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The successful exfoliation of graphene and studies into its unique electrical and thermal 

properties has motivated searches for other quasi two-dimensional (2D) materials with 

interesting properties that could be used for practical applications. In this dissertation, I 

describe my research of the properties of inorganic van der Waals materials – layered 

transition metal dichalcogenides and devices based on these materials. The first part of 

the dissertation deals with the selective gas sensing using MoS2 thin-film transistors. The 

sensing is enabled by the change in the channel conductance, characteristic transient time, 

and spectral density of the low-frequency current fluctuations. The back-gated MoS2 thin-

film field-effect transistors were fabricated on Si/SiO2 substrates. The exposure to 

ethanol, acetonitrile, toluene, chloroform, and methanol vapors resulted in drastic 

changes in the source-drain current. It was established that the transient time of the 

current change and the normalized spectral density of the low-frequency current 

fluctuations can be used as additional sensing parameters for selective gas detection with 

thin-film MoS2 transistors. The second part of this dissertation involves the Raman study 
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of 1T-TaSe2 thin-films. Bulk 1T-TaSe2 exhibits unusually high charge density wave 

(CDW) transition temperatures of 600 and 473 K below which the material exists in the 

incommensurate (I-CDW) and the commensurate (C-CDW) charge-density-wave phases, 

respectively. The C-CDW reconstruction of the lattice coincides with new Raman peaks 

resulting from zone-folding of phonon modes from middle regions of the original 

Brillouin zone back to Γ. The C-CDW transition temperatures as a function of film 

thickness were determined from the evolution of these new Raman peaks, and they are 

found to decrease from 473 to 413 K as the film thicknesses decrease from 150 to 35 nm. 

The results of the dissertation contribute to better understanding of properties of 2D 

materials and may lead to their practical applications in electronics. 
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Chapter 1 

 

Introduction 

 
1.1 Motivation  

 
Considered to be one of the key inventions of modern era, the transistor is the 

most active component of all of modern technology. It was first experimentally observed 

and demonstrated by John Bardeen, Walter Bratain and William Shockley in 1947 at Bell 

Labs. The transistor consists of a solid piece of semiconductor material with several 

contact terminals that connect it to an external circuit. Today, our technology is 

dependent on highly automated semiconductor processing methods based around silicon 

to mass produce low cost per-volume transistors.  

Silicon based transistors are currently experiencing physical and technological 

limitations and so a lot of emphasis is being put on research that is geared towards 

looking at alternative materials for device integration with current technology [1]. Figure 

1.1 depicts Moore’s law showing the trend of decreasing transistor gate length to increase 

the number of transistors per wafer. The design of the transistor is such that it is made up 

of several materials whose physical properties together allow for fast switching 

capabilities under the influence of an applied external field. These devices usually consist 
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of thin layers of several possible semiconducting materials as well as high thermal 

conductivity metal such copper (used for interconnects). 

 

 

Figure 1.1: Plot of number of transistors on a chip between the years 1970 and 2010. The data is after the 

Intel Corporation. 

 

The push for new, complex and better switching capabilities has led to the 

aggressive downscaling of the feature sizes and attempts at better and more compact 

integration. This continuous trend leads to a requirement for expensive replacement of 

tools and instrumentation. Because of this, the technology is constantly being pushed to 

evolve and materials being used must be capable of being processed using state of the art 

lithography methods for device fabrication. To this end research is now being done to 

incorporate materials with low dimensionalities that exhibit extraordinary properties into 
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the chip design to help improve the performance and efficiency of fabricated devices. 

These materials are termed the van der Waals materials. These are layered materials that 

have strong in-plane bonds but weak coupling van der Waals bonds between layers. They 

are also called 2-dimensional (2D) materials because of the dimensionality of the flat 

layers that constitutes their structure. Some of the materials under this classification 

include Molybdenum Disulfide (MoS2), Bismuth Telluride (Bi2Te3) and Graphite. Of 

these van der Waals materials studied the chapters that follow describe work done on one 

particular sub-group known as the Transition-Metal Dichalcogenides (TMD). These are 

atomically thin semiconductors whose structure is typified by the formula MX2, with M 

representing a transition metal atom (Mo, W, etc.) and X representing a chalcogen atom 

(S, Se, or Te.). One single layer of M atoms is sandwiched between two layers of X 

atoms.  

Some of the properties of the TMD include:  

 TMD that exist in single-layer form of MoS2, WS2, MoSe2, WSe2 and MoTe2 

have been shown to have a direct band gap and have therefore been proposed for 

possible applications in electronics as transistors as well as in optics as detectors 

[2, 3]. 

 As a result of having no inversion center in the TMD monolayer crystal, access is 

allowed to a new degree of freedom of charge carriers also called as the k-valley 

index whose study is termed valleytronics [4, 5].  
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1.2 The van der Waals Materials  

 
These are layered materials that have strong in-plane bonds but also possess 

characteristic weak coupling Van der Waals bonds between layers. They are also called 

2-dimensional (2D) materials because of the dimensionality of the flat layers that make 

up their structure. They include materials such as Molybdenum Disulfide (MoS2), 

Bismuth Telluride (Bi2Te3) and Graphite. 

They were originally thought to be unable to exist in few-layer state and had been 

theoretically proven to be difficult to separate into individual layers because in these 

dimensions they would become thermodynamically unstable and decompose when they 

were separated into layers that were under a certain thickness. 

 

-  

Figure 1.2: Illustration of the layered structure of graphene, an example of a van der Waals material. 
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However, the discovery that exfoliation could be used as a technique of separating 

layers in 2004 by A. Geim and K. Novoselov sparked interest in these 2D materials 

because they possessed varied electronic and opto-electronic properties [6]. Their 

properties were also found to be layer dependent meaning changes in the number of 

layers would lead to changes in the observed properties of the material.  

In the early years research emphasis was concentrated on graphene and this 

research has evolved into a vast field with almost 10,000 papers now being published 

every year on a variety of subjects including a multitude of applications using graphene 

[7]. Breakthroughs in graphene research are expected to now come out at a reduced pace 

as  focus is now shifting to other two-dimensional (2D) atomic crystals such as isolated 

mono- and few- layers of hexagonal boron nitride (hBN), molybdenum disulfide, other 

dichalcogenides, layered oxides and van der Waals heterostructures [7]. 

The library of potential van der Waals materials that can be selected from is in 

principle quite large. There exist hundreds of layered materials that cleave easily and 

theoretically allow the use of mechanical exfoliation to isolate their atomic planes as 

shown in Figure 1.2. Unfortunately, this is not so easy. The melting temperature (T) of 

these materials decreases with decreasing thin films’ thickness and most of these 

materials survive ambient conditions only due to natural passivation of their surfaces [7]. 

This means many of these 2D crystals imaginable in theory are unlikely to survive in 

reality and for practical use because they would corrode, decompose and even segregate 

[8]. 
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1.3 Transition Metal Dichacolgenides  

 
This particular sub-class of van der Waals materials consist of a ―sandwich-like‖ 

structure as shown in Figure 1.3, where a layer consisting of a transition metal (e.g. Mo, 

Ta) is sandwiched in between two chalcogenide layers (e.g. S, Se) to form a tri-layer of 

the three [9]. This is very unlike graphene’s single layer composition consisting of a 

single layer made up of an atomic layer of carbon. However just like graphene these 

TMDs are characterized by weak bonds between layers and strong in-plane covalent 

bonding. Because of this, it is possible to cleave apart bulk TMDs by exfoliation into 

single or few-layered structures by physical or chemical means [9].  

 

 

Figure 1.3: Illustration of the “sandwich” layered tri- structure that makes up a TMD layer. 

 

When these bulk TMDs are thinned down to monolayer or few-layer form, new 

properties may emerge due to quantum confinement and possible surface effects. 

Changes in the number of layers in these TMDs may mean drastic changes in the 
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properties of these TMDs. An example of this is where bulk semiconducting trigonal 

prismatic TMDs in the form of the 1T polytype possess an indirect band gap, but when 

thinned to single layer form, they exhibit direct electronic and optical band gaps. 

Adjacent layers are weakly held together to form the bulk crystal and they may 

exist in a number of polytypes, which vary in stacking orders and metal atom 

coordination. The overall symmetry of TMDs is either hexagonal or rhombohedral, and 

the metal atoms have octahedral or trigonal prismatic coordination. The different 

structural polytypes that TMDs may exist in are: 2H (hexagonal symmetry, two layers per 

repeat unit, trigonal prismatic coordination), 3R (rhombohedral symmetry, three layers 

per repeat unit, trigonal prismatic coordination) and 1T (tetragonal symmetry, one layer 

per repeat unit, octahedral coordination) [9]. The electronic properties of TMDs can vary 

from metallic to semiconducting. A summary of some of these properties is shown in 

Table 1.1.  

 

TMD Materials and Their Properties 

 S2 Se2 Te2 
 Electronic 

Properties 
References Electronic 

Properties 
References Electronic 

Properties 
References 

Nb Metal; 
superconducting; 
CDW 

10 (E) Metal; 
superconducting; 
CDW 

10,11 (E) Metal 14 (T) 

Ta Metal; 
superconducting; 
CDW 

10,11 (E) Metal; 
superconducting; 
CDW 

10,11 (E) Metal 14 (T) 

Mo Semiconducting 
1L: 1.8 eV 
Bulk: 1.2 eV 

2 (E) 
 
12 (E) 

Semiconducting 
1L: 1.5 eV 
Bulk: 1.1 eV 

13 (T) 
 
12 (E) 

Semiconducting 
1L: 1.1 eV 
Bulk: 1.0 eV 

13 (T)  
 
15 (E) 

W Semiconducting 
1L: 2.1 eV 
1L: 1.9 eV 
Bulk: 1.4 eV 

 
 
13 (T) 
12 (E) 

Semiconducting 
1L: 1.7 eV 
 
Bulk: 1.2 eV 

14 (T) 
 
 
12 (E) 

Semiconducting 
1L: 1.1 eV 

14 (T) 

 

Table 1.1: Electronic properties of various TMD materials. 
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TMDs that have a lot of potential for investigation include semiconductors (MoS2, 

WS2), metals (VSe2), Charge Density Wave exhibiting materials (TaSe2), semi-metals 

(TiSe2) and superconductors (NbSe2).  

 

1.4 Charge Density Waves  

 

 

Figure 1.4: Illustration of the transition from the normal state to the charge-density-wave state below the 

Peierls temperature TP. The atomic displacements leading to the formation of a ―superlattice‖ results in 

opening of an electronic energy band gap and modification of the Raman spectrum of CDW materials. 

 

Charge density wave (CDW) is a symmetry-reducing ground state most 

commonly found in layered materials. The appearance of a CDW state is as a result of a 



9 

 

Peierls instability where below the transition temperature, Tp, the lattice of atoms 

undergoes a periodic distortion, and the electrons condense into a ground state with a 

periodic modulation of the charge density as shown in Figure 1.4. This consequently 

leads to the formation of an energy gap at the Fermi surface [16, 17]. For small applied 

electric fields, the CDW remains pinned to defects of the underlying lattice. However, an 

applied field higher than the threshold field, ET, will cause the CDW to de-pin from the 

defects and slide through the crystal producing a collective current [18].  

As integrated circuits and electronic devices made from silicon decrease in size, 

energy dissipation is one of the main limiting factors to continued miniaturization and 

scaling. This energy, which is lost each time a transistor switches, for example, is 

proportional to the number of electrons in the device material and temperature. But the 

assumption underlying this limit is that the electrons act as an ensemble of independent 

particles. If the electrons were instead in a collective state, then the minimum dissipation 

limit for one switching cycle would be greatly reduced. It is estimated that the 

thermodynamic energy dissipation limit for one switching cycle of a charge-based logic 

bit is given by NkBT × ln(2) where N is the number of electrons, kB is Boltzmann’s 

constant, and T is the temperature [19, 20]. The fundamental assumption being that the 

electrons or spins act as an ensemble of independent particles. If instead, the N electrons 

are now in a collective state, then the minimum dissipation limit for one switching cycle 

can be lowered to  kBT × ln(2). 

The suggestion is that these CDW materials and their collective states can be used 

as alternative state variables for information processing. TMD materials that exhibit 
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CDW properties include Tantalum Diselenide (TaSe2), Tantalum Disulfide (TaS2) and 

Niobium Diselenide (NbSe2). 

 

1.5 Low-Frequency Noise 

 
Noise by definition is taken as a random fluctuation in an electrical signal 

characteristic of all electronic devices. It can be associated with the discrete nature of 

electron charge transfer or motion of charge carriers. Low frequency noise is an 

important factor to consider in devices and circuits because it sets the lower limit or 

sensitivity of detectable signals and it up-converts to phase noise in oscillating systems 

leading to a reduction in the achievable spectral purity in communication systems. The 

study of noise can also be used to investigate and determine carrier transport 

mechanisms, and characterize defects in materials. Low-frequency noise (LFN) normally 

refers to random fluctuations below 100 kHz. 

 Flicker noise or 1/f noise is a kind of noise where the noise power spectral density 

is inversely proportional to the frequency. The current power spectral density for flicker 

noise can be expressed as: 

 

  ( )   
   

  
                  (1.1) 

 

where I is the current flowing through the device and A, β and γ are constants. Generally 

for 1/f noise the frequency exponent γ when extracted falls between 0.8 and 1.2 and this 
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type of noise is dominant in the low frequency part of the spectrum (10
-6

 to 10
6
 Hz). It is 

found in most electronic and semiconductor devices ranging from metal-oxide 

semiconductor field-effect transistors (MOSFETs), bipolar junction transistors (BJTs), 

junction field-effect transistors (JFETs), metal-insulated semiconductor field-effect 

transistors (MESFETs) and even metal films and ionic solutions [21-25]. 
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Chapter 2  

 

Experimental Methods  

 
2.1 Raman Spectroscopy 

 
This spectroscopy technique is an effective and non-destructive technique for 

characterizing semiconductors and other materials in a variety of forms. It is relatively 

fast, requires no sample preparation, and can measure very small samples of areas 

measuring in microns. The Raman effect was observed by both Landsberg and 

Mandelstam as well as C. V. Raman [1] in 1928, and Raman was credited with and 

eventually awarded the Nobel Prize in Physics in 1930 for discovering the Raman Effect. 

Raman spectroscopy is based on the inelastic scattering of light that results in the 

formation or absorption of a phonon. This spectroscopic technique can be used to study 

vibrational, rotational, and other low-frequency modes in a system. This is because the 

energy of the excitation source (light) can be shifted higher or lower as it interacts with 

molecular vibrations, phonons or excitations in the system. This change in energy (shift) 

then gives us useful information about the vibrational mode of the system and can be 

used for analysis purposes.  

Raman scattering occurs because of an interaction between incident light and a 

material which leads to the annihilation or creation of a phonon. For a crystalline material 
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quantized lattice waves (vibrations) travel or propagate through the crystal due to the 

vibration of atoms about their equilibrium positions. During the interaction between light 

and the material, the lattice of the crystal will either lose or gain energy ħω where ħ is 

Planck’s constant and ω is the characteristic phonon frequency. Due to the lattice either 

losing or gaining energy, there will be a corresponding increase or decrease in the 

frequency ωs of the resulting scattered photon, ωs = ωi ± ω. When the frequency of the 

scattered photon is lower than the frequency of the incident photon, a quantum of energy 

is added or absorbed by the sample. This is known as a Stokes process. If the frequency 

of the scattered photon is higher than the frequency of the incident photon, it means a 

phonon has been annihilated from the sample and this is called an anti-Stokes process. 

 

 
Figure 2.1: Schematic diagram showing Rayleigh, Stokes and Anti-Stokes scattering processes. 
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Rayleigh scattering occurs when the incident photon and the scattered photon are 

the same frequency and no loss or gain of energy has occurred. This relationship between 

Rayleigh, Stokes, and anti-Stokes process is illustrated in Figure 2.1. A Stokes process 

can also be depicted as the photon shifting to a longer wavelength (or lower energy) and 

an anti-Stokes process as shifting to a shorter wavelength (higher energy). The incident 

photon will therefore excite an electron to a higher virtual energy level after which the 

electron then transitions back down to a lower vibrational energy level (Stokes) or to the 

ground state (anti-Stokes) while emitting a photon. The intensity of the anti-Stokes peak 

is heavily temperature dependent when at thermal equilibrium because an anti-Stokes 

process can only come about when the medium is not in the ground state. From the 

Boltzmann distribution, we know that the excited state has fewer electrons than the 

ground state and so it is possible to use the anti-Stokes spectrum as a means of 

monitoring sample temperature due to higher temperature consequently providing 

additional energy in which to excite the electron into a higher energy. 

 

2.1.1 Applications of Raman Spectroscopy 

 
Raman spectroscopy is often used to identify the presence of particular molecules 

since vibrational information is specific to the chemical bonds and symmetry of different 

molecules. Raman spectroscopy is used to characterize materials, measure temperature, 

and find the crystallographic orientation of a sample. As with single molecules, a given 

solid material has unique phonon modes that are characteristic to it. These can be used for 
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identification of the material. The relative strain on a material (compressive or tensile) 

can also be detected using Raman spectroscopy. 

Raman spectroscopy can also be used to observe other low frequency excitations 

of solids such as magnons, plasmons and superconducting gap excitations. For this 

dissertation, the variable-temperature Raman spectroscopy has also been used as a 

method of choice for detecting the phase transition temperature in CDW materials as they 

undergo structural phase transitions [2-7]. It has also been used as a metrology tool to 

determine the thickness of certain 2D materials like Molybdenum Disulfide (MoS2) and 

graphene [8-11]. 

 

2.1.2 Experimental Raman Setup 

 
All Raman measurements were done with the confocal Renishaw in-Vio 

instrument in the back-scattering mode of operation. The instrument used is shown in 

Figure 2.2. The spatial resolution of this instrument was limited by the laser spot diameter 

(~1μm). This therefore allowed us to conduct measurements on sample areas of a few 

microns. The sample could be put on a translation stage which could be moved coarsely 

along x and y- axes by use of a hand held controller. A normal white light source was 

used to illuminate and focus the sample with the help of a CCD camera. Laser of 

wavelength 488nm or 633nm was directed to the sample through the 50x/100x objective 

lens to excite the Raman signals. The Raman scattered light as well as the Rayleigh light 

were collected by using the backscattering configuration through the objective lens.  



18 

 

 

Figure 2.2: Confocal Renishaw Raman instrument used for our measurements. 

 

The Raman signal is recorded with a set value of 1800 lines/mm grating while the 

Rayleigh light is blocked with an edge filter. During the measurement, the power 

provided by the laser affects the peak intensity and signal to noise ratio of the Raman 

peaks. Optimization of power provided during the measurement is therefore important for 

different samples. The laser power of the incident laser is kept below 1 mW to prevent 

local excitation laser heating of the samples. Before any measurement, the Renishaw 

Raman system was calibrated with a reference silicon sample which has a characteristic 

peak at 520.4 cm
-1

. It could also be calibrated using an internal silicon sample that was 

built into the system for that purpose. The Raman spectra of some 2D van der Waals 

materials are shown in Figures 2.3, 2.4 and 2.5. 
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Figure 2.3: Raman spectrum of single layer graphene showing G-Peak to 2D Peak ratio as 0.25. 

 

 

Figure 2.4: Raman spectrum of 2H polytype TaSe2 showing the identifying peak at 235 cm
-1

. 
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Figure 2.5: Raman spectrum of MoS2 showing its two characteristic identifying peaks. 

 

2.1.3 Raman Spectroscopy Measurements 

 
It is possible to obtain one, two, and three dimensional Raman spectra. It is most 

common to take one-dimensional measurements for uniform samples. This measurement 

is done by illumination of a point on the sample and recording of the resultant spectrum. 

The wavelength of the scattered light is measured via the spectrograph and the Raman 

shift (cm
−1

) can be calculated with the following equation [12]: 

 

                                              (  
  )           (2.1)  
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where ν is the wavenumber. We can then write this equation in terms of wavelength, λ, as 

follows: 

 

                                             
   

      
 

   

      
 (    )                   (2.2) 

 

When a two-dimensional mapped spectrum is required, a software-controlled 

motorized stage moves the sample with respect to the laser in two directions as the 

measurement is running. This then provides a two-dimensional map of the Raman 

spectra. To obtain a three-dimensional Raman spectrum, lasers of different wavelengths 

are incorporated into the measurement, with higher wavelengths being able to penetrate 

deeper into the sample [12]. A three-dimensional Raman mapped spectrum is produced 

using lateral Raman maps as well as depth profiling. A second method uses a confocal 

microscope so that by raising or lowering the stage changes can be made to the depth 

profile. A possible third technique to do this is to progressively remove layers from the 

sample followed by measurement of the Raman spectrum after each layer that is 

removed. The depth profile is then built up using the Raman measurements at different 

depths [12]. 
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Chapter 3 

 

2D Channel Van Der Waal Devices 

 
3.1 Fabrication of 2D Channel Van der Waal Devices 

 
The main aim was to identify a suitable process for isolating thin flakes of VDW 

material flakes (SLG/BLG/FLG) atop a silicon /silicon dioxide substrate and thereafter 

fabricate FET (Field Effect Transistor) devices to use for electrical studies on the 

different materials. Since these FETs have a channel that ranges from mono to few-layer 

in thickness, carrier transport takes place perpendicular to the channel surface. Because of 

this, electrical properties are greatly influenced by the interface between the underlying 

substrate and the channel. The substrate has charge defects and phonons and the defect 

density can reach to the level of ~1x10
13

 cm
-2

 under ambient conditions depending on the 

sample [1]. This plays a significant role in defining the electrical transport properties of 

these 2D materials.  

 

3.1.1 Substrate and Wafer Preparation 

 
All device fabrication and characterization was done using degenerately doped p-

type silicon wafer. The wafer had 300 nm thermally grown SiO2 on top of it. This 
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thickness of SiO2 is important for 2D materials to obtain a good optical contrast under an 

optical microscope [2]. We use a degenerately doped substrate because it allows an 

application of a backgate without an excessive voltage drop. 

The first step of the fabrication starts with patterning small markers in the shape 

of crosses on SiO2 where our 2D flakes will be transferred. The cross markers are set at 

an x – direction spacing of 300 µm and a y- direction spacing of 250 μm as shown in 

Figure 3.1. These reference crosses then allow for our selected 2D VDW flakes to be 

identified later on using an optical microscope as well as a scanning electron microscope 

without much effort in a relatively large wafer chip. The backside of the wafer where 

bare silicon is exposed was coated with 100 nm thick Au using E-beam evaporation to 

make an ohmic contact that serves as global back-gate. 

 

 

Figure 3.1: Optical image of a wafer before 1st EBL run showing 300 by 250 µm working area and the 

reference cross markers. The enclosed rectangular area shows a region with transferred graphene. 
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3.1.2 Transfer of 2D VDW Flakes on Substrate 

 
To transfer our selected VDW material onto the wafer, the so-called scotch tape 

method first developed by researchers in the United Kingdom was used. This mechanical 

exfoliation started with bulk graphite like (highly orientated pyrolytic graphite) HOPG in 

the case of graphene or single crystals in the case of other TMDs like MoS2 and TaSe2. A 

clean environment during production process is very important for good quality of VDW 

channel and subsequent device performance. Before any transfer of flakes the wafer chip 

was cleaned thoroughly in acetone and isopropyl alcohol (IPA) to remove any kind of 

dust and organic contaminants from the wafer surface and the wafer was dried using 

Nitrogen gas. 

The mechanical exfoliation method involves attaching a HOPG flake (or VDW 

single crystal) to about six inches of adhesive tape with tweezers and pressing it down 

gingerly and peeling the tape apart slowly enough so that the bulk crystal cleaves 

smoothly in two. The steps above are repeated for several minutes until the flakes spread 

to a larger area on the tape. Then the tape with flakes is laid carefully onto a small silicon 

dice and gently rubbed for a few minutes. This silicon has a silicon dioxide layer of 

300nm on the top, which helps to find the thin exfoliated flakes under a white light 

optical microscope. The final step is to peel the tape off from silicon dice. The entire 

process is shown as a series of steps in Figure 3.2. 
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Figure 3.2: The steps involved in the mechanical exfoliation process. 

 

 

Figure 3.3: Optical image showing exfoliated (1) graphene, (2) bi-layer graphene and (3) multi-layer 

graphene. 
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            Figure 3.4: Optical image showing exfoliated Bi-Layer MoS2 

 

In order to study properties of the exfoliated material, one should first know 

exactly how many layers of it are on the sample. There are several ways of counting the 

layers by using either optical microscopy, atomic force microscopy or Raman 

spectroscopy. Optical microscopy could help to find few-layer graphene, but it cannot tell 

the exact number of layers.  It also gives us an indication on the thickness and therefore 

the number of layers present in flakes of MoS2 and TaSe2 by using the color of the 

observed flake. This is shown in Figure 3.3, 3.4 and 3.5 for graphene, MoS2, TaSe2 and 

TaS2. Atomic force microscopy can give an accurate thickness of our van der Waal  

material, but since its mechanism can only provide relevant thickness of the two 

interfaces, it is hard to determine the interface is between substrate and single layer van 
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der Waal material or single layer VDW material between bi-layer one. It is also hard to 

find the rough location of VDW material under AFM since flakes are relatively small; 

therefore AFM has a drawback of low efficiency. However, Raman spectroscopy can tell 

exactly the number of layers for graphene, MoS2 and TaSe2 [3, 4] and also has huge 

efficiency in characterization.    

 

Figure 3.5: Optical image showing colour contrast of different thicknesses of exfoliated VDW flakes.  

 

 

3.1.3 Two-Run Electron Beam Lithography Process  

 
Electron Beam Lithography refers to a lithography process that uses a focused 

beam of electrons to form patterns needed for material deposition on (or removal from) 

the wafer. In contrast with optical lithography which uses light for the same purpose, 
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EBL offers a higher patterning resolution than optical lithography because of the shorter 

wavelength possessed by the 10-50 KeV electrons that it employs. Given the availability 

of technology that allows a small-diameter focused beam of electrons to be scanned over 

a surface, an EBL system does not need masks anymore to perform its task (unlike 

optical lithography, which uses photomasks to project the patterns). An EBL system 

simply 'draws' the pattern over the resist wafer using the electron beam as its drawing 

pen.  The EBL system we use is shown in Figure 3.6 and is the LEO SUPRA 55 EBL 

with SEM.  

 

 
 

Figure 3.6: The LEO SUPRA 55 EBL system with SEM capability. 

 

 

Figure 3.7 shows a typical EBL process from very beginning to final lift-off 

specifically suited for VDW materials. The following is the general process most suitable 

for graphene but which can be modified for the other VDW materials depending on their 

perceived or measured thickness. A combination of PMMA/MMA bilayer of resist is 
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used. PMMA (polymethyl methacrylate) and MMA (methyl methacrylate) are positive 

resists consisting of long polymer chain of carbon atoms which are available in various 

molecular weights. The standard use of MMA/PMMA bilayers in EBL gives good lift-off 

for metal contacts/electrodes. For good lift-off one need an undercut resist profile to 

avoid coating the sidewall when metal is evaporated. The PMMA/MMA bilayer resists 

give a better undercut than PMMA/PMMA double layer resist as shown in Figure 3.7 (c). 

First the substrate is spin coated by MMA at 4000 rpm for 40s and baked at 180° C for 10 

minutes on a hotplate. Then PMMA is spin coated at the same speed and baked for 15 

minutes at the same temperature. Now the sample is ready for electron-beam lithography.  

 

Figure 3.7: EBL patterning and device fabrication pictorial. 
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After lithography, development is performed in a solution of MIBK: IPA 1:3 for 

65 seconds during which the electron beam exposed area is uncovered with PMMA. 

Then, electron beam evaporator is used to deposit metal. The choice of contact metal is 

dependent on the VDW channel material being used and is based on choosing a metal 

with an appropriate work-function. For all devices in this dissertation, 10 nm Titanium 

was used as the first deposit and 100nm gold follows. The final procedure is lift-off in 

acetone. The 10 nm Titanium layer is used to help the gold contacts adhere better to the 

Silicon Oxide on Silicon substrate. 

Electron Beam Physical Vapor Deposition (EBPVD) is a physical vapor 

deposition technique where an electron beam bombards a target anode causing atoms to 

transform into a gaseous phase which then precipitate into solid form, coating everything 

in the vacuum chamber (within line of sight) with a thin layer of the selected anode 

material. The electron beam is given off by a charged tungsten filament under high 

vacuum. Contrasting PVD and CVD film deposition techniques, the film growth takes 

place at high temperatures in CVD, leading to the formation of corrosive gaseous 

products and so impurities may be left in the film. The PVD process however, can be 

carried out at lower deposition temperatures and without corrosive products. The 

deposition rates are however typically lower. The deposition chamber must be evacuated 

to a pressure of at least 7.5 x 10
−5

 Torr (10
−4

 Pa) to allow passage of electrons from the 

electron gun to the evaporation material which is placed in a crucible in the form of an 

ingot [5]. Electron beams can be generated by thermionic emission, field electron 

emission or the anodic arc method. This generated electron beam is directed towards the 
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evaporation material under a high kinetic energy. It is then converted into other forms of 

energy as it bombards the anode material [6]. The thermal energy that is produced heats 

the evaporation material till it melts or sublimates. Accelerating voltages can be 

anywhere from 3 kV – 40 kV. 

The evaporation process for our VDW channel devices is done once for Titanium 

to a thickness of 10nm followed by a Gold layer of about 100nm. The titanium layer is to 

help the gold adhere to the substrate. The evaporator used is the Temescal Model BJD-

1800 E-Beam Evaporator and is shown in Figure 3.8. 

 

Figure 3.8: Image showing the Temescal Model BJD-1800 E-Beam evaporator. 

 

Lift off of the resist layer is done in warm acetone at 65
0
C for a period of one 

hour after which the sample is washed in a bath of Isopropanol at room temperature 

leaving our electrodes and contacts intact and the device ready for use. 
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Because of the small features required during the fabrication process due to the 

relatively small flake size, 2 EBL runs are required to ensure that an accurate and quality 

sample is fabricated. The first run is generally classified as a rough run to center and 

allow the EBL to accurately align itself with the flake we are attempting to pattern on the 

2nd run. The 1st run is done over an area of 300 by 250 µm and is used to place a 100 by 

100 µm gold landmark roughly around the position of the flake. The pattern is drawn 

using DesignCAD software such as the one shown in Figure 3.9 and for each pattern 

drawn a separate run executable file must be prepared using the Nano Pattern Generation 

System Software (NPGS). Both of these files must be saved on the EBL computer and 

used during patterning. Figure 3.10 shows the 100 by 100 µm landmark pattern after 

evaporation on a sample after the 1
st
 run. 



34 

 

 

Figure 3.9: An example of the use of DesignCAD software to create a device pattern. 

 

 
 
Figure 3.10: Optical image of a wafer after 1st EBL run completed showing landmarks on a 100 by 100 

µm area. 
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3.2 Electrical Characterization of 2D Devices 

 
Fabricated two and three terminal VDW devices were tested for their IV 

characteristics and electrical transport performance, under different conditions like 

varying temperature, varying channel width and length, changing material thickness and 

after being allowed to age (exposed to atmosphere for a period of time). Figure 3.11 and 

3.12 show fabricated graphene and TaSe2 devices that were used for further electrical 

testing. 

 

Figure 3.11: Optical Image showing a fabricated graphene device, electrodes and contact pads. 

.  
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Figure 3.12: False colour SEM Image showing a fabricated TaSe2 device with source and drain metal 

electrodes. 

 

Under the existence of electric field, the resistance of certain semiconductor 

VDW materials can be tuned since external electric field changes the Fermi energy. The 

gate effect results show the source drain current is tunable by the gate voltage for both 

graphene (which is unique as it is ambi-polar) in Figure 3.13 and for MoS2 in Figure 3.14 

which shows n-type transport behavior. There is no gating effect for TaSe2 as it behaves 

as a semi-metal and the electron density that responds to applied fields is so large that an 

external electric field can penetrate only a very short distance into the material 

(screening). Some of the gating effect results are shown below for graphene and MoS2. 
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Figure 3.13: The bi-polar gating effect of a fabricated back-gate graphene device. 

 

 

Figure 3.14: The gating effect of a fabricated back-gate MoS2 device. 
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The mobility (μ) was extracted by examining the slope of the field-effect curve, 

transconductance (gm) versus back-gate voltage (Vg) using the following expression; 

 

        
 

 

 

   

 

  
     (3.1) 

 

Where gm is the maximum transconductance, Vds is the drain to source voltage, Cg is the 

gate capacitance per unit area, L and W are the length and width of the VDW channel 

respectively. Taking an example of a fabricated graphene device that was labeled as 

43K_2_1; and substituting therefore gives us an electron mobility of 5767 cm²/Vs. The 

table below gives examples of mobility values of various fabricated graphene devices. 

Typical values of mobility for MoS2 devices ranged from 1-10 cm
2
/Vs. 

 

    DEVICE NAME DEVICE LENGTH (μm)  DEVICE WIDTH (μm) MOBILITY (cm²V-1s-1) 

       42I_3_2 2.46 

 

1.32 

 

               2554 

       42K_0_3 13.33 2.34 

 

               2116 

       43K_2_1 3.78 

 

1.12 

 

               5767 

       42J_2_2 7.45 1.13 

 

               2277 

       25Q_2_1              4.92 

 

1.50 

 
               2776 

       30K_3_4  2.45 

 

2.46 

 

               1931 

 

Table 3.1: A batch of fabricated graphene devices and their mobilities. 
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Chapter 4 

  

Selective MoS2 Chemical Vapor Sensors  

 
4.1 Introduction and Motivation 

 

Two-dimensional (2D) layered materials have attracted significant attention 

owing to their unusual electronic and optical properties [1-4]. Among these material 

systems, the semiconducting TMD MoS2 is one of the most promising [5, 6]. Each layer 

of MoS2 consists of one sub-layer of molybdenum sandwiched between two other sub-

layers of sulfur in a trigonal prismatic arrangement [7]. A direct band gap of a single-

layer MoS2 is 1.9 eV [8, 9]. Single-layer and few-layer MoS2 devices have been proposed 

for electronic, optoelectronic, and energy applications [1–4, 10]. 

Recently, MoS2 film-based field-effect transistors (FETs) were tested for sensing 

NO and NO2, other gases, and water vapor [11–16]. The sensing signal utilized in these 

experiments was the relative change in the resistance, ΔR/R. The devices with 2D 

channels are considered natural candidates for sensor applications for a number of 

reasons. These include (i) their ultimately high surface-to volume ratio and (ii) widely 

tunable Fermi-level position. 

________________________________________________________________________ 

Part of this chapter has been reproduced from R. Samnakay, C. Jiang, S. L. Rumyantsev, 

M. S. Shur, and A. A. Balandin, Appl. Phys. Lett. 106, 023115 (2015). 

http://dx.doi.org/10.1063/1.4905694 with permission from AIP Publishing. 
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This chapter shows results on selective detection of ethanol, acetonitrile, toluene, 

chloroform, and methanol vapors with fabricated MoS2 thin-film FETs (TF-FETs). The 

tests were conducted with the as fabricated devices and intentionally aged devices. The 

focus of the study was on the aged MoS2 TF-FETs. Practical applications require that 

sensors remain stable and operational for at least a month period of time. No prior study 

of the operation of the aged MoS2 TF-FETs had been reported prior. In addition to the 

relative change in the source drain current, ΔID/ID, we used the normalized spectral 

density of the low-frequency current fluctuations, SI/ID
2
  and the characteristic transient 

time of the current as the sensing parameters (here, ID is the source-drain current). Our 

results show that the aged MoS2 devices perform better as the sensors in terms of their 

current stability, sensitivity to the analyte, and reduced contributions of metal contacts to 

the noise level. Comparison with the graphene FETs reveals significant differences in the 

effects of exposure to chemical vapors on ΔR/R and SI/ID
2
, suggesting differences in the 

physical mechanisms of low-frequency current fluctuations [17–19]. 

 

4.2 Fabrication of MoS2 FET sensors 

 
Thin films of MoS2 were mechanically exfoliated from bulk crystals and 

transferred onto Si/SiO2 substrates following the standard approach as depicted in 

Chapter 3 of this dissertation. The thickness H of the films ranged from bi-layer to a few 

layers. Micro-Raman spectroscopy was used to confirm (Renishaw InVia) the 

crystallinity and thickness of the MoS2 flakes after exfoliation. The spectroscopy was 
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performed in the backscattering configuration under λ=488 nm laser excitation using an 

optical microscope (Leica) with a 50x objective. The excitation laser power was limited 

to less than 0.5 mW to avoid local heating. Figure 4.1 shows a false color SEM 

microscopy image of a fabricated MoS2 device while Figure 4.2 shows the Raman 

spectrum of the channel of a fabricated device. 

 

 

Figure 4.1: SEM image of a representative MoS2 – Ti/Au field-effect transistor. The pseudo colors are 

used for clarity: yellow corresponds to the metal contacts while blue corresponds to MoS2 thin-film 

channel. 
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Figure 4.2: Raman spectrum of the MoS2 thin-film channel showing the E
1

2g and the A1g peaks. The 

increase in the number of layers in MoS2 films is accompanied by the red shift of the E
1

2g and blue shift of 

the A1g peaks. The energy difference, Δω, between the E
1

2g and the A1g peaks, indicates that the given 

sample is a tri-layer MoS2 film. Reprinted from R. Samnakay, C. Jiang, S. L. Rumyantsev, M. S. Shur, and 

A. A. Balandin, Appl. Phys. Lett. 106, 023115 (2015), http://dx.doi.org/10.1063/1.4905694 with permission 

from AIP Publishing. 
 

The observed Raman features at ~382.9 cm
-1

 (E
1

2g) and ~406.0 cm
-1

 (A1g) are 

consistent with literature reports [20]. Analysis of the Raman spectrum indicates that this 

sample is a 2–3 layer MoS2 film. The thickness identification is based on the frequency 

difference, Δω, between the E
1

2g and the A1g peaks. The increase in the number of layers 

in MoS2 films is accompanied by the red shift of the E
1

2g and blue shift of the A1g peaks 

[20]. Devices with MoS2 thin-film channels were fabricated using the electron beam 

lithography as described in Chapter 3 earlier. The contact metals for the source and drain 

consisted of 10nm Titanium followed by 100 nm of Gold. The heavily doped Si/SiO2 

wafer served as a back gate. The majority of the bi-layer and tri-layer thickness MoS2 

http://dx.doi.org/10.1063/1.4905694
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devices had a channel length, L, in the range from 1.3 μm to 3.5 μm, and the channel 

width, W, in the range from 1 μm to 6 μm. Some of the devices were covered with 10-nm 

Al2O3 layer to serve as the reference samples in control experiments. 

 

4.2.1 MoS2 FET Electrical Characterization 

 
Figures 4.3 and 4.4 shows typical room-temperature (RT) current-voltage (I-V) 

characteristics of the fabricated MoS2 devices. Figure 4.3 presents a sweep of the source-

drain voltage in the range from -0.1 V to +0.1 V. The linear I-V characteristics suggest 

that the MoS2 – Ti/Au contacts are Ohmic. Figure 4.4 shows the drain-source current, Ids, 

as a function of the back-gate bias, Vg, in the semi-log scale. 

 

Figure 4.3: Current-voltage characteristics of the fabricated MoS2 FET at room temperature. The drain-

source current for a sweep of the source-drain voltage in the small-voltage range between  -0.1 V and + 0.1 

V at Vg =  0 V. 
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Figure 4.4: The gating effect of a fabricated back-gate MoS2 device showing n-type behavior at different 

applied-drain source voltages. 

 

As seen, the device behaves as an n-channel field effect transistor. The curves of 

different colors correspond to the source-drain bias, Vds, varying from 10 mV to 100 mV. 

As seen from Figure 4.4, a representative device reproducibly reveals a well-defined 

threshold voltage, Vth = (-12)–(-14) V obtained from the linear extrapolation of Id versus 

Vg characteristics (in the linear scale). The threshold voltage varied from device to device 

depending on channel size. 

It is known that defective and doped graphene has the greater sensitivity for CO, 

NO, NO2, and other gases [21]. The same can possibly be true for thin film MoS2 

devices. In particular, it has been shown that the high density of edge states enhances the 

sensitivity [16]. Therefore, aged, i.e., more defective devices can be more attractive for 
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gas sensing applications. In the present work, we found that aged MoS2 TF-FETs were 

more stable and had negligible contact contribution to the drain-to-source resistance. The 

aged MoS2 devices were characterized by the on-to-off ratio of ~10
4
, electron mobility μ 

= 0.5 cm
2
/Vs and negligible contact resistance. The new, as fabricated, devices had 

mobility values in the range from 1 to 8 cm
2
/Vs, which is typical for the back-gated MoS2 

TF-FETs [10, 22-23]. An estimate for the contact resistances was obtained by plotting the 

drain-to-source resistance, RDS, vs. 1/ (VG-VTH), and extrapolating this dependence to 

zero.  

 

 

Figure 4.5: Current-voltage characteristics of the aged MoS2 TF-FET used in the study. A typical graphene 

FET transfer characteristic is also shown for comparison in the same scale. Graphene reveals much higher 

current owing to superior electron mobility. MoS2 TF-FET is characterized by better on-off ratio owing to 

its energy band gap. Different curves correspond to different samples. Reprinted from R. Samnakay, C. 

Jiang, S. L. Rumyantsev, M. S. Shur, and A. A. Balandin, Appl. Phys. Lett. 106, 023115 (2015), 

http://dx.doi.org/10.1063/1.4905694 with permission from AIP Publishing. 
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Figure 4.5 shows a representative transfer current-voltage (I-V) characteristic for 

the aged MoS2 TF-FET used in this study. For comparison, typical I-Vs for a graphene 

device are also shown. Analyzing I-Vs for MoS2 thin films and graphene, one can see 

possible implications for sensor operation: graphene device has much higher currents 

owing to graphene superb mobility, while MoS2 devices have better gating and on-off 

ratio owing to MoS2 band gap. 

 

4.3 Sensor Testing 

 
For testing the sensor operation, the vapors were produced by bubbling dry air 

through the respective solvents and diluting the gas flow with the dry air. The resulting 

concentrations were 0.5 P/Po, where P is the vapor pressure and Po is the saturated vapor 

pressure. When the sample is exposed to the vapor, the vapor molecules, which attach the 

channel surface, create negative or positive charges at the MoS2 surface (see Figure 4.6). 

The latter depletes or enhances the electron concentration in the channel depending on 

the vapor species. For testing MoS2 TF-FETs, we selected three polar solvents: 

acetonitrile (CH3CN— polar aprotic), ethanol (C2H5OH—polar protic), and methanol 

(CH3OH—polar protic); as well as two non-polar solvents: toluene (C6H5-CH3) and 

chloroform (CHCl3). 
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Figure 4.6: Schematic of the MoS2 thin-film sensor with the deposited molecules that create additional 

charge. 

 

 

 

4.4 Change in Channel Current as a Sensing Parameter 

 
Figure 4.7 shows the drain current as a function of time in MoS2 TF-FET exposed 

to ethanol, methanol, and acetonitrile, respectively (from top to bottom). For all chemical 

vapors, the measurements were conducted at the small drain-source voltage VD = 0.1 V. 

The high gate bias of VG = 60 V is explained by the presence of 300-nm thick SiO2 layer 

in the back gate. 
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Figure 4.7: Drain-source current versus time in MoS2 TF-FET exposed to the vapors of polar solvents: 

ethanol (upper panel), methanol (middle panel), and acetonitrile (lower panel). The data were taken at the 

same gate voltage VG = 60 V and drain voltage VD = 0.1 V for each case. The reference sample—the same 

device with the Al2O3 coated channel—has not revealed any variations in current as shown in the upper 

panel. Reprinted from R. Samnakay, C. Jiang, S. L. Rumyantsev, M. S. Shur, and A. A. Balandin, Appl. 

Phys. Lett. 106, 023115 (2015), http://dx.doi.org/10.1063/1.4905694 with permission from AIP Publishing. 

 

 One can see from Figure 4.7 that in all cases of polar solvents, the drain current 

increased upon exposure to the vapor and decreased after the vapor exposure was turned 

off. The results were reproducible for several switching on and off over in a month old 

MoS2 TF-FETs tested over a period of few days. The time constants, τ, for ID increase 

and decrease were different for each examined analyte. Note that the current of the 
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reference sample—the same device with the channel coated by Al2O3—did not reveal any 

changes. 

 

Figure 4.8: Drain-source current versus time MoS2 TF-FET exposed to the vapors of non-polar solvents: 

chloroform (upper and middle panels) and toluene (lower panel). The data were taken at the same gate 

voltage VG = 60 V and drain voltage VD = 0.1 V for each case. Reprinted from R. Samnakay, C. Jiang, S. 

L. Rumyantsev, M. S. Shur, and A. A. Balandin, Appl. Phys. Lett. 106, 023115 (2015), 

http://dx.doi.org/10.1063/1.4905694 with permission from AIP Publishing. 

 

 

 Figure 4.8 presents drain current as a function of time in MoS2 TF-FET exposed 

to chloroform and toluene, respectively (from top to bottom). To better illustrate a large 

range of the current change, Figure 4.8 also shows the data for chloroform in a semi-

logarithmic scale. The exposure to the vapors of non-polar solvents has an opposite effect 
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on ID. The drain current reduces by more than two-orders of magnitude, almost 

completely switching the device off. We found also that the response of the MoS2 

transistors to some vapors demonstrates a memory effect: current remains small or even 

continue to decrease after the vapor flow is switched off. The current (resistance) is 

completely restored after gate and voltage biases are set to zero. The τ values were 

different for each analyte. Although not shown, no changes in current were observed for 

the reference samples. It is important to note that the data presented in Figures 4.7 and 

4.8 were for devices intentionally aged by a month. Initially, the aging study was 

performed to verify that MoS2 TF-FETs maintain their characteristic. 

Any practical sensor applications require that the FETs are operational for at least 

a month. Interestingly, we observed that the characteristics of the aged devices even 

improved in terms of their current stability and sensitivity. The as fabricated MoS2 TF-

FETs responded in the same way to the polar and non-polar analytes as the aged devices. 

 

4.5 Low-Frequency Noise as a Sensing Parameter 

 
We have recently demonstrated the use of the low-frequency current fluctuations 

of ID in graphene devices as an additional sensing parameter [24, 25]. Some gases induce 

bulges at characteristic frequencies in the spectral density of the low-frequency current 

fluctuations SI/ID
2
 of graphene FETs or change its average value. In order to test the same 

approach for MoS2 TF-FETs, we measured the low-frequency noise spectral density in 
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MoS2 TF-FETs exposed to open air and chemical vapors. The details of our low 

frequency measurements have been reported by us elsewhere [26].  

 

Figure 4.9: The normalized spectral density of the low-frequency source-drain current fluctuations 

measured for MoS2 TF-FET in open air and under exposure to the vapors. The data were taken at the same 

gate voltage VG = 60 V and drain voltage VD = 0.1 V for each case. The spectral density of MoS2 TF-FET 

under vapor exposure reveals 1/f dependence without any traces of bulges unlike graphene FETs. The inset 

magnifies the low-frequency part of the spectra. Reprinted from R. Samnakay, C. Jiang, S. L. Rumyantsev, 

M. S. Shur, and A. A. Balandin, Appl. Phys. Lett. 106, 023115 (2015), http://dx.doi.org/10.1063/1.4905694 

with permission from AIP Publishing. 

 

Figure 4.9 shows SI/ID
2
 of MoS2 TF-FET for different vapors. Red lines show the 

noise spectra measured in open air with intervals of a few days. The change of the noise 

spectra was found only as a result of the exposure to the acetonitrile vapor (indicated by 

green lines). The inset in figure 4.9 magnifies the low-frequency part of spectra 

indicating good noise spectra measurements reproducibility. One can see that SI/ID
2
 α 1/f 
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(here, f is the frequency) without traces of bulges for all spectra including those measured 

under acetonitrile vapor. This is in a drastic contrast to graphene devices. In this sense, 

SI/ID
2
 is a better sensing parameter for graphene rather than for few-layer MoS2 films. 

However, the properly calibrated average level of SI/ID
2
 can still be used for MoS2 TF-

FETs in combination with τ and ΔID/ID. 

 

4.6 Discussion 

 
Table 4.1 summarizes the data for examined chemical vapors including their type, 

dielectric constant ε, and two sensing parameters. In addition to the relative current 

change, ΔID/ID, we also show the ratio of the drain current under gas exposure to the 

initial current before exposure, I0. The ID/I0 metric is illustrative for the situation when 

the drain current decreases. For comparison, the ΔID/ID data for graphene FETs is also 

shown.  

 

Vapor Type ε τ(s) ID/I0 Mos2 FET 
Δ ID/ID (%) 

Mos2 
FET 

Δ ID/ID (%)  
graphene 

FET 

Ethanol Polar Protic 24.6 ~35 3.778 +300 -50* 

Methanol Polar Protic 33.0 ~20 3.714 +280 -40* 

Acetonitrile Polar Aprotic 37.5 ~130 1.625 +60 -35* 

Chloroform Non-Polar 4.81 ~550 0.231 -75 -25* 

Toluene Non-Polar 2.38 ~900 0.012 -98 +15* 

* The data is taken from Reference 24 
 

Table 4.1: Chemical vapors and sensing parameters of MoS2 TF-FET 
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As seen, the presence of the band gap in MoS2, allows one to achieve a larger 

change in the current (orders of magnitude in some cases) than in graphene devices. For 

some vapors, it is possible to completely switch off MoS2 by the gas. The latter makes 

MoS2 very attractive for the gas sensing applications.  

Although the exact mechanism of vapor molecule interactions goes beyond the 

scope of this work and requires atomistic simulations, one can observe certain trends 

from data in Table 4.1 and Figs. 4.7 and 4.8. The characteristic time constants for current 

change under the exposure to polar molecules are much shorter than those for non-polar 

molecules. The vapors of non-polar solvents, characterized by small ε, induce current 

quenching in the thin MoS2 channel. The vapors of polar solvents with much larger ε, on 

contrary increase the electrical current in MoS2 channel likely via inducing additional 

charges. Indeed, considering that ε for a few-layer MoS2 is around 4, [27] the polar 

molecules would create a much larger dielectric mismatch with MoS2. There are other 

possible mechanisms of MoS2 TF-FET selectivity. It can be related to different binding 

energies of the gas molecules attached to the defect sites on MoS2 film surface. Such a 

mechanism was proposed to explain selectivity of reduced graphene oxide devices [28]. 

It was proposed that MoS2 layers tend to interact strongly with the donor-like analytes 

and their selectivity can be affected by the underlying substrate [14]. Alternatively, there 

was a suggestion that the exposed edge states in few-layer MoS2 play the dominant role 

in selective gas detection [16]. This mechanism assumes that the basal plane, without 

defects, terminated by S atoms, which lacks dangling bonds, is not active in molecule 

detection. The edge sites terminated by Mo or S atoms missing coordination bonds are 
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more active in attaching gas molecules [16]. In this scenario, few-layer MoS2 films with 

more edge step sites can be preferential at the TF-FET channel. 

The absence of bulges in MoS2 TF-FETs, which is in contrast to graphene FETs, 

can be related to different mechanisms of low-frequency noise in these two material 

systems. We have previously shown that low-frequency noise in MoS2 thin films is 

similar to that in conventional semiconductors and can be described well by McWhorter 

model, which assumes that the dominant noise contribution comes from the number of 

careers fluctuations [26]. Graphene, similar to metals, reveals noise response, which does 

not comply with the McWhorter model [17–19, 29,30]. Although the low frequency noise 

mechanism in graphene is still under debates, [19] it is clear now that it is different from 

that in MoS2. The latter makes the response of noise to the gas exposure to be also 

different in these two materials. 
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Chapter 5 

 

Charge-Density-Wave Transition and 

Phonon Zone Folding in 1T-TaSe2 Thin 

Films 

 
5.1 Introduction and Motivations 

 
The successful exfoliation of graphene and recent advances in the exfoliation and 

growth of two dimensional (2D) layered materials have enabled the investigation of 

material systems that were previously difficult to study [1−4]. The transition metal 

dichalcogenides (TMDs) belong to the class of van der Waals materials that exhibit a 

variety of interesting properties that include superconductivity [5], thermoelectricity [6, 

7], low-frequency current fluctuations [8] and charge density waves (CDWs) [9].  

The CDW state is a macroscopic quantum state consisting of a periodic modulation of 

the electronic charge density accompanied by a periodic distortion of the atomic lattice in 

a quasi-1D or quasi-2D layered metallic crystal [10−15].  

 

________________________________________________________________________ 

Part of this chapter has been reproduced from R. Samnakay, D. Wickramaratne, T. R. 

Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). DOI: 

10.1021/nl504811s with permission from Copyright (2015) American Chemical Society.  
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In quasi-1D bulk crystals, the transition to the CDW state is conventionally 

described as the result of Fermi surface nesting giving rise to a CDW with wavevector Q 

= 2kF and an energy gap at the Fermi energy. In 2D crystals, the physical mechanism of 

CDW phase transitions is material dependent [16−18]. In samples of 1T-TaS2 and 1T-

TaSe2, ARPES experiments have shown partial gapping of the Fermi surface but the 

exact origin of the transition is still a subject of investigation [17]. In 2H-NbSe2 the Fermi 

surface nesting was recently questioned as the origin of the CDW [18] while the exact 

mechanism is also a subject of debate. It is accepted that a number of different CDW 

phases can exist at different temperatures: commensurate CDW (C-CDW), nearly 

commensurate CDW (N-CDW) and incommensurate CDW (I-CDW).  

The advent of layered van der Waals materials and methods for their exfoliation 

stimulated interest in quasi-2D CDW materials and thin films derived from these 

materials. It has been demonstrated in the past that the transition temperature of the CDW 

phase of TiSe2 can be increased by thinning the bulk crystal into a thin film [9]. The 

experimental results in ref. [9] were supported by theoretical calculations [19]. The 

evolution of the transition temperature depends on the trade-off between the elastic 

energy required for the deformation of the lattice and the electronic energy reduction. For 

this reason, the reverse temperature dependence - decreasing transition temperature with 

decreasing thickness of TMD films is also possible. A reduction of the C-CDW transition 

temperature with reducing film thickness has been observed in VSe2 thin films [20] and 

1T-TaS2 thin films [21, 22]. The possibility of gate control of the CDW transition has 
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been demonstrated by several groups [21, 22]. The possibility of tuning and controlling 

CDW phase transitions is motivated by proposed sensor and electronic applications. 

 In this dissertation, I experimentally and theoretically show the effect of the C-

CDW lattice reconstruction on the Raman spectra and the Γ-point phonon modes. The 

new Γ-point modes that appear upon lattice reconstruction can be viewed as originating 

from middle regions of the unreconstructed Brillouin zone that are folded back to Γ by 

integer multiples of the C-CDW wave vector. By measuring the temperature at which the 

new Raman peaks appear, Raman spectroscopy serves as a metrology tool to measure the 

temperature dependence of the C-CDW transition as a function of film thickness. Using 

one particular polymorph of tantalum diselenide, 1T-TaSe2, it can be seen that the C-

CDW transition temperature falls with decreasing film thickness over the range of the 

film thicknesses studied. As the temperature increases so that the sample transitions from 

the C-CDW phase to the ICDW phase, the Raman peaks merge and become very broad, 

consistent with loss of translational symmetry of the lattice. Using further total energy 

calculations, it can be understood why the preparation of pure phase 1T- and 2H-TaSe2 

samples is challenging. 

 

5.2 1T-TaSe2 Crystal Growth and Structure  

 
TaSe2 can exist in many different polymorphs and polytypes; the 1T, 2H, and 3R 

structures are shown in Figure 5.1. The two polymorphs with CDW transitions are 

characterized by trigonal-prismatic (2H) and octahedral (1T) ordering about the Ta atom. 
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The 1T polytype is less common yet quite interesting owing to its TC and TIC, which are 

substantially above room temperature. In its normal phase (above TIC = 600 K), 1T-TaSe2 

is a metal [23, 24], with lattice parameters of a ∼ 0.3480 nm and c = 0.627 nm [25]. The 

structure of undistorted 1T-MX2 compounds corresponds to the D3d space group with the 

A1g and Eg Raman active modes, which are the focus of the present study. As the 

temperature, T, is lowered below TIC = 600 K, the bulk 1T-TaSe2 crystal transforms into 

the I-CDW phase. Decreasing T below TC = 473 K results in the first order phase 

transition to the C-CDW phase.  

 

Figure 5.1: Crystal structures of three TaSe2 polytypes:1T-TaSe2, 2H-TaSe2, and 3R-TaSe2. These views 

show the structures along the a-axis (at left) and c-axis (at right). Reprinted with permission from R. 

Samnakay, D. Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 

2965 (2015). DOI: 10.1021/nl504811s Copyright (2015) American Chemical Society. 
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During the I-CDW to C-CDW phase transition, the CDW supercell undergoes a 

(13)
1/2

 × (13)
1/2

 reconstruction in which the basal-plane lattice vectors increase by (13)
1/2

 

and rotate by 13.9° with respect to the original lattice vectors [26]. The new C-CDW 

phase has a triclinic structure of the space group Ci
1
, which has 13 formula units per 

primitive cell and 114 optical modes with 57 Raman active Ag modes [27]. For this 

reason, varying temperature over TC or TIC results in strong modifications of the Raman 

spectra of 1T-TaSe2.  

For this work, crystals of 1T-TaSe2 were grown by the chemical vapor transport 

(CVT) method [4, 28−31]. Crystals of 1T-TaSe2 were grown by the chemical vapor 

transfer (CVT) from stoichiometric amounts of elemental tantalum and selenium. The 

elements were ground together in a mortar and placed in a fused quartz ampoule with I2 

(3-5 mg I2 per cm
3
 of ampoule). The ampoule was kept cool in a dry ice/acetone bath to 

prevent I2 from subliming while evacuating and backfilling with high purity Ar. After the 

final evacuation, the ampoule was sealed. In a two-zone tube furnace, the ampoule was 

heated to 975 °C (high temperature zone) with a ramp of 10 °C min
–1

 (low temperature 

zone at 875 °C). After holding at those temperatures for two weeks, crystal growth was 

quenched as rapidly as possible by plunging the hot ampoule directly into an ice bath. 

This process also resulted in some 3R-TaSe2 crystals and residual 2H-TaSe2; however, it 

was possible to differentiate the 1T and 3R crystals by their distinctive gold and silver 

colors, respectively, and thus to physically separate them (Figure 5.2).  
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Figure 5.2: (Left) As-grown crystals of TaSe2. (Right) The silver crystals are mixed 2H, 3R-TaSe2 and the 

golden crystals (left) are 1T-TaSe2. Reprinted with permission from R. Samnakay, D. Wickramaratne, T. R. 

Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). DOI: 10.1021/nl504811s 

Copyright (2015) American Chemical Society. 

 

 

The crystals exhibited excellent crystallinity by powder X-ray diffraction 

measurements, and EDS and EPMA analyses confirmed the TaSe2 stoichiometry. The 

samples for powder X-ray diffraction were prepared by grinding material in an agate 

mortar and pestle and pressing into an aluminum mount for analysis using a Bruker D8-

Advance diffractometer (Co-Kα radiation source) operated at 40 mA and 40 kV. Data 

was collected from 2-80 degree 2θ at a rate of 0.1 s per step. Data from material in the 

growth region of the ampoule shows that multiple phases of TaSe2 are present (Figure 

5.3). EBSD, EDS and EPMA measurements also confirmed the purity and stoichiometry 

of the 1T-TaSe2.  
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Figure 5.3: Powder X-ray diffraction pattern (top) of representative crystals from the growth zone of the 

CVT vessel and reference patterns (bottom) of 1T-TaSe2 (red), 2H-TaSe2 (green), and 3R-TaSe2 (blue). 

Note that the peak intensities of the layer planes are more intense than in the reference patterns due to the 

preferred orientation of the crystalline material. Reprinted with permission from R. Samnakay, D. 

Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). 

DOI: 10.1021/nl504811s Copyright (2015) American Chemical Society. 

 

 

 Electron backscatter diffraction (EBSD) was also performed on the grown 

crystals. EBSD is a microstructural-crystallographic characterization technique used to 

study crystalline or polycrystalline material and involves understanding the structure, 

crystal orientation and phase of materials in the Scanning Electron Microscope (SEM). 

An EBSD measurement on TaSe2 is shown in Figure 5.4. Typically it is used to explore 

microstructures, revealing texture, defects, grain morphology and deformation. It can be 

combined with complementary techniques within the SEM for phase discrimination. 

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS is an analytical technique 

used for the elemental analysis or chemical characterization of a sample. It relies on an 

interaction of some source of X-ray excitation and a sample. It relies on the fundamental 
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principle that each element has a unique atomic structure allowing unique set of peaks on 

its X-ray emission spectrum. To stimulate the emission of characteristic X-rays from a 

specimen, a high-energy beam of charged particles such as electrons or protons, or a 

beam of X-rays, is focused into the sample being studied. EDS measurement on our 

TaSe2 sample is shown figure 5.5. 
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Figure 5.4: (a) SEM showing an EBSD masurement being carried out on a TaSe2 sample. (b) An electron 

backscatter diffraction pattern of an exfoliated sample of TaSe2 (c) EBSD analysis showing the presence of 

different polytypes of TaSe2: 1T- Purple, 2H-Green and 3R-Blue. 

 

 



67 

 

 
 

Figure 5.5: EDS spectrum of an exfoliated sample of TaSe2 showing the characteristic peaks of Ta and Se. 

It shows peaks caused by X-rays given off as electrons as they return to their electron shells. The C and O 

peaks arise due to post exfoliation processing and handling of the sample in open atmosphere. 

 

 

5.3 Raman Spectroscopy of 1T-TaSe2   

 
The 1T-TaSe2 thin films were mechanically delaminated from the as-grown 1T-TaSe2 

crystals. The films were transferred to Si/SiO2 substrates and thinned down using the 

“graphene-like” mechanical exfoliation approach. Film thicknesses, which ranged from 

10 to 400 nm, were measured using atomic force microscopy in the tapping mode regime. 

Additional details about the preparation and characterization of 1T-TaSe2 samples are 

provided in the Supporting Information. Micro-Raman spectroscopy (Renishaw InVia) 

was used as a metrology tool in two capacities. First, it was utilized for assessing the 

material’s composition, crystallinity, and thickness. Second, the Raman spectral changes 
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with temperature were recorded to extract the C-CDW phase transition temperature. The 

variable-temperature Raman spectroscopy has been used as a method of choice for 

detecting the phase transition temperature in CDW materials, superconductors and other 

materials undergoing structural phase transitions [32−37]. The Raman measurements 

were performed in the backscattering configuration under λ = 633 nm laser excitation.  

We avoided Raman measurements on individual tri-layers of 1T-TaSe2 because of 

laser heating at even small excitation levels for such samples. The bulk crystals of 1T-

TaSe2 have a low thermal conductivity of ∼8 W/mK at room temperature [4], and the 

thermal conductivity of the thin films is decreased further due to the acoustic phonon 

scattering from top and bottom interfaces [38, 39]; unlike graphene, other exfoliated van 

der Waals materials do not have atomically smooth interfaces without surface roughness. 

To avoid local heating, the excitation power for Raman spectroscopy measurements was 

kept below 0.5 mW. To ensure that no oxidation occurred at elevated temperatures, all 

measurements were performed with the samples under an argon atmosphere. The 

temperature was varied from 213 to 493 K, and Raman spectra were recorded during the 

heating and cooling cycles within this range. Upon cooling, the Raman features observed 

at room temperature were restored. This ensured that the Raman spectral modifications 

were due to changes in the material’s crystal structure (C-CDW to I-CDW phase 

transition) rather than oxidation. 
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Figure 5.6: Raman spectrum of 1T-TaSe2 showing the two identifying peaks at ∼177 and ∼187 cm
−1

. 

Reprinted with permission from R. Samnakay, D. Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero 

and A. A. Balandin, Nano Lett. 15, 2965 (2015). DOI: 10.1021/nl504811s Copyright (2015) American 

Chemical Society. 

 

The polytype and crystallinity of 1T-TaSe2 samples were verified by the presence 

of two characteristic peaks located at ∼177 and ∼187 cm
−1

 in agreement with literature 

values for bulk 1T-TaSe2 [26, 40-41]. The ∼187 cm
−1

 peak is assigned as A1g [26] 

whereas the peak at ∼177 cm
−1

 is most likely of E2g symmetry (Figure 5.6). In 

comparison, the 2H polytype of TaSe2 has peaks at 207 cm
−1

 (E2g) and 235 cm
−1

 (A1g), 

[4] which are substantially different and provide reliable identification of 1T- versus 2H-

TaSe2 using Raman spectroscopy.  
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Figure 5.7: Raman spectra of the exfoliated thin films of 1T-TaSe2 on Si/SiO2 substrate. The shown data is 

for the films of thickness ranging from 10 nm to 400 nm. Reprinted with permission from R. Samnakay, D. 

Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). 

DOI: 10.1021/nl504811s Copyright (2015) American Chemical Society. 

 

 

The ratio of the intensity of the Si substrate peak to that of A1g peak was used to 

determine the thickness of the exfoliated films. The changes in peak intensity can be 

clearly seen in Figure 5.7. Figure 5.8 shows the ratio of the intensity of the Si peak at 522 

cm
−1

 to that of the A1g peak, I(Si)/I(A1g), as a function of the thickness H. The I(Si)/ 

I(A1g) curve was calibrated with AFM thickness measurements like the one shown in 

Figure 5.9 and then used for in situ extraction of thickness data. This ratio decreases 

exponentially with increasing film thickness and can be fitted with the equation 

I(Si)/I(A1g) = 553 exp{−H[nm]/2.9} + 4.  
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Figure 5.8: The ratio of the intensity of Si peak to A1g peak in Raman spectrum of 1T-TaSe2. The 

calibrated intensity ratio was used for nanometrology of TaSe2 films. The data are from films ranging from 

10 to 400 nm in thickness. The inset shows A1g and Eg vibrational modes. Reprinted with permission from 

R. Samnakay, D. Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 

15, 2965 (2015). DOI: 10.1021/nl504811s Copyright (2015) American Chemical Society. 

 

The decrease in the Si peak intensity is explained by the reduction of the 

interaction volume inside the Si wafer with increasing thickness of the film on top. This 

technique has been used for many van der Waals materials [42−44]. The presence of both 

1T- and 2H-TaSe2 in our samples (along with a small amount of the 3R polytype) 

facilitated the temperature dependent Raman studies: the 2H peaks fortuitously provided 

a convenient internal reference because its C-CDW transition temperature is substantially 

below room temperature (TC = 90K). 

 



72 

 

 

Figure 5.9: AFM image of the mechanically exfoliated flakes of 1T-TaSe2 used to provide initial thickness 

data for calibration of the Raman peak intensity ratio. 

 

 

5.4 The Commensurate−Incommensurate Charge-Density-

Wave Transition 

 
To investigate the evolution of the Raman spectrum of 1T-TaSe2 thin films near 

TC, we placed the samples in a hot−cold cell under an argon atmosphere. The sample 

temperature was varied from 213 to 493 K, and unpolarized Raman spectra were 

collected at ∼20 different temperatures for each sample. The temperature then was 

reduced from 493 to 303 K and Raman spectra were taken again to ensure that no 
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oxidation occurred at higher temperatures. Figure 5.10 shows representative Raman 

spectra from a 1T-TaSe2 film with a thickness H ∼ 150 nm during the heating cycle from 

213 to 493 K. Due to its relatively large thickness, this sample can be considered a ―bulk‖ 

reference. The two distinctive 1T-TaSe2 peaks are seen clearly at ∼175−178 and 

∼185−188 cm
−1 

[26, 27, 40, 41]. The Raman peaks at 209−212 and 233−236 cm
−1

 

correspond to the E2g and A1g modes of 2H-TaSe2. The origin of the pronounced peak at 

∼154 cm
−1

 has not been described previously in the literature. 

 

Figure 5.10: Temperature-dependent Raman spectrum of the “bulk”(150nm thick) 1T-TaSe2 sample in the 

heating cycle from 213 to 493 K. The main spectral features are indicated in the legends and in the text. 

Note that above TIC = 473 the spectrum is strongly modified owing to the loss of translational symmetry. 

Reprinted with permission from R. Samnakay, D. Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero 

and A. A. Balandin, Nano Lett. 15, 2965 (2015). DOI: 10.1021/nl504811s Copyright (2015) American 

Chemical Society. 
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 One can see from Figure 5.10 the strong changes in the Raman spectra at around 

TC = 473 K for this ―bulk‖ sample. These changes were reproducible for several 

experimental runs and samples. As the temperature approaches TC = 473 K, the two 

characteristic 1T-TaSe2 peaks at ∼175−178 and ∼185−188 cm
−1

 merge together, forming 

one broad peak (e.g., the blue curve in Figure 41). The second modification, as the 

material enters the I-CDW phase, is a strong broadening of the Raman peaks and 

reduction in their intensity. The spectra of 1T-TaSe2 in the I-CDW phase (above TC = 473 

K) appear more as continua than sets of narrow peaks. This feature can be explained by 

symmetry considerations. In the I-CDW phase, the translation symmetry of the lattice is 

lost and the components of the phonon momentum parallel to the I-CDW distortions are 

no longer good quantum numbers. For this reason, the momentum conservation rules for 

the first order Raman scattering to Brillouin zone (BZ) center phonons are relaxed, and as 

a result, all phonons can take part in the scattering. The loss of translational symmetry 

and corresponding relaxation of the phonon momentum conservation in the I-CDW phase 

is somewhat similar to that in amorphous materials, which also are characterized by 

broad, continuum type Raman spectra. The unknown peak at 154 cm
−1

 undergoes a 

similar evolution (intensity decrease with corresponding broadening) as the E2g and A1g 

symmetry peaks of 1T-TaSe2. Although the 2H peaks undergo some broadening with 

increasing temperature, they are not affected as much and remain as two separate peaks 

throughout the temperature range examined here. The origin of this peak is discussed 

below. 
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Figure 5.11: Temperature-dependent Raman spectrum of the same bulk” (150 nm thick) sample in the 

cooling cycle from 493 to 303 K. The main spectral features are indicated in the legends and in the text. A 

complete restoration of the room-temperature Raman spectrum confirms that no oxidation or surface 

contamination had occurred at high temperatures. Reprinted with permission from R. Samnakay, D. 

Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). 

DOI: 10.1021/nl504811s Copyright (2015) American Chemical Society. 

 

Figure 5.11 shows Raman spectra collected during the cooling cycle of the same 

“bulk” 1T-TaSe2 sample. As the temperature was decreased from 493 to 303 K, at TC = 

473 K, the combined peak splits into the two constituent 1T polytype peaks at ∼175−178 

and  ∼185−188 cm
−1

, and the intensity of these peaks increases, approaching the room 

temperature values. The peak at ∼154 cm
−1

 also reappears at the same temperature during 

the cooling cycle. The room temperature Raman spectrum of 1T-TaSe2 again becomes a 

set of relatively narrow peaks as expected for materials with translational symmetry in 
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the C-CDW state. The restoration of the original spectrum of the sample after heating and 

cooling cycles proves that the spectral changes are reversible and not a result of oxidation 

or surface contamination.  

 

 

Figure 5.12: Temperature-dependent Raman spectrum of the thin (35 nm thick) 1T-TaSe2 sample in the 

heating cycle from 213 to 493 K. The main spectral features are indicated in the legends and in the text. 

Note that the transition temperature between the incommensurate and commensurate phases has lowered to 

TIC = 413. The spectrum is strongly modified in the IC-CDW phase owing to the loss of translational 

symmetry. Reprinted with permission from R. Samnakay, D. Wickramaratne, T. R. Pope, R. K. Lake, T. T. 

Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). DOI: 10.1021/nl504811s Copyright (2015) 

American Chemical Society. 

 

Figure 5.12 shows Raman spectra from a much thinner flake with H ∼ 35 nm. 

One can see the same characteristic peaks of 1T-TaSe2 at ∼177 and ∼189 cm
−1

 as well as 
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the two 2H-TaSe2 peaks at ∼210 and ∼231 cm
−1

. As the sample temperature increases, 

the two 1T-TaSe2 Raman peaks begin to merge, similar to what was observed for the 

“bulk” sample. However the merging rate clearly is enhanced, and the temperature at 

which the two peaks completely merge is reduced to TC = 413 K. Thus, the spectral 

modification temperature has been shifted by about 13%. These data indicate that the 

temperature of the transition between the C-CDW and I-CDW phases decreases with 

decreasing thickness of the 1T-TaSe2 film.  

 

Figure 5.13: Temperature-dependent Raman spectrum of the same thin film (35 nm thick) sample in the 

cooling cycle from 493 to 303 K. The main spectral features are indicated in the legends and in the text. A 

complete restoration of the room-temperature Raman spectrum confirms that no oxidation or surface 

contamination had occurred at high temperatures. Reprinted with permission from R. Samnakay, D. 

Wickramaratne, T. R. Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). 

DOI: 10.1021/nl504811s Copyright (2015) American Chemical Society. 
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Figure 5.13 shows the cooling cycle for the same sample (H = 35 nm) to prove 

that no oxidation or other changes occurred during the heating cycle, which could impact 

the Raman spectra. At room temperature, the original Raman spectrum of the sample has 

been restored completely. The presence of the 2H polytype in our sample does not affect 

the conclusion because 2H-TaSe2 has much lower transition temperatures of TC = 90 K 

and TIC = 122 K compared to 1T-TaSe2. Table 5.1 summarizes the dependence of TC on 

1T-TaSe2 sample thickness. 

 

 

      Sample Thickness H (nm)     Transition Temperature TC (K) 

                       150                      468-473 

                        55                      413-433 

                        41                      403-423 

                        35                      393-413 

                        18                        ~353 

 

Table 5.1: Experimental transition temperature to C-CDW phase. 

 

 

 

 

5.5 Ab-Initio Calculations and Phonon Zone-Folding 

 
To further rationalize the experimental data in quasi-2D CDW crystals, we 

calculated the total energy of bulk and monolayer 2H- and 1T-TaSe2 in their normal 

(existing for T > TIC) and C-CDW (existing for T < TC) phases. Our calculations were 

based on the first-principles density functional theory (DFT) using the projector 

augmented wave method as implemented in the software package VASP [45] and density 
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functional perturbation theory (DFPT) as implemented in the Quantum-ESPRESSO 

package. The details and parameters of our calculations are described in the Methods 

section and relevant literature [25, 46-47].  

We first compare the relative stability of the 2H and 1T polytypes of bulk TaSe2. 

The 2H polytype is the ground state stacking order and is lower in energy by 0.121 

eV/Ta-atom compared to the 1T polytype. This energy difference is a factor of 7 lower 

than the energy barrier between the 2H and 1T polytypes of MoS2 [48]. This small 

difference explains why the material grown by CVT contains 2H-TaSe2 even when the 

synthesis process is optimized for 1T growth (i.e., rapid quenching).  

The differences in the ground state energies of the C-CDW phases and the normal 

phases of bulk and monolayer 1T and 2H-TaSe2 also were calculated. Figure 5.14 

illustrates the C-CDW structure for each polytype: 2H-TaSe2 undergoes a commensurate 

(3aO × 3aO × 1) periodic lattice distortion while 1T-TaSe2 undergoes a commensurate 

((13)
1/2

 aO × (13)
1/2

 aO × 1) periodic lattice distortion. For each calculation of the bulk and 

monolayer C-CDW reconstructed lattices, the lattice constants were fixed and the atomic 

coordinates were allowed to relax after the tantalum atoms had been displaced from their 

equilibrium positions.  
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Figure 5.14: Commensurate CDW structures of TaSe2:  (a) (13)
1/2

 ×(13)
1/2

 structure of 1T-TaSe2 and (b) 3 

× 3 structure of 2H-TaSe2. Reprinted with permission from R. Samnakay, D. Wickramaratne, T. R. Pope, 

R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). DOI: 10.1021/nl504811s 

Copyright (2015) American Chemical Society. 

 

 

The results of these total energy calculations are summarized in Table 5.2, where 

ΔE = EN − EC‑CDW is the difference between the ground state energies of the normal 

structure and the C-CDW structure. For each polytype and dimension, the commensurate 

CDW structure is predicted by DFT to be the ground state structure. The energy 

reduction of the bulk CDW supercell is greater than the energy reduction of the 

monolayer CDW supercell for both the 1T and 2H polytypes. These results are consistent 

with prior reports of total energy calculations on the bulk C-CDW supercells in 2H- and 
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1T-TaSe2 [49, 24]. A transition to a commensurate CDW lowers the electronic energy 

[10]. A smaller energy reduction |ΔE| indicates a lower transition temperature. The results 

of the total energy calculations on 2H-TaSe2 are consistent with prior ab-initio 

calculations of the energy reduction in the bulk and monolayer C-CDW supercells of 2H-

TaSe2 [49]. 

 

 ΔE (meV/Ta-atom) 

Bulk 1L 

1T-TaSe2 -21.9 -19.4 

2H-TaSe2 -3.50 -2.04 
 

Table 5.2: Calculated energy reduction in 1T and 2H TaSe2 C-CDW. 

 

 

 
 

 In order to explain the peak that occurs at 152−154 cm
−1

, the single q-point 

phonon frequencies of bulk and monolayer TaSe2 were calculated using density 

functional perturbation theory (DFPT). The reconstruction of the lattice along the basal 

plane in the C-CDW state of TaSe2 results in a reduced Brillouin zone of the C-CDW 

structure (C-BZ). The C-BZ forms a subset of the normal Brillouin zone (N-BZ) of TaSe2 

in its normal undistorted state. Twelve points in the N-BZ get mapped back to Γ in the C-

BZ. Figure 5.15 shows the structure of the N-BZ and the C-BZ and the 12 q-points in the 

N-BZ that are zone-folded to the Γ point of the C-BZ. These zone-folded modes can 

result in new peaks in the Raman spectrum. The 12 q-points in the N-BZ that map back to 

Γ in the C-BZ are ±g1, ±g2, ±(g1 − g2), ±(g1 + g2), ±(g2 − 2g1), and ±(2g2 − g1) where g1 

and g2 are the reciprocal lattice constants of the C-BZ. The reciprocal lattice constants are 

g1 = (G/(13)) (2√3, −1) and g2 = (G/(13)) (−√3/2, 7/2), respectively, where G is the 
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magnitude of the reciprocal lattice vector of the N-BZ. The normal-phase phonon 

frequencies at Γ, q = g1 and q = g1 + g2 in the N-BZ, are calculated and summarized in 

Table 5.3 for bulk and monolayer 1T-TaSe2. The five other q-points shown in Figure 5.15 

with magnitude |g1| have the same frequencies as those at g1, and the five other q-points 

with magnitude |g1 + g2| have the same frequencies as those at g1 + g2. Only frequencies 

between 100 and 270 cm
−1

 are shown. 

 

q-point Monolayer Normal Phase 

(cm
−1

) 

Bulk Normal Phase (cm
−1

) 

Γ 
143 (IR), 143 (IR), 173(R), 

173(R), 188 (R), 210 (IR) 

146 (IR), 146 (IR), 175 (R), 

175 (R), 191(R), 219 (IR) 

g1 

 

109, 118, 144, 154, 180, 249 

 

122, 149, 152, 197, 215, 

261 

g1 + g2 

 

108, 117, 143, 154, 165, 181, 

249 

 

121, 148, 153, 172, 196, 

214, 260 

The IR active (IR) and Raman active (R) modes at Γ are indicated. 
 

Table 5.3: Calculated phonon frequencies of normal-phase bulk and monolayer 1T-TaSe2 at Γ and at the q 

points in the N-BZ that are folded back to Γ in the C-BZ
a
. 

 

 As shown in Table 5.3, the modes originating from the q points in Figure 5.15 

have energies of ∼152−154 cm
−1

 (highlighted in bold font). This indicates that all of 

these phonon modes may contribute to the Raman peak observed experimentally at 

152−154 cm
−1

. The fact that the 12 q-points in the N-BZ that are equivalent to Γ in the C-

BZ have frequencies 152−154 cm
−1

 corresponding to the new Raman peak is consistent 

with the view that the new peak is the result of zone-folding associated with the 
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reconstructed lattice. We also observe that the Raman active modes of the normal bulk 

phase are close to the experimentally observed modes at 177 and 187−189 cm
−1

 shown in 

Figures 5.10−5.13. So far, we have considered phonon modes of the normal lattice 

consisting of 3 atoms per unit cell at momenta that are at equivalent Γ points of the 

reconstructed C-CDW lattice, and we find that one of their energies corresponds to a new 

peak in the Raman spectrum of the C-CDW phase. 

 

 

Figure 5.15: Normal (red) and commensurate reconstructed (green) Brillouin zone of bulk and monolayer 

TaSe2. The equivalent Γ points in the first extended C-BZ and second extended C-BZ are connected to Γ by 

red and blue vectors, respectively. Reprinted with permission from R. Samnakay, D. Wickramaratne, T. R. 

Pope, R. K. Lake, T. T. Salguero and A. A. Balandin, Nano Lett. 15, 2965 (2015). DOI: 10.1021/nl504811s 

Copyright (2015) American Chemical Society. 
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C-CDW Γ-point phonons (cm‑1) 

monolayer 1T-TaSe2 C-CDW bulk 1T-TaSe2 C-CDW 

101-122 (15) 120-123 (9) 

                         144 (9)   151-158 (15) 

150-158 (12) 163-169 (9) 

160-179 (13) 172-179 (8) 

181-189 (11) 180-188 (9) 

243-257 (18) 190-197 (7) 

   201-217 (11) 

   251-266 (10) 
 

Table 5.4: Calculated Γ point phonons of the reconstructed C-CDW structure in monolayer and bulk 1T-

TaSe2 grouped by the normal-phase phonon energies in Table 5.3. 

 

 

 To further investigate the new Raman peaks of the C-CDW phase, we calculate 

the phonon energies of the C-CDW reconstructed lattice with 39 atoms in the unit cell for 

bulk and monolayer 1T-TaSe2. Table 5.4 shows the calculated phonon frequencies 

between 100 and 270 cm
−1

 which is a subset of the 117 phonon modes that occur in the 

bulk and monolayer C-CDW structures. The modes are grouped according to the phonon 

energies of the normal phase listed in Table 5.3. The Γ- point phonon energies of the C-

CDW phase are centered around the normal-phase phonon energies listed in Table 5.3 for 

both the bulk and monolayer structures. The number of phonon modes that occur within 

each frequency range is listed in parentheses. The splitting of the phonon energies is not 

unexpected since the 12 modes of the normal lattice are coupled by the C-CDW 

wavevectors Q which form the reciprocal lattice vectors of the commensurate Brillouin 

zone (C-BZ) shown in Figure 5.15. Thus, the CDW potential VQ couples and splits the 

phonon modes of the normal lattice. The calculated bulk Γ-valley phonons listed in Table 

7 are within 1− 6 cm
−1

 of the zone folded normal-phase 152 cm
−1

 frequency given in 
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Table 5.3 and the experimentally observed 154 cm
−1

 frequency shown in the Raman 

spectra in Figures 5.10 – 5.13. In the bulk and monolayer C-CDW structures, the 

eigenvectors of the phonon frequencies in the range 150−158 cm
−1

 are a mixture of 

transverse and longitudinal displacements of the 26 Se atoms and 13 Ta atoms. As a 

result, they cannot be easily categorized as A1g or E2g modes, and their symmetry is not 

obvious. Assuming that these modes originate from a zone-folding of the low-symmetry 

points g1 and g1 + g2 in the N-BZ, this mix of displacements might be expected. The 

eigenvectors of the normal-phase phonons at g1 and g1 + g2 are also a mix of transverse 

and longitudinal displacements. 

 

5.6 Discussion 

 
The presence of a zone-folded Raman peak due to a C-CDW lattice distortion also 

was predicted in bulk 1T-TiSe2 [50] and experimentally found in bulk 1T-TiSe2 [51]. 

Reconstruction of the BZ in the C-CDW phase and the appearance of the zone-folded 

Raman peaks also are reminiscent of the zone folding in twisted bilayer graphene [52−

54]. The zone-folded phonon peaks in the C-CDW materials appear at much higher wave 

numbers than the peaks in man-made quantum well superlattices (QWS) owing to the 

smaller period of the lattice distortion in a C-CDW. The folded peaks in molecular-beam-

epitaxy grown QWS have been typically observed at frequencies below 80 cm−1
[39, 55]. 

In this sense quasi-2D CDW materials present a unique opportunity to investigate zone-

folded phonons with conventional Raman spectrometers that have cutoff frequencies of 
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around 100 cm−1
. In addition the possibility of tuning the incommensurate to 

commensurate CDW transition temperature can have important implications for the 

proposed applications of CDW materials in electronics [3, 56].  

Since there is a possibility of 3R-TaSe2 residue in CVT synthesized samples, we 

theoretically analyzed the phonon spectrum of this polytype to exclude the possibility of 

the new Raman peaks arising from the 3R-TaSe2 phonon modes. We calculated the Γ-

point phonons and Raman active modes of bulk 3R-TaSe2 using density functional 

perturbation theory. The 3R-TaSe2 polytype has a space group R3m. The unit cell consists 

of three monolayers of TaSe2 that have a trigonal prismatic coordination of the Ta atom. 

The Raman modes of the 3R structure remain the out-of-plane A1g mode and the in plane 

E2g mode. The calculations indicate that the A1g and E2g frequencies of bulk 3R-TaSe2 are 

∼230 and ∼191 cm
−1

, respectively. These frequencies are not in the range of the new 

Raman peak of interest and hence do not affect the interpretation of the zone-folded peak.  

It is interesting to note that the thickness required for inducing changes to the 

transition temperature is comparable to the phonon mean free path (MFP). This is the 

same length scale when one starts observing modifications in the phonon spectrum of 

thin films as compared to bulk dispersion [39]. The trend in the thickness dependence 

observed for one TMD material cannot be readily extended to other materials from the 

same group, e.g., 1T-TaS2. The 1T-TaSe2 and 1T-TaS2 polytypes have two different 

CDW phase diagrams. In bulk 1T-TaS2, the normal to incommensurate transition occurs 

at 550 K, an incommensurate to nearly commensurate transition occurs at 350 K and the 

nearly commensurate to commensurate transition occurs at 180 K. A recent study also 
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found a ―supercooled‖ state in nanometer thick crystals of 1T-TaS2 resulting from rapid 

cooling of their samples, which indicates a suppression of the commensurate CDW state 

[21]. At this point, the observed thickness dependence of the transition temperature can 

be interpreted qualitatively within the following physical model. The transition 

temperature is defined by the balance of the energy required for the elastic periodic lattice 

distortion and the energy reduction during the transition to the new CDW ground state. 

The change in film thickness shifts this balance in a manner that is unique to each 

material. For this reason, there is a thickness dependence of the transition temperature. 

The transition temperature can increase or decrease depending on the material as its film 

thickness is reduced. The mechanism that causes the change in Tc as a function of film 

thickness is a continuing topic of discussion and will require further studies. In addition, 

spectroscopic investigations can be complemented with diffraction techniques [57]. 

 In summary, during cooling of bulk 1T-TaSe2 samples, a new Raman peak 

appeared at 154 cm
−1

 at the known bulk C-CDW transition temperature. The appearance 

of this peak during cooling then served as an indicator of the C-CDW phase transition. 

The peak was robust and reversible with alternating temperature sweeps. The temperature 

at which this peak occurred decreased with decreasing sample thickness indicating a 

decrease in C-CDW transition temperature with sample thickness. Specifically, the C-

CDW transition temperature was determined to decrease from 473 to 413 K as the film 

thicknesses decreased from 150 to 35 nm. A comparison of the Raman data with ab initio 

calculations of the vibrational modes of both the normal and C-CDW phases gave a 

consistent picture of the zone-folding of the phonon modes following lattice 
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reconstruction. The q-points of the normal lattice that lie at equivalent Γ points of the C-

CDW reconstructed lattice all have a phonon mode at, or within 2 cm
−1

, of the frequency 

of the new Raman peak. The calculated Γ-point phonon frequencies of the bulk 

reconstructed C-CDW lattice show a splitting of the modes into a cluster of frequencies 

between 151 and 158 cm
−1

. These modes are a mixture of transverse and longitudinal 

displacements of the 26 Se atoms and 13 Ta atoms, and, as a result, they cannot be easily 

categorized as A1g or E2g modes, and their symmetry is not obvious. The Raman spectra 

show a sudden broadening and loss of features as the sample crosses from the C-CDW 

phase to the I-CDW phase. In the incommensurate phase, the CDW wavevector is 

incommensurate with the lattice wavevectors, so that the crystal loses its periodicity and 

translational symmetry. The loss of translational symmetry in the I-CDW phase coincides 

with a strong suppression and broadening of all 1T-phase Raman peaks. The total energy 

calculations of the normal and C-CDW phases of bulk and monolayer 1T and 2H 

polytypes show that the energy difference between the normal and the C-CDW phase of 

the bulk is greater than that of the monolayer, and this is consistent with a reduced 

transition temperature for a monolayer compared to that of the bulk. The experimental 

thicknesses did not come close to a monolayer, so we simply note that the trend of lower 

C-CDW temperature for lower thickness is consistent with the experimental trend. 

Overall, this work clarifies and provides insight into the effect of the I-CDW and the C-

CDW lattice reconstruction on the Raman spectra, and it serves as a guide for the use of 

Raman spectroscopy as a metrology tool for characterizing CDW transitions. 

 



89 

 

 

5.6.1 Methods Used 

 
The calculations included DFT using the projector augmented wave method as 

implemented in the software package VASP [45] and DFPT as implemented in the 

Quantum-ESPRESSO package and were carried out by Dr. Darshana Wickramaratne of 

the Laboratory for Terascale and Terahertz Electronics (LATTE) at the University of 

California-Riverside. For the electronic structure calculations, a Monkhorst−Pack scheme 

was adopted to integrate over the BZ with a k-mesh 12 × 12 × 1 (12 × 12 × 6) for the 

monolayer (bulk) structures. A plane-wave basis kinetic energy cutoff of 500 eV was 

used. The van der Waals interactions in TaSe2 were accounted for using a semi empirical 

correction to the Kohn−Sham energies when optimizing the bulk structure [46]. The 

optimized lattice parameters for bulk 2H and 1T-TaSe2 are a = 3.45 Å, c = 13.06 Å and a 

= 3.42 Å, c = 6.22 Å, respectively. These structural parameters are consistent with prior 

experimental [25, 47] reports of the lattice parameters for the 2H and 1T structures. The 

lattice constants for the monolayer 2H- and 1T-TaSe2 structures were obtained from the 

respective optimized bulk structures. The atomic coordinates within the monolayer TaSe2 

structures were optimized by introducing a 20-Å vacuum layer between the adjacent 

structures. Spin−orbit coupling was included self consistently in each calculation. For the 

phonon dispersion calculations using Quantum-ESPRESSO, an energy cutoff of 500 eV 

was used in the plane wave basis for the bulk and monolayer structures. The structures 

were optimized until the forces on the atoms were less than 0.005 eV/Å. A 12 × 12 × 6 
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(12 × 12 × 1) k-point grid and a Gaussian smearing of 0.05 eV was used to integrate over 

the electronic states in the Brillouin zone for the bulk (monolayer) structures. The 

dynamical matrices for the bulk (monolayer) structure were calculated using a 4 × 4 × 2 

(4 × 4 × 1) q-point grid. 
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Chapter 6 

 

Summary of Dissertation 

 

In this dissertation, I described the results of my research on the properties and 

discussed possibilities of practical applications of 2D van der Waals (VDW) materials. 

The focus of the studies was on the two different members of the Transition Metal 

Dichalcogenide (TMD) sub-class of VDW materials.  

In the first part we demonstrated selective gas sensing with fabricated MoS2 thin-

film FETs using the change in the channel current, characteristic transient time, and low-

frequency noise spectral density as the sensing parameters. The exposure to ethanol, 

acetonitrile, toluene, chloroform, and methanol vapors results in drastic changes in the 

source-drain current. The current can increase or decrease by more than two-orders of 

magnitude depending on the analyte type (polar vs. non polar). The MoS2 thin-film FETs 

intentionally aged for a month were robust and demonstrated even better stability and 

sensitivity. The reference devices with coated channel did not show any response. 

 Unlike graphene devices and thin-film MoS2 transistors do not show 

characteristic bulges in the low-frequency current fluctuation spectra. The differences in 

the low-frequency noise response are likely related to differences in the noise 

mechanisms and require further study. The tested MoS2 thin-film FETs revealed orders of 

magnitude change in current (resistance) upon gas exposure, which is in contrast to 
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graphene devices. The obtained results are important for practical applications of MoS2 

thin films and other van der Waals materials.  

The second part of the dissertation shows the study of 1T-TaSe2 thin-films by 

using Raman spectroscopy to investigate the charge density wave (CDW) transition 

phenomena in this material. In summary, during cooling of bulk 1T-TaSe2 samples, a new 

Raman peak appeared at 154 cm
−1

 at the known bulk C-CDW transition temperature. The 

appearance of this peak during cooling then served as an indicator of the C-CDW phase 

transition. The peak was robust and reversible with alternating temperature sweeps. The 

temperature at which this peak occurred decreased with decreasing sample thickness 

indicating a decrease in C-CDW transition temperature with sample thickness. 

Specifically, the C-CDW transition temperature was determined to decrease from 473 to 

413 K as the film thicknesses decreased from 150 to 35 nm. A comparison of the Raman 

data with ab initio calculations of the vibrational modes of both the normal and C-CDW 

phases gave a consistent picture of the zone-folding of the phonon modes following 

lattice reconstruction. The q-points of the normal lattice that lie at equivalent Γ points of 

the C-CDW reconstructed lattice all have a phonon mode at, or within 2 cm
−1

, of the 

frequency of the new Raman peak. The calculated Γ-point phonon frequencies of the bulk 

reconstructed C-CDW lattice show a splitting of the modes into a cluster of frequencies 

between 151 and 158 cm
−1

. These modes are a mixture of transverse and longitudinal 

displacements of the 26 Se atoms and 13 Ta atoms, and, as a result, they cannot be easily 

categorized as A1g or E2g modes, and their symmetry is not obvious. The Raman spectra 

show a sudden broadening and loss of features as the sample crosses from the C-CDW 
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phase to the I-CDW phase. In the incommensurate phase, the CDW wavevector is 

incommensurate with the lattice wavevectors, so that the crystal loses its periodicity and 

translational symmetry. The loss of translational symmetry in the I-CDW phase coincides 

with a strong suppression and broadening of all 1T-phase Raman peaks. The total energy 

calculations of the normal and C-CDW phases of bulk and monolayer 1T and 2H 

polytypes show that the energy difference between the normal and the C-CDW phase of 

the bulk is greater than that of the monolayer, and this is consistent with a reduced 

transition temperature for a monolayer compared to that of the bulk. The experimental 

thicknesses did not come close to a monolayer, so we simply note that the trend of lower 

C-CDW temperature for lower thickness is consistent with the experimental trend. 

Overall, this work clarifies and provides insight into the effect of the I-CDW and the C-

CDW lattice reconstruction on the Raman spectra, and it serves as a guide for the use of 

Raman spectroscopy as a metrology tool for characterizing CDW transitions. 

 

 

 

   

 

 

 

 

 




