly
used to measure electrical conductivity, minimising the
effects of contact resistance. Thermal conductivity is
measured using techniques such as the 3-omega method,
time-domain  thermoreflectance (TDTR), and Raman
thermometry, each providing insights into the lattice and
electronic contributions to thermal transport.

Hall effect measurements are essential for determining
carrier concentration and mobility, which directly impact
thermoelectric performance. These measurements have been
refined to account for the unique properties of vdw
materials, enabling accurate assessment of their potential for
thermoelectric applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The Seebeck coefficient is typically measured using a
setup where a temperature gradient is applied across a
sample, and the resulting voltage difference is measured.

The Seebeck coefficient can be measured as:

AV

[ —
AT

(16)

where AV is the voltage difference and AT is the temperature
difference across the material. Accurate measurement of S
requires precise control of the temperature gradient and
sensitive voltage detection.

High-resolution measurements of the Seebeck coefficient
in vdW materials can be achieved using micro-fabricated
heater and sensor arrays. These arrays allow for localised
heating and accurate measurement of the temperature
gradient and voltage, even in small and thin samples such as
monolayers of TMDs.'%*

Electrical conductivity is typically measured using a four-
probe method to eliminate the effects of contact resistance.
In the four-probe method, four electrodes are placed on the
sample. A known current is passed through the outer two
electrodes, and the voltage drop is measured across the inner
two electrodes. The electrical conductivity is then calculated
using the formula:
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Fig. 7 Thermoelectric characterisation of monolayer MoS,, obtained
by mechanical exfoliation, at room temperature. Measurements
include the Seebeck coefficient (a), electrical conductivity (a), and
power factor (b) as functions of carrier concentration, where Vj is the
applied gate voltage.’®*
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where [ is the current, V is the voltage drop, d is the distance
between the voltage probes, and A is the cross-sectional area
of the sample. Fig. 7 shows a typical thermoelectric
characterisation of a monolayer, done for a MoS, sample at
room temperature. For vdW materials, especially in thin films
or nano-structures, the measurement setup must account for
their low-dimensional nature. This often involves micro-
fabrication techniques to create well-defined geometries and
precise probe placement.'®

Thermal conductivity (x) is typically measured using a
range of options, including the 3-omega method, time-
domain thermoreflectance (TDTR), and Raman thermometry.

The 3-omega method involves applying an alternating
current at frequency o through a metal heater line deposited
on the sample. The resulting temperature oscillations at
frequency 2w induce a voltage response at frequency 3w,
which can be measured, as schematically illustrated in Fig. 8.
The thermal conductivity is then extracted from the phase
and amplitude of the 3-omega signal.'® The method's
insensitivity to both in-plane and cross-plane thermal
conductivity is a limitation.

TDTR is a pump-probe technique where a short laser
pulse (pump) heats the sample surface, and a time-delayed
probe pulse measures the resulting temperature change by
monitoring the reflectance change. The thermal conductivity
is determined by analysing the heat flow dynamics in the
sample.’®” However, the main limitation of this method is its
scarce suitability for 2D materials. It requires a minimum
sample thickness of 20 nm to measure thermal properties,
leading to cross-plane heat transport, which differs
significantly from in-plane transport in 2D materials due to
weak interlayer coupling. For example, Jiang et al. found a
two-order magnitude difference between in-plane and cross-
plane thermal conductivities in MX, (M = Mo, W and X = S,

metal heater " :
(@) metal heater (b) dielectric
film
~ dielectri (
ielectric .
conducting
sample & sample
(c) metal heater (d)

Kapton conducting

sample

‘ ‘ dielectric

4 - i = i film
| \Kapton

. conducting

sample metal heater foil

Fig. 8 Schematic illustration of the 3-omega method. a) A metal
heater strip can be directly deposited on a dielectric sample. b) For
electrically conductive samples, an additional dielectric layer is needed
between the sample and the heater strip. c) The 3-omega sensor can
be prefabricated on a standalone Kapton foil, allowing the same sensor
to be used across multiple samples. d) An electrically conductive
sample can also be placed on top of the prefabricated sensor if a
dielectric layer is added to the heater strip.°®
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Fig. 9 a) Diagram illustrating the experimental setup for the TDTR
technique. EOM, PBS, and BS represent the electro-optic modulator,
polarising beam splitter, and beam splitter, respectively. b) Diagram
demonstrating the elliptical-beam method applied to the sample. ¢)
Depiction of heat flux directions and the comparison between the laser
spot size and sample thickness.°®
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Fig. 10 Laser heating experiment and thermal model: a) schematic of
the sample structure and measurement setup, highlighting the thermal
boundary resistance (1/thermal boundary conductance) at the MoS,/
SiO, interface. b) Simulated temperature rise during laser heating using
a 2D axis symmetric finite element model. c) Normalised power
density and temperature rise in the MoS; film as a function of the
radial coordinate for G = 15 MW m™ K™ and thermal conductivity k.p
=100 W m™* K, showing a small thermal healing length (L, ~ 80 nm)
compared to the laser beam size (rp ~ 300 nm), which leads to
insensitivity to the thermal conductivity of the 2D material.**

Se) bulk crystals.'®® Additionally, the method's costly and

highly specialised setup limits its accessibility. A schematic
representation is shown in Fig. 9.

Raman thermometry uses the temperature dependence of
Raman peak positions to measure thermal conductivity. By
analysing the shift in Raman spectra with applied heating,
the thermal conductivity of the material can be inferred. This
method is particularly useful for thin films and nano-
structures where traditional methods may be challenging to
apply.'"” The setup and measurements are illustrated in
Fig. 10.

Hall effect measurements, illustrated in Fig. 11, are used
to determine the carrier concentration and mobility in
thermoelectric materials. In this method, a magnetic field is
applied perpendicular to the current flow in the sample, and
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Fig. 11 Illustration of Hall effects: a) the valley Hall effect occurs in
non-magnetic quantum materials like gapped graphene and transition
metal dichalcogenides, where the Berry curvature is locked to the K
and K’ valleys, causing electrons in opposite valleys to deflect in
opposite directions. b) The layer Hall effect is observed in even-layered
MnBi,Te, in the antiferromagnetic topological insulator state, where
the Berry curvature is locked to the top and bottom layers, resulting in
electrons deflecting in opposite directions in these layers. c) Schematic
of dual-gated devices with Vgg (bottom gate voltage) and Vg (top gate
voltage). d) Longitudinal resistance R,, as a function of temperature (T)
and magnetic field (B), indicating magnetic states: AFM
(antiferromagnetic), FM (ferromagnetic), SF (spin-flop), and PM
(permanent magnet). (e and f) R,, and Ry, as functions of Vgg in the
antiferromagnetic phase at B = 2 T, with CNP (charge-neutral point).***

the resulting Hall voltage is measured. The carrier
concentration (n) and mobility (4) can be calculated using
the relations:

(18)

(19)

where I is the current, B is the magnetic field, e is the
electron charge, Vi is the Hall voltage, and d is the sample
thickness.*

A precise characterisation of thermoelectric properties is
required for the development and optimisation of novel vdW
layered materials. Advanced measurement techniques
tailored to the unique properties of these materials have
significantly enhanced our understanding and ability to
improve their performance.

VI. Thermoelectric 2D layered vdW
materials

In this section, we discuss key 2D van der Waals materials
and their measured and/or -calculated thermoelectric
performances, as summarised in Table 2.

Although graphene might not be an ideal thermoelectric
material due to its intrinsically low Seebeck coefficient, it is
the first example of a two-dimensional material and shows
exceptionally high thermal conductivity, with a significant
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Table 2 Summary of thermoelectric properties of various 2D materials. Single-layer (SL), multilayer (ML), and bulk-like structures are indicated, along
with the experimental (Exp) or computational (DFT) data type. Values from the main studies are reported among multiple sources indicated in the

main text

Material

Type

Seebeck
coefficient (uvV K™') Power factor (uWW m™" K ?)

Notable features

Graphene-based materials

Graphene SL (Exp) ~80 (p-doped) 6600 (holes), 6100 High thermal conductivity (4000 W m™ K™*)
(electrons)
Graphene ML (Exp) >100 4800 (holes), 4100 Enhanced by heterostructures
(electrons)
Graphene/hBN  Heterostructure 182 36600 (holes), 19000 Reduced scattering, higher carrier mobility
(Exp) (electrons)
Graphene/SiO, Heterostructure 109 — Lower performance compared to hBN substrates
(Exp)
Graphene/MoS, Heterostructure — High Synergy between graphene's conductivity and MoS,'s
(Exp) Seebeck
Phosphorene-based materials
Black phosphorus ML (Exp) 77-400 Up to 500 Highly anisotropic, tunable via thickness/doping
Exfoliated phosphorene ML (Exp) — 200 High power factor in thin layers (10-30 nm)
Ionic-liquid-gated phosphorene ML (Exp) — 500 Enhanced via electrostatic gating
Au-decorated phosphorene ML (Exp) 50-400 65 Tunable via Au nanoparticle content
MoS, and WSe, family
MoS, SL (Exp) 10000 200 (single layer), 8500 High carrier mobility, quantum size effects
(bilayer)
WSe, ML (Exp) 250 (n-type), 380 3000 Gate-induced doping enhances performance
(p-type)
MoS, SL (DFT) 200 8 Predictions with spin-orbit coupling effects
MoS, SL (DFT) — N x 000 Band edge gradients enhance zT
MoS,/WSe, Heterostructure 10000 (MoS,), 380 8500 Synergistic effects enhance performance
(Exp) (WSe,)
hBN/MoS,/WSe, Heterostructure — — Synergistic effects improve thermoelectric
(Exp) efficiency

PtSe, and PtTe, materials

PtSe, ML (Exp) 188 — Semi-metallic nature improves Seebeck coefficient
PtTe, ML (Exp) — — Metallic behavior

Oxide-based materials

SrTiO; Bulk (Exp) 108 0.1 (2T at 300 K) Enhanced via 2D heterostructures

Nb-doped SrTiO; Bulk (Exp) — — Formation of 2D electron gases enhances transport
SrTiy gNbg 203 Bulk (Exp) 850 — High electrical conductivity (1.4 x 10°> S cm™)

TiO, ML (Exp) 124 — Improved in TiO/SrTiO; heterostructures
TiO,/SrTiO; Heterostructure (DFT) — — 2D electron gases improve transport properties
TiO,/SrTiO; Heterostructure (Exp) — — Epitaxial growth enhances mobility

SnSe-based materials

SnSe Bulk (Exp)
SnSe ML (Exp)
SnSe SL (DFT)

Pb-doped SnSe
Br-doped SnSe
Na/Ag-doped SnSe

Bulk (Exp)
Bulk (Exp)
Bulk (Exp)

346-500 75 (uWW em™ K7?)
— 12.5 (in-plane), 2.5 (out-of-plane)
500 14 (WW em ™ K?)

— 75 (MWW em™' K?)

High-performance material, enhanced by doping
Figure of merit (27) reaching 1.1 at 950 K

Strong anisotropy, higher in-plane conductivity
Multi-band effects improve performance
Increased n-type thermoelectric efficiency

Hole doping improves thermoelectric properties

Bi,Te; materials

Bi,Tes Bulk (Exp)

variation of thermoelectric properties depending on its
crystallinity. This makes it an ideal platform for exploring
mechanisms,
properties through structural modifications, and developing
heterostructures that enhance energy conversion efficiency.

thermal transport

220 —

tuning thermoelectric

© 2025 The Author(s). Published by the Royal Society of Chemistry

Optimized via microstructure engineering

The Seebeck coefficient has been measured up to ~80 pv K™*
in a single-crystal monolayer under p-doped conditions at
room temperature, whereas in bilayer graphene the same
parameter achieves a maximum value that exceeds 100 uVv
K for both hole and electron carriers."">'"* Dollfus et al.
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investigated the graphene monolayer applying both ballistic
Landauer transport equation and diffusive Boltzmann
transport equation models, to calculate the electron and
phonon transport trends.'** They calculated the Seebeck
coefficient under pristine conditions to have a relatively low
value, typically below 100 pv K*, which has been attributed
to its gapless nature and Dirac cones in the band structure,
while its thermal conductivity is exceptionally high, around
4000 W m™ K> In nanostructured graphene, such as
graphene nanoribbons, S can be significantly increased due
to quantum confinement effects that contribute to open the
bandgap. For the same reason, in hydrogenated graphene
(graphane), the tunable electronic properties and reduced
thermal conductance can lead to larger zT.""*

Direct measurements of black phosphorus (phosphorene)
report a Seebeck coefficient ranging from 77 to 400 uv K,
reaching approximately 50 uV K" at room temperature, and
it can be modulated by controlling the layer thickness and
doping levels."" In Au-decorated phosphorene, S ranges
from 50 to 400 uv K ' with a power factor of 65 pW m™"
K2, with optimised values achieved by adjusting the
content of Au nanoparticles."**"**> In mechanically exfoliated
phosphorene, the power factor reaches up to 200 uyW m™"
K even for thin layers (1030 nm), while ionic-liquid-gated
phosphorene a power factor of 500 uW m™ K> has been
reported.'”* The wide range of values highlights the role of
synthesis methods in controlling the material performance,
where in general, mechanical exfoliation allows for precise
control over layer thickness, and liquid exfoliation offers a
scalable approach, although with possible introduction of
undesired impurities and defects."'>""® A computational
analysis conducted by Cui et al. indicates how S and zT are
strongly dependent on the number of layers, and that a
high zT value up to 0.9 can be achieved along the armchair
direction in a p-type bilayer at 500 K, which is mainly
attributed to its highly anisotropic and degenerate valence
band structures near the Fermi level.'*®

MoS, and WSe, are two of the most widely studied
TMDCs. MoS, monolayers report a Seebeck coefficients as
high as 10 mV K at room temperature, while in WSe, it is
up to 380 uv K for p-type, and 250 puv K ' for n-type
carriers."'>""” These high Seebeck coefficients are typically
achieved through gate-induced doping, which increases
carrier concentration while preserving high carrier mobility.
The power factor for WSe, is optimised at 3000 uW m™ K>
for both n-type and p-type configurations, near a three-
dimensional carrier density of 10*° cm™."'*'"7 MoS,, in
contrast, has a measured power factor of 200 yW m™" K> in
single layers and up to 8500 uW m™' K> for bilayer
samples."™® The ability to control layer thickness and gate-
induced carriers plays a critical role in optimising these
thermoelectric fundamental parameters. The synthesis by
CVD allows the formation of polycrystalline films with
scalable manufacturing potential, although it may introduce
trade-offs in material quality compared to mechanically
exfoliated monolayers, which tend to exhibit fewer defects.'"
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Electron and phonon transport properties of single layer
MoS, have been analysed by Jin et al using first-principles
within LDA approximation and Boltzmann
equations. Both the electronic structure and phonon
dispersion relation are calculated. The sharp gradients at the
edges of both conduction and valence bands and several peaks
near band edges, due to the quantum size effects in the 2D
structure, lead to a power factor as high as several hundreds of
uUW em ™' K2, and are considered to be responsible for large zT
values.""® The inclusion of spin-orbit coupling in DFT
calculations is crucial for making accurate predictions of
transition metal dichalcogenides. The strong relativistic effects
in certain transition metals can significantly influence the
band structure, effective masses, and spin textures, leading to
more accurate predictions of thermoelectric performance. In
MoS,, DFT calculations with the inclusion of SOC predict a
Seebeck coefficient of 200 pv K" and a power factor of 8 pW
K2 Although the power factor is lower compared to other
TMDCs, the relatively low lattice thermal conductivity leads to
a zT value nearing 1.0 at 1000 K."**

Platinum dichalcogenides, such as PtSe, and PtTe,,
display a range of thermoelectric behaviours depending on
their chalcogen elements. PtSe, behaves as a semi-metal with
a Seebeck coefficient exceeding 188 uv K ' at 300 K, while
PtTe, demonstrates metallic behaviour.'?>*** The differences
in thermoelectric performance between PtSe, and PtTe, are
primarily attributed to their distinct electronic structures,
where PtSe, leads to a higher Seebeck coefficient due to its
semi-metallic nature. Synthesis often involves thin-film
fabrication techniques for both homo- and heterostructures.
Tuning the material thickness has a pronounced impact on

both S and PF, indicating the flexibility of these materials in
120,121

calculations
118

thermoelectric applications.

Although its performance as a bulk material is limited,
SrTiO; has been extensively studied for its thermoelectric
potential. Indeed, SrTiO; shows a Seebeck coefficient of
approximately 108 pV K ', with a low power factor and a
thermoelectric figure of merit (Z7) of 0.1 at 300 K.'*?
Despite these limitations, when incorporated into 2D vdW
heterostructures, SrTiO; reports a significant improvement
in both § and PF attributed to interface effects and the
formation of two-dimensional electron gases. Synthesis of
SrTiO; typically relies on pulsed laser deposition (PLD) at
high temperatures in an oxygen atmosphere. This method
ensures high-quality films with excellent crystallinity and
minimal defects, making SrTiO; a reliable component in
commercial thermoelectric devices.'*® Niobium doping in
SrTiO;z (SrTipgNbg,03) results in significant improvements
of the Seebeck coefficient which reaches approximately
850 uv K in heterostructures, with high electrical
conductivity (¢ = 1.4 x 10> S ecm™)."** The formation of
high-density two-dimensional electron gases at the
interface plays a pivotal role in enhancing both carrier
concentration and mobility. The synthesis of niobium-
doped SrTiO; via epitaxial growth ensures precise control
over layer thickness and interface quality.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Bismuth telluride (Bi,Te;) is one of the most well-known
thermoelectric materials, with a Seebeck coefficient of
approximately 220 uv K™'.'*® Its power factor can be
significantly increased through microstructure optimisation,
which includes techniques such as ball milling (BM) and
melt spinning (MS) to reduce grain size and increase texture,
leading to anisotropic increased carrier mobility.">*'** Other
methods, including mechanical alloying (MA), self-
propagating synthesis (SHS), and spark plasma sintering
(SPS), have been utilised to further increase Bi,Te;'s density
and electrical conductivity by promoting uniform grain
growth and minimising porosity. These processes are
particularly effective in exploiting the anisotropic properties
of Bi,Te; for thermoelectric applications.***™**’

SnSe has emerged as a high-performance thermoelectric
material, exhibiting a Seebeck coefficient from 346 to
values greater than 500 puV K ' at room temperature, with
a strong dependence on the doping levels and carrier
concentrations."”*'*® In Pb-doped SnSe, an ultrahigh power
factor of approximately 75 uW em™" K> at 300 K has been
achieved.”®®"*" The large power factor is attributed to Pb

doping, which enhances carrier concentration and
introduces multi-band synergistic effects that optimise the
band structure for thermoelectric performance. SnSe

thermoelectric properties can be further optimised through
several doping strategies, including Na or Ag substitution
for hole doping, Pb doping for multi-band synglisis effects,
and Bi substitution at Sn sites for n-type.'”®'** Br doping
is also employed for n-type SnSe by substituting Br at Se
sites.”*>'*? The layered crystal is typically synthesised via
ball milling and chemical reduction, with a two-step oxide
removal process to improve material purity in final
pellets.**"** Theoretical calculations using local density
approximation and Boltzmann transport equation models
predict a maximum Seebeck coefficient of 500 pv K and
a power factor of 14 uW cm™ K2 For doped
monolayers, the in-plane power factor (12.5 uW m™* K?) is
significantly higher than the out-of-plane power factor (2.5
uW m™ K72, attributed to differences in electrical
conductivity between the two directions, with the figure of
merit reaching 1.1 at 950 K."**

Although some 2D monolayers report a significant
impact in the thermoelectric performance with respect to
the 3D counterpart, the efficiency can be tuned by
integrating different monolayers into carefully designed
heterostructures. Interestingly, although the power factor
for single-crystalline graphene is reported to be 6600 puw
m™* K2 for holes and 6100 pW m™ K2 for electrons at
room temperature’'>*® and bilayer graphene reports power
factors of 4800 pW m™ K> for holes and 4100 pW m™
K for electrons at 250 K, the same parameter reaches
36600 pW m™* K2 for holes and 19000 yW m™ K2 for
electrons at 290 K in graphene/hBN, confirming the
significant  performance improvement achieved in
heterostructures.'>**3¢ Similarly, the Seebeck coefficient
in graphene/hBN heterostructures reaches 182 puv K and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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it results in being almost twice as large for both holes and
electrons compared to graphene/SiO, samples (109 pv
K)."">1¢ The large difference is attributed to higher
carrier mobility and reduced scattering at the graphene/
hBN interface compared to graphene on SiO,. A synergistic
effect between the individual layers is reported in MoS,/
WSe, heterostructures.”® The Seebeck coefficient reaches
up to 10 mVK " for monolayer MoS, and 380 pv K" for
p-type WSe,, with power factors of 8500 pyW m™ K72,
whereas the reported value for bilayers is 3000 pW m™
K. These values were calculated within DFT using the
BTE and phonon dispersion calculations. The improvement
in thermoelectric performance is primarily attributed to the
combination of MoS,'s high carrier mobility and WSe,'s
strong Seebeck coefficient, resulting in enhanced overall
thermoelectric efficiency.

In heterostructures with TiO,, SrTiO; demonstrates
improved thermoelectric performance due to the formation
of two-dimensional electron gases at the interface. Bulk TiO,
exhibits a Seebeck coefficient of 124 uv K, but this value is
significantly enhanced in TiO,/StTiO; heterostructures.'
The epitaxial growth of TiO, on SrTiO; substrates further
enhances carrier mobility, particularly along specific
crystallographic directions, making these heterostructures
promising candidates for high-efficiency thermoelectric
devices. Measurements on graphene/MoS, heterostructures
report a high power factor, which can be attributed to the
synergy between graphene's large in-plane electrical
conductivity and MoS,'s high Seebeck coefficient.'*®
Additionally, hBN/graphene/hBN heterostructures show a
Seebeck coefficient that is twice as large as that of graphene
on SiO, substrates. This significant enhancement is due to
the high-quality interface provided by the hBN layers, which
minimises scattering and increases carrier mobility in
graphene."’

In general, the significant zT' enhancement is attributed to
decreased scattering and increased carrier mobility at high-
quality interfaces, which are strongly influenced by the
choice of synthesis method, with mechanically exfoliated
samples exhibiting fewer defects but limited scalability, while
CVD enables large-scale production at the potential cost of
crystal quality."*®

VII. Considerations and future
directions

Due to the high potential that engineering hetero-structures
have and the vast parameter space and the combinatorial
explosion of possible 2D material configurations, traditional
experimental and quantum mechanics-based computational
methods alone are insufficient for timely screening. Machine
learning (ML) models have emerged as indispensable tools in
this context, offering the ability to efficiently navigate and
predict the properties of a multitude of 2D monolayers,
bilayers, and more complex heterostructures."***
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ML algorithms can be trained on existing datasets to
identify patterns and correlations among key thermoelectric
properties, such as the Seebeck coefficient, electrical
conductivity, and thermal conductivity.'**'**"¢  These
models can rapidly predict the dimensionless figure of merit
for new material combinations, thus prioritising candidates
for experimental validation.

Furthermore, ML models are currently revolutionising both
the synthesis and characterization of vdW materials. By
analysing large datasets obtained from synthesis experiments
and characterisations like Raman spectroscopy, atomic force
microscopy, and electrical measurements, ML algorithms can
identify patterns that guide the optimization of growth
parameters and processing conditions. For example, ML models
can predict the optimal CVD temperature and precursor flow
rates to maximise material quality or suggest modifications to
mechanical exfoliation protocols to produce defect-free layers.

In characterization, ML models can help automate the
analysis of data, providing real-time feedback on material
quality during the synthesis process. This allows for a more
adaptive workflow, where characterization data is used to
adjust synthesis techniques on the fly. This integration
accelerates the discovery of high-performance thermoelectric
materials by reducing the trial-and-error nature of
traditional methods.

A. Challenges and future research directions

The primary advantage of using ML in this domain is the
significant reduction in time and resources required to identify
high-performance  thermoelectric ~ materials.  Traditional
approaches labor-intensive synthesis and
characterisation processes, whereas ML models can screen
thousands of materials in a fraction of the time. This is
particularly crucial given the exponential increase in potential
2D heterostructures, with millions of possible bilayer
combinations and trillions of trilayer configurations.'*”'*®
Interface control and engineering offer vast possibilities in
novel materials discovery, where by combining the properties
of different materials, the resulting heterostructure will show
properties that differ from the original monolayers. ML

involve
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models also facilitate the discovery of non-intuitive material
combinations that might be overlooked using conventional
heuristic-based approaches. By leveraging large datasets and
advanced algorithms, these models can uncover hidden
relationships and optimise material properties beyond
human intuition,****>°

Despite the promise of ML, several challenges remain. The
accuracy of ML models heavily depends on the quality and
quantity of training data. Therefore, creating comprehensive
and high-quality datasets is a critical step. Moreover, the
interpretability of ML models is an ongoing challenge:
understanding the underlying reasons for a model's predictions
is essential for gaining insights into the fundamental
mechanisms governing thermoelectric properties.'”"'>?

Future research need to focus on developing more
sophisticated ML algorithms capable of handling the
complexity and scale of vdW material combinations. This
includes the integration of advanced techniques such as
transfer learning, active learning, and reinforcement
learning to continuously improve model performance and
adapt to new data.'>*"**

Coupling ML with high-throughput computational
methods can enhance the predictive power and reliability of
these models. This hybrid approach can provide a robust
framework for the accelerated discovery and optimisation of
2D materials for thermoelectric applications.”*”"**> An
example of the ML workflow is illustrated in Fig. 12, which
shows how the data-driven approach leverages machine
learning techniques to accelerate the discovery, design, and
selection of materials by predicting their thermodynamic
stability and formation energies.

The integration of machine learning in the screening of
2D materials for thermoelectric applications represents a
transformative approach in materials science. By enabling
efficient exploration of the vast material space, ML models
can significantly accelerate the discovery and optimisation of
high-performance thermoelectric materials. Addressing the
challenges of data quality, model interpretability, and
computational integration will be key to realising the full
potential of this approach, paving the way for innovative and
sustainable thermoelectric technologies."*”**®

Machine Learning
Regression

‘| Thermodynamic
___ Stability Applications
High A B A
Medium |7
Low

Fig. 12 Schematic illustration of a data-driven approach for materials discovery, design, and selection. From the vast number of combinations of
elements, stoichiometries, and symmetries, a materials space is generated. By utilising available thermodynamic data and machine learning
techniques, materials can be classified based on their thermodynamic stability. A regression model predicts formation energies, which are used to

determine the convex hull of stability. Finally, stable materials are screened for potential applications.
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VIII. Conclusion

The exploration and development of 2 dimensional van der
Waals layered materials for thermoelectric applications have
revealed significant advancements, challenges, and
opportunities. This review highlights the complex models
that describe the thermoelectric properties, as well as the
progress made in synthesising high-quality vdW materials
through methods such as mechanical exfoliation, CVD, and
solution-based techniques. Advantages and challenges in
terms of scalability, uniformity, and result quality have been
thoroughly examined, offering insights into the potential and
limitations of these approaches.

The theoretical models for thermoelectric properties
calculation remains a complex and challenging task due to the
intricate interplay between electronic structure and phonon
dynamics. The Boltzmann transport equation in the relaxation
time approximation is a commonly used framework, yet it
requires precise knowledge of various scattering mechanisms
and relaxation times. First-principles calculations and ab initio
molecular dynamics simulations have significantly contributed
to our understanding but also highlight the need for continued
advancements in computational methods.

Advanced characterisation techniques
instrumental in accurately measuring key thermoelectric
properties, including the Seebeck coefficient, electrical
conductivity, and thermal conductivity. Methods such as the
3-omega technique, time-domain thermoreflectance, and
Raman thermometry, along with Hall effect measurements,
provide detailed insights into the electronic and thermal
transport properties of these materials, and support
understanding the performance of vdW materials and
optimising their thermoelectric efficiency.

Despite these challenges, vdW layered materials have shown
remarkable potential for thermoelectric applications. Examples
of top-performing heterostructures, such as graphene/MoS,,
WSe,/MoSe,, and hBN/graphene/hBN, demonstrate the ability
to achieve high thermoelectric performance through careful
material design and optimisation.

Future research should focus on addressing the scalability
and uniformity challenges in synthesis methods, improving
the theoretical models for better prediction of thermoelectric
properties, and exploring novel vdW heterostructures with
enhanced performance.

Additionally, due to the large space of potential novel 2D
heterostructures, integrating accurate and time-efficient
machine learning models in the exploration of exotic
monolayer combinations seems necessary to optimise research
efforts and maximise results, therefore accelerating their
widespread application in energy conversion technologies.

have been
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