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Two-dimensional materials are characterized by excellent structural, mechanical, and physical properties, making
them suitable for basic science and engineering applications because of their superb properties. In nanomaterials,
thermal transport has revealed many unique phenomena, which, when understood, will open up new possibilities
for the development of new nanotechnologies in thermal management. New technologies have become
increasingly dependent on thermal conductivity as an essential parameter. Many benefits can be derived from
nanoelectronic devices using 2D materials and they may potentially extend electronics into new fields of

application.

2D materials thermal conductivity simulations

| 1. Introduction

A temperature increase occurs when advanced materials are used in some electronic applications. Increased
thermal conductivity allows heat to diffuse faster and prevents large overheating, which can result in premature
degradation. The majority of these unique phenomena are due to nanomaterials’ notable properties. In fabrication
and application, chemical functionalization, strain, and structural interruptions can alter their atomic structures,
affecting their properties. Research on the micro/nano components of two-dimensional material has recently
focused on their electrical, mechanical, and optical properties. It should be noted that for any micro/nano
component, whether it is an electronic component or an optoelectronic component, the heat dissipation problem
determines the device’s performance and stability. High-density components will generate a lot of heat during high-
speed operation. If the heat cannot be eliminated in time, it will cause the components to be too high in local and
performance degradation, or even burnout. How to conduct immense heat away so that the components work in a

relatively low-temperature environment becomes a common issue in the modern semiconductor industry [LI2IEI4][5],

An electronic device can generate heat in many different ways, such as by Joule heating, solar flux, or exothermic
reactions. High-power density electronics such as integrated circuits, supercapacitors, LEDs, and lasers are
notorious for localized Joule heating. Nanoscale devices have a higher power density, but a reduced amount of
heat can be extracted as their dimensions decrease. Nanostructured solar cells and concentrated solar cells share
a similar challenge of reducing efficiency with increased temperatures. For a final example, batteries can
experience exothermic reactions and Joule heating, which may cause unwanted chemical reactions and device
failure. Materials that must minimize heat transfer are at the other extreme. To reduce heat transfer across each

leg, thermoelectric devices require materials with a low thermal conductivity. It creates a design conflict when
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thermoelectric materials must also be good electrical conductors. To prevent heat from reaching critical parts,

thermal insulation is designed.

Advances in the electronics industry have fueled an enormous demand for pioneering thermal management
strategies to enhance the performance and reliability of devices by controlling energy dissipation generated in the
devices. In nanoelectronics, where heat dissipation is a vital factor in the performance of high-density nanoscale
circuits, or in thermoelectric materials, where low thermal conductivity is desired, controlling heat diffusion by

controlling the phononic properties of fundamental components is a major interest.

| 2. Two-Dimensional (2D) Materials

Understanding material systems is at the core of the technology. Each application requires specific material
properties. For example, circuits are built with copper because of their electrical conductivity, skyscrapers are
constructed with concrete because of their compressive strength, and car tires are constructed with vulcanized
rubber, which is pliable and durable. Nanomaterials refer to materials with a dimension of at least one nanometer in
size. Qualitative changes in physicochemical properties and reactivity are related to the number of atoms or
molecules determining the material in this scale.

Monolayer graphene flakes were isolated from bulk graphite by mechanical exfoliation, launching the field of two-
dimensional (2D) materials (8. There have also been numerous discoveries of 2D materials since then, including
transition metal dichalcogenides (TMDs, e.g., MoS,), hexagonal boron nitride (h-BN), and black phosphorus (BP)
(or phosphorene). There is a wide range of physical properties available within the 2D materials family, from
conducting graphene to semiconducting MoS, to insulating h-BN. As an added advantage, 2D crystal structures
exhibit superior mechanical properties, exhibiting a high in-plane stiffness and strength, as well as an extremely

low flexural rigidity. Together, the 2D materials have a wide range of potential applications &,

Van der Waals forces or weak covalent bonds that hold together material layers can be mechanically or chemically
exfoliated down to an in-plane, covalently bonded single layer. A 2D materials history dates back to the 1960s. As
early as 1980, graphene, a one-atom thick graphite layer, was isolated and studied extensively as a monolayer.
Novoselov and Geim introduced 2D materials by studying graphene under electric and magnetic fields 2. Because
of the high quality of the crystals and their ease of obtaining them, many researchers have developed more
complicated 2D electron gas materials for graphene. A number of graphene effects were determined as a result. It
has also been shown that other layered materials are known to mechanically exfoliate. Over a thousand materials
have been identified by 2020 19 As layers often significantly influence the electrical, optical, and thermal
properties of materials, this large number of materials can enable a plethora of novel physics. For example, by

changing the gap energy, MoS, transitions from an indirect to a direct bandgap as the monolayer limit is reached.

Material properties are often thought to be determined solely by their material composition. Electricity is conducted
by metals because they contain metallic bonds between their atoms, allowing electrons to drift freely throughout

the material. The strength of concrete comes from the cement that rigidly locks incompressible sand and gravel
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together. Vulcanized rubber is made of flexible polymer chains that are firmly linked together, making it both pliable
and durable. The size of a material, however, can influence its behavior. Materials with nanoscale dimensions (i.e.,
whose sizes can be expressed in nanometers) are particularly susceptible to this. The nanoscale can affect

electrical conductivity, chemical reactivity, mechanical properties, and even how a material interacts with light.

| 3. Thermal Conductivity

A greater understanding of the thermal properties of 2D nanomaterials is required due to their rapid development.
The main factors contributing to this demand are as follows. First, electronic devices are subjected to ever-
increasing thermal loads due to continuous miniaturization and component density increases. Electronic device
components are getting smaller and smaller every year, according to Moore’s law. One of the crucial components
of electronics is the field-effect transistor, which has now reached a channel length of 100 nm, and a 50 nm
channel length is on the horizon. Thermal design has become an essential part of electronic device development at

the nanoscale, as controlling heat is critical for reliability and performance.

Furthermore, at the nanoscale, electronic devices exhibit thermal transport characteristics that are dramatically
different from those observed at the macroscale. The electrical-thermal design of the electronic device should also
take these features into account. As the use and requirement of energy sources increases, practical and efficient
solutions are required for energy generation, consumption, and recycling. Heat management can be improved by
utilizing recently developed nanotechnologies and nanomaterials. In some cases, for efficient thermal dissipation,
nanomaterials with high thermal conductivities are employed in nanoscale electronics. A low thermal conductivity is
required to increase thermal conversion or preservation in other cases, such as in thermoelectric devices and

thermal barrier coatings, nanomaterials, or nanopatrticles.

Heat is carried primarily by phonons in the same way electricity is carried by electrons. A recent study
demonstrated that phonons can carry and process information as well 2. A variety of types of thermal logic
devices have been developed theoretically and even experimentally, such as thermal rectifiers 12231 thermal
transistors 14 thermal logic gates (151 and thermal memory cells [16] |n a similar manner to electronic circuits,

thermal circuits can be fabricated using these basic thermal components.

Two-dimensional nanomaterials have different thermal properties than bulk materials due to their atomic structures.
For example, graphene as a 2D material has a thermal conductivity as high as ~2000 W/m-K 2, or even higher
(18] This is comparable to the highest thermal conductivity material found in nature, which is diamond. As a resuilt,
high-power electronics could potentially benefit from its use in thermal management. h-BN also has high
mechanical strength and good thermal properties. High-quality bulk h-BN samples could reach a thermal
conductivity of ~390 W/m-K, indicating its potential as a current generation dielectric material 12, In a study by Joe
et al., the thermal conductivity of an 11-layer sample was found to reach about ~360 W/m-K 2%, For silicene,
different MD simulations calculated thermal conductivities ranging from 5 to 50 W/m-K 2122, TMDs show different
thermal conductivity. As an illustration, it has been estimated that MoS, has a thermal conductivity of about 26

W/m-K, according to Wei et al. (23], WS, CVD-grown monolayer and bilayer thermal conductivity was determined by
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Peimyoo et al. For monolayer and bilayer WS,, the measured values are 32 and 53 W/m-K, respectively (241,
Theoretically, the thermal conductivity of phosphorene indicates low thermal conductivity. For instance, Qin et al.
studied the simulated thermal conductivity along zigzag (ZZ) and armchair (AC) directions and found it to be 15.33
and 4.59 W/m-K, respectively (23], However, during the manufacturing of 2D nanomaterials, structural defects such

as voids, grain boundaries, and dislocations could be formed.

3.1. General Considerations and Solution Techniques

A heat flux equation, according to Fourier’s law, can be expressed as follows [28:
i ka_T + i ka_T + i ka_T + T = pc a_T 1
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Here, ¢ is the rate of energy generated per unit volume of the medium (W/m?3) and k is the thermal conductivity
(W/m-K). In Cartesian coordinates, Equation (1) is the general form of heat diffusion. There are two primary
objectives that are usually attached to any conduction analysis. Known as the heat equation, it provides the basic
tool for analyzing heat conduction. T (x, ¥, z) can be calculated as a function of time from its solution. For the
present problem, the first objective is to detect the distribution of temperature in the medium and in order to do so,
it is necessary to determine T (x, y). Solving the heat equation in the appropriate form is the key to obtaining this
objective. It is found that in two-dimensional steady-state conditions with no generation and constant thermal

conductivity, this form can be calculated from Equation (1) as follows:

0T 0T
W + 0—y2 =0 (2)

Equation (2) can be solved analytically by an exact mathematical solution. However, despite the fact that there are
several techniques that can be used to solve these equations, the solutions usually involve complicated
mathematical functions and series, and only a limited number of simple geometries and boundary conditions can
be used. As a result of the dependent variable T being a continuous function of the independent variables (x, y),
the solutions are valuable. Therefore, this solution can be used to calculate the temperature at any point within the

medium.

3.2. The Method of Separation of Variables

Two-dimensional conduction problems can be solved with the separation of variables method by applying the

boundary conditions to a thin rectangular plate, a long rectangular rod, or any other shape that can be described by
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boundary conditions. By solving the heat equation, the temperature T corresponding value, heat flux, and heat flow

lines can be determined, but this method is limited, complicated, and time-consuming [26]

3.3. The Conduction Shape Factor

The process of finding an analytical solution to a two-dimensional or three-dimensional heat equation can be time-
consuming and even impossible in some cases. This leads to the consideration of a different approach. For
example, the heat diffusion equation can be quickly solved in many examples by employing existing solutions to it

to solve two- or three-dimensional conduction problems. Shape factor S or steady-state dimensionless conduction

*
heat rates g, are used to present these solutions 28,

3.4. Thermal Transport at the Nanoscale

In order to transfer energy from one region of space to another region of space, the transportation or conduction of
thermal energy requires the use of carriers, such as particles or waves. Except for alloys with extremely low
electrical conductivity, metals conduct thermal energy mainly through electrons 271 From a microscopic
perspective, in dielectrics and semiconductors, it can be seen that heat is primarily carried by phonons or
guantized vibrations of atoms in the lattice that can function as a particle to represent the phonon wave packets,
according to the quantum state during their production. A phonon, when viewed from the angle of energy, will

behave as a particle and collide with other phonon particles, as well as impurities and boundaries around it.

Firstly, before starting the detailed analysis, it is crucial that the length scales be clarified in advance. The figure
shows a structure with a size of L (in 2D materials, L can be considered as the material’s thickness) and a
wavelength of A for phonon wave packets. It is noted that the phonon is considered to be a particle in the spherical
regime (gray regime). Phonons collide with other phonons, impurities, and boundaries when they move within
solids. A phonon mean free path A is a distance between two collisions, which is an incredibly significant concept in
the field of thermal transport. At room temperature, the mean free path A typically ranges from nanometers to tens
of micrometers. It can be much longer at low temperatures. Generally, transport properties are discussed primarily
on length scales larger than phonon wavelengths A and comparable to or smaller than mean free paths A. When
size L exceeds the mean free path A, the size effect will not be taken into consideration, which echoes the bulk of
classical Fourier’'s law. A smaller size L than the mean free path A will result in phonons scattering on the
boundaries before further phonon-to-phonon scattering. Due to these extra scatterings on the boundary, heat
transfer will then be constrained by the boundaries. A primary cause of the reduction in thermal conductivity of 2D
materials can be attributed to this phenomenon. It is known as the classical size effect when this type of effect
occurs. In cases where the size L is smaller than the wavelength A, it will encounter a quantum size effect as a
result. A 2D material with a thickness of L usually exceeds the wavelength of the phonons unless the temperature

is very low 1,

Materials, even crystals, do not have infinite thermal conductivity because phonons are scattered with one another.

As result of this scattering, it is known as phonon—phonon scattering. High temperatures lead to stronger scattering
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and shorter mean free paths A. There is a great deal of complexity involved when it comes to phonon—phonon
scattering, and it can also be very challenging to determine the phonon—phonon scattering time. As a result of the
advancement of computation algorithms and the availability of more powerful computation capabilities, there have

been noticeable advances in the calculation of the phonon—phonon scattering rate through the first principle.

| 4. Simulation Methods
4.1. Atomistic Simulations of Thermal Transport

The thermal transport properties of a material can be predicted using atomic simulations by understanding its
atomic structure and interatomic interactions. A variety of atomistic simulation approaches have been developed to

study nanomaterial thermal transport properties.

To study the thermal transport properties of 2D materials, various theoretical methods have been introduced,
including molecular dynamics simulations (MD), Boltzmann transport equations (BTE), and atomistic Green'’s
functions (AGF).

4.2. Simulation Approaches

A variety of simulation techniques are presented for the study of material thermal properties [28. The Boltzmann
transport equation and the non-equilibrium Green'’s function are examples of first-class approaches. In each of
these methods, the thermal properties are predicted by solving the lattice dynamics equations based on
understanding the fundamentals of phonon properties. Direct MD simulation is used in the second class for
calculating thermal properties, such as the equilibrium Green—-Kubo approach and the non-equilibrium MD method

(also called the direct approach).

4.3. A Mento Carlo Simulation Method

Boltzmann’s equation for the transport of phonons usually forms the basis of a theoretical analysis of phonon
transport (221, To solve this equation in a closed-form manner, many critical assumptions and simplifications must be
made, which can cause huge deviations from experimental observations, especially for materials whose
geometrical and lattice structure are relatively complicated and whose defects are multiple types. The MC
approach was originally developed as a numerical solution to the Boltzmann equation in the context of electron
transport 22, The method has been widely applied since then to manage the transport problems of particles. In
bulk materials B9, thin films BlB32 npanowires 8l and nanocomposites B4, the MC simulation has been

successfully applied to determine thermal transport properties.

4.4. First Principles Method

Using the Boltzmann transport equation (BTE) in conjunction with the Schrddinger equation, first principles

calculations can be performed on thermal transport. For the first principles calculation, no fitting parameters are
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required, as opposed to the traditional method of extracting phonon scattering times. The following steps are
involved in the first principles of the thermal transport-based method. As a first step, first principles simulation refers
to solving the Schrodinger equation numerically. Numerical computation is performed to calculate the atomic
potential force constant. Based on these force constants, the anharmonic lattice dynamics will be used to extract
the phonon dispersion relation and scattering rate. Then, the Boltzmann transport equation (BTE) can be linearized
and solved numerically as well. As a result of this process, both the dispersion relation and the phonon scattering
rate (or the relaxation time) for each phonon mode are calculated. Lastly, in order to calculate thermal conductivity,

the lattice thermal connectivity can be extracted.

4.5. Molecular Dynamics Simulations Method

There is also another widely accepted method for thermal transport in 2D materials known as Molecular Dynamics
(MD), which relies on Newton’s law of motion as its physical foundation. Starting with the atomic potential between
atoms, the process begins. As a result, the force acting on each atom can be calculated, as well as its velocity at
any given moment. In the modern era of supercomputers, it is possible to determine the location of every atom at
any time. Then, based on statistical mechanics principles, it is possible to study the expected macroscale

properties.
4.6. Equilibrium Green—-Kubo Approach

According to the equilibrium Green—Kubo approach, thermal conductivity is calculated by monitoring the dissipation
time of these fluctuations. The Green—-Kubo approach calculates the thermal conductivity of an isotropic material as

follows [33:

8

A= — [ (F0)T 1) )

- =
where (J (0)J (t)) is the autocorrelation function for heat flux and the angular brackets demonstrate ensemble

averages. Here, T is the temperature, kg is the Boltzmann constant, and V is the system volume.

4.7. Atomistic Green’s Functions

Since it is evident, phonons are wave-like particles. Wave effects on a discrete atomic lattice can be accurately
modeled using Atomistic Green’s Functions (AGF). Initially, this method was introduced to deal with quantum
electron transport in nanostructures [BOI7IBEISRN0ILLIS2] - The approach can be applied to a variety of
nanostructures by making a few careful substitutions “3I44I4SI48] ¢ is particularly suitable for low-dimensional

heterostructures such as Si/Ge 2, graphene/h-BN 8 MoS,/metal ¥ interfaces, and others Y.
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| 5. Experimental Measurement
5.1. Suspended Thermal Bridge Method

For the first time, the suspended thermal bridge method was used in micro/nano-scale thermal conductivity
measurements in 2001. Previously, traditional methods could only measure the overall thermal conductivity of a
bundle of nanowires. The phonon scattering between nanowires (or nanotubes) makes it impossible to accurately
determine the thermal conductivity of a single sample 1. The suspended thermal bridge method is more useful for
the study of low-dimensional thermoelectric materials B2331 A thermal bridge microdevice is made of two

suspended silicon nitride membranes (SiN,) that are patterned with thin metal lines (Pt resistors).

5.2. Electron Beam Self-Heating Method

In the above-mentioned suspended thermal bridge method, the thermal contact resistance between the sample
and the suspended platform is one of the main faults of this process. Although there are already some methods to
improve it, the effect of this defect cannot be eliminated from the experimental principle. Researchers at Li
Baowen’s lab developed the electron beam self-heating method based on the suspended thermal bridge method in
2010 B4IB3], This method omits the influence of the contact thermal resistance between the sample and the
suspended platform on the experimental results in principle and measures the spatial distribution of the thermal
resistance of the micro/nano-scale materials. A scanning electron microscope (SEM) is used to measure the

electron beam self-heating method.

5.3. Raman Method

In 2008, the first experimental measurement of the thermal conductivity of two-dimensional material, single-layer
graphene in the suspended plane was the Raman method B8, In two-dimensional materials, the Raman method
has become one of the most important experimental methods for measuring thermal conduction. Several two-
dimensional materials have been measured successfully using this method, including boron nitride BZ[38! plack
phosphorus B9, and molybdenum sulfide [E61E2 The Raman method can be used to measure the thermal
conductivity of two-dimensional materials by taking into account the following two factors: (1) Raman lasers can be
used as heat sources because 2D materials have an absorption effect on them; (2) The Raman spectrum
absorption peak positions of two-dimensional materials and a certain linear relationship between temperature 52
[62]63]: in this way, the surface temperature of the material can be determined by the Raman spectrum of the
material. The thermal conductivity of a two-dimensional material can be calculated by combining the two principles

mentioned above through the heat conduction model.
5.4. Time-Domain Thermoreflectance Method

In 1983, Eesley applied the picosecond pulsed laser to detect the non-equilibrium heat transport process in metallic
copper 64 since the time-domain thermoreflectance (TDTR) method has been formally applied to the

measurement of material thermal properties. The TDTR method has been developed over a period of thirty years.
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It has now become one of the most widely used methods for measuring the thermal properties of materials in an
unsteady state. This method is usually employed to measure the thermal conductivity and interfacial thermal
resistance of materials B3I68I67] |ts basic principle is that a beam of a femtosecond pulsed laser is divided into a
pump light and a probe light through a beam splitter. In this system, the pump light is used as a heat source for
heating the surface of the material, and the probe light measures the change in the surface temperature of the
material (the reflectivity of the material surface to the laser is related to the temperature). The displacement
platform can accurately control the optical path difference between the two beams and then control the time

interval between them to reach the surface of the material, resulting in a certain time delay (t,).

5.5. Micro-Suspended-Pad Method

The suspended-pad method, first used to measure carbon nanotubes [68] and silicon nanowires A9 is another
method frequently used for nanostructures, nanoribbons, and 2D materials. The micro-pad devices are
manufactured in batches as part of this method. A device consists of two adjacent silicon nitride membranes
suspended by a silicon nitride long beam 9. The patterned platinum heaters are manufactured on both the pads
and long beams. Normally, samples are transferred using a nanomanipulator. Utilizing focused ion-beam
deposition, the thermal contacts can be increased by Pt deposition, making the contacts electrically and thermally
ohmic. It is, therefore, possible to ignore the thermal resistance of the junction. Various 2D materials have been
measured using the suspended-pad method, such as h-BN 29, black phosphorus [, and MoS, 2. Due to the

accuracy of this method, the electrical signal can be very precisely derived.

| 6. 2D Thermal Conductivity
6.1. Graphene

As the first 2D material successfully prepared, graphene became the favorite of scientific research once
discovered. It has a series of excellent physical properties including ultra-high conductivity, ultra-high carrier
mobility, etc. BIZBI74 |n terms of thermal conductivity, graphene also performs well, and its intrinsic thermal
conductivity at room temperature can reach 2000—3000 W/m-K, which is the highest thermal conductivity material
found so far. In 2008, for the first time, Balandin et al. 22 measured the thermal conductivity of suspended single-
layer graphene at room temperature using the Raman method and graphite bulk materials reaching 4840-5300
W/m-K; however, upon further study by scientists, it was discovered that the experiment may have had an

excessive estimate of the Raman laser absorption power of graphene, resulting in a result 4-6 times larger 181761,

The results illustrate that the thermal conductivity of single-layer graphene grown by chemical vapor deposition
(CVD) is around 2500-3100 W/m-K (T = 350 K) and 1200-1400 W/m-K (T = 500 K). It has also been found that the
shape, size, and measurement environment of the suspended part of the graphene will affect the final result. In
addition to the dispute about the laser absorption rate, it caused the difference between different experimental

results. Another major reason for the large difference is that the preparation methods of graphene are different
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(mechanical exfoliation or chemical vapor deposition), resulting in certain differences in its quality (impurities, grain

boundaries, organic residues, etc.). These factors will affect the phonon and generate additional scattering.

6.2. Boron Nitride

Due to the large bandgap and the very smooth surface, boron nitride (h-BN) is an ideal type of dielectric material.
At the same time, the thermal conductivity of boron nitride bulk materials (about 400 W/m-K, room temperature) is
very close to copper, and its mass is much lower than copper under the same volume, so it has broad application
prospects in terms of the heat dissipation of electronic devices 8 Boron nitride is called white graphene. The
crystal structure is similar to graphene. Nitrogen atoms and boron atoms in the plane are interlaced to form a
honeycomb structure, and the layers are combined with each other by van der Waals forces. It is one of the two-

dimensional materials discovered earlier (12,

6.3. Molybdenum Sulfide and Other Transition Metal Sulfides

Transition metal sulfides (MX,, where M is transition metal elements such as Mo, W, Ti, and X represents
chalcogen elements, including S, Se, and Te) are a very important group of two-dimensional materials and their
crystal structure is a “sandwich”-like layered structure 9. Unlike single-layer graphene, single-layer boron nitride,
and other two-dimensional materials that only contain one atomic layer, a single-layer transition metal sulfide

contains three atomic layers (the transition metal atomic layer is sulfurized).

Molybdenum sulfide is the most widely studied transition metal sulfide. Because of its controllable bandgap and
excellent electrical properties, it can also exist stably in the air. It is considered a material for the next generation of

microelectronic devices with great potential. Optics, thermoelectrics, and other fields also have certain application
prospects [BLIE21[83]

6.4. Black Phosphorus, Black Arsenic

Due to the advantages of the controllable bandgap and relatively high switching, black phosphorous (BP) is one of
the first materials for the next generation of microelectronic devices to be studied B4 However, initially,
researchers were interested in the thermal conductivity of black phosphorous. This is mainly because of its in-plane
anisotropic “Great Wall™-like structure 1, which may lead to the anisotropy of thermal conductivity BZ. It is worth
noting that the black phosphorous pole is easy to oxidize, so in experiments with black phosphorus, the exposure
time of the sample in the air needs to be strictly controlled. Qin et al. 88 predicted the room temperature surface of
the single-layer black phosphorus along the Zigzag (ZZ) direction and the (Armchair) AC direction through
theoretical research. The internal thermal conductivity ratio can reach 30.15 W/m-K in the ZZ direction and 13.65
W/m-K in the AC direction, and due to its “Great Wall’-like structure, the out-of-plane phonon mode has a positive
effect on the thermal conductivity. The contribution of efficiency is very low (about 5%). Lou et al. 22 experimentally
measured the in-plane thermal conductivity of the multi-layer black phosphorus with different thicknesses at room
temperature and the smallest thickness was ~10 nm. The thermal conductivity in the ZZ direction is 20 W/m-K,

while the thermal conductivity in the AC direction is only ~10 W/m-K, which confirms the above theoretical
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prediction. As the same main group element of phosphorus, arsenic, i.e., black arsenic (Bas), has a crystal

structure similar to black phosphorus and also has a significant in-plane thermal conductivity anisotropy effect.
6.5. Telluride

Bulk tellurium (Te) is a new and high-quality thermoelectric material 2. At the same time, due to its two-
dimensional structure, telluride can be used as an effective means to further improve its thermoelectric properties
9 |n the bulk material, the tellurium atom is combined with a neighboring atom through a covalent bond and
extends in a spiral shape. Adjacent spiral chains are then combined by van der Waals forces B, so bulk tellurium
belongs to a quasi-one-dimensional chain structure. However, the theory predicts that the structure of monolayer

telluride is different from that of bulk tellurium. There are three possible crystal structures (a-Te, B-Te, y-Te) 22,
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