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ABSTRACT OF THE DISSERTATION 

 

Fabrication and Low-Frequency Noise Characterization of Devices Made From Dirac 
Materials 

 

by 

 

Md. Zahid Hossain 

Doctor of Philosophy, Graduate Program in Electrical Engineering 
University of California, Riverside, June 2012 
Professor Alexander A. Balandin, Chairperson 

 

 

Materials with Dirac-type electronic band structure have recently drawn much interest. 

These materials revealed unique electrical, thermal and optical properties, which can be 

potentially used in future high-speed electronics. In this dissertation research, I 

investigate on two different classes of Dirac materials: graphene and topological 

insulators of the bismuth telluride (Bi2Te3) family. The first part of the dissertation 

reports on fabrication of the suspended graphene structures using the selective dry and 
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chemical etching and investigation of the low frequency1/f noise in graphene field-effect 

transistors under electron beam irradiation. Raman spectroscopy has been used for 

identification and quality control of the suspended and supported graphene. It also 

provided the quantitative assessment of the radiation induced defects. It was found that 

the suspended graphene layers had larger I(2D)/I(G) intensity ratio than that of the 

supported graphene. The latter was attributed to weaker impurity scattering from the 

substrate defects. The data for graphene device performance after exposure to different 

irradiation doses, which was obtained in this dissertation research, is important for 

graphene device fabrication and proposed applications in communications. The second 

part of the dissertation focuses on electrical and low-frequency noise characterization of 

the mechanically exfoliated films of bismuth selenide (Bi2Se3). This material belongs to 

the topological insulators, which are characterized by the presence of the Dirac-cone 

dispersion in their surface states. It was found that the field-effect devices with the 

channels made of topological insulator materials reveal 1/f noise below 10 kHz. The 

noise amplitudes scaled up with the channel resistance. The transport measurements 

revealed that the normalized resistance of the devices made from the exfoliated thin films 

of Bi2Se3 did not scale inversely with the film thickness. The latter indicates that the 

surface transport component was significant as compared to the bulk electron conduction. 

The scattering-protected surface states of topological insulator materials can lead to new 

methods of noise reduction. The obtained results are important for understanding the 

traps and carrier dynamics in topological insulators, and can potentially lead to ultra-low 

power and ultra-low noise electronics applications. 
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Chapter 1 

Introduction to Dirac Materials:  
Graphene and Topological Insulator  
 

 

1.1 Introduction  

The discovery of a new material system brings with it some of the most exciting and 

fruitful periods of scientific and technological research. New materials offer new 

opportunities to reexamine the old problem as the new ones. Additionally, in micro- and 

nano-electronic applications, faster and smaller personal computers, energy efficient 

electronic devices and orders of magnitude increase in the capacity of information storage 

are all products of the materials science research.  

 

Dimensionality is one of the most important material parameters. Depending on the 

arrangement in 0D, 1D, 2D or 3D crystal structure, the same chemical compound behaves 

different electrical, optical and thermal properties. 0D (buckyballs), 1D (carbon nanotube, 

silicon nanowire etc.) and 3D crystalline objects have already been studied well both 

theoretically and experimentally. However, two dimensional Dirac materials are 

implicitly absent among the known crystals. There are some layered materials like 

graphite, bismuth telluride (Bi2Te3), bismuth selenide (Bi2Se3), niobium selenide 
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(NbSe2), molybdenum disulfide (MoS2) and others that have strong in-plane bonds but 

weak van der Walls coupling force between the layers [1]. Because of their layered 

structure and weak coupling forces between the layers, isolating such materials into 

individual atomic plane was a long term desire in the research community. But it was 

remained unclear whether such individual atomic layers could exist in principle as thin 

films become thermodynamically unstable (decompose or segregate) below the certain 

thickness [2].  

 

The recent discovery of graphene and topological insulators (Bi2Xe3: Xe=Te, Se etc.) 

have bought such a new domain in the research of two dimensional Dirac material world 

[3-6]. They have novel properties originating from their unique band structure. Both 

graphene and topological insulating materials carry Dirac fermions which are described 

by the relativistic Dirac equation unlike the conventional semiconductors where 

Schrodinger equation is applied for understanding the transport properties [7-8]. Again, 

different from graphene, Dirac fermions of topological insulators (TIs) exist only on the 

surface and are protected by time reversal symmetry where inside of the material is 

insulating. Surface states of topological insulators are robust to impurity scattering and 

thus high mobility and dissipationless transport can be achieved from these material 

systems [8-9]. Similar state exists in the quantum Hall effects but their application is 

restricted due to the requirement of large magnetic field. On the other hand, topological 

insulating state exists in the absence of magnetic field. Two-dimensional bismuth 

telluride is predicted to have higher thermoelectric power (ZT) compared to its other 1D 
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and 3D counterpart [10]. Research in the field of atomically thin Dirac materials is still in 

its infancy and this dissertation examines only the very beginnings of what will likely to 

be an important material for the future nano-electronic applications. 

 

1.2 Graphene 

Graphene is a two dimensional sp2 hybridized forms of carbon atoms. Graphite is a 

layered material formed by stacks of graphene sheets that are held together by weak van 

der Waals forces [11]. This weak interaction between the sheets allows graphene to 

exfoliate from bulk graphite using scotch tape on Si substrate capped by 300 nm SiO2. 

However the nature of the interaction between layers is not entirely understood. It has 

been known for decades that the presence of water reduces the frictional force 

considerably [12-13]. Another frictional effect believed to be important is the registry of 

the lattice between the layers. A mismatch in this registry is believed to give graphite the 

property of super lubricity where the frictional force is reduced considerably [14].  

 

A single 2D sheet of graphene is a hexagonal structure with each atom forming 3 bonds 

with each of its nearest neighbors (Figure 1.1). These are known as the σ bonds oriented 

towards these neighboring atoms and formed from 3 of the valence electrons. These 

covalent carbon-carbon bonds are nearly equivalent to the bonds holding diamond 

together giving graphene similar mechanical and thermal properties as diamond. The 

other valence electron is in the pz state orientated perpendicular to the graphene sheet and 
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forms conducting π bond. π bonds are the most important in defining physical properties 

of graphene at low energies.  

 

 
 
 
 
 

 
Figure 1.1: Crystallographic structure of graphene lattice (sp2 bonding). 

 

Each unit cell of graphene has two distinctly different atomic sites labeled as  atom  “A”  

and  “B”. By solving the tight-binding model, the energy band of graphene can be written 

as: 

)()(3)( kftkftkE


                                                (1.1) 

where   )
2
3cos()

2
3cos(4)3cos(2)( akakakkf yxy 


                                 (1.2)  

 

Here “+” and “-” sign denotes the electron and hole band respectively, a is the lattice 

constant of graphene crystal, t and t′ are the interaction energies with the nearest and next 

nearest neighboring carbon atoms. If it is considered that only the nearest neighboring 

atoms are interacting, the energy bands of electron and hole are symmetric. Figure 1.2 

demonstrates the energy band structure of graphene. One can clearly see that the energy 

dispersion curves meet at six corners of Brillouin zone i.e., K  and K   points. That’s why 

A B 

a 
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graphene is semimetal or zero bandgap semiconductor. For small k values around the K  

point, the dispersion is linear which can be expressed as kvkE F





)(

 
with the Fermi 

velocity Fv ~ 1×106 m/s [7]. 

 

Figure 1.2: Band structure of graphene. The conduction band touches the valence band at K and 

K′   points. Reprint with permission from M. I. Katsnelson, Mater. Today, 10, 20-27 (2007). 

Copyright (2007) Elsevier Publishing Group. 

 

The linear dispersion leads the zero effective mass for electron and holes and many 

interesting properties for example, half integer quantum hall effect and Klein tunneling, 

etc. [15]. The relativistic nature of graphene ensures it to carry electron transport at very 

high mobility at room temperature. The intrinsic mobility can reach the value as high as 

2x105 cm2v-1s-1 at carrier density of 1012 cm-2 making graphene an excellent candidate for 

first electronics [16]. Because of high thermal conductivity on the order of 3000-5000 

Wm-1K-1, graphene can remove heat from the active area of the devices efficiently and 

thus can be used for cooling of the electronic components [17-20]. 
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Unique mechanical and electromagnetic properties make graphene a very promising 

material for a variety of high-tech applications that have been under extensive 

experimental investigation. Particularly, due to very high electron mobility, graphene can 

be used to fabricate ballistic field-effect high frequency transistors. Graphene transistors 

show very low frequency noise making them suitable for RF, NEMS/MEMS and sensor 

applications [21-22]. Bombardment of materials with energetic particles, such as ions or 

electrons, has been used to introduce defects in graphene [23]. Electron beam irradiation 

during SEM/TEM imaging and device fabrication using electron beam lithography 

affects the electrical properties of graphene transistor [24]. Again graphene in outer space 

applications can be exposed to particle radiation involuntarily. Both in the case of 

intentional irradiation as well as in the case of inadvertent radiation exposure, it is of 

great importance to understand the response of graphene devices. This matter will be 

addressed in this dissertation.  

 

1.3 Topological Insulators 

Topologically ordered phases of matter are extremely rare and are experimentally 

challenging to identify. The only known example was the quantum Hall effect discovered 

in 1980s by von Klitzing [25]. It was identified by measuring a quantized magneto-

transport in a two-dimensional electron system under a large external magnetic field at 

very low temperature where the conduction is only carried by the one-dimensional 

channel located at the edges of the sample. Each channel contributes a conductance of 

exactly e2/h where h is   the  Plank’s  constant. Furthermore, the flow of electrons is only 
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allowed in single direction at each edge while the opposite flow of the electrons is located 

at the opposite edge (Figure 1.3 (a)). This type of channel separation makes the charge 

carriers insensitive to scattering from impurities and results in very high mobility. 

However, the requirement of a strong magnetic field severely limits the application of 

quantum Hall (QH) effects especially in nano-electronics. 

 

 
 
Figure 1.3: (a) Edge states of quantum Hall (QH) effects. Magnetic field is present and time 

reversal symmetry is broken. (b) Edge states of quantum spin Hall (QSH) effects. Due to spin-

momentum locking, time reversal symmetry is preserved here even in the absence of magnetic 

field. 

 

Topological insulators, on the other hand, are predicted to exhibit quantum spin Hall  

(QSH) state with the time reversal symmetry being maintained because of the strong 

spin-orbit coupling [5-6]. It demonstrates that the quantum Hall state exists in a time 

reversal invariant form without any external magnetic field. As shown in Figure 1.3(b), at 

each sample edge, the channels with opposite current flow consist of electrons with 

opposite spin directions (spin-up and spin-down) and the spin of the electrons is directly 

locked to its momentum, thus maintains its time reversal symmetry. Due to the time 

reversal symmetry, if the conducting electron is scattered by a non-magnetic impurity, 
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there are two time reversal symmetric paths for the scattering. However because the 

electron spin is locked to its momentum, the two paths carry opposite directions of spin. 

Hence, they exactly cancel each other and will result in the suppression of backscattering 

[9]. As a result of this, the edge state of topological insulator is immune of non-magnetic 

impurity scattering and possesses strong potential for its applications. 

 

2D topological insulator state was first experimentally demonstrated in HgTe quantum 

well structure in 2007 [26]. They measured a quantized conductance ~2e2/h indicating 

ballistic transport through two edge channels similar to quantum hall effect without any 

external magnetic field. This conductance value was independent of the sample geometry 

but destroyed by a small perturbation of the magnetic field. 

 

Besides the two-dimensional (2D) topological insulator state in HgTe quantum well, 

three-dimensional (3D) topological insulator materials are also demonstrated to exist 

where odd number of gapless Dirac cones exist on the surface [27-28]. The difference of 

3D TI from 2D TI is the boundary which is the surface of the sample instead of the edge. 

Figure 1.4 demonstrates the calculated band structure and angle-resolved photoemission 

spectroscopy (ARPES) spectra of 3D Bi2Se3 topological insulator material. ARPES 

measurement indicates that Bi2Se3 has a single Dirac cone and gapless surface state in the 

bulk gap [28]. The single Dirac cone consists  of  one  Kramer’s  pair,  which  is  protected  by  

time reversal symmetry and is crucial for the robustness of the surface states.   
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Figure 1.4: (a) Energy and momentum dependence of LDOS for Bi2Se3. The red area denotes the 

conduction and valance band and blue region indicates bulk energy gaps. The two crossed red 

lines indicate the topological surface states which are located inside the gap of the bulk energy 

gap. Reprinted with permission from:  H. Zhang, C. X. Liu, X. L. Qi, X. Dai, Z. Fang, and S. C. 

Zhang, Nature Phys., 5, 438-442 (2009). Copyright (2009) Nature Publishing Group. (b) ARPES 

measurement of surface states on Bi2Se3 crustal. Reprinted with permission from: Y. Xia, D. 

Qian, D. Hsieh, L. Wray, A. Pal, H Lin, A. Bansil, D. Grauer, TY. S. Hor, R. J. Cava, and M. Z. 

Hasan, Nature Phys., 5, 398-402 (2009). Copyright (2009) Nature Publishing Group. 

(a) 

(b) 
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Bi2Se3 seems to be one of the most promising TI materials in applications in that it has a 

large bulk band gap of ~ 0.3 eV, corresponding to 3600K and could therefore behave as a 

topological insulator up to high temperatures. However, there have been big obstacles to 

achieving electronic transport experiments which are dominated by the surface states. 

ARPES measurements show that upon cleavage of the Bi2Se3 flake, the Fermi level 

evolves with time until it reaches to the bottom of the conduction band even at low 

temperature and ultra high vacuum [29]. This is due to the forming of selenide (Se) 

vacancies on the cleaved surface of the material which shifts the Fermi level and results 

high n-doping of the material. Due to high n-doping, metallic bulk conduction dominates 

electronic transport in Bi2Se3. Much attention has been focused on reducing the unwanted 

bulk charge carriers in order to utilize the extraordinary properties of topological surface 

states in novel electronics [30-33]. One strategy of reducing the contribution of bulk 

conduction is to fabricate very thin film of Bi2Se3 devices [31-33].  The thinnest layer 

that maintains a 2:3 Bi:Se stoichiometry is the quintuple layer (QL) of 5 alternating Se 

and Bi planes, while the thinnest slab which retains the symmetry of bulk Bi2Se3 is one 

unit cell, or three QL units thick [33]. However, thin film of Bi2Se3 below 6 QLs starts 

showing the opening an energy gap of surface states [34]. This indicates that ultrathin 

Bi2Se3 films of thickness below 6 QLs are not three dimensional topological insulators. 

The contribution of surface transport over bulk conduction has been under investigation. 

The measurement of the current fluctuations and noise spectral density can potentially 

provide additional metrics to be used as indicators for achieving Dirac cone surface 

transport regime.  
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1.4 Outline of the Dissertation 

This thesis presents the low-frequency noise performance of graphene and bismuth 

selenide topological insulators. It also covers the fabrication method of suspended 

graphene and its Raman characteristics. Chapter 1 and 2 give an overview of the basic 

fundamental properties relevant to the Dirac material systems, literature review and 

experimental procedures. Chapter 3 presents the technique of fabricating suspended 

graphene structure using top down approach. This chapter also presents the Raman 

spectroscopy of suspended graphene and compared with the supported graphene. In 

chapter 4, I will see the effect of electron beam irradiation on the electrical, Raman and 

noise properties of graphene field-effect transistors. Chapter 5 presents the experimental 

result of 1/f noise of bismuth selenide and their electrical characteristics. Chapter 6 gives 

the conclusion of the present work and their implications for future nanoelectronics.  
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Chapter 2 

Theory and Experimental Setup  
 

 

2.1 Introduction  

In this dissertation, I used Raman spectroscopy to identify and count the number of 

graphene layer, and to investigate the effect of electron beam irradiation on graphene. I 

have also measured the low-frequency noise of devices made from graphene and 

topological insulators. In this chapter, I discuss the basics of Raman spectroscopy and its 

applications for graphene nanometrology. Next I focus on electronic low-frequency noise 

and its measurement procedures.  

 

2.2 Raman Spectroscopy Basics 

Raman spectroscopy is one of the most effective and non-destructive techniques for 

characterizing and analyzing materials. This technique can probe the materials in a 

variety of forms such as device, bulk, thin film, or nanostructures and requires almost no 

sample preparation. Raman effect is based on the inelastic scattering of light with atomic 

lattice of a material resulting in the absorption or creation of a phonon [1]. Phonon is 

simply visualized in terms of the quantization of the vibrational waves as an atom in the 



16 

 

lattice is displaced from its equilibrium position. The occupation probability of phonon 

follows the Boise-Einstein statistics.  

 

When light interacts with the sample, a small fraction of the incident photons (1 out of 

107-109) are scattered inelastically due to their interaction with the phonons. The inelastic 

scattering occurs because the lattice of the material under investigation either loses or 

gains energy qh  where h is the  Plank’s  constant  and q  is the characteristics phonon 

frequency.  As such, there will be a corresponding increase or decrease of the scattered 

photon frequency qis    where i  is the incident photon frequency. If the 

frequency of the scattered photon is less than the frequency of the incident photon, a 

quantum of energy is added to the sample. This is referred to as a Stokes process. If the 

frequency of the scattered photon is greater than the frequency of the incident photon, a 

phonon is annihilated from the sample and it is called an anti-Stokes process. Rayleigh 

scattering occurs when there is no transfer of energy and the incident photon and the 

scattered photon have the same frequency. Figure 2.1 schematically illustrates the 

Rayleigh, Stokes, and anti-Stokes scattering processes. 

 

The Stokes process is the scattering of photons which shift to longer wavelengths and the 

anti-Stokes process which shift to shorter wavelengths. Normally the anti-Stokes process 

is less intense than the Stokes process.  This is because anti-Stokes scattering arises from 

the excited states while Stokes process arises from the ground state. From the Boltzmann 

distribution, it is known that the excited state has fewer electrons than the ground state. 
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Slight variation in thermal energy from the equilibrium state will excite more electrons to 

the higher excited states. Therefore anti-Stokes spectrum allows sensing and monitoring 

the sample temperature change. 

 

 

 

 

 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
Figure 2.1: (a) Visualization of Raman light scattering from a crystal lattice. (b) Schematic 

representation of the Raman scattering processes. 

 

A Raman spectrum is a plot of intensity (count of photons) versus the Raman shift (cm-1). 

Raman shift represents the difference in wavenumber between the incident photon and 
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the scattered photon and the peaks correspondence to the phonon frequency. Thus, 

Raman shift is an inherent characteristic of the material and is independent of the incident 

radiation. Due to the small wave vector of optical phonons, phonons involved in the 

Raman scattering process have a very small momentum compared with the Brillouin 

zone. So only the zone-centered phonons participate in the Raman scattering process.  

 

2.3 Raman Experimental Setup 

The confocal Renishaw in-Vio instrument is used for our Raman measurements. The 

spatial resolution of this instrument is limited  by   the  laser  spot  diameter  (~1μm),  which  

allows us to selectively examine different regions of few micrometers sized thin film 

samples. The sample is put on a translation stage which can be moved coarsely along x- 

and y- axes. A normal white light source is used to illuminate and focus the sample. The 

reflected white light is collected and the optical image is recorded with a CCD camera. A 

488 nm laser is directed to the sample through the 50x/100x objective lens to excite the 

Raman signals. The Raman scattering light as well as the Rayleigh light are collected 

through the objective lens in a backscattering configuration. An edge filter is used to 

block the Rayleigh light and only the Raman signal is recorded with the 1800 lines/mm 

grating. The power provided by the laser is directly related to the peak counts and signal 

to noise ratio of the Raman peaks. Special precaution is taken to avoid the local excitation 

laser heating of the samples by keeping the laser power on top of the samples below 2 

mW. Prior to each set of Raman measurement, the system is calibrated with the reference 

silicon sample which has characteristics peak at 520.4 cm-1. 
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2.4 Raman Spectroscopy of Graphene  

Raman spectroscopy has been widely used in the structural characterization of graphitic 

materials. Recently this spectroscopic technique has been demonstrated as one of the 

most convenient tools for identifying and counting graphene layers on Si/SiO2 substrate 

[2-4]. Figure 2.2 shows the typical Raman spectrum of single layer graphene against the 

Raman spectrum of bilayer graphene. The most notable features of the spectrum for 

graphene are G peak at ~1580 cm-1 and 2D peak at ~2700 cm-1. G peak originates from 

the in-plane vibration of the sp2 carbon atoms and is a double degenerate phonon mode at 

the center of the Brillouin zone. The intensity of G peak increases as the number of 

graphene layer increases. The 2D peak originates from a two phonon double resonance 
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Figure 2.2: Raman spectra of single and bilayer graphene. The sample was excited with the 488 

nm CW laser source. 
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Raman process and is closely related to the band structure of graphene. This peak is 

overtone of the disorder–induced D peak which is frequently observed in carbon 

materials at ~1350 cm-1. D peak is absent for the infinite layer dimensions but becomes 

Raman active for the smaller dimensions or layers with substantial number of defects 

through the relaxation of the phonon wave vector selection rules [5]. The shape of 2D 

band is sharp and narrow for single layer graphene but starts to broadening as the number 

of layers increases. So the evolution of the 2D peak Raman signatures with the addition 

of each extra layer of graphene can be used for accurate counting the number of layers [2, 

4] together with the position of G-peak which upshifts with the 1/n, where n is the 

number of graphene layers [3].   

 

2.5 Low-Frequency Noise 

Noise intrinsic to a device or circuit is a consequence of minute current or voltage 

fluctuations that are fundamentally associated with the discrete nature of electron charge 

transfer or motion of the charge carriers. Low frequency noise has a tremendous impact 

on devices and circuits. It sets the lower limit of detectable signals and it converts to 

phase noise and thereby reduces the achievable spectral purity in communication 

systems. Noise is not only a problem that should be avoided as much as possible, useful 

information such as material purity, defect density, and material reliability can be 

captured by analyzing noise. Thus, understanding noise can help device designers 

minimize its impact on circuits and systems, probe carrier transport mechanisms, and 

characterize defects in materials. Low-frequency noise (LFN) normally refers to random 
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fluctuations below 100 kHz, which imposes a practical limit on the performance of all 

electronic devices. In the next section, I discuss different kinds of noise and how to 

measure the low-frequency 1/f noise.  

 

2.6 Noise Sources in Semiconductors  

The intrinsic noise in a semiconductor device is generated by several different 

mechanisms. Due to the difference of these mechanisms, the frequency behavior of noise 

becomes very complex. This section gives a brief overview of different noise sources in 

semiconductors.  

 

2.6.1 Thermal Noise 

Thermal noise, commonly known as Johnson noise, comes from the random motion of 

charge carriers at a temperature higher than absolute zero. The scattering of carriers with 

the surrounding lattice makes them random in motion and this randomness appears as 

thermal noise at electrodes with zero average value. The power spectral density of such 

noise is given by [6] 

kTRfSV 4)(                                                                              (2.1) 

where k is the Boltzmann constant, T is the equivalent temperature and R is the sample 

resistance. The thermal noise exists in every resistor and resistive part of a device and 

sets a lower limit on the noise in an electric circuit. The power spectral density of thermal 

noise is independent of frequency  and  usually  termed  as  “white” noise. 
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2.6.2 Shot Noise 

Shot noise is a type of noise caused by the random movement of charge carriers across a 

potential barrier. This is in view of the fact that the average current appearing as dc is 

actually a summation of discrete random independent pulses of electron charge flow. The 

time-domain mean squared deviation from the mean dc value is known as shot noise. 

Shot noise is always associated with a dc current and cannot be observed without 

applying biasing currents. The expression for shot noise power spectral density takes the 

following form [6-7]  

qIfSI 2)(                                                                                 (2.2) 

where I is the dc current and q is the elemental charge. Due to the flat nature of its 

frequency spectrum, shot noise qualifies as another source of “white” noise and is 

indistinguishable from the thermal noise as far as the spectral form is concerned.  

 

2.6.3 Generation-Recombination (G-R) Noise 

This type of noise originates from traps that randomly capture and emit carriers, thereby 

causing a fluctuation in the number of carriers available for current transport. In a 

MOSFET, traps may exist in the semiconductor bulk or in the gate dielectric.  The 

general expression for G-R noise is given by [6] 

22
2
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                                                          (2.3) 

where 2N is the variance of the charge carriers, f is the frequency and τ is the time 

constant of the trapping process. The power spectral density plot of G-R noise is a 
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Lorentzian spectrum which is constant at low frequencies but drops down as f--2 above the 

characteristic frequency defined by 1/τ. G-R noise is only significant when Fermi-Level 

lies within a few kT energy to the trap level. 

 

2.6.4 Random Telegraph Signal (RTS) Noise 

This kind of noise is observed in small area devices where alternate capture and emission 

of carriers at an individual defect site generates discrete switching in device current or 

voltage. RTS noise is characterized by a Lorentzian spectrum given by [8] 

])2()/1/1)[((
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                                 (2.4)      

where 0 and 1  represent the mean capture and emission time constants with a Poisson 

distribution. Alternatively, they can be considered as the average time durations in low 

and high states. Interesting information about the trap energy, capture and emission 

kinetics and spatial location for the trap can be acquired from RTS noise measurements.  

 

2.6.5 1/f Flicker Noise 

If a noise power spectral density is inversely proportional to the frequency, this kind of 

noise is referred to as flicker noise or 1/f noise. The current power spectral density for 

flicker noise can be expressed as 





f
AIfS I )(                                                                              (2.5) 
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where I is the current flowing through the device, A,  β and γ are constants. Generally, for 

1/f noise, the frequency exponent γ lies between 0.8 and 1.2. 1/f noise is the dominant 

source of noise in the low frequency part of the spectrum (10-6 to 106 Hz) and is found in 

almost all electronic materials and semiconductor devices like metal films, ionic 

solutions, metal-oxide semiconductor field-effect transistors (MOSFETs), bipolar 

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

semiconductor field-effect transistors (MESFETs) and junction Diodes [6, 9-13].  

 

2.7 General Theory of 1/f Noise  

Although 1/f noise is a universal phenomenon in active devices, there is no evidence to 

indicate that a common physical mechanism is responsible. According to an extensive 

study on 1/f noise, two different fundamental models are generally used to explain the 

underlying physics of 1/f noise, namely the mobility fluctuation model and the number 

fluctuation model.  

 

2.7.1 Mobility Fluctuations Model 

According to this model, low-frequency 1/f noise is a bulk phenomena resulting from the 

fluctuations in the mobility of the channel carriers. Hence it is a volume effect and first 

proposed by Hooge with the following empirical formula for the current fluctuations [14] 

fNI
S HI 

2                                                                                     (2.6) 
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where H  is the dimensionless parameter referred to as the Hooge parameter and N is the 

number of carriers. Initially H  was considered a universal parameter with a value of 

2x10-3. Latter, it turned out that value of H  is very sensitive to the material quality and 

processing techniques and hence it can be used as a measure of the quality and relative 

noise level of materials and devices. 

 

2.7.2 Number Fluctuations Model 

This model was first proposed by McWorther who concluded that low frequency 1/f 

noise is a surface phenomenon [15]. At the semiconductor surfaces and interfaces, 

physical defects give rise to trap centers. 1/f noise is caused by the fluctuations of the 

number of charge carriers due to trapping and de-trapping of charge carriers at these traps 

centers. Each trapping–detrapping phenomenon gives a Lorentzian G-R spectrum with a 

time constant of  . Since electrons located in trap centers far from the conduction band 

require more energy for generation-recombination to occur,   is larger for deep trap 

center than shallow trap center. If the traps are distributed spatially, superposition of all 

the Lorentzian distributions associated with each trap gives 1/f spectrum,    
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where Nt is the number of traps. Deviation from true 1/f noise i.e., 1/fγ can be understood 

in terms of deviation from the uniform spatial distribution of traps. An example is given 

in Figure 2.3 where Lorentzian spectrum from five individual traps with different time 

constants adds up to a 1/fγ spectrum with   close to unity. 
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Figure 2.3: Superposition of 5 Lorentzians giving a total spectrum that approximately exhibits 1/f 

dependence over several decades of frequency. 

 

2.8 1/f Noise Measurement Procedures  

The block diagram of standard low-frequency noise measurement set-up is shown in 

Figure 2.4. The set-up includes a low-noise DC biasing circuitry, low-noise pre-amplifier 

(SR560), and a dynamic signal analyzer (SR785). Several rechargeable lead acid batteries 

are connected together in series to provide DC bias voltages through the resistive voltage 

divider network as shown in Figure 2.5. Two  100  kΩ  ten-turn wire wound potentiometers 

are used to vary the device terminal voltage.  
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Figure 2.4: An overview of typical low-frequency noise measurement system. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
 
 

 
Figure 2.5: Bias arrangement for low-frequency noise measurement for a typical field-effect 

device. 

 

RD 

RG 

RPD 

VGG 

VDD 

RPG 

 D 

 G   S 

Pre-amplifier 

To Signal 
Analyzer DUT 



28 

 

When drain-source current is passed through the series resistance RD and the device, the 

conductance fluctuations of the device result in the fluctuations of the drain-source 

voltage. This minute fluctuation in the drain terminal is amplified to the measurable range 

by the preamplifier. The preamplifier operates in the differential mode to minimize the 

common mode noise. To remove any DC offset from the output, amplifier inputs are 

always ac coupled.  Band-pass filters are ideally set between 0.03 Hz to 300 kHz with a 

6dB roll-off. The gain of the amplifier is set to 1000. During noise measurement, 

preamplifier is powered by the internal rechargeable battery in order to minimize the 

possibility of outside noise.   

 

The output of the preamplifier is fed into the signal analyzer. SR785 dynamic signal 

analyzer performs the fast Fourier transform on the time domain fluctuating signal 

[ΔV(t)] and computes the noise power spectral density (Sv) in the range of 0.1 Hz - 100 

kHz. In order to obtain a stable spectrum, the number of averages is set at 50 and 90% 

sampling window overlap is used for optimal real time processing. A computer interface 

with LabView software controls the dynamic signal analyzer and automates the noise 

data collection. 

 

In the biasing circuits, only metal film resistors are used because of their very low 1/f 

noise. Additionally, by appropriate choice of the series resistance RD, the total sum of RD 

and potentiometer resistance is ensured to be at least 10 times higher than the device 

resistance. This arrangement minimizes the noise contribution from the biasing circuitry 
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so that the amplified noise at the output terminals of the low noise pre-amplifier comes 

mainly from the device under test (DUT). In addition, DUT with preamplifier and biasing 

circuitry are placed inside a metal shielded box to avoid the measurements from the 

influence of external electromagnetic interference such as radio AM/FM signals, power 

line interference at 60 Hz and their harmonics.  

 

After avoiding the stray noise sources by taking the precautions mentioned above, the 

background noise comprising mainly of the preamplifier inherent noise and device 

thermal noise is measured. The device is biased at desired gate voltage and noise data is 

collected at zero drain current. This spectrum is the background noise at this particular 

gate bias. Then noise measurement is repeated at particular drain bias and saved as total 

device noise at this particular gate bias. Next the net noise from the device is obtained by 

subtracting the background noise from the total noise. A typical voltage noise density and 

background noise for a graphene transistor is shown in Figure 2.6. The voltage noise is 

converted to current noise using the following expression 

2
th

V
I R

S
S                                  (2.8) 

where Rth=RD||Rds, Rds is the device channel resistance and I have assumed RD>>RPD. 
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Figure 2.6: Typical 1/f noise spectra of graphene field-effect transistor with background noise. 

Spikes are 60 Hz peaks and their harmonics. 
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Chapter 3 

Fabrication and Raman 
Characterization of Suspended 
Graphene  
 

 

3.1 Introduction 

Since  graphene  is  one  atomic  layer  thick  and  carrier  transport  takes  place  in  the  π-orbitals 

perpendicular to the graphene surface, its properties are greatly influenced on the nature 

of interface between the graphene and that of the underlying substrate. The substrate has 

charge defects and phonons. The defect density can reach to the level of ~1x1013 cm-2 

under ambient conditions and vary from sample to sample [1]. These defects are 

inhomogenously distributed within a graphene sample.  It has been predicted that carrier 

mobility in graphene can reach up to its ballistic limit of 2x106 cm2V-1s-1 if the charge 

carrier concentration is reduced to a level of 1010 cm-2 [2]. The interaction of randomly 

distributed surface charge on the substrate scatters the electrons in graphene layer and 

limits its exotic intrinsic properties. Again, the substrate surface is not uniformly smooth 

throughout. All of these play a significant role in defining the electrical transport 

properties of graphene as well as the thermal properties. So understanding the intrinsic 

properties of graphene close to the Dirac point by studying of graphene in the absence of 
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any kind of perturbations induced by the substrate is critically important. In this chapter I 

present a method for isolating and suspending graphene flake (SLG/BLG/FLG) atop few 

micron long trenches while preserving many of its pristine properties. I also investigate 

some of the vibrational properties of suspended graphene which are different from the 

supported graphene on SiO2 and correlate the charge impurity concentrations produced 

from the substrate. 

 

3.2 Wafer Preparation 

For device fabrication and characterization, I started with a degenerately doped p-type 

silicon wafer. The wafer had 300 nm thermally grown SiO2 on top of it. This thickness of 

SiO2 is crucial for graphene visualization under optical microscope. I used degenerate 

doped substrate because it can be back gated without much voltage drop. These types of 

wafers were brought from commercial vendors.  

 

The first step of the fabrication starts with patterning small marker on SiO2 where 

graphene flake will be transferred. The purpose of the small marker is to give some 

reference points so that graphene flake can be indentified later on in optical microscope 

and scanning electron microscope without much effort in a relatively large wafer chip. 

Figure 3.1 shows the optical image of such wafer. The backside of the wafer where 

silicon is exposed was coated with 100 nm thick Au using E-beam evaporator to make 

ohmic contact that serves as global back-gate. 
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Figure 3.1: Optical image of SiO2/Si wafer with prepatterned coordination marker using 

photolithography. Horizontal distance between two adjacent plus signs is   300   μm   while   the  

vertical  distance  is  250  μm. 

 

I used Karl Suss mask aligner and Shipley 1813 photoresist to define marks. First the four 

inch wafer was spin coated with the photo resist 1813 at 3000 rpm for 40 sec in a spin 

coater to have a thickness of ~1.5μm   thick   resist   on   it.   Then   the   wafer   was   baked   in  

hotplate at 110°C for 5 minutes. It was then exposed to g-line light by the mask aligner 

for 10.5 sec. After the exposure, the wafer chip was developed with AZ400K for 40 sec 

at room temperature to make opening in the exposed region where metal would be 

deposited. The next step involved electron beam evaporator which evaporates metal at 

low pressure (~8x10-6 Torr) by hitting the metal with electron beam. After developing, 

wafer chip was placed in the E-beam evaporator chamber and the chamber was pumped 

down to the base pressure mentioned above which took around 30-45 minutes. Then ~10 

nm of titanium was deposited followed by the 50 nm deposition of Au. Titanium acts as 
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an adhesion layer for silicon dioxide. After deposition, the wafer chip was then taken out 

from the evaporator chamber and dipped in acetone solution for 3/4 hours for lift-off the 

metal. After the lift-off process, the metal remains only at the places where photoresist 

was developed. The wafer chip is then flipped and placed in the evaporator again to make 

back-gate contact. Again 10 nm of Ti and 90 nm of Au were deposited on the backside. 

The top side of the final chip where markers are on the silicon dioxide exist looks like as 

shown in Figure 3.1. 

 

3.3 Graphene Preparation and Transfer on SiO2 Substrate 

After putting identification marker, the wafer surface is ready to exfoliate and transfer the 

graphene onto it. I used the so-called scotch tape method first developed by researchers in 

Britain [3]. This method is called micro-mechanical exfoliation. Another way of 

synthesis graphene is by epitaxial growth on silicon carbide (SiC) substrate which was 

invented by researchers of USA [4]. However, micromechanical method is much easier 

than other methods as it does not require any sophisticated equipment and more 

importantly it yields high quality graphene flakes.  

 

For exfoliation, I started with bulk graphite like HOPG (highly orientated pyrolytic 

graphite). Clean environment during production process is important for good quality of 

graphene. So prior to the transformation, the wafer chip was cleaned thoroughly in 

acetone, isopropyl alcohol (IPA) and in DI water to remove any kind of dusts and organic 

particles from the wafer surface and finally nitrogen gas was used to dry the wafer. Next I 
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attached a HOPG flake to an adhesive tape with tweezers and pressed it down carefully 

and peeled the tape apart slowly enough so that graphite cleaved smoothly. The above 

step was repeated for several minutes until the graphite flakes spreaded over a larger area 

on the scotch-tape. Then, the tape was rubbed against the SiO2 surface gently. During 

rubbing one, two and few layers of graphene were often peeled off and attached to the 

surface of SiO2 due to van der Wall force. In the next step, I took the graphite-rubbed 

SiO2/Si chip to optical microscope and Raman spectroscopy. Under optical microscope, 

graphene on 300 nm SiO2 is clearly visible with different color contrast for variable 

number of layers. Bi-layer graphene showed slightly darker color and contrast than single 

layer as shown in Figure 3.2. Raman spectroscopy shows distinct signature for 

identification of single, bilayer and multilayer graphene described in chapter 2.  

 

 

Figure 3.2: Optical microscopy image of graphene flake on Si/SiO2 substrate showing the single, 

bilayer and few layer graphene. 

SLG 

BLG 

FLG 
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3.4 Fabrication of Suspended Graphene  

After exfoliation of graphene on a cleaned substrate, I identified the graphene flake which 

was suitable for fabrication. The number of layers in a given flake was confirmed by 

Raman spectroscopy. In reality, the graphene flakes are irregular in shape and come 

along with a multilayer of graphene. Reactive ion etching (RIE) was performed to make 

it a regular shape graphene of desired dimensions and shape, and also to isolate the flake 

from the bulk graphite or few layer graphene. In order to do this, after the right selection 

of the flake, I defined small marker around the selected flake. I used electron beam 

lithography (EBL) which allows us to make opening in the e-beam resist precisely where 

user wants. Here I used PMMA/MMA bilayer of resist. PMMA (polymethyl 

methacrylate) and MMA (methyl methacrylate) are positive resist consisting of long 

polymer chain of carbon atoms which are available in various molecular weights. The 

PMMA I used had molecular weight of 950K A2. 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 good undercut than PMMA/PMMA double layer 

resist as shown in Figure 3.3.  

 

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

10 minites on a hotplate. Then PMMA was spin coated at the same speed and baked for 

15 minites at the same temperature. Now the sample is ready for electron-beam 

lithography. At this point, our target is to put small alignment marker around the selected  
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Figure 3.3: Schematic of EBL basic using PMMA/MMA resists: (a) spin coated sample subject 

to electron beam lithography, (b) sample after developing, (c) metal evaporation and (d) lift-off.  

 

graphene flake. These marker latter will be used for alignment for selective dry or 

chemical etching for suspended graphene and for selective source/drain and gate 

electrodes for device fabrications. We used 20 keV energetic electron beam to pattern the 

alignment marker in electron beam lithography and developed the sample in MIBK and 

IPA solution of 3:1 mixture for 70 sec followed by 30 sec dip in IPA solution and 30 sec 

rinse in DI water. Finally the sample was dried in nitrogen blower and loaded into the 
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Substrate 
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evaporation chamber where 10 nm Ti and 50 nm Au were deposited at base pressure 

below 8x10-6 Torr. The deposition rate was maintained lower than 0.2 nm per second. 

After the deposition, the sample was taken out from the evaporation chamber and dipped 

into acetone solution for 5/6 hrs for lift-off. The optical image of the lift-off sample after 

the alignment mark is shown in Figure 3.4.  

 

 

Figure 3.4: Optical image of the graphene flake after the small allignemnt mark. Distance from 

one   marker   to   another   one   is   50μm. Reprinted with permission from M. Z. Hossain, and D. 

Teweldebrhan, J. of Nanoelectronics and Optoelectronics, 6, 1-5 (2011). 

 

Next I did the same procedure for etching the sample to make it a regular shape of 

desired dimensions. After spinning the resists PMMA/MMA, a window was formed 

using EBL where I wanted to etch the graphene and developed. The previously patterned 

small marker serves as alignment marker for selective lithography at this stage. After 

developing, the sample was loaded into STS reactive ion chamber. After several trials, 
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the power was set at 50 W and etching time at 30 sec for single layer graphene. Etching 

time was gradually increased for bilayer, trilayer and few layer graphene. O2 and CF4 

were selected as a precursor for graphene etching. After etching, MMA and PMMA were 

removed from the wafer surface using acetone. Figure 3.5 shows the optical image of the 

graphene flake after RIE etching. 

 

 

Figure 3.5: Optical image of the graphene flake after reactive ion etching. Reprinted with 

permission from M. Z. Hossain, and D. Teweldebrhan, J. of Nanoelectronics and 

Optoelectronics, 6, 1-5 (2011). 

 

Next step was to do chemical etching of silicon dioxide selectively underneath the 

graphene to make it suspended. I spin coated the graphene flake with a double layer 

PMMA (495A2 and 950A4) on top of it and defined the trench window using electron 

beam lithography. The trench window went over the graphene flake. As a result, after 

developing, PMMA on top of the graphene is also removed defined by the trench 
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window. The removal of PMMA on top of the graphene in the trench region reduces the 

chances of graphene to collapse during etching. Double layer PMMA was used because it 

works as mask layer for etchant solution very well and allows one to etch the sample for 

longer time period and also prevents the sample from damaging. I used the thicker top 

PMMA layer than the bottom one. After patterning the sample and developing it into 

MIBK:IPA::1:3 solution, the sample was immersed into buffered oxide etch (BOE) 

solution (6:1::NH4OH:HF) for approximately 10 minutes at ambient temperature.   

 

The etching time was calculated depending on the axial length of the graphene over the 

trench. SiO2 is an amorphous material and hence etching is happened isotropically in all 

directions. BOE solution etches SiO2 underneath the graphene and the area outside the 

graphene where there is no PMMA. After etching, the sample was immersed from the 

etchant solution into DI water, then acetone and finally hot IPA solutions sequentially, 

with the sample keeping in the liquid all the times. After cleaning the sample in hot IPA 

solution, the sample was dried very carefully and checked under the optical microscope 

and scanning electron microscope. Figure 3.6 shows the SEM image of one of the 

fabricated suspended graphene structures. From the SEM image, it was clear that there 

were no SiO2 residue underneath the graphene flake and it was supported by SiO2 on two 

sides. Hence suspended and non-suspended (supported) graphene came from the same 

piece of graphene flake. The same fabrication techniques can be applied for the 

suspended structure of other Dirac materials [5-7]. 
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Figure 3.6: SEM image of a suspended bilayer graphene. 

 

3.6 Raman Analysis of Suspended Graphene  

After confirming that SiO2 has been etched completely underneath the graphene, I 

examined the free standing graphene using the Raman Spectroscopy under ambient 

conditions. Ar laser of 488-nm line was used as excitation radiation and the beam power 

was kept relatively low to avoid any kind of temperature induced effect. Figure 3.7 shows 

the Raman spectrum for the flake with the relative intensity of G and 2D peaks. Figure 

3.8 shows the deconvolution of 2D peaks. I used the similar deconvolution techniques 

described elsewhere [8-12] and confirmed that the examined flake was a bilayer 

graphene. The quality of the free standing graphene was reasonably good since the defect 

density reflected by the strength of the D peak was not noticeable too much and 

consistent throughout the surface of the graphene flake. 
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Figure 3.7: Raman spectrum of suspended graphene. Reprinted with permission from M. Z. 

Hossain, and D. Teweldebrhan, J. of Nanoelectronics and Optoelectronics, 6, 1-5 (2011). 
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Figure 3.8:  Deconvolution  of  2D  peak  using  Lorentz’s  function. Reprinted with permission from 

M. Z. Hossain, and D. Teweldebrhan, J. of Nanoelectronics and Optoelectronics, 6, 1-5 (2011). 
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Figure 3.8 shows the deconvolution of 2D peak using Lorentzian functions. Four 

Lorenz’s  function  with  four different peak values can fit the experimental data. Based on 

the relative intensity of G and 2D peaks and number  of  Lorentz’s  function  for  2D peak 

deconvolution, it is confirm that the above examined flake was a bi-layer graphene.   
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Figure 3.9: Comparison of 2D peak intensity for suspended and non-suspended graphene. 

Reprinted with permission from M. Z. Hossain, and D. Teweldebrhan, J. of Nanoelectronics and 

Optoelectronics, 6, 1-5 (2011).  

 

Figure 3.9 shows the comparison of 2D peak for both the suspended graphene and non-

suspended graphene. It was observed that the peak intensity for the suspended graphene 

was approximately twice than that of the non-suspended graphene. The intensity of 2D 

band depends on the electron phonon scattering and is given by [13] 
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where v is the Fermi velocity of electron, M is the mass of carbon atom, in  is the 

frequency of incident photon, K is the frequency of phonon around K point and F is the 

coupling involved. 2  is the scattering rate for electron. It is clear that DI2 is proportional 

to 2/1  . In suspended graphene, electron is less scattered by the impurity from the 

substrate resulting the higher intensity for the suspended graphene. On the other hand, 

intensity will decrease for non-suspended graphene due to the charge impurities in the 

SiO2 substrate. Due to the absence of long range scattering of electrons or holes with 

substrate charge impurities, mobility of suspended graphene is much higher compared to 

the non-suspended graphene [14]. So one can therefore compare the I(2D)/I(G) ratios of 

different flakes to identify the qualitatively better graphene flake from the influence of 

impurity puddles of the substrate. 

 

I investigated the G band frequencies for different samples of suspended and non-

suspended graphene and the result has been presented in Figure 3.10. I found that G peak 

red shifted for suspended graphene. Since G band frequency is very sensitive to strain, 

the red shift when in suspended indicates the creation of strain on the graphene samples. 

In my examined flakes, shift of G-peak positions was relatively low for bilayer graphene. 

This suggests that strain is negligible in suspended bilayer graphene flake. This is 

reasonable as graphene is believed to be very stiff material [15]. I also observed that the 
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full width half maximum (FWHM) of G band was larger for suspended graphene 

compared to the supported graphene.  
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Figure 3.10: Comparison of G peak positions of suspended and supported graphene. Reprinted 

with permission from M. Z. Hossain, and D. Teweldebrhan, J. of Nanoelectronics and 

Optoelectronics, 6, 1-5 (2011). 

 

3.7 Raman Analysis of Suspended Nanoribbon  

I fabricated suspended nanoribbon in a similar way described in the fabrication section. 

The width of the ribbon was approximately 20~30 nm. The SEM image is shown in 

Figure 3.11 and Raman spectrum is shown in Figure 3.12. It was observed that 2D peak 

remained symmetric around the center frequency but G peak was not symmetric for 

nanoribbon. G peak comes from the in-plane vibration of the carbon atoms. The 

assymetricity probably comes from the quantum confinement effect of the vibration. This  
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Figure 3.11: SEM image of a suspended nanoribbon. 

 

Figure 3.12: Raman spectroscopy of suspended nanoribbon. Inset shows the symmetrical 

behavior of the 2D peak. 
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effect was observed on the number of samples. Appearance of strong D peak also 

observed for very narrow ribbons. As width of the flake is very low, edge effects come 

into the region where laser light hit and produce the strong D peak in the spectrum. It 

may also come due to the electron beam irradiation during the fabrication time and 

imaging. 
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Chapter 4 

Effect of Electron Beam Irradiation 
on 1/f Noise of Graphene Field-Effect 
Transistors  
 

 

4.1 Introduction 

Graphene is very attractive for future nanoelectronics because of its high electron 

mobility and high thermal conductivity. It is preferred over carbon nanotube because of 

its potential opportunity to integrate into the current CMOS technology. Graphene field-

effect transistor is particularly interesting for investigation of carrier transport under the 

electron beam irradiation. In this chapter, I discuss the effect of the electron beam 

irradiation on the low frequency 1/f noise and electrical characteristics. 

 

4.2 Fabrication of Gate-Tunable Graphene Devices  

The wafer preparation, transformation of graphene onto SiO2 substrate and fabrication of 

the alignment mark around the selected graphene flake has been discussed in chapter 3. 

After the alignment mark for source/drain contact, I spun the sample with MMA/PMMA 

and baked it in a hot plate. Then the sample was loaded into electron beam lithography 
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chamber and source/drain electrodes were defined. The sample was then developed and 

metal evaporation was performed. For source/drain contact, I deposited 10 nm of Ti and 

100 nm of Au at deposition rate less than 2Å per second. Then the lift-off was performed 

in acetone for 6/7 hrs and graphene field-effect transistors were ready for 

characterizations. The optical and SEM images of one of the fabricated devices are 

shown below in Figure 4.1. After the fabrication of the devices, they were characterized 

using Agilent 4142B semiconductor analyzer to monitor the current-voltage 

characteristics. The 300 nm SiO2 acts as a gate dielectric for graphene transistor. By 

tuning the gate voltage, one can modulate the channel conductivity/current.  

 

 

Figure 4.1: Optical and SEM images of one of the fabricated graphene devices. 
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4.3 Irradiation Experiment 

In order to expose the sample to electron beam irradiation, I used electron beam 

lithography system (LEO SUPRA 55B).  The irradiation was performed inside the SEM 

vacuum chamber with a low pressure <10-7 mBar in order to prevent undesired scattering 

of ions from atmospheric particles as well as to prevent the sample from contamination.  

To achieve homogeneous irradiation treatment of the device, the electron beam was run 

through a beam sweeping system, which rasterized the beam across the desired area. I set 

the irradiation parameter though the NPGS (nanometer pattern generation system) 

software. The line to line spacing and center to center distance of the beam scanning were 

set to 21.3 nm. For the experiment, I used the accelerating voltage of 20 kV, working 

distance   6   mm   and   aperture   size   10   μm.   The same accelerating voltage is used for 

lithography and imaging processes. The beam current was set to 39.2 pA. Then I varied 

the area dose starting from 300μC/cm2. In different samples, different area doses were 

tested for the irradiation. The typical area dose for the lithographic process is 

~500μC/cm2
. After irradiating the sample, I performed all Raman, electrical and noise 

characterizations sequentially in order to investigate the effects of electron beam 

irradiation. Then the sample was reloaded into SEM chamber for the next step irradiation. 

After each irradiation step, all the electrical, Raman and noise measurements were 

repeated at room temperature. All the measurements and irradiation experiments were 

performed sequentially in one single night so that the device characteristics did not 

degrade significantly due to exposure to the ambient conditions and only the change of 
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the characteristics come from the effect of the energetic electron beam interaction with 

the graphene flake. 

 

4.4 Effect of Irradiation on Raman Characteristics   

I examined the Raman spectra of graphene devices after each irradiation step. I followed 

the same experimental setup for Raman measurement described in chapter 2. Figure 4.2 

shows the effect of the electron beam irradiation on the Raman spectra. Before 

irradiation, the graphene flake had typical signatures of SLG: only G (~1584 cm-1) and 

sharp 2D (~2692 cm-1) peaks where 2D peak was symmetric and ratio of I(2D)/I(G) was 

very large. The undetectable D peak at ~1350 cm-1 indicates defect free high quality 

graphene flake. However, after irradiation, Raman spectrum showed the clear appearance 

of the D peak. The D peak comes from either the edge of the graphene or the crystal 

defects present in the flake. The width of our examined flake was several micrometers, 

and I focused the laser beam at the center of the flake. This confirms that the D peak has 

originated solely from the defects or modification of the graphene lattice due to 

interaction of energetic beam with the flake rather than the edge defects. In addition to 

the D peak, two other peaks: one at ~1624 cm-1 called D′ peak and another at ~2945 cm-1 

called D+D′ were evolved due to electron beam irradiation. Figure 4.3 shows the plot of 

I(D)/I(G) ratio as a function of the irradiation dose. It was observed that the intensity of 

the D peak continued to increase with the increase of the irradiation doses.  
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Figure 4.2: Effect of the electron beam irradiation on the Raman spectra of single layer graphene. 

The excitation wavelength was 488 nm. D, D′ and D+D′ peaks evolve due to electron beam 

irradiation. 
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Figure 4.3: Ratio of I(D)/I(G)  of single layer graphene as a function of electron beam irradiation 

dose.  

 

Next I have investigated the behavior of 2D peak with irradiation doses. I plotted only the 

2D peak at different irradiation doses as shown in Figure 4.4. For the ease of comparison, 

the spectra were normalized and shifted in energy. It was observed that the 2D band 

broadened due to irradiation. The average full width at half maximum (Г2D) of the 2D 

band  before irradiation was ~28 cm-1 while after the irradiation dose of 5x104 μC/cm2,  

Г2D  was ~35.5 cm-1. The 2D peak was also observed not to remain symmetric as the 

electron beam interacts with the graphene. It was more skewed towards the lower 

frequency. The 2D peak had higher half width on the low frequency side than the high 

frequency side. Because of the double resonant nature of the 2D band, the measured 
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response reflects both the electron and phonon band structures of the graphene. The 

electron and hole bands are symmetric in graphene before irradiation [1]. It is reasonable 

to assume that, after irradiation, bands may no longer remain symmetric and phonon 

dispersion may change which are the possible origins of the asymmetric 2D band after 

irradiation [2].   
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Figure 4.4: Effect of electron beam radiation on the shape of double resonance 2D band. RD: 

Irradiation Dose. 

 

4.5 Effect of Irradiation on I-V Characteristics  

I measured the I-V characteristics using Signatone probe station and semiconductor 

analyzer. The probe station has three probes which are capable of three terminal 
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measurements. I set the drain-source voltage at 10 mV and vary the gate voltages from 

the negative to positive. Figure 4.5 shows the drain current as a function of gate voltages 

before and after irradiation. Away from the Dirac point, the current increases and thus 

graphene shows the ambipolar characteristics. Initially the device showed the charge 

neutral Dirac point at Vg = 9.87 V. The positive Dirac point was typical in our fabricated 

devices because of external hole doping from the air (water moisture) and resist residues 

from lithographic processes. I found that the Dirac point after irradiation moved toward 

the lower gate voltage. After the irradiation of 104 μC/cm2 dose (accumulated dose), Dirac 
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Figure 4.5: Measured drain current as a function of back gate voltage before and after electron 

beam irradiation.  
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point shifted at 2.3V. The negative shift of the Dirac point is due to the interaction of 

SiO2/Si substrate with the energetic electron beam irradiation. The irradiation generates 

electron-hole pairs and less mobile holes get trapped at the interface. These trapped holes 

create an extra effective positive bias resulting in decrease of the Dirac point [3]. This is 

similar to the negative shift of threshold voltage of irradiated MOSFET [4]. The 

maximum resistance of the channel taken at the charge neutrality Dirac point also 

increased substantially due to irradiation. The slope of the curve changes after the 

irradiation which affects the mobility. The mobility was extracted by examining the slope 

of the field-effect curve, transconductance (g) versus back-gate voltage (Vg) using the 

following expression 

gds
m CVW

Lg 11




                                                                     (4.1) 

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 graphene channel 

respectively. Figure 4.6 shows the plot of electron mobility as a function of irradiation 

doses. The decrease of the channel mobility with the irradiation was observed from the 

figure. During the first few irradiation steps, mobility decreased very sharply and after 

that, the rate of decrease was slow. 
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Figure 4.6: Effect of electron beam irradiation on the field effect mobility of graphene transistor. 

 

4.6 Effect of Irradiation on 1/f Noise 

After the DC characterization, 1/f noise measurements were performed. The details of the 

measurement procedures have been described in chapter 2. The measurements were 

carried out while the device was operating in the linear region i.e., the channel current 

varies linearly with the drain bias voltage. The DC drain bias voltage was set between 10 

mv to 30 mV in these cases. I measured the background noise at zero drain current and 

subtracted it from the current noise to obtain the more accurate value of 1/f noise.  Figure 

4.7 shows the low frequency noise density of graphene transistor before and after 

irradiation. The noise spectral density SI is approximately inversely proportional to the 

frequency f. I determined the dependence by fitting SI in the form of 1/fβ to the 
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experimental data. Before irradiation, β was 1.0 which means noise was purely 1/f type. 

However, after the irradiation dose of 104 μC/cm2 and 105 μC/cm2, the noise spectra were 

still 1/f type but the value of β changed to 1.02 and 1.09 respectably. The increase of  β  

value is probably due to the increase of oxide interface charges caused by the electron 

beam irradiation. 
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Figure 4.7: Noise spectral density SI as a function of frequency for GFET. The measurement was 

performed at gate voltage where the conductivity was minimum. The 1/f spectrum is indicated 

with the dashed line for comparison. The drain-source voltage was set to 10 mV during this 

measurement. 
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It is clear from Figure 4.7 that electron beam irradiation caused the noise power to 

decrease in the entire frequency range I measured. According  to  the  Hooge’s  expression,  

current noise is described as [5] 

f
IAS I

2


 
                                                                                 (4.2) 

where A is the noise amplitude. I calculated the noise amplitude using the following 

expression  





N

m m

I
m I

S
f

N
A m

1
2

1                                                                         (4.3) 

which takes the average over the frequency range where the noise spectra follow 1/fβ 

behavior [6]. This definition helps reduce the measurement error of the noise amplitude at 

a specific frequency and rule out the other types of noise sources. I measured the noise 

amplitude before and after each irradiation dose and plotted them in Figure 4.8. Two 

different gate voltages were considered during the measurements. For one device, noise 

was measured at zero gate voltage and for another device, the gate voltage was chosen at 

the charge neutrality point. From the Figure 4.8, it is observed that noise amplitude 

decreases with the increase of the irradiation dose irrespective of the gate voltages. This 

is a bit contrary to the case of conventional semiconductors. Usually noise increases with 

the increase of the resistance. However, in case of graphene, noise amplitude decreases 

with the increase of the channel resistance [6]. So origin of the noise in graphene is quite 

different from the conventional semiconductors [7]. As electron beam irradiation 

increases the channel resistance, this further reduces the noise. I found that mobility of 
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graphene decreases due to irradiation. This suggests that mobility fluctuation component 

of noise might be reduced due to the electron beam irradiation. 
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Figure 4.8: Noise amplitude as a function of irradiation dose for two different devices. Noise is 

measured at zero gate voltage for one device (green color) and at Dirac point gate voltage for 

another device (red color). 
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Chapter 5 

1/f Noise in Bi2Se3 Topological 
Insulators 
 

 

5.1 Introduction 

Bismuth selenide and related topological insulator materials can be exfoliated similar to 

graphene. In this chapter, I present the I-V characteristics of devices made from the 

exfoliated thin film of bismuth selenide topological insulator. I discuss the low frequency 

noise characteristics of exfoliated bismuth selenide thin film devices. The effects of the 

channel resistance on the noise amplitude are analyzed. Finally I comment on the low 

frequency noise behavior in case of topological insulators. 

 

5.2 Bi2Se3 Crystal Structure 

Bismuth selenide and related materials (Bi2Te3, Sb2Te3 etc.) is a binary chalcogenide 

compound semiconductor with rhombohedral crystal structure. They belong to the space 

group )3(5
3 mRD d with five atoms in the trigonal unit cell [1]. The structure is most simply 

visualized in terms of a layered structure with each layer referred as a quintuple layer 

(Figure 5.1). Each quintuple layer with a thickness of ~1 nm consists of five atomic 



65 

 

planes arranged in the sequence of ….Se(1)–Bi–Se(2)–Bi–Se(1)…. along the c axis. The 

lattice parameters of the hexagonal unit cell are a = 0.41384 nm and c = 2.864 nm [1]. 

The coupling is strong within one quintuple layer where atoms are covalently bonded but 

weak between any two quintuple layers, which are bonded by the van der Waals forces. 

The strength of the van der Waals force is much weaker than the covalence bonding 

force. Hence, Bi2Se3 is much easier to be cleaved between the quintuple layers and can 

easily form a thin piece by repeated cleaving. With this unique structure, peeling-off 

process is superior to form thin flake of Bi2Se3 crystal in order to reduce the bulk to 

surface carrier ratio and to obtain electrostatic gate control [2-4]. 

 
 

Figure 5.1: Layered crystal structure of Bi2Se3 with quintuple layers ordered in the sequence 

….Se–Bi–Se–Bi–Se….    along the c axis. Reprinted with permission from H. Peng, K. Lai, D. 

Kong, S. Meister, Y. Chen, X. L. Qi, S. C. Zhang, Z. X. Shen, and Y. Cui, Nature Mater., 9, 

(2010).  Copyright (2010) Nature Publishing Group. 



66 

 

5.3 Thin Flake Preparation and Identification  

I prepared the thin flake of bismuth selenide using the similar method used for the 

exfoliation of single layer of graphene [6]. The details of the wafer preparation and 

exfoliation have been described in the chapter 3. Unlike graphene, it is very hard to tell 

the color contrast of bare Bi2Se3 film with different thicknesses on top of SiO2 wafer 

under the optical microscope. The thickness of the SiO2 was 300 nm which was selected 

by analogy with that for graphene on Si/SiO2 substrate [6-7].  Just after the exfoliation of 

the sample, I cleaned it at acetone and IPA solution and a layer of PMMA was spin 

coated on top of the wafer surface without baking. PMMA is a polymeric material 

commonly used as masking material in electron beam lithography processes. The wafer 

was spun with 950A2 PMMA at 4000 rpm for 40 sec which was result in a polymer 

thickness of around 200 nm. The purpose of coating the Bi2Se3 sample with PMMA layer 

was twofold. First, PMMA layer increase the color contrast of the flakes. Second, PMMA 

layer prevents the gradual degradation of the flake. Although PMMA layer increases the 

contrast of the flakes, it is very hard to understand the surface variation of the flake under 

optical microscope. So I checked the sample in SEM and chosen a suitable one for device 

fabrication which had uniform surface and relatively thinner. Figure 5.2 shows the SEM 

image of one of the flakes used in our device fabrication. I measured the thickness of the 

flakes using atomic force microscope (AFM) once all sorts of the measurements were 

performed. This was done to prevent the degradation of the sample from environmental 

exposure. 
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Figure 5.2: SEM Image of “graphene-like” exfoliated Bi2Se3 thin flake. 

 

5.4 Device Fabrication  

Because of high free carrier concentrations, metallic bulk conduction dominates over 

surface transport in Bi2Se3. I started the device fabrication with the very thin film in order 

to reduce the bulk contributions compared to the surface. After examining the suitable 

flakes, I fabricated a number of two and four contact back-gated devices using standard 

micro-fabrication techniques described details in chapter 4. In case of Bi2Se3 devices, 

before metal evaporation for contact electrodes, the sample was immersed into BOE 

solution for 10 sec to remove any local oxide layer formed on the surface of the flakes. I 

found that immersing the sample in BOE solution before metal deposition reduces the 

contact resistance significantly. Figure 5.3 shows the schematic and Figure 5.4 shows the 

SEM and AFM images of some of the fabricated devices.  

 

 



68 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.3: Schematic representation of four terminal thin film Bi2Se3 TI device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.4: (a) SEM image of the four-terminal device structure with the topological insulator 

channel. (b) SEM image of the two-terminal reference device with the Bi2Se3 channel. (c) AFM 

image of the two-terminal device. AFM inspection was used for determining the channel 

thickness. (d) AFM scale showing the thickness of the sample.  
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5.5 I-V Characteristics of Bi2Se3 Topological Insulator Device 

Figure 5.5 shows the typical I-V characteristics of the two terminal bismuth selenide 

devices. The figure shows the linear current voltage characteristics for two different 

devices within the examined range of the voltage swipe. Thus Ti/Au made Ohmic contact 

with the bismuth selenide films. I also examined the effect of gate voltage for a fixed 

drain source voltage of 0.2 V. I did not see any conductance modulation at the voltage 

swipe from -100 V to 100 V. Thickness of SiO2 was 300 nm and as it is very large, global 

back-gate is weakly coupled to the channel. Bi2Se3 is a narrow band gap semiconductor 

material (~0.3 eV) and the free carrier density of the sample was ~1018 cm-3 at room 

temperature. High carrier density masked the conductance modulation during gate 

voltage swipe at room temperature.  
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Figure 5.5:  Room temperature I-V characteristics of two representative Bi2Se3 devices.  
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5.6 Identification of Surface versus Volume Transport 

Bi2Se3 and other topological insulating materials have both surface and volume 

conductions. It is important to understand where the main contribution to electronic 

conduction is coming from: volume or surface of the Bi2Se3 channel. For this reason, I 

measured the current-voltage characteristics (I-V) of many devices with a different 

thickness H. The thickness of the samples was varied from ~50 nm to 170 nm to avoid 

hybridization between the wave functions of the top and bottom electron surface states. 

Assuming that the resistivity ρ of the material is approximately constant one can then 

expect that in the case when electron transport is dominated by the volume contributions, 

the measured resistance R should scale inversely proportional to the film thickness H. 

This is valid when the contact resistance RC does not dominate over the measured 

resistance as was the case with my samples (RC << R). If the transport is dominated by the 

surface contributions, it should be independent of the film thickness. In Figure 5.6, I 

showed (R/ρ)(W/L) as a function of H (L is the length of the channel and W is the width 

of the channel). The data of (R/ρ)(W/L) did not scale inversely with the film thickness. 

The absence of clear scaling with H suggests that the surface contributions in the 

examined devices are significant, and, as such, are expected to dominate the low-

frequency noise response. Two data points (H = 81 nm and H = 150 nm), which 

somewhat deviated from the general trend, correspond to the films with the lowest 

measured R. The latter suggests that in these two films the volume contribution was 

larger. It is difficult to assign a quantitative value to the surface and volume contributions 

because the assumption of constant ρ is valid only approximately. Although the samples 



71 

 

of different H were exfoliated from the same bulk crystal, the Fermi level position may 

vary due to variations in the defect densities and surface condition as well as thickness 

nonuniformity over the channel length. The defects and thickness variations may lead to 

deviations from the stoichiometry and as a result, nonintentional doping and changes in ρ 

happen. 
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Figure 5.6: Normalized resistance (R/ρ)(W/L) as a function of the film thickness H. In the films 

with constant resistivity and volume type of electrical conduction in the Ohmic regime one 

expects 1/H dependence of the normalized resistance. Reprinted with permission from: M. Z. 

Hossain, S. L. Rumyantsev, K. M. F. Shahil, D. Teweldebrhan, M. Shur, and A. A. Balandin, 

ACS Nano, 5, 2657-2663 (2011). Copyright (2011) American Chemical Society. 
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5.7 1/f Noise of Bi2Se3 TI Device 

Following the DC characterizations, I measured the low-frequency current noise in the 

films made of Bi2Se3 topological insulators with a spectrum analyzer (SR 770 FFT) at DC 

biases ranging from 5.8 mV to 40 mV. I kept the bias voltage relatively low in order to 

avoid the sample from heating. A restriction was applied to the applied bias so that device 

operates in the linear regime of I-V characteristics. Figure 5.7 shows a typical noise 

current spectral density for Bi2Se3 device as a function of frequency. The noise spectral 

density SI of the current fluctuations is approximately inversely proportional to f. I 

determined the dependence by fitting SI in the form of 1/fβ to the experimental data. The β 

values varied from 1.09 to 1.13 with an average β=1.11 ± 0.02. Since β is very close to 

unity for all applied bias voltages within the linear resistance regime one can conclude 

that the excess electronic noise in the films made of topological insulators is of the 1/f 

noise type, and not dominated by the generation–recombination (G-R) noise. The G-R 

noise arises from the charge carrier trapping and reveals itself by the appearance of 

Lorentzian bulges. The experimental data also shows that the noise level increases with 

the increase of the source–drain bias. The absence of the G-R peaks in the films made of 

Bi2Se3 topological insulators is an important observation. It suggests that there was not a 

single trap (e.g. at the Bi2Se3/SiO2 interface) that would dominate the noise spectrum like 

in some semiconductor devices with the thin-film channels.  
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Figure 5.7: Noise power density as a function of frequency for a typical Bi2Se3 device for bias 

voltages ranging from 5.8 mV to 40 mV. The resistance of the representative device is 7 kΩ.  The  

dotted line indicates the 1/f spectrum. Reprinted with permission from: M. Z. Hossain, S. L. 

Rumyantsev, K. M. F. Shahil, D. Teweldebrhan, M. Shur, and A. A. Balandin, ACS Nano, 5, 

2657-2663 (2011). Copyright (2011) American Chemical Society. 

 

5.8 Effect of Bias Voltage on Noise  

In order to determine the detailed bias dependence of 1/f noise, I plotted the noise density 

measured within a narrow frequency band centered at 10 Hz, 50 Hz and 100 Hz as a 

function of applied bias as shown in Figure 5.8. It was found that low-frequency noise 

varied with the voltage as Vα, where α=1.82±0.03. In the Ohmic conduction regime in 

conventional bulk metals and semiconductors, SV normally follows Hooge’s relation with 
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SV proportional to V2 (e.g., α = 2) [8-10]. The empirical Hooge equation, conventionally 

used to characterize the 1/f noise level, implies that the noise is coming from the volume 

of the electrical conductor rather than its surface [8]. The extracted α for the Vα 

dependence in the tested devices was close to quadratic but not exactly 2. In section 5.6, 

it has been shown that the surface contribution to the electron transports is dominant. The 

mixed surface-volume type of electrical conduction in Bi2Se3 films may lead to the 

extracted deviation of α from 2 at room temperature. This deviation was consistent with 

the electrical current scaling with the thickness in our films.   
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Figure 5.8: Effect of source-drain voltage on noise density measured at 10, 50 and 100 Hz. 
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5.9 Noise Amplitude for Bi2Se3 Device 

I repeated the noise measurement for a number of devices with various channel sizes 

characterized by different DC resistances and measured the noise amplitude using the 

following expression [8, 11]  

SI=AI2/f                                                                                     (5.1)  

Here A is the relative noise amplitude, which is a parameter convenient for comparing 1/f 

noise levels in various materials and devices. This expression described well the 1/f noise 

in all examined devices. I recorded noise at f=1 Hz and plotted the normalized noise 

power density (SI/I2) as a function of the device resistance in Figure 5.9. From the figure, 

I found that the topological insulator devices with higher resistance had the higher 

normalized noise spectral density. The dash line shown in Figure 5.9 is the least squares 

power law fit, which yields the following expression for the relative noise amplitude A as 

a function of the resistance: 

 A=3×10-10R-0.9                                                                           (5.2) 

where R is the resistance of the device. This expression allows us to estimate an 

approximate level of 1/f noise in any Bi2Se3 thin film devices for the resistance values 

spanning over three orders of magnitude. For Bi2Se3 devices, the extracted A values were 

in the range from ~10-7 to ~10-5 as the resistance of the devices changed from ~500 to 105 

Ω. It is interesting to note that the low-frequency noise in the examined films of Bi2Se3 

topological insulators is substantially higher than that in carbon nanotubes [11] or 
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graphene [12-13]. However, the noise spectral density follows the similar dependence of 

carbon nanotube on the resistance [11].  
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Figure 5.9: Relative noise amplitude SI/I2 (at f = 1 Hz) for several Bi2Se3 thin-film topological 

insulators as a function of the device electrical resistance. Reprinted with permission from M. Z. 

Hossain, S. L. Rumyantsev, K. M. F. Shahil, D. Teweldebrhan, M. Shur, and A. A. Balandin, 

ACS Nano, 5, 2657-2663 (2011). Copyright (2011) American Chemical Society. 

 

5.10 Hooge Parameter for Bi2Se3 Device 

1/f noise properties of various materials are often characterized by the dimensionless 

empirical Hooge parameter ( H ) [14] 

fN
I
SI

H 2                                                                                (5.3) 
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Here N is the total number of carriers in the channel. I estimated the total number of 

carriers as N=L2/Rqμ within the homogeneous channel approximation where L is the 

separation between contacts, q is the elemental charge and µ is the carrier drift mobility 

in a given material. To obtain a rough estimate, I took the carrier mobility in Bi2Se3 as 

~180 cm2V-1s-1 [15] and used the resistance R=526.9  Ω  from  the DC measurement for the 

sample with L=1.78  μm.  The  Hooge  parameter  estimated  for this sample was found to be 

~0.2. If a higher mobility of 500 cm2V-1s-1 is assumed for the Bi2Se3 conduction channel 

[16], the Hooge parameter reduces to ~0.07. The Hooge parameter varies over a wide 

range of values from the very low, below 10-8, to very high, above 10 depending on the 

quality of the materials (substantially smaller defects concentrations) and devices [17-

19]. Generally a lower value of H  is expected for the higher level of structural 

perfection of the materials. At the same time, the Hooge parameter is also affected by the 

specifics of the noise mechanisms and carrier transport. The upper bound value of 0.2 for 

Bi2Se3 thin film is higher than that for common semiconductors or metals. However this 

value is not unusual compared to the GaN film [17-19].  

 

Because of mixed surface and volume transport for Bi2Se3 TI devices, the measured 1/f 

noise has components originating from both the surface and volume. One can expect that 

achieving the pure surface conduction regime in topological insulator films would lead to 

the noise reduction. Moreover, the suppression of at least some electron scattering 

mechanisms, predicted by the theory [20-24], may result in further noise reduction due to, 

at least partial, quenching of the mobility fluctuations [4].  
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Chapter 6 

Conclusions 
 

 

In this dissertation, I studied two novel Dirac type materials: Graphene and Topological 

Insulators as a potential candidate to replace silicon CMOS as it is coming down to the 

end of the road of scaling. I fabricated suspended graphene structures using selective dry 

and chemical etching and studied their Raman characteristics. Intensity of Raman 2D 

peak is more sensitive to the presence of charged impurities on the substrate. I 

demonstrated that suspended graphene had higher I(2D)/I(G) ratio than the non-

suspended graphene. This ratio comparison can be used to identify the better quality 

graphene flake in a given substrate for device fabrication. 

 

I investigated the low frequency noise of graphene transistor under electron beam 

irradiation. The effect of irradiation was identified by Raman signatures. I observed the 

intensity of D peak (defect peak) to increase with the increase of irradiation dose. The 

channel resistance increases with the irradiation dose too. The graphene transistor 

exhibits pure 1/f noise before and after irradiation. The striking observation was the 

decrease of noise amplitude with the increase of irradiation dose. Thus electron beam 
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irradiation can be used to tune the electrical properties as well as to reduce the low- 

frequency noise which is very useful for RF communication and sensing applications.    

 

I also investigated the electron transport and low-frequency noise characteristics of 

exfoliated thin film of Bi2Se3 topological insulator. The thickness of the films was 

relatively large to avoid hybridization of the top and bottom electron surface states. From 

the dependence of the resistance on the film thickness, I concluded that surface 

contribution was significant in our examined samples.  TI device exhibited pure 1/f noise 

below 10 kHz with no generation-recombination peaks. This attested that exfoliated 

Bi2Se3 thin films were of good quality. The relative noise amplitude SI/I2 for the 

examined set of topological insulator films was increasing from ~5×10-8 to 5×10-6 (1/Hz) 

as the resistance of the devices changed from ~103 to 105 .  The measured noise 

characteristics were attributed to the mixed volume – surface transport regime. Achieving 

the pure surface transport in TI can further reduce noise level due to the quenching of 

mobility fluctuations. The obtained results are important for understanding carrier 

transport and trap dynamics in topological insulators and for their proposed device 

applications.  

 
 




