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Abstract

The discovery of graphene, nearly a decade ago [1, 2, 3], has since given inter-

est into other atomically thin, two-dimensional(2D) crystals. One such material is

mono-layer molybdenum disulphide (MoS2). Electronic device manufactures in par-

ticular have found 2D materials such as MoS2 interesting because of the physical

and electronic properties. MoS2 can be fashioned into electronic components such

as field-effect transistors (FETs) or logic gates easily and are particularly thin. This

interest means MoS2 must be understood from an electronic and physical perspective

before it can fully be integrated into electronic devices. To understand MoS2 better

a comprehensive power and temperature dependent study on MoS2 was done using

both Raman and photoluminescent spectroscopies. Mechanical ex-foliation of MoS2

from bulk provides single-layer flakes, which are then transferred either to sapphire

substrates or suspended over holes in Si/Si3N4. We measure temperature depen-

dence from ≈100 K to 400 K and power dependence from ≈6µW to ≈7 mW using

an Argon laser at 514.5 nm and a HeNe laser at 632.8 nm. Raman spectroscopy was

used for initial identification of a single-layer flake of MoS2. In MoS2 when the two

Raman peaks, the A1g and E1
2g are less than 18 cm−1 the flake is considered single

layer.[4] The thermal conductivity of MoS2 was experimentally extracted from Ra-

man temperature and power measurements using linear coefficients, χT and χP , for

temperature and power dependence of the peak position respectively.[5] This value

of thermal conductivity κ was calculated to be ≈ 34.5 W m−1 K−1.[5] Temperature

and power dependent photoluminescent (PL) spectroscopy was used to explore the

band-gap and energy transitions of MoS2. The PL spectrum exhibits a main exitonic
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peak(A) at ≈1.87 eV, which consist of both neutral excitons and charged trions (A-

or A+).[4] The photothermal properties of a material are important when a mate-

rial is going to be used in electronic devices. The materials thermal conductivity

is important for proper heat management in a device. This work reports thermal

conductivity along with important insight into the band-gap. All of this information

about the photothermal reaction of the material is necessary before MoS2 can be

implemented into electronic devices.
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Chapter 1

Introduction
The discovery of graphene[1, 2, 3], nearly a decade ago, began extensive research

into atomically thin, two-dimensional (2D) crystals. Two examples of these 2D ma-

terials are transition-metal dichalcogenide (TMD) semiconductors[3, 6] and boron-

nitride.[6] Graphene shows interesting characteristics such as a large thermal conduc-

tivity, low dimensionality, and strain tuned electronic structure.[7] Graphene, how-

ever, does not have a naturally occurring band-gap, it is a semi-metal. Compared to

graphene, the presence of a band-gap in TMDs is more desirable for electrical device

applications, such as a field-effect-transistor (FET). The incorporation of molybde-

num disulphide (MoS2), or other single-layer materials like graphene allow manufac-

turers to approach a new size of electronics.[8] Recent experimental and theoretical

work shows that these layered TMD band-stuctures undergo a transition from indi-

rect to direct bandgap. This occurs when their layer thickness is reduced from bulk

to single-layer, which also leads to a pronounced photoluminescence.[9, 4, 10]

MoS2 is one of the most stable layered TMDs. The bulk MoS2 consists of S-Mo-S

layers weakly bonded by van der Waals (vdW) interactions. The crystal structure

and unit cell diagram are shown in Figure 1.1 where (a) the atomic structure for
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bulk and single layer, (b) the side view of two-layer, and (c) the top view of the

MoS2 crystal structure are seen.[11] Single-layer MoS2 is a low-dimensional material

Figure 1.1: This crystal structure of MoS2 shows (a) bulk and single-layer structure,
(b) the side view of a bulk unit cell, and (c) the top view of MoS2 unit cell. Above
the interlayer distance d and the primitive vectors a = (a,0,0) and c = (0,0,c) are
shown. The van der Waals interaction is shown by the spring.[11]

that also consists of the same S-Mo-S layers as bulk but a single-layer of 2D MoS2

is three layers of atoms. Currently, MoS2 is mostly used in bulk as a dry lubricant.

Transistors constructed from few-layer and mono-layer MoS2 show potential for low-

power electrical device platforms.[8, 12] Devices, such as the one shown in Figure

1.2, are promising for future low power electronic components. These devices, such

as the FET described before, are smaller, created from less expensive materials,

and are easily tunable through strain or doping for different band-gaps. Figure 1.2

shows (a) an optical micrograph of a mono-layer MoS2 flake deposited on top of a

SiO2/Si substrate, (b) the integrated circuit based on the flake shown in (a) with

three Au electrical leads and (c) the cross-sectional representation of a mono-layer
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(c)

Figure 1.2: (a) An optical micrograph of a mono-layer MoS2 flake deposited on top
of a Si substrate. 10µm scale bar. (b) An integrated circuit based on the flake
shown in (a). There are three Au electrical leads that can act as a source, drain, and
output terminals with two local gates. (c) A cross-sectional view of the structure
of a mono-layer MoS2 integrated circuit together with electrical connections used to
characterize the device. [8]

MoS2 integrated circuit.[8]

Graphene has no naturally occurring bandgap making it more difficult to in-

corporate it easily into electronic devices. A bandgap in graphene can be formed

through straining the material, doping the material, or using other mechanisms, but

it requires more effort than a naturally occurring bandgap.[13] MoS2 is a single-layer

material that does have a naturally occurring band-gap. The material starts with an

indirect gap at 1.2 eV in bulk and then MoS2 transitions into a direct gap ≈1.9 eV for

mono-layer as shown in figure 1.3. In the band structure figure, photon transitions
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Figure 1.3: The band structure evolves through layer thinning from (a) bulk, (b)
quadlayer, (c) bilayer, to (d) monolayer. The blue curves represent the conduction
band while the red curves represent the valence bands. The black arrow is the lowest
energy transition.[9]
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are vertical due to the momentum, ~kph, of the photon being much less than the ~kBZ

of the Brillouin zone where kph = 2π/λ and kBZ = 2π/a where λ is the wavelength

of visible light and a is the lattice constant. In figure 1.3 the conduction band is in

red while the valence band is shown in blue. The band structure shows the evolution

from bulk to mono-layer for (a) bulk band structure, (b) quad-layer, (c) bilayer, and

(d) mono-layer.[9] The K-point transition is seen from an indirect gap in bulk (a)

to a direct gap in mono-layer in (d), where the solid arrows represent the lowest

energy transition. The transition from an indirect band-gap to a direct band-gap

increases the photoluminescent (PL) efficiency.[9] The PL radiative recombinations

occurs at the lowest energy possible. The transitions for the band-gap are dictated

by conservation of energy and momentum allowing for the main PL recombination

to be more intense than other transitions. Along with intensity the transitions are

also sensitive to circular polarization, which allows possible device innovation based

on input polarization.[14]

MoS2 has extensive device applications, which give rise to the necessity of re-

search to understand intrinsic characteristics of the material. One physical property

that is important for materials in electrical devices is the thermal conductivity,κ.

Graphene has superior thermal conductivity at ≈ 5300 W m−1 K−1,which is much

higher than MoS2.[15] Raman spectroscopy probes lattice interactions and electron-

phonon coupling. Figure 1.4 shows where the IR active cannot be Raman active for

crystals without inversion symmetry. This figure represents the atomic displacements

of the four Raman active modes and one IR active mode (E1u) in the unit cell of

the bulk MoS2 crystal as viewed along the [100] direction. Probing the temperature
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Figure 1.4: Atomic displacements of the four Raman active modes and one IR active
mode (E1u) in the unit cell of the bulk MoS2 crystal as viewed along the [100]
direction.[16]

and power dependence of these Raman modes allows the photothermal properties to

be examined. The photothermal properties are the relationships between excitation

from photons and thermal energy in the material. This photothermal probing allows

the value for κ to be extracted. Raman and photoluminescent spectroscopy give

understanding into material layering lattice structure and material constants. This

understanding must exist before MoS2 can make the jump into current applications.

The background behind the spectroscopic methods that were used will be dis-

cussed in chapter 2.4 along with instrumentation and experimental equipment. Then

the Raman spectra will be discussed in chapter 3.3, giving insight into how the ther-

mal conductivity was experimentally measured and how the value compares to other

materials. Then in chapter 4.2 the PL spectra will be shown and the band-gap of

MoS2 will be discussed. This band-gap is important to electronic devices and will be

compared to other materials of interest. Then finally chapter 5 will discuss overall

topics and summarize the previously discussed data.
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Chapter 2

Experimental Methods
Optical techniques for probing novel condensed matter and nano-scale materials

are extremely valuable. Spectroscopic methods provide non-destructive and non-

contact options to experimentalists for understanding the fundamental physics of a

material. It is possible through Raman spectroscopy to find the number of layers for

few and single-layered atomic materials, test electron-phonon interactions, measure

photothermal properties of a material, including thermal conductivity κ. Photolu-

minescent (PL) spectroscopy also allows a non-destructive and contact method for

understanding a material’s band structure along with defects in the atomic structure.

2.1 Instrumentation

The basic experimental set-up for both Raman and PL studies consists of a

Renishaw InVia micro-Raman spectrometer employing several excitation lasers, in-

cluding a Helium-Neon (HeNe) laser with wavelength of 632 nm, a diode with wave-

length of 785 nm, and an Argon Ion with wavelength of 514.5 nm. A long-working

distance 50X objective lens (numerical aperture NA = 0.55) provides a diffraction-
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limited spot of 1.22/NA ≈ 1.14µm and the Gaussian beam width is estimated to be

2λ/(πNA) ≈ 0.6µm.[17] The samples were mounted in a cryostat cooled by liquid

nitrogen. Throughout all of the temperature-dependent measurements, the laser in-

tensity was maintained to be less than approximately 0.14 mW/area to limit local

heating by excitation laser. A schematic of the experimental set-up is shown in Fig-

ure 2.1. In this micro-Raman spectrometer an excitation laser is focused through a

Figure 2.1: Schematic of Experimental Micro-Raman and Micro-PL Instrumentation.

microscope objective. After focusing, the excitation laser reaches the sample, which

is in a cryostat for temperature-dependent studies. Then the scattered light (180◦

backscattering) from the sample is re-collimated through the microscope objective,

directed through a filter to block the Rayleigh scattering, and finally into a grating

spectrometer. The spectrometer disperses the light using a grating and directs the

scattered and dispersed light to a charge-coupled device (CCD) for spectrum count

readings. The Renishaw InVia spectrometer with a Leica microscope attached was
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used to perform the measurements in both Raman and PL. The software allows for

options,e.g., exposure time and energy range for spectra.

2.2 Raman Spectroscopy Background

Raman scattering, unlike Rayleigh scattering where the excitation and the scat-

tered radiation are of the same energy, is an inelastic process. This means in Raman

scattering the scattered radiation is of a different energy than the excitation radi-

ation. Raman scattering probes fundamental physical properties of a material, e.g

lattice structure, electron-phonon coupling, and defects; Raman is sensitive to lat-

tice vibrations, or phonons, and hence useful to probe the crystal lattice. Raman

scattering is related to the dipole moment and the Raman tensor

I ∝ |ei ·Rk
lmQk · es|2 (2.1)

where the scattering intensity I is proportional to the square of the Raman tensor

Rlm times the magnitude of incident dipole matrix element ei times the scattered

dipole matrix element es. The Raman tensor is given by

Rlm(−ωi, ωs, ωq) =
∂χlm(ωi)

∂Qk

· Q̂k(ωq) (2.2)

where an incident photon polarization is subscripted with l, the scattered photon

polarization is subscripted with m, incident frequency is ωi, scattered frequency is

ωs, phonon frequency is ωq, the lattice coordinate is Q, and the susceptibility is χ.
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Raman scattering will either have a higher or lower scattered frequency than the

excitation frequency. When the scattered light is of a lower energy it is called Stokes

scattering and when it is higher it is called anti-Stokes. The scattered light for both

processes are described by:

Stokes:
−→
ks =

−→
ki −−→q , ωs = ωi − ωq. (2.3)

anti-Stokes:
−→
ks =

−→
ki +−→q , ωs = ωi + ωq. (2.4)

This scattering event is represented schematically in figure 2.2. A (a) generic Ra-

man scattering of a photon with specific diagram for (b)emission or absorption(c)

of a phonon.[18] is described in equation 2.3 and 2.4 through the wave vector ~k and

(a)

(b) (c)

Figure 2.2: (a)Generic Raman scattering of a photon with specific diagram for
(b)emission or absorption(c) of a phonon.[18]
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frequency ωi. In the equations ~ki and ωi represent the incident photon, ~ks and ωs

represent the scattered photon and ~K and q represent the phonon. These equations

developed from conservation of energy ~ω and momentum ~~k. The Raman scattering

event in figure 2.3, is shown by the Feynman diagram. In the Feynman diagram, (1)

Figure 2.3: Feynman diagram for Raman scattering.

an incident photon is shown (2) interacting with the material. The lattice either gives

energy or takes energy from the excited state, after which a photon is re-emitted (3)

at a different energy. The energy-level diagram also shows the differences between

Stokes, anti-Stokes, and Rayleigh scattering in figure 2.4. This energy is described

Figure 2.4: Energy-level Diagram Illustrating Rayleigh, Stokes, and Anti-Stokes
Scattering
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by the Hamiltonian, Hdipole−dipole(H’). H’ is the Hamiltonian of the electric dipole in-

teractions and lattice interaction. This interaction is a third-order, non-linear effect,

which means that the materials susceptibility, χ, is dependent upon the intensity

and frequency of the applied electromagnetic field. This interaction involves an in-

cident photon hitting a material, then the energized electron interacts with phonons

in the lattice, and then a photon is emitted(scattered). An incident electromagnetic

wave that interacts with a material will induce a local polarization, which will be

related to the electromagnetic field ~E. This interaction is described above through

classical mechanics but more accurately described in quantum mechanics with the

Hamiltonian described before, H’:

Step 1 〈α|H ′|i〉 Incoming Dipole

Step 2 〈β|H ′′|α〉 electron-phonon Hamiltonian

Step 3 〈s|H ′|β〉 Outgoing Dipole (2.5)

The Hamiltonians in equation 2.5 are described by their initial states |i〉, interac-

tion intermediate states |α〉 and |β〉 along with the scattered state |s〉 where the

intermediate states are lattice interactions which are the Hamiltonian of the phonon

interactions. The steps described in the equation relate to the steps in figure 2.3.

Figure 2.5 shows a typical Raman spectrum plotting intensity as a function of

energy shift. The excitation laser is shown in green, the Stokes shift in red, and the

anti-Stokes shift in blue. In anti-Stokes the final momentum and final frequency is

described by equation 2.4 and shown in figure 2.2. This Raman scattering event is
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Figure 2.5: This is a representation of a Raman spectrum showing intensity as a
function of photon energy shift. The Rayleigh scattering in green is several orders of
magnitude greater intensity than the stokes in red and anti-stokes in blue

much less intense than Rayleigh scattering, as shown in figure 2.5. The figure shows

how the incident laser’s intensity (not to scale) is several orders of magnitude larger

than the Raman scattering so it must be filtered out.

One of the useful pieces of information that can be extracted from Raman scat-

tering is the phonon activity in the lattice. Phonons are quasi-particles representing

lattice vibrations. These phonons will travel, like a particles, through the lattice

structure, either taking energy from the lattice or donating energy. This is where

the inelastic scattering originates from for Raman scattering. The photon from the

excitation will hit the material in question, after the collision the photon is absorbed.

Once it is absorbed that electron configuration may change and result in spontaneous

emission.
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2.3 Photoluminescent Spectroscopy Background

Luminescence is the stimulated emission of light from a material, or radiative re-

combination of electron-hole pairs. There are several forms of luminescence including

electroluminescence stimulated through an electric current, or chemoluminescence

which is stimulated by a chemical reaction as seen in figure 2.6, or piezoluminescence

which is stimulation from pressure or physical strain. One specific form of lumines-

Figure 2.6: An example of chemoluminescence-glow
sticks.[D.Muelheim,wikipeadia.com;2006]

cence is photoluminescence (PL), which is an excitation as a result of a photon. This

excitation of the electron is from the valence band to a higher energy level as seen

in figure 2.7 where there is a representation of both (a) a direct band-gap transition

and (b) an indirect band-gap transition where there is a momentum change. These

electron-hole pairs, or excitons, can be neutral or charge excitons. A neutral exci-

ton is seen in figure 2.8 (a) as a single electron-hole pair. There are also charged

excitons called trions, these can also be seen in figure 2.8. These trions either have
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Figure 2.7: This shows the transitions for (a) a direct bandgap transition where verti-
cal line where as (b) which is an indirect bandgap transition is diagonal representing
a momentum change.

2.8 (b) two electrons and one hole making them a negative trion or 2.8 (c) two holes

and an electron making them a positive trion. These excitons will relax from their

excited stated through one or more non-radiative processes, such as lattice heating,

losing energy before the electrons and holes recombine in a radiative recombination.

This process is represented in figure 2.9. We can see in this figure the energy level

diagram of a luminescent process from excitation to non-radiative relaxation and on

to radiative recombination and photon emission.

Photoluminescent spectroscopy is a useful method for probing electronic structure

of materials. It is a non-destructive and non-contact method that has the ability to

probe the bandgap energy, impurities and defects in the material such as the lattice

defects, and recombination methods along with energy level transitions. Lumines-

cence is a result of a several step process that can be simplified to the luminescence

equation 2.6

L(ω) =
∂

∂t
〈B̂†ωB̂ω〉 , (2.6)
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Figure 2.8: Here is a representation of different excitation possibilities. The first is
(a) a neutral exciton or electron hole pair, then (b) a negative trion or two electrons
and one hole, and (c) a positive trion or one electron and two holes

where L(ω), or the frequency dependent luminescence is equal to the partial time

derivative of the expectation value between B̂†ω , the Boson creation operator and

B̂ω, the Boson annihilation operator. Equation 2.6 is a condensed version of a family

of equations called the Semiconductor Luminescence Equations.[19] Luminescence,

as described previously, is the radiative recombination of an electron-hole pair. The

electron-hole pairs must be created and annihilated for the luminescent process to

continue. There is non-radiative energy loss in which the electron relaxes from higher

energy levels until it reaches the band-gap edge of the conduction band. The electron

will then radiatively recombine with a hole in the valence band. Luminescence, then,

is a net rate of change between the conduction to the valence band described by
dn

dt

where n is the number of electrons.

dn

dt
= αrn0p0 − αrn(t)p(t) (2.7)
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Figure 2.9: Energy Level Diagram of Photoluminescence Process.

where αr represents the recombination coefficient, p0 and n0 are the initial or stable

values for the holes and electrons and the number recombining is subtracted off giving

us a total recombination rate over time. Applying equilibrium to the equation can

reach a statement for the equilibrium electron change over time

δn(t) = ∆ne−
t
τn . (2.8)

In equation 2.8 the equilibrium state for electrons between the valence and conduction

band δn(t) is equal to the change in electrons multiplied by an exponentially decaying

ratio of time t and the lifetime τn of an electron in the conduction band. The electrons

radiatively combining n(t) is related to the luminescence by a time derivative, in
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equation 2.9

L(ω) ∝ ∂δn(t)

∂t
. (2.9)

This proportionality relates the boson annihilation and creation operators to a more

understood value of an electron losing energy and radiatively recombining with a

hole counterpart in the valence band as shown in equation 2.9.

2.4 Mono-layer MoS2 Samples

There were three separate samples studied in this work: (1) a mono-layer MoS2

sample suspended on a Si3N4/SiO2/Si substrate,(2) mechanically exfoliated flakes

transfered an Al2O3 (sapphire) substrate, (3) mechanically exfoliated flakes on sap-

phire and covered with a layer of hafnia (HfO2). The suspended sample on the

Si3N4/SiO2/Si substrate is shown in figure 2.10. To prepare the sample flakes of MoS2

were first deposited onto SiO2/Si wafers using mechanical exfoliation.[1] After the

identification of the layer number using optical microscopy[20] and atomic force mi-

croscope (AFM), the flakes were transferred onto previously patterned Si3N4/SiO2/Si

substrate. The cross-section of the Si3N4/SiO2/Si substrate structure is shown in fig-

ure 2.10, where holes with a diameter of 1.2µm are defined by e-beam lithography

and patterned by an etching process on Si3N4. The suspended mono-layer MoS2 flake

covers the entire region of several holes in the Si3N4. The height profile measured by

AFM at the edge of the flake before the transfer process, as shown in figure 2.10(b),

shows a thickness of ≈ 0.8 nm, confirming that the region of interest is mono-layer

MoS2. The two other samples, as shown in figure 2.11, were prepared by transferring
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Figure 2.10: MoS2 suspended on a Si3N4/SiO2/Si substrate. (a) Optical micrograph
of flake, (b) AFM step height across the edge of mono-layer flake, (c) Representation
of suspended sample.

the mechanically exfoliated flakes to an Al2O3 (sapphire) substrate. After transfer-

ring the flake to sapphire one sample was covered with a layer of hafnia (HfO2). A

representation of both a supported sample with and without the HfO2 overcoat is

shown in figure 2.12.
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(a)

(b)

Figure 2.11: MoS2 supported on an Al2O3 substrate (a) with out HfO2 overcoat and
(b) with HfO2 overcoat.

     (a)

    (b)

Figure 2.12: Where (a) is without overcoat and (b) is with HfO2 overcoat.
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Chapter 3

Raman Spectroscopy on

Monolayer MoS2
Raman spectroscopy is sensitive to small changes in phonon frequency, which is

useful, considering the presence of interlayer vdW forces affects not only the band

structure,[21, 22] but also the lattice vibrations.[16] As a result, Raman spectroscopy

is used to determine the layer number of graphene,[23] WS2,[24] and MoS2[16]. Two

prominent peaks, the in-plane E1
2g and the out-of-plane A1g modes, are observed

in the Raman spectrum of MoS2. The phonon frequency difference between the

two modes is commonly used as the thickness indicator.[16] Figure 3.1 shows the

layer dependency of MoS2. It has also been shown that Raman spectral features

characterize doping, the dielectric environment, and strain effects of atomically thin

MoS2 flakes by monitoring the change of peak position and full width at half max-

imum (FWHM) of Raman-active phonons.[25, 26, 27, 28] A detailed temperature

and power dependent Raman study was done on mono-layer MoS2. To isolate the

substrate effects, Raman measurements are included from both suspended and sup-

ported mono-layer MoS2 flakes. Such studies are of fundamental importance for a
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Figure 3.1: The layer dependent frequencies for the E1
2g and A1g modes are shown.

The E1
2g (squares) and A1g (triangles) peak frequencies shift towards each other as

layers are removed from bulk to mono-layer. [16] The peak frequencies are shown on
the left axis and the peak difference is shown in the right axis.

comprehensive understanding of anharmonic lattice vibrations, thermal expansion,

and thermal conductivity.[29, 30, 31, 32, 33] Raman spectroscopy provides a pow-

erful, non-contact method to monitor the local temperature rise induced by light,

electrical currents, etc. The combination of both temperature and power depen-

dence of optical phonon frequencies permits extraction of the thermal conductivity

κ.[15, 34] Raman spectroscopy has become a major benchmark in determining the

number of layers in these few-layered and mono-layered materials like graphene. In

graphene the shape of the G’ peak help determine if the material in question is truly

single-layer. Because the energies involved in lattice vibrations vary drastically in

MoS2 the peak position between the E1
2g and A1g peak becomes the main indica-

tor of layer numbers. As the MoS2 approaches single layer the E1
2g peak position
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shifts to a higher energy while the A1g peak position shows the opposite. The fre-

quency difference between the two peaks decreases as the layer number decreases

from bulk to single-layer. This provides direct insight into layer number through a

non-destructive experimental technique. When the peak position difference, or the

frequency difference, reaches (19 ± 1) cm−1, MoS2 is confirmed to be mono-layer.[34]

This is shown in figure 3.1 where E1
2g peak frequencies are shown in squares, A1g in

triangles, and the peak difference is shown in red circles and the right axis is used

for the peak differences.

3.1 Temperature Dependence

The E1
2g and A1g peak positions shift to lower energies as temperature increases.

These peak position of the E1
2g and A1g were then extracted by fitting two Lorentzian

curves to the spectra shown in equation 3.1

L(ω) =
∑
i

Ai
γ2i

(ω − ω0i)2 + γ2i
, (3.1)

where A represents the amplitude of a peak, γ represents the half width half maxi-

mum of the peak, and x0 represents the peak position and all are indexed with i for

multiple peaks. The temperature-dependent spectra was taken in the experimental

apparatus as discussed in the previous section. Figure 3.2 shows four example Raman

spectra and their corresponding Lorentzian fits collected from suspended, mono-layer

MoS2 while the sample temperature ranges from 100 K to 320 K. As seen in the figure,

two prominent peaks around 385 cm−1 and 405 cm−1 are observed, which correspond
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Figure 3.2: (a) Four example Raman spectra of suspended, single-layer, MoS2 col-
lected at 100 K, 180 K, 260 K, and 320 K. The vertical offset is for display clarity. (b)
Raman peak positions for both A1g (blue squares) and E1

2g (red circles) modes as a
function of temperature. Fit lines and linear coefficients for temperature dependence,
χT , are shown.
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to the in-plane E1
2g mode and the out-of-plane A1g mode, respectively.[16] Vibration

of the E1
2g mode involves in-plane opposing motions of sulfur (S) and molybdenum

(Mo) atoms and that of the A1g mode is out-of-plane relative motions of S atoms,

as depicted in the insets of figure 3.2(a). As the temperature increases, both of

the Raman-active modes soften linearly and the A1g peak clearly broadens. The E1
2g

mode also broadens, however, it does not broaden at as steep a rate, it is less changed

by temperature. Figure 3.2 shows the temperature dependence of the Lorentzian-fit

(see equation 3.1). The shift of the peak frequencies from 100 K to 320 K for the A1g

(blue squares) and E1
2g (red circles) phonons is shown. The evolution of the Raman

peak position ω as a function of lattice temperature follows a linear dependence

∆ω = ω(T2)− ω(T1) = χT (T2 − T1) = χT ∆T (3.2)

where χT , the slope of temperature dependence, is the first-order temperature co-

efficient for the respective modes, and T is the absolute temperature. Non-linear

coefficients are not considered here given that they can only be observed at higher

temperatures,[15, 34] however, a non-linear dependence was observed in our laser

power measurements at room temperature (RT), which will be discussed later. In

figure 3.2 four example Raman spectra of suspended, single-layer, MoS2 collected

at 100 K, 180 K, 260 K, and 320 K are shown (a). The vertical offset is for display

clarity. In (b) Raman peak positions for both A1g (blue squares) and E1
2g (red circles)

modes as a function of temperature. Fit lines and linear coefficients for temperature

dependence, χT , are shown. The extracted linear temperature coefficients χT deter-
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mined from the slopes are −(0.011 ± 0.001) cm−1/K and −(0.013 ± 0.001) cm−1/K

for the E1
2g and A1g modes, respectively. These values are included in table 3.1

Material Type Mode
χT χP κ(
cm−1

K

) (
cm−1

mW

) (
W
mK

)
MoS2 suspended

E1
2g -0.011 -12.8

34.5 ± 4
monolayer A1g -0.013 -10.9

MoS2 suspended
E1

2g -0.013a

52a

few-layer A1g -0.012a -5.4a

MoS2 supported
E1

2g -0.017 -2.2b

223
monolayer A1g -0.013 -0.09b

graphene suspended G -1.2c 5300
mono-layer ± 480c

graphene supported G -0.016d

mono-layer
graphene supported G -0.015e

bilayer
HOPG G -0.011f

Bold entries represents this work and Ref [5]. a Ref. [34]
b Ref. [25] c Ref. [15] d Ref. [33] e Ref. [10] f Ref. [35]

Table 3.1: First-order temperature coefficients χT , power coefficients χP , and thermal
conductivity κ obtained from Raman spectra.

The observed linear evolution of phonon frequencies in mono-layer MoS2 can be

attributed to the anharmonic vibrations of the lattice,[29] which mainly includes

contributions from the lattice thermal expansion and the anharmonicity in phonon

coupling. As the lattice expands or contracts due to temperature, the equilibrium

position between vibrating atoms, and accordingly the inter-atomic forces change,

induces shifts in the phonon.[36] Additionally, the lattice vibrational energies, gov-

erned by the Bose-Einstein distribution of thermal occupation, affect the inter-atomic
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force energies, which further induce temperature-dependent variation of the phonon

frequency. This linear behavior of Raman peak frequencies with temperature is seen

in many materials, such as, graphene.[30, 31, 36]

In Table 3.1, the linear coefficients of suspended mono-layer MoS2 suspended,

few-layer MoS2, graphene, and graphite are summarized (this work is in bold). For

comparison, similar measurements were performed on sapphire-supported mono-layer

MoS2 where no prominent difference in the first-order temperature coefficients for

either mode was found. The small difference between χT coefficients for the E1
2g mode

in suspended versus sapphire-supported likely results from varied in-plane strain

applied by the substrate.[27]

The scattering rate of the phonons is related to the width of the phonon peak.

The relationship between scattering rate and temperature for the two supported

samples is shown in figure 3.3. The scattering rate increases as thermal energy is

introduced into the material. The different samples, however, react to this energy

with different increases in scattering rate. This may be attributed to the sample and

substrate interacting with each other. The E1
2g modes, or in plane modes, have an

increase in scattering rate, but not as much as the A1g or out of plane mode. This

is because the out of plane mode is less constrained by the substrate as temperature

increases. The supported sample with the overcoat of HfO2, in figure 3.3 is shown

in squares, has a scattering rate that increases with a higher slope with increasing

temperature than the supported sample without the overcoat, in circles.
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Figure 3.3: The scattering rate increases as thermal energy is introduced into the
material. The different samples, however, react to this energy with different increases
in scattering rate. This may be attributed to the sample and substrate interacting
with each other.

3.2 Power Dependence

Strong thermal effects induced by the excitation laser power have been reported

by others in the Raman spectra from substrate-supported MoS2 flakes.[25, 28] Ob-

viously the substrate plays a vital role in heat dissipation, therefore, the reported

behavior is likely not intrinsic to MoS2. To obtain a comprehensive understanding of
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the intrinsic optothermal MoS2 properties, the laser power-dependent Raman spec-

tra on a suspended flake was further studied. These Raman spectra are collected

using a 488 nm solid-state laser for excitation with the beam focused by a 100X ob-

jective lens (NA = 0.9). The diffraction limited spot and estimated Gaussian beam

width are approximately 0.67µm and 0.34µm, respectively. Four representative

room-temperature Raman spectra collected at laser powers spanning from 0.075 mW

to 0.309 mW are shown in figure 3.4(a). As the laser power increases, both of the

Raman-active modes soften due to local heating of the mono-layer MoS2. To avoid

damage to the sample, the excitation laser power was kept below 1 mW.

The Lorentzian-fit, Raman peak frequencies as a function of incident laser power

are plotted in figure 3.4, where both the E1
2g and A1g modes soften linearly with in-

creasing power. Beyond 0.3 mW of laser power, this thermal behavior saturates. The

appearance of non-linear effects results either from the non-linearity of absorption or

higher orders of the temperature-dependent coefficients. This can be seen in figure

3.5 where MoS2 begins to saturate above 0.3 mW and the slope becomes less steep.

In figure 3.4(b), the low power-dependent peak positions are linear. In this low

power range the frequency shift is given

∆ω = ω(P2)− ω(P1) = χP (P2 − P1) = χP ∆P , (3.3)

where χP , the slope of power dependence in the linear region, is the first-order power

dependent coefficient and P is the laser power. As with χT , the fitted coefficients χP

for the E1
2g and A1g modes are very similar, −(12.8 ± 0.2) cm−1/mW and −(10. ±
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Figure 3.4: (a) Four example Raman spectra of suspended, single-layer, MoS2 col-
lected over increasing laser excitation power. The vertical offset is for display clarity.
(b) Raman peak positions for both A1g (blue squares) and E1

2g (red circles) modes
as a function of temperature. Fit lines and linear coefficients for temperature depen-
dence, χP , are shown.
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Figure 3.5: The non-linear power dependent peak frequency is shown. The peak
position becomes non-linear above 0.3 mW

0.4) cm−1/mW, respectively.[5] Note that these χP values significantly exceed those

reported[25] for substrate-supported mono-layer MoS2 and exceed by a factor of

two those for suspended few-layer flakes.[34] Table 3.1 summarizes the laser power-

coefficients for various MoS2 flakes.

For suspended mono-layer MoS2 both modes behave similarly in terms of the

power-dependent slope, while for the substrate-supported mono-layer flake, the in-

plane E1
2g mode shows much smaller laser power dependence compared to the out-

of-plane A1g mode. The interaction is a strong manifestation of substrate-induced

strain resulting from laser heating of the MoS2 while the substrate remains at room

temperature (assuming negligible absorption of the laser). The strain is applied

because the expansion of the MoS2 lattice is hindered by the cooler substrate. This

point is further supported by a recent study on strain-dependent Raman spectra of
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monolayer MoS2 where only the E1
2g mode is sensitive to the strain variation, but the

A1g mode does not respond.[27] This interaction between MoS2 and the substrate

has implications for electrical devices. As shown in table 3.1, the value for κ when

the MoS2 is suspended and single layer is lower than the few-layer MoS2 and will be

lower than the supported as well. These values for κ are extracted from experimental

values χT and χP , which are different between mono-layer suspended and supported.

The electronic device implications relate to the manufacturing process. If a device

uses MoS2 supported on a substrate, the substrate will change the value for κ.

3.3 Thermal Conductivity

The power dependence and temperature dependence of the Raman spectra was

used to estimate the thermal conductivity κ of MoS2 by comparing the peak shift

for different temperatures and powers. κ is the property of a material that describes

how well a material conducts heat. A high thermal conductivity means the material

can dissipate heat quickly while a low thermal conductivity insulates heat. Thermal

conductivity is

κ =
A

2πt

∂P

∂T
, (3.4)

can be determined experimentally where t is the thickness, A is the absorbance. Ac-

cording to reference [4], absorbance equals 0.09 with an excitation laser of 514.8 nm.

Experimentally this value was extracted by comparing the power and temperature

dependent slopes along with other factors as shown in equation 3.4 Re-writing equa-
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tion 3.4 in terms of phonon shift dependence

κ =
A

2πt

∂ω

∂P

∂ω

∂T
=

A

2πt

∂ω
∂T
∂ω
∂P

(3.5)

κ =
A

2πt

χT

χP

. (3.6)

At this point the phonon dependence becomes evident,
∂ω

∂T
is equal to the slope

from figure 3.2, χT and
∂ω

∂P
is equal to the slope from figure 3.4, χP . This gives the

final thermal conductivity equation from experimental values shown in equation 3.6.

The thermal conductivity of suspended mono-layer MoS2 was found to be (34.5 ±

4) W m−1 K−1.[5] This is lower than few layer MoS2, which can be seen with other

thermal conductivities in table 3.2. The GaAs and MoS2 have thermal conductivities

that are considered to be a typical range for semiconductors, whereas Si has a higher

thermal conductivity. This is why, when Si and graphene are compared, graphene

has a very high thermal conductivity. This typical range for semiconductor’s thermal

Material κ ( W
mK

)

MoS2 Mono-layera 34.5 ± 4
MoS2 Few-layerb 52
Graphene Mono-layerc 5300 ± 480
Graphited 2000
Silicone 148
GaAse 55

Table 3.2: a This work and ref [5],b ref [34]c ref [33], dref [37],e ref [18]

conductivity does mean there will be barriers to overcome when trying to implement

MoS2 into electrical devices.
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Chapter 4

Photoluminescence of Mono-layer

MoS2
The photoluminescence (PL) of MoS2 gives deep insight into the electronic band

structure. MoS2 in bulk form has an indirect band-gap around 1.2 eV. This band-

gap slowly transitions to a direct band-gap around 1.8 eV as layers are removed from

the bulk reaching mono-layer. This is a relatively large band-gap when compared

to similar semiconductors like InSb, which can be used for electronic devices. This

direct band-gap, as compared to other band-gaps in table 4.1 shows the transition

between bulk and single-layer for MoS2 along with other band-gaps of common ma-

terials including graphene, Si, and InSb. This existence of a direct band-gap is one

of the many reasons single-layer MoS2 has peaked the interests of electronic device

developers. Graphene does not inherently have a direct or indirect band-gap. This

existence of a direct band-gap in single-layer MoS2 means it can be implemented in

electronic devices as a semiconductor without augmentation to the band structure

through strain, doping, or other mechanisms. The PL peak is an excitonic feature

that, in single-layer MoS2,consists of more than a single transitions as discussed in
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Crystal Gap Type Gap at Low T(eV) Gap at 300 K (eV)

MoS2 Single Layer c Direct 1.89 1.87 ± 0.03
MoS2 Bulk b Indirect 1.2
Diamonda Indirect 5.4
Sia Indirect 1.17 1.11
Gea Indirect 0.74 0.66
InSba Direct 0.23 0.17
GaAsa Direct 1.54 1.43
Graphene b NA 0 0

Table 4.1: a ref[18],b ref [9],c This work.

the previous section. These peaks have been identified as the neutral exciton, trion,

and bound exciton. [4] The main excitonic feature consist of both the neutral exci-

ton (A) and negative trion (A-), where they can, in more conducive environments,

be separated and identified individually.[4] One way of separating the two peaks (A

and A-) is by configuring the material into an electronic device, such as, a FET.

Then a voltage bias either increase or reduce the amount of electrons in the sys-

tem. With extra electrons, the A- trion peak becomes more prevalent, allowing for

identification.[4] Another method shown to differentiate the two peaks is by lowering

the temperature with liquid nitrogen or liquid helium.[4] This raises the energy that

the A peak is luminescing at and lowers the energy of the A- peak.[4] These two

methods are used to show that at room temperature and an unbiased configuration

there are still two peaks in existence that make up the single excitonic feature. These

two peaks need to be identified by their own fit parameters and must be allowed to

move freely.
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4.1 Temperature Dependence of Single-Layer MoS2

The temperature dependence of the PL Spectra is shown in figure 4.1 for several

temperatures. We see several PL spectra of the suspended sample are over-laid to

Figure 4.1: This shows six temperatures of PL spectra on the suspended sample.

show the general shape and position changes that the main excitonic peak undergo

and the dashed line is a guide for the eye. The peak position red-shifts and broadens

with temperature increase. Also there is a reduction in intensity of the luminescence

as temperature increases. The temperature dependence is shown in figure 4.2(a)

the suspended peak position (eV) from 100 K to 320 K and (b) shows the sapphire

supported samples over a range of 100 K to 400 K. These were fitted with Gaussian

curves defined by:

G(ω) =
∑
i

Aie
−
(
ω−µi
σi

)2

, (4.1)
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Figure 4.2: The temperature dependent peak positions are shown for three samples.
(a) the peak position of the main excitonic structure,(b)Temperature dependent peak
position of both samples on sapphire.
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where there are three fitting parameters, all of which are indexed with i for multiple

peaks. In the equation A represents the amplitude of the peak, σ represents the width

of the peak given, and µ represents the peak position. This temperature dependence

shows that thermal energy changes the lattice or the band-structure. This is either

intrinsic to the material’s characteristics or caused by MoS2 interacting with the

substrate.

4.2 Power Dependence of Single-Layer MoS2

The power dependent study used the same experimental set-up for PL as de-

scribed in chapter 2.4. The linear response shown in figure 4.3(a) between excita-

tion power and PL emission intensity is only with excitation power from 6.18µW to

64µW. Above 64µW the PL response begins to exhibit a non-linearities. All three ex-

citonic peaks show an increasing PL emission with increasing excitation power. The

A- exciton, or trion, peak intensity has a linear coefficient of 3.3×104 counts/mW,

which is the steepest slope. The A exciton peak shows a linear coefficient of 2.2

×104 counts/mW and the defect peak shows a much more reduced slope of 0.69

×104 counts/mW. These slopes give insight into the nature of the peaks. The defect

peak has a small slope because it is less related to a MoS2 PL response and more so

due to material or growth defects. As shown in figure 4.9(b) another linear response

can be seen over the same power range. This linear response shows the relationship

between excitation power and emitted energy through the photoluminescent process.

The A exciton shows very little linear response to excitation power however the A-
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Figure 4.3: Power dependent PL peak amplitude. The peak amplitude’s non-linear
response of MoS2 is shown for all three peaks; A peak in red, A- peak in blue, and
the bound peak in cyan.
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Figure 4.4: Power dependent PL peak position.The peak position’s non-linear re-
sponse of MoS2 is shown for all three peaks; A peak in red, A- peak in blue, and the
bound peak in cyan.
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and defect peaks show a slight red-shift with increasing power. The A- exciton shifts

with a slope of -.091 eV/mW, while the defect peak shifts with a more drastic slope

of -.24 eV/mW. The excitation’s peak width can relate to the broadness of emitted

energy. A very broad PL peak relates to a wide range of energies being emitted from

the peak’s electron transitions. These responses are seen in Figure 4.5 (c). The A-
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Figure 4.5: Power dependent PL peak width.The peak width’s non-linear response
of MoS2 is shown for all three peaks; A peak in red, A- peak in blue, and the bound
peak in cyan.

peak shows a slope of .070 eV/mW, while the A peak shows a more slight broadening

slope of .036 eV/mW. The defect peak shows a different linear response. The defect

peak narrowa with increasing power at a rate of -.56 eV/mW. All of these linear re-

sponses only work below an excitation power of 0.06 mW, anything above that power

MoS2 begins to show signs of saturation.
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Two spectra examples of the supported sample without HfO2 are seen in figures

4.6 and 4.7. The there are three Gaussian curves, yellow is a fit for the defect peak,

Figure 4.6: The spectrum data for the supported sample’s PL power dependence at
0.0311 mW is shown fit with the (cyan) sum of the three Gaussian curves, (blue) the
A exciton fit, (red) the A- exciton fit, and (black) the bound exciton fit

red is a fit for the A exciton, and magenta is a fit for the A- exciton. The fourth

curve, black, is the sum of three Gaussian curves represented in equation 4.1. Figure

4.6 shows 0.031 mW, which is considered to be below the saturation point. Figure

4.7 represents 0.69 mW of power, which is above the saturation point. This drastic

response for the intensities is in figure 4.3 shown in a semi-log scale. A positive

response still holds true, increasing power still means increasing intensity, however,

the rate of change for the intensity is lower above 0.06 mW. All three peaks show

a decrease in the rate of change for the intensity. The peak position, or emitted

photon energy, in figure 4.4 (semi-log scale), has a linearly decreasing slope. The

non-linear response of the photon energy for all three peaks reaches a saturation



43

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
0

0.5

1

1.5

2
x 10

4 10 % of Power

Energy (eV)

In
te

ns
ity

 (
A

rb
.U

ni
ts

)

Figure 4.7: The spectrum data for the supported sample’s PL power dependence at
0.685 mW is shown fit with the (cyan) sum of the three Gaussian curves, (blue) the
A exciton fit, (red) the A- exciton fit, and (black) the bound exciton fit.

point. The width of these peaks or scattering rate, also becomes non-linear. This

is in figure 4.5 shown in a semi-log scale. The A and A- peak linearly increase in

energy width until it begins to saturate. The defect peak, however, is a decreasing

energy width that begins to saturate instead of increasing. This simply means that

the main excitonic peaks (A and A-) broaden, while the defect lower energy peak

narrows with increasing input power.

Considering instead at the linear region of these PL spectra shows s similar rela-

tionships. Starting with the peak amplitude in figure 4.8 the red line is the linear fit

where the red circle is the A exciton’s fit parameter,the blue circle is the A- exciton’s

fit parameter, and the cyan circle is the bound exciton’s fit parameter. We see the

A, A- and bound peak amplitudes of MoS2 increase linearly below 0.07 mW. The A

peak has the greatest slope as well. The PL peak position of MoS2 is also linear
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Figure 4.8: The photoluminescent power dependence of MoS2 in the linear range
is shown for amplitude. The red line is the linear fit where the red circle is the A
exciton’s fit parameter, the blue circle is the A- exciton’s fit parameter, and the cyan
circle is the bound exciton’s fit parameter.
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below 0.07 mW and is seen in figure 4.9. Once again, a similar trend is seen as before

Figure 4.9: The photoluminescent power dependence of MoS2 in the linear range is
shown for peak position. The red line is the linear fit where the red circle is the
A exciton’s fit parameter, the blue circle is the A-, exciton’s fit parameter, and the
cyan circle is the bound exciton’s fit parameter.

in the non-linear peak position. Here the A and A- peak positions both red-shift but

only slightly where as the bound peak red-shifts at a greater rate. The peak width

in the linear region does show an interesting trend. In figure 4.10 the peak width

dependence of MoS2 is seen for all three peaks. The A and A- peak both broaden

but slightly with increasing power, however the bound peak narrows at a much more
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Figure 4.10: The photoluminescent power dependence of MoS2 in the linear range
is shown for peak width. The red line is the linear fit where the red circle is the A
exciton’s fit parameter, the blue circle is the A- exciton’s fit parameter, and the cyan
circle is the bound exciton’s fit parameter.
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drastic rate. This is the only parameter in the Gaussian fits that shows a different

direction of shift between the three peaks.

The substrate also effects both Raman and PL as shown in table 4.2. The A exci-

Substrate A1gPeak(cm−1) E1
2gPeak (cm−1) A exciton(eV)

Suspendedb 404.3 383.8 1.87
Al2O

b
3 404.8 383.5 1.87

Al2O3 with HfOb
2 402 383.7 1.85

SiOa
2 404.4 385.2 1.85

Aua 404.5 384.8 1.89
Gel-Filma 404.6 384.6 1.89
FLGa 405 385.2 1.89
Micaa 405.4 385.3 1.85
h-BNa 405.6 384.9 1.89

Table 4.2: This shows the pronounced effect a substrate has on both Raman and PL
spectra for mono-layer MoS2.

a ref[38], b is the current work

ton location is interesting because the location represents the emitted photon energy,

which is the direct band-gap at the K-point. This means the substrate changes the

band structure through possible strain, or more likely via the dielectric environment.

The lowest, or most red-shifted peak, is the sapphire-supported sample with the

HfO2 overcoat. The suspended sample, with an A excitation of 1.87 eV, should be

the closest to intrinsic MoS2 behavior because the probed material is suspended over

holes. Thus, the suspended values reported here give a better understanding to the

MoS2 band-gap than any of the other reported samples.
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Chapter 5

Conclusion
Graphene, nearly a decade ago, spurred extensive research in the quickly devel-

oping field of condensed matter physics. This new research is focused on atomically

thin, two-dimensional crystals such as single-layer transition-metal dichalcogenides

(TMD) semiconductors and boron-nitride.[1, 2, 3, 6] Graphene shows characteris-

tics that differ from bulk graphite that include low dimensionality, large thermal

conductivity, and a band-gap when under strain. Graphene does not have a natu-

rally occurring band-gap, it is a semi-metal where there is a high carrier mobility.

Compared to graphene, the presence of a band-gap in TMDs is more desirable for

electrical device applications, such as field-effect transistors (FETs). The incorpo-

ration of MoS2 or other single layer materials like graphene allow manufacturers

to approach a new size of electronics.[8] Recent experimental and theoretical work

shows that these layered TMDs undergo a transition from indirect to direct band-gap

when their thickness is reduced from bulk to mono-layer, leading to a pronounced

photoluminescence.[9, 4, 10]

There are two main obstacles that must be broached before MoS2 electronic

devices have a chance. The thermal conductivity must be known and the band



49

structure’s power and temperature dependence must be understood. Both of these

topics were studied and proper physical models were applied.

Raman spectroscopy was used for thermal conductivity for both suspended and

supported MoS2 samples from 100 K to over 300 K. This was shown to be a negative

slope for increasing temperature. Both the A1g and E1
2g peaks were observed and

it was found for the suspended had a slope of -0.013 cm−1/K for A1g and -0.011

cm−1/K for E1
2g. The supported A1g had a slope was -0.013 cm−1/K and E1

2g had a

slope of -0.017 cm−1/K.

The scattering rate for supported also differed between the A1g and E1
2g, where the

A1g scattering rate increased with temperature more drastically than the E1
2g mode.

This could be because the substrate is interacting with the out-of-plane mode more

than the in plane mode. The thermal conductivity was extracted and is reported as

(34.5 ± 4) W m−1 K−1. The PL is a powerful method to see the exciton dynamics

along with values for the direct band-gap. When the electron radiatively recombines

it emits photons with an energy related to the band-gap. The change of the peak

position shows a change in band structure with temperature. The photon energy

for suspended, supported with out HfO2 and with HfO2 all show a red-shift with

increasing temperature but at different rates. The PL temperature dependent spectra

show a decrease in amplitude, a lowering of photon energy, and a broadening with

increasing temperature for the main, A, excitonic peak. The power dependence also

showed a negative slope for the width and the photon energy, however the intensity

increased with higher powers. The PL peaks are also highly dependent upon the

substrate, the intensity, photon energy, and width all change with substrate. This
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could change the way single layer MoS2 is implemented in materials, possibly giving

the electronic device components with specification like photon energy all fabricated

with single-layer MoS2 on various substrates.

Single-layer molybdenum disulphide research has began because of single layer

material interest. Graphene started this interest and was found to have a very

high thermal conductivity, which is useful for electronic devices, but is a semi-metal

and has no natural band-gap. Single-layer MoS2 naturally has a direct band-gap

but has a thermal conductivity that is less than one one-hundredth of the thermal

conductivity of graphene. The direct band-gap was measured using photoluminescent

spectroscopy and found to be around 1.87 eV. The substrate also seems to change the

band structure drastically with values that are ± 0.05 eV. The thermal conductivity

was found using Raman spectroscopy and also showed the substrate works as a heat

sink on the supported samples. With this new knowledge electronic devices can be

created and possible sources of device failure can be addressed. These new single-

layer materials have the potential to revolutionize the size of electronic devices in

the near future making the understanding the physics of these new novel materials

imperative.
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