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Abstract 

The physics of two-dimensional materials has attracted attention since the isolation of a single 

sheet of graphene in 2004. Following the discovery a plethora of van der Waal materials can be 

found in different forms such as ferromagnets (CrI3), semiconductors (MoS2, BP), insulator (hBN), 

superconductors (NbSe2), and even with exotic topological properties (WTe2, twisted bilayer 

graphene). By mixing and aligning these 2D materials on top of each other or by functionalizing 

them with nanoparticles, improved functionalities can be incorporated into these 2D materials. 

Due to their distinctive surface character, 2D materials experience both intrinsic and extrinsic 

disorders significantly affecting their transport characteristics. The importance of intrinsic and 

extrinsic disorder in charge transport, as well as proximity-induced functionalization of these 2D 

materials, are the primary topics of this thesis. To explore these characteristics, we have focused 

on the electrical transport and low frequency noise measurements as a function of temperature and 

gate voltage by fabricating micron-scale field effect devices from these 2D materials. In particular, 

noise data being more sensitive compared to the time averaged conductivity, provides insight about 

the mobile scattering mechanisms due to the mobile defects involved in the electrical transport. 

In the first half of the thesis, we have performed a detail investigation of electrical transport and 

low frequency 1/f noise measurement to understand the role defects of lightly doped Si/SiO2 

substrate on the transport properties of graphene field effect transistor (FET). We have shown that 

the conductance fluctuations in the graphene channel is enhanced significantly near the depletion 

region which is 300 nm far away from the graphene channel, describing the sensitivity of noise to 

the remote charge fluctuations inside the depletion region. We next focused on functionalizing 

graphene using organometallic spin crossover (SCO) nanoparticle, which can change its spin state 

by the application of external stimuli like pressure or temperature. We could successfully create 

CVD graphene-SCO hybrid devices, exhibiting tunable hysteresis with varying gate voltages. 

More interesting behavior was observed in rGO/SCO hybrid. While the hysteresis width and 

transition temperature can be controlled via molecular concentration variation, magnetic 

measurements reveals improved cooperativity from interfacial charge transfer-induced 

intermolecular interactions. In the second half, we present electrical transport and noise study on 

FET fabricated from few layer thick Tellurene (Te), a narrow gap 2D semiconductor, synthesized 

using hydrothermal method.  The hydrothermally grown Te devices shows high mobility with a 
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dominant p-type character, however, could show ambipolar character by choosing suitable contact 

metal. A metal-to-insulator transition was observed in these devices, occurring at high carrier 

densities, is dependent on the mobility of the device as revealed by temperature-dependent 

transport studies. Noise measurements indicate a typical 1/f type behavior across the entire range 

of gate voltages, originating primarily due to the mobility fluctuations arising from carrier 

scattering by the lattice. Thus, our study sheds light not only on the substrate induced transport 

characteristics in these 2D devices, but also demonstrate an interesting insight in SCO/2D hybrid. 
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Introduction  
 

In 2004, the isolation of a single layer of graphite, known as Graphene1, sparked interest in the 

physics of 2D materials. Following the discovery of graphene, a plethora of materials with a wide 

range of physical properties were found, including semimetals (Graphene) 2,3, insulators (hBN) 4, 

semiconductors (MoS2, WS2, Te, BP) 5ï11, ferromagnets (CrI3, Fe3GeT2), superconductors 

(NbSe2), and more. These van der Waals materials reveal fascinating characteristics when reduced 

to their monolayer or bilayer limits through the process of mechanical exfoliation. For instance, 

graphene, as a monolayer film, possesses a linear Dirac-like band dispersion, while the dispersion 

becomes parabolic for bilayer graphene12. Likewise, MoS2 undergoes a transition from an indirect 

to a direct band gap semiconductor as its thickness decreases to a monolayer5. The exceptional 

properties of these 2D materials have established a new platform for next-generation electronic 

and opto-electronic devices13. Prototypes of circuit-level implementations of 2D FETs, such as 

inverters, logic operators, and radio-frequency devices, have already been achieved. While the 

initial prototypes relied on exfoliated flakes, the 2D community has swiftly transitioned towards 

growing large-area films using chemical vapor deposition (CVD) techniques14ï16. Mixing and 

aligning these 2D materials on top of each other using dry transfer techniques provides an 

opportunity to study improved device functionalities, as well as leading to observations of 

interesting physical phenomena like the Hofstadter Butterfly4, Valley Hall effect17, Columb drag18, 

superconductivity19, and other correlated phases. Due to the large surface area of these 2D 

materials, new functionalities can be added by combining them with semiconducting 

nanoparticles20, functional molecules21, plasmonic nanoparticles22, and so on, creating an 

opportunity to explore proximity-induced new functional devices. 

This chapter briefly introduces about various 2D materials namely, Graphene and 2D 

semiconductors. We will discuss their electronic properties to understand the results of the various 

transport measurement in the subsequent chapters. 
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1.1 Graphene 

1.1.1  Crystal structure 

Graphene is composed of a single layer of carbon atoms arranged in a hexagonal lattice. In the 

atomic ground state, each carbon atom possesses six electrons distributed in the 1s²2s²2p² 

configuration, with two electrons filling the inner 1s orbital and four electrons occupying the outer 

shell of 2s and 2p orbitals. The honeycomb lattice does not qualify as a Bravais lattice due to the 

lack of equivalence between neighboring sites. However, both the A and B sublattices constitute 

triangular Bravais lattices. Consequently, the honeycomb lattice can be regarded as a triangular 

Bravais lattice with a two-atom basis (A and B), as depicted in Figure 1.1a. The primitive lattice 

vector of graphene lattice is written as  

                               ὥᴆ  σȟЍσ      ȟ         ὥᴆ  σȟЍσéééééé........é. (1.1) 

Where ὥ ρȢτς ᴠ is the C-C distance. The reciprocal lattice of graphene is also hexagonal as 

shown in Figure 1.1b, and the reciprocal lattice vectors are given by  

                                          ὦᴆ  ρȟЍσ      ȟ         ὦᴆ  ρȟЍσ éééééééé... (1.2) 

ũ, M and K are the high symmetry points in the Brillouin zone. The K and Kǋ points, located at the 

corners of the Brillouin zone are of particular interest for the physics of graphene and they are 

called the Dirac points. Their co-ordinates are given by the vectors 

 

                                           ὑᴆ  ȟ
Ѝ
      ȟ         ὑᴆ  ȟ

Ѝ
 éééééééé (1.3) 

The three nearest neighbor vectors in real space are given by 

ᴆ‏                             ρȟЍσ      ȟ         ‏ᴆ  ρȟЍσ    ȟ         ‏ᴆ  ὥ ρȟπ  éééé.(1.4) 

Graphene possesses identical sublattices due to its uniform arrangement of carbon atoms. This 

symmetry results in sublattice A transforming into sublattice B, and vice versa, under the space 

inversion operation (x Ÿ ī x and y Ÿ ī y). Consequently, graphene exhibits inversion symmetry. 

Additionally, single-layer graphene (SLG) maintains time reversal symmetry. The interplay of  
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these two symmetries renders SLG a zero band gap material. In contrast, hexagonal boron nitride 

(hBN) features sublattice A with boron atoms and sublattice B with nitrogen atoms. This uneven 

distribution disrupts the inversion symmetry, leading to the creation of a substantial band gap 

(approximately 5 ī 6 eV for hBN)23. This characteristic renders hBN an atomically smooth 

substrate and an effective gate dielectric for 2D materials. 

1.1.2  Band structure of Graphene 

The electronic band structure of graphene was determined using the tight-binding formulation. 

This method involved considering various hopping energies to analytically calculate the dispersion 

of electronic states. P.R. Wallace24 pioneered this computational approach in 1947. It relied on the 

Hamiltonian for the tight-binding approximation, which accounts for interactions between atoms 

at the nearest and next-nearest positions. The Hamiltonian2526, expressed as follows: 

             Ὄ  ὸВ ὥȟὦȟ ὌȢὅȢ ὸᴂВ ὥȟὥ ὦȟὦȟ ὌȢὅȢȟ ȟȟ ȟ  ééé... (1.5) 

Figure 1.1.  (a) Schematic of the crystal structure of Graphene. The blue sites and red sites denote 

the A and B sublattice respectively. The two lattice vectors a1, a2 and three vectors joining the 

nearest neighbours 1, 2, 3 are also shown. The dashed grid shows the triangular Graphene lattice. 

The whole crystal can be constructed by shifting the unit cell with two basis atoms by the lattice 

vectors a1 and a2. (b) First Brillouin zone of Graphene. The reciprocal vectors are denoted by b1 

and b2. The high symmetry points are marked. All the corners of the rest Brillouin zone are high 

symmetry points but only two successive points (K and K0) are independent. Rest of the corner 

points can be attained translating those two points by the reciprocal vectors. 
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where, ὥȟ  and ὥȟ are the creation and annihilation operators for an electron with spin ů (ů = ŷŹ) 

on the A sublattice at site Ri. Similarly, ὦȟand ὦȟ pertain to the B sublattice. These summations 

encompass all neighboring atoms, and the Hermitian conjugate (H.C.) of the operator. The energy 

associated with nearest neighbor hopping between different sublattices is denoted as t 

(approximately 2.8 eV), while the next nearest neighbor interactions within the same sublattice are 

characterized by tǋ (approximately 0.1 eV). These parameters govern the electron dynamics in the 

Graphene lattice, influencing how electrons move and interact within the material. Solving the 

tight binding Hamiltonian one can get the dispersion relation in the form: 

                                                     Ὁ Ὧᴆ  ὸσ ὪὯᴆ ὸᴂὯᴆ éééééééé...é.. (1.6) 

                                   ὪὯᴆ ςÃÏÓЍσὯὥ τÃÏÓ
Ѝ
ὯὥÃÏÓὯὥ ééééé...é(1.8) 

Figure 1.2. (a) 3D plots of the conduction and the valence band. The first Brillouin zone is also 

marked by the blue hexagon. (b) Contour plot of the conduction band with the first Brillouin zone 

superimposed on it. It shows that the Fermi contours are trigonally warped at high energy. 
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In Equation 1.6, the plus sign corresponds to the upper ˊ z(Conduction band) while the minus sign 

represents the lower ˊ (valence band). Due to the significant difference in magnitude between the 

tǋ term and the t term, the contribution of tǋ can be safely disregarded. This simplification leads to 

a symmetric energy dispersion for electron-hole pairs, where the valence and conduction bands 

touch at six points within the Brillouin zone, as depicted in Figure 1.2a. These specific points, 

denoted as K and Kǋ, are referred to as the Dirac points. 

The complete band structure of graphene, as derived from Equation 1.8, is illustrated in Figure 

1.2a. Additionally, a detailed view of the dispersion near one of the Dirac points at either K or K' 

is provided. Through an expansion of the full band structure, as described in Equation 1.8, in the 

vicinity of the K (or K') vectors expressed in Equation 1.3, specifically when ᷄q  ᷄<< K, we arrive 

at the following expression: 

                                                       Ὁ ή  ὺȿήȿ ײַ  ήὑϳ  ééééééé..éé (1.9) 

Here, q represents the momentum measured with respect to the Dirac points, and ὺ denotes the 

Fermi velocity. The specific value of ὺis determined by ὺ = 3ta/2ǩ å ρ ρπ άȾί.  Notably, 

the remarkable characteristic of this low-energy dispersion relation is its linearity. This is in 

contrast to the parabolic energy dispersion typically observed in a general 2D structure, a 

distinction made particularly evident when we omit consideration of next-nearest neighbor 

hopping. The density of states is given by  

Figure 1.3. Density of states (DOS) per unit cell as a function of energy. The zoomed-in version 

of the DOS is linear at lower energies. (Adopted from ref. [25]) 
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                                                                   ”Ὁ  
ȿ ȿ

  ééééééééé. (1.10) 

Where ὃ  = 3ã3a2/2 is the unit cell area. Close to the Dirac point, the density of states varies 

linearly in energy. The Dirac point is also called a charge neutrality point (CNP) due to the 

vanishing DOS at EF = 0. Below the CNP, the charge carriers are considered as hole type, and they 

are considered as electron type for EF > 0. 

1.1.3  Vibrational Properties of Graphene  

The unit cell of single-layer graphene possesses two atom bases (A and B), with its atoms 

exhibiting both in-plane and out-of-plane motion, resulting in a total of three degrees of freedom 

(x, y, z). Consequently, there are six branches in total: three optical (LO, TO, and ZO) and three 

acoustic (LA, TA, and ZA). The phonon dispersion of single-layer graphene along high symmetry 

lines is depicted in Figure 1.4a, employing density functional theory (DFT). In the optical 

branches, LO represents in-plane longitudinal optic mode, TO signify in-plane transverse optic 

mode, and ZO corresponds to the optical mode in the perpendicular direction. Similarly, in the 

acoustic branches, LA denotes in-plane longitudinal acoustic mode, TA indicates in-plane 

transverse acoustic mode, and ZA represents the acoustic mode in the perpendicular direction. For 

the characterization of sp2 and sp3 carbon materials like graphite, diamond, poly-aromatic 

compounds, carbon nanotubes, and fullerenes, Raman spectroscopy proves effective as a non-

invasive and non-destructive tool. It has been uniquely employed to determine the number of 

graphene layers, with Raman fingerprints differing between single and bilayer graphene12. Figure 

Figure 1.4. (a) Phonon dispersion relation in single layer Graphene. (b) Raman spectra of a typical 

Graphene layer showing its characteristics G and 2D peak. (Adopted from ref. [12]) 
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1.4b illustrates a typical Raman spectrum of monolayer graphene with 532 nm laser excitation. 

The symmetry allows the E2g mode at the ũ point, commonly known as the G mode, to appear at 

1583 cm-1. Irrespective of the number of layers, the G-band frequency remains constant. The most 

distinguishing feature of the Raman spectrum is the 2D-band, which varies based on the number 

of layers. The layer dependency (n = 1, 2, 3, 4, etc.) of the graphene 2D-band is represented in 

Figure 1.5a. In single-layer graphene, the 2D-band is a single band with a Full Width at Half 

Maximum (FWHM) of approximately 25 cm-1 and a wavelength of 2685 cm-1. In contrast, the 2D-

band in bilayer graphene can be effectively deconvoluted into four Lorentzians, namely 2Duu, 

2Dul, 2Dlu, and 2Dll, as illustrated in Figure 1.5c. For 3 layers (n = 3), the 2D band is decomposed 

into six components, and beyond n>5, the 2D mode becomes indistinguishable from Highly 

Oriented Pyrolytic Graphite (HOPG), which can be bifurcated into two components. The Raman 

2D-band lineshape's dependence on the number of layers is elucidated by the double resonance 

(DR) mechanism, incorporating the layer-dependent electronic band structure. The DR process for 

single-layer graphene is delineated in Figure 1.5b, accounting for the singular 2D-band. However, 

in bilayer graphene, inter-layer coupling induces a splitting of the conduction and valence bands 

Figure 1.5. (a) Layer dependent evolution of 2D peak in graphene, adapted from ref. [12]. (b) 

2nd order Raman process in single layer graphene. (c) Origin of the 4 peaks for the bilayer 

graphene system 
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at the K and K' points, as depicted in Figure 1.5c. The four sub-bands observed in the 2D spectrum 

arise from four possible inter-valley transitions in the "e-h" process, involving the upper (u) and 

lower (l) bands. The stacking sequence can also be ascertained by examining the 2D-band. For 

instance, when comparing ABC-stacked tri-layer to ABA (Bernal stacking), the peaks exhibit a 

blue shift. 

1.2  Two dimensional Semiconductors 

1.2.1  Transition Metal Dichalcogenide (TMDC)  

The bulk crystal of transition metal dichalcogenide (TMDC), akin to graphene, consists of 

monolayers connected by weak van der Waals forces. These TMDC monolayers are composed of 

transition metal atoms (M = Mo, W, Nb) sandwiched between two layers of chalcogen atoms (X 

= S, Se, Te), resulting in the MX2 structure. Utilizing the exfoliation technique, the layers can be 

thinned down to monolayers from the original bulk crystal, facilitated by the feeble interaction 

between them. While most TMDCs exhibit semiconductor5,27ï33 properties (such as MoS2, WSe2, 

WS2), certain ones, like NbSe2, also demonstrate superconductivity. The monolayers' distinctive 

features, including strong spin-orbit coupling and the absence of inversion symmetry, render them 

promising candidates for applications in spintronics and valleytronics. 

1.2.1.1 Crystal Structure of MoS2 

TMDCs, or transition metal dichalcogenides, are a class of materials represented by the formula 

MX2, where M belongs to the transition metal groups IV (such as Ti, Zr, Hf), V (Nb or Ta), or VI 

(Mo, W). X, on the other hand, stands for chalcogen, encompassing S, Se, or Te28,34ï36. These 

elements combine to create the layered structural unit X-M-X, consisting of two hexagonal planes 

of chalcogen and one plane of metal atoms. In the formation of the bulk crystal in TMDCs, adjacent 

layers are connected by weak van der Waals interactions. There are three distinct crystal structures 

for TMDCs, determined by variations in stacking orders and metal atom coordination, as depicted 

in Figure 1.6b. Among these, the 2H structure is the most stable. In the 2H stacking, the ABA 

structure is followed in the c-direction, with two layers per repeated unit, denoted by 2H indicating 

hexagonal symmetry. The 3R structure possesses rhombohedral symmetry, trigonal prismatic 

coordination, and three layers per repeated unit, denoted by 3. This phase is relatively uncommon 

compared to the other two. The octahedral 1T phase of TMDC is a metallic metastable polymorph 
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with ABC stacking. The 1T phase can be induced through alkali-ion intercalation techniques or 

strain engineering in van der Waals heterostructures. However, it gradually transitions into the 2H 

phase with heating or over time37. The 1T phase is characterized by tetragonal symmetry denoted 

by T and one layer per repeated unit denoted by 1. It exhibits diamagnetic properties and is an 

indirect bandgap semiconductor with characteristics comparable to the 2H structure. 

1.2.1.2 Electronic Band Structure  

TMDCs that are semiconductors show a direct bandgap in the monolayer and an indirect bandgap 

in the bulk. The primary cause of the observed photoluminescence from monolayer MX2, which 

has made optoelectronic applications possible, is the direct bandgap38,39. First-principles 

calculations, tight-binding approximations, and measurements are used to determine the band 

structures of bulk and monolayer MX2. DFT calculations show that the bulk crystal's valence band 

maxima are located at ũ-point. It is an indirect bandgap semiconductor because the conduction 

band minima are located at the Q-point (halfway between ũ and K). The theoretical analysis shows 

that the electronic states near the K-point are caused by localised d-orbitals of W (Mo) atoms, 

which are unaffected by interlayer coupling because they are sandwiched between Se (S) atoms. 

Figure 1.6. (a) A three-dimensional schematic illustration of the MX2structure, showing the metal 

atoms (M) and chalcogen atoms (X). (b) Schematic structures with different phases: 2H (hexagonal 

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

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

layer per repeat unit, octahedral coordination). (Adopted from ref. [37]) 
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However, the states near the ũ-point are sensitive to interlayer interactions and arise from the pz-- 

orbitals of the Se (S) atoms and the d-orbitals of the W (Mo) atoms. As a result, as the layer 

numbers change, the direct excitonic states near the K-point remain relatively unchanged, but the 

transition at the ũ point shifts significantly from indirect to direct. With decreasing layer numbers, 

all MoX2 and WX2 compounds are expected to undergo a similar indirect-to-direct bandgap 

transformation. Figure 1.7a and 1.7b shows the calculated band structure of bulk and monolayer 

MoS2. 

1.2.1.3 Vibrational properties of MoS2 

The key Raman peaks in MoS2 include the in-plane E1
2g and E1u phonon modes, along with the 

out-of-plane A1g mode40,41 (refer to Figure 1.8a). When the layer thickness decreases, the A1g 

mode frequency of MoS2 around 406 cm-1 decreases, while the frequency of the E1
2g mode around 

382 cm-1 increases (see Figure 1.8b). These shifts in peak positions enable Raman spectroscopy 

to accurately assess layer thickness. The shifts result from neighboring layers affecting the 

Figure 1.7. Calculated band structure of bulk and single layer MoS2 using first principle 

DFT calculation. 
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effective restoring forces on atoms and an enhanced dielectric screening of long-range Coulomb 

interactions. For instance, in monolayer MoS2, the E1
2g and A1g modes are situated at 385 cm-1 and 

404.5 cm-1, respectively, with a difference of approximately 19.5 cm-1. The A1g mode experiences 

a blue shift (stiffening) with an increase in the number of layers, while the E1
2g mode undergoes a 

red shift (softening). Consequently, for the bilayer, this shift becomes 22.5 cm-1. Beyond four 

layers, no discernible changes occur, and the values converge to the bulk crystal value of 26 cm-1,. 

These observations offer a straightforward and reliable means of determining layer thickness, 

widely applied in MoS2 research. 

1.2.2 Black Phosphorus (BP) 

1.2.2.1 Crystal Structure of BP 

Layered black phosphorus (BP) represents an elemental crystalline semiconductor composed 

solely of phosphorus atoms. The atomic structure of 2D BP, illustrated in Figure 1.9a, reveals that 

each phosphorus atom covalently bonds with three adjacent phosphorus atoms, creating a puckered 

hexagonal crystal structure42,43. This distinctive puckered BP crystal structure results in reduced 

symmetry, giving rise to unique angle-dependent optical and electronic properties. In the 

monolayer BP, there exist two distinct PïP bonds. One bond connects two nearest phosphorus 

Figure 1.8. (a) The in-plane phonon modes E1
2g and E1u, as well as the out-of-plane phonon 

mode A1g of MoS2are depicted schematically (analogously for WS2). (b) Thickness-dependent 

Raman spectra for MoS2. (Adopted from ref. [40]) 
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atoms within the same plane, with a bond length of 0.2224 nm. The other bond links two 

phosphorus atoms between the top and bottom layers, with a bond length of 0.2244 nm. This 

observation implies that two atomic layers come together to form the monolayer BP. The layer-to-

layer distance measures approximately 0.53 nm, and the lattice constant in the z-direction is 1.05 

nm. When examining the BP structure along the z-direction from a top view, it exhibits a hexagonal 

pattern featuring two types of bond angles: 96.3° and 102.1°. 

1.2.2.2 Band structure of BP 

Experiments43 and theoretical calculation42 reveal that, black phosphorus in its monolayer form is 

a direct band gap semiconductor. The minimum of the conduction band (CBM) and the valance 

band maximum (VBM) were identified at the ɻ point of the 2D Brillouin zone. In the bilayer BP, 

the introduction of interlayer coupling results in a sharp reduction of the direct bandgap at the ũ 

point compared to the monolayer. In N-layer BP, the bandgap experiences further decrease due to 

robust interlayer couplings. Particularly intriguing is the splitting of the conduction band (CB) and 

valence band (VB) into N pairs of subbands, resembling transitional quantum wells (QWs). 

Figure 1.9. (a) Schematic of the intra-layer and inter-layer hopping parameters in the tight-binding 

model. (b, c, d) Calculated band structures of monolayer, bilayer, and tri-layer BP, respectively. 

The 2D Brillouin zone is illustrated in the inset of (b). (a)ï(d) Reproduced with permission.[42] 

Copyright 2015, American Physical Society. e) Band structure of bulk BP obtained by ARPES 

measurements, with the calculated bands (solid and dashed lines) superimposed on its top. The 3D 

Brillouin zone is illustrated in the inset. Reproduced with permission [43] Copyright 2014, Springer 

Nature 
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Remarkably, these split conduction and valence subbands share a common origin in terms of the 

atomic orbitals as depicted in Figure 1.9. 

 

1.3  Electrical transport in 2D materials 

1.3.1 Electrical transport in Graphene 

Graphene, as the first 2D material, has sparked considerable interest in the scientific community. 

Extensive experimental and theoretical research has focused on understanding its electronic 

transport characteristics in field-effect geometry. Graphene is produced via several methods such 

as mechanical exfoliation, chemical vapor deposition (CVD), epitaxial growth, etc. and FETs are 

fabricated on SiO2/Si++ substrate, where Si++ acts as a back gate. Electrical contacts on the graphene 

flakes are formed using electron-beam lithography, photo lithography, or shadow masking. 

Following this, a layer of Ti/Au is deposited to metallize the contacts. The resistance (R) in 

graphene channel can be modulated by tuning the carrier density (n) through the application of 

gate voltage.  The typical Resistance (R) vs Gate voltage (Vbg) characteristics show a peak in the 

resistance where the number of electrons and holes become equal leading the charge density 

effectively to be zero, termed as ñCharge Neutrality Point (CNP)ò. The typical transfer 

characteristics of a graphene transistor is shown in Figure 1.10b. For single layer device, this is 

the point in the dispersion curve where the DOS goes to zero and called the ñDirac pointò (VD). In 

the majority of substrate devices, the charge neutrality point (CNP) is not consistently observed at 

0 Vbg; instead, it tends to shift towards the negative or positive side. This shift is attributed to 

unintentional doping originating from the substrate or external adsorbents present on the 

surface25,44.  The mobility of a graphene device can be calculated from Drude model using the 

relation,  

‘   ééééééééééé..é.. (1.11) 

Where, ů is the conductivity, e is the electronic charge, and n is the charge carrier density.  

The carrier density (ὲ) and the conductivity („ can be calculated using the following relation: 

ὲ  ὠ ὠ  ééééééééééé (1.12) 
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      „      éé.éééééééééé (1.13) 

Where ὅ  is the oxide capacitance, ὠ  is the back gate voltage, ὒ and ὡ are the length and width 

of the sample. 

The device's optimal performance relies on achieving the ideal condition with n = 0. However, the 

presence of charge inhomogeneity45, stemming from either substrate-induced trap charges or the 

strain caused by the roughness and lattice mismatch between the graphene and substrate46,47, poses 

a significant obstacle. These factors contribute to an environment where attaining the desired n = 

0 condition becomes challenging. Consequently, the quality of the device is compromised, 

emphasizing the need for strategies to address and mitigate these issues for enhanced device 

performance. In addressing substrate-induced inhomogeneity, researchers have experimented with  

Figure 1.10. Device structure and R-Vbg characteristics of a graphene exfoliated on (a), (b) SiO2 

substrate and (c), (d) on hBN substrate showing a huge increase in mobility and multiple Dirac 

points due to Moiré lattice. (Adopted from ref. [49]) 

CNP 
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suspending graphene devices through the selective etching of the SiO2 substrate3,17. This approach 

successfully mitigated the issue, revealing a notable improvement in electron mobility. However, 

the suspended devices exhibited considerable fragility, an inability to be doped to high carrier 

densities, and susceptibility to substantial strain.  

Placing graphene on a hexagonal boron nitride (hBN) substrate significantly enhances device 

quality due to the minimal lattice mismatch and reduced charge inhomogeneity characteristic of 

the hBN substrate. In devices formed on this substrate, an impressive mobility of the order of 106 

V/cm2 has been observed (Figure 1.10d). Additionally, the slight lattice mismatch between 

graphene and hBN induces the formation of Moiré patterns, providing a platform to observe 

diverse and intriguing physical phenomena4,48,49. 

1.3.2 Electrical transport in 2D semiconductors 

In 2011, Andras Kis's group successfully delved into the electronic properties of single-layer MoS2 

FET5, revealing its n-type semiconductor characteristics (Figure 1.11a). Subsequently, other 

research groups observed ambipolar conduction in MoS2 through ionic liquid or high-dielectric 

gating50,51. Despite the remarkable on/off ratio (Ḑ 108) and subthreshold swing (74 mV per decade) 

exhibited by MoS2 transistors, their mobility on Si/SiO2 substrates remained low (Figure 1.11a), 

presenting a limitation for transition metal dichalcogenide (TMDC) materials. 

Further investigations highlighted that the inclusion of a high-ə dielectric significantly enhanced 

mobility by orders of magnitude, suggesting the effective screening of charged impurity scattering. 

This improvement indicated the potential of high-ə  dielectric environments to mitigate the impact 

of charged impurity scattering on ultrathin MoS2 transistor transport properties52. Short-range and 

electron-phonon scattering were identified as crucial factors influencing the transport mechanism. 

Despite the notable n-type behavior of MoS2 transistors, there is a crucial need to explore p-type 

transistors to optimize TMDC-based CMOS technologies. The challenges posed by Fermi pinning 

near the valence band and the mobility limitations underscore the importance of ongoing research 

to unlock the full potential of TMDC materials in semiconductor applications28,53,54. Recently,  

Black phosphorus (BP)8,42, an elemental semiconductor, has exhibited its efficacy as a channel 

material capable of yielding high-performance Field-Effect Transistors (FETs). Notably, even in 

the configuration of few-layer BP transistors, it has demonstrated a noteworthy carrier mobility 
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value of approximately 1000 cm2/Vs at room temperature. This performance is in stark contrast to 

other Transition Metal Dichalcogenides (TMDCs). Black phosphorus being a narrow band gap 

semiconductor, it is easier to control the carrier type from p to n type material resulting into an 

ambipolar characteristics. Contrary to the general trend observed in TMDCs, black phosphorus 

has shown the ability to partially preserve the bulk carrier mobility value when reduced to a few-

layer form. This distinct characteristic further underscores the unique potential of black 

phosphorus in the realm of electronic devices.  

Figure 1.11. (a) Transfer characteristics of Monolayer layer MoS2 transistor on SiO2 substrate 

showing n-type behavior. (b) Extremely high (108) on/off ratio in single layer MoS2 transistor. (c) 

High mobility ambipolar transport in few layer Black Phosphorus FET. (d) Field-effect mobility 

(red open circles) and Hall mobility (filled squares, three different values of n) as a function of 

temperature on a logarithmic scale. (Adopted from ref. [5],[51],[42]) 
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1.4  Disorder and Scattering mechanism in 2D materials 

In theory, graphene was anticipated to exhibit ballistic transport, particularly at low temperatures 

when the phonon contribution is suppressed. Yet, in practice, the transport properties of graphene 

were found to exhibit more diffusive behavior rather than ballistic, aligning with semi-classical 

Boltzmann transport equations. In the case of 2D semiconductors like MoS2, WS2, it has been 

observed that the mobility of these devices is considerably lower than the theoretically predicted 

values. It was also observed that presence of high-k dielectric can improve the mobility by orders 

of magnitude. This indicates a possible role of charged impurity scattering on the transport 

properties of ultrathin MoS2 transistor which quenches in the presence of a high k -dielectric 

environment. This discrepancy arises from the presence of various types of disorder and scattering 

mechanisms, stemming from both internal and external factors. Internal factors include short-range 

scatterers due to lattice defects and acoustic phonons. Conversely, external sources of scattering, 

such as charged impurity scattering caused by oxide trap charges, substrate roughness, and 

substrate polar phonons, contribute to the deviation from theoretical predictions. In this context 

here, in this section, we have discussed the various Scattering mechanism and the sources of 

disorder present in the 2D materials. 

1.4.1   Long range charge impurity scattering 

Initially, due to its linear bandstructure, it was believed that the conductivity in graphene might 

remain unaffected by carrier density55. However, experimental observations contradicted this 

notion, revealing that conductivity exhibits a linear relationship with carrier density, deviating 

from the Dirac point. This discrepancy was elucidated by introducing charged impurities within or 

in close proximity to the graphene channel26,56ï59. To experimentally investigate the impact of 

these charged impurities, intentional doping of the graphene channel with potassium ions was 

conducted. The   results showed a shift of the Dirac point towards higher negative gate voltages 

with increasing doping levels, accompanied by a more linear conductivity with density. Presently, 

it is well-established that in the case of graphene on a SiO2 substrate, the dominant factor 

influencing transport is charged impurity scattering arising from oxide trap charges.  

One effective approach to mitigate the impact of long-range scattering is to suspend the graphene 

channel 60. This suspension has led to a significant increase in device mobility, unveiling intriguing 

phenomena such as the fractional quantum Hall effect17. Despite these advancements, suspended 
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devices encounter limitations, including constraints on gate-induced charge density, weak gate 

capacitance, challenges in handling complex geometries, and a lack of flexibility for stacking 

multilayer structures. 

The utilization of hBN substrates for graphene presents clear advantages compared to SiO2 

substrates. Analysis through STM topography and charge density maps61 reveals that the rms 

roughness in the in the surface charge density for the graphene/hBN (2.3 × 1010 cmī2 ) is markedly 

lower than that observed for graphene/SiO2 (8.2 × 1010 cmī2). Both roughness and charge density 

inhomogeneity are significantly reduced on hBN substrates, positioning hBN as an ideal candidate 

for supporting 2D materials. Subsequently, there is a dramatical change in the width of the peak 

of the resistance vs. gate voltage curve near the charge neutrality point as shown in Figure 1.12. 

Like graphene, monolayer TMDCs experience significant extrinsic disorder when placed on SiO2 

Figure 1.12. (a) Comparison of STM topography (a) and charge density maps (b) for graphene 

on hBN versus graphene on SiO2. (c) Normalized resistivity versus gate-induced charge density 

for graphene/SiO2, graphene/hBN, hBN/Graphene/hBN substrate, showing the dramatic decrease 

in Dirac peak width due to reduction of disorder-induced broadening. (d) Experimental 

observation of mobility versus temperature on a log scale for monolayer MoS2 on SiO2, HfO2, and 

encapsulated in hBN. 
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substrates. Two primary strategies have been employed to mitigate the impact of this disorder: (i) 

the deposition of high-ə dielectric materials such as HfO2 or Al2O3. These materials not only screen 

charged impurities but also reduce charged impurity density through surface passivation. (ii) 

Encapsulation within hBN, which introduces a greater distance between the conducting channel 

and the SiO2 surface. This spatial separation helps minimize the effects of charge disorder. 

Figure 1.13. (a) Schematic of the different type of intrinsic disorder present in 2D system. (b) The 

top image depicts an aberration-corrected annular dark-field STEM view of the graphene lattice, 

highlighting the absence of defects. In contrast, the bottom image reveals a grain boundary in CVD-

grown graphene. (c) The electrical performance of intra-domain regions consistently exhibits 

higher mobility in comparison to the inter-domain region of a MoS2 device. An inset features a 

STEM image illustrating the boundary. (d) STEM images are employed to emphasize each 

significant defect in MoS2. 
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Additionally, charge disorder originating from the SiO2 surface can be further addressed by 

incorporating a conducting back-gate beneath the hBN, effectively screening the undesirable 

effects, and enhancing the overall performance of monolayer TMDs. All the measurement and 

findings indicate that the substrate plays a very important role in determining the transport 

properties of 2D materials. 

1.4.2   Short range scattering 

Short-range scatterers in 2D materials, such as crystal defects, vacancies, external neutral atoms, 

and topological disorder, contribute to its characteristics. In samples with relatively high mobility, 

a sub-linear behavior was noted in the high-density regime62. This observation suggests that these 

samples may have a minimal presence of charged impurities or that long-range scattering is 

screened at high density, allowing short-range scattering to govern charge transport. As a 

consequence of short-range scattering, conductivity attains a limiting value, causing mobility to 

become inversely proportional to carrier density. Intrinsic disorder arises from various sources, 

illustrated in Figure 1.13a for a hexagonal lattice but relevant to all 2D crystals. These sources 

encompass atomic defects like vacancies, anti-sites, substitutions, edges, and grain boundaries. 

Particularly in large-area, poly-crystalline monolayer films, such grain boundaries can exert a 

significant influence on the materials' properties. In the case of graphene, the conductivity may 

decrease by a factor of three due to transport across a single grain boundary63,64. In transition metal 

dichalcogenides (TMDCs), grain boundaries induce local strain, impacting the bandgap in a 

manner dependent on the tilt angle between the grains65. 

1.4.3   Phonon scattering 

Lattice vibrations serve as unavoidable sources of scattering, exerting a notable influence on 

transport in the vicinity of room temperature. They act as an inherent scattering source, 

constraining mobility at finite temperatures in the absence of all extrinsic scattering sources. 

Generally, three distinct types of phonon scattering are examined: intra-valley acoustic and optical 

phonon scattering, triggering electronic transitions within a single valley; and inter-valley phonon 

scattering, provoking electronic transitions between different valleys. Yet, recent experiments 

disclose that remote polar optical phonons in the substrate (SiO2) adversely impact carrier 

mobility61,66,67. The intricate temperature dependence of Hall mobility at various densities for 
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single, bi, and tri-layer graphene was explored by Zhu et.al68 , illustrated in Figure 1.14, with the 

findings elucidated by considering both charge impurity and phonon scattering. 

 In case of 2D semiconductors like in case of MoS2, at elevated temperatures, phonon scattering 

assumes a significant role, while at lower temperatures, where phonon interaction is limited, 

charge scattering takes precedence in the scattering process69. The figure illustrates that at 

temperatures below 200 K, the mobility of un-encapsulated MoS2 experiences a decline with 

decreasing temperature due to Coulomb impurity scattering (Figure 1.15a). Beyond 200 K, the 

mobility diminishes with rising temperature, following a relationship ɛ Ḑ Tī1.4 due to electron-

phonon scattering69, albeit slightly smaller than the theoretical calculation70 (ɛ Ḑ Tī1.6). 

Radisavljevic et.al.52 Demonstrated that the mobility becomes temperature-independent below 30 

K, with a reduction in the exponent from 1.4 to 0.78 at high temperatures when a high-k dielectric 

is deposited on top of the MoS2 (Figure 1.15b). This suggests screening of impurity scattering at 

low temperatures and suppression of phonon scattering at high temperatures due to the high-k 

dielectric. 

Figure1.14. Hall mobility as a function of temperature for different hole densities in monolayer 

graphene, BLG, and tri-layer graphene respectively. The symbols are the measured data and the 

lines are fits. Adapted from ref. [68]  
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1.4.4   Localization and trap state 

It has been observed by various scientific groups that the electronic states in TMDCôs are highly 

localized, where the electronic transport is dominated by the hopping of electrons between the 

localized states. In a strongly disordered system, the electronic wave functions exhibit strong 

localization at the disorder potentials. The amplitude of the electronic wave function decays 

exponentially as it moves away from the site of localization. This confinement occurs within a 

characteristic length scale ɝ, commonly referred to as the localization length. At T = 0 K the 

electrons cannot move from one site to another due to unavailability of sufficient thermal energy, 

but at a finite temperature they can hop between the localized sites. This hopping can be carried 

out by various mechanism, and are discussed below: 

¶ Nearest Neighbor Hopping (NNH): At elevated temperatures, wherein a considerable 

multitude of phonons becomes accessible to the system due to thermal fluctuations across a 

broad energy spectrum, the phenomenon of Nearest Neighbor Hopping (NNH) transpires. In 

this scenario, electrons can do transition from one site (Ei) to another site (Ej) by either 

absorbing or emitting phonons. The likelihood of such electron hopping is most pronounced 

between nearest neighbors, primarily owing to the substantial overlap of their wave functions. 

Figure 1.15. (a) Temperature dependence of mobility ɛ for a single layer un-encapsulated MoS2 

FET, showing charged impurity scattering regime at low temperature and phonon scattering 

regime at high temperature. (b) ɛ vs T graph of dual gated single layer MoS2, showing a saturation 

at low temperature, and suppression of phonon scattering at high temperature due to dielectric 

screening. Adopted from ref. [69],[52]. 
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This characteristic defines the process as nearest neighbor hopping71. In NHH the temperature 

dependent conductivity shows activated behavior 

 

    „  „Ὡ Ⱦ  ΧΧΧΧΧΧΧΧΧΧΧΦΧΦ όмΦмпύ 

 

¶ Variable Range Hopping (VRH): VRH manifests at extremely low temperatures, 

characterized by a thermal energy bandwidth (kBT) that narrows down beyond the extent of 

the energy distribution of localized states. In this scenario, an electron has the capability to 

jump from one site to another within the energy range scale, disregarding the spatial distance 

between the sites. Consequently, this hopping process is labeled as variable range hopping. 

According to Mott's calculation, the expression for the probability of an electron to hop from 

one site (Ri, Ei) to another site (Rj, Ej) is as follows: 

ὖ ͯÅØÐ
Ў

 éééééééé (1.15) 

Where R = (Rj ï Ri) and Ў = Ej ï Ei. Here the density of states is assumed to be slowly varying 

at the Fermi level. The first term in the above equation denotes the tunneling probability 

between the two sites while the second term is related to the transition probability due to 

thermal activation. The more general form of the temperature dependent conductivity is given 

by6,72: 

„  „ ÅØÐ  éééé...ééé. (1.16) 

Here, Ὕ is the correlation energy and d is the dimensionality of the system. 

 

1.5 Resistance Fluctuation or Noise 

Electrical transport involves a crucial parameter known as 'resistance fluctuations' or 'electrical 

noiseô, inherent in any materials or devices due to various fundamental reasons. The examination 

of noise holds significance not only from a fundamental perspective but also in terms of practical 

applications. The resistance (R) of a material characterizes its time-averaged transport properties. 

On the other hand, resistance fluctuations manifest as dynamical variations ȹR = R(t)ī < R > 
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around the time-averaged mean value < R >. Noise emanates from fluctuations in microscopic 

entities, providing a direct means to investigate the system's physical properties at the microscopic 

level. 

1.5.1 Types of Noise 

There are three types of noise. 

¶ Thermal Noise- The phenomenon commonly referred to as 'Nyquist noise73,' also known 

as 'Johnson noise' or 'thermal noise,' is a manifestation of the fluctuation-dissipation theorem. 

This principle relates the thermal fluctuations in a system to the dissipation of energy. In the 

context of a resistor with a value of R maintained at a temperature T, the power spectral density 

(PSD) of thermal noise is expressed as  

                                                                                     Ὓ Ὢ  τὯὝὙȟ  ééééééééé (1.17) 

 

where Ὧ  is the Boltzmann constant. Notably, the spectral power Ὓ Ὢ is independent of 

frequency, often termed 'white noise,' and is unaffected by the current flowing through the 

resistor or the material properties of the resistor. This characteristic makes thermal noise less 

versatile as a tool, except in situations where it can serve as a measure of the effective electron 

temperature. Despite its limitations, understanding and accounting for Nyquist noise are 

essential in various applications, particularly in cases where precise measurements or signal 

integrity considerations are critical. 

¶ Shot Noise: Shot noise74 emerges from the discrete nature of charge carriers within a 

conductor, and its mathematical representation is given by 

 

ὛὪ  ςήἂὍἃȟ ééééééé...é (1.18) 

 

where q represents the charge of the carrier and ἂIἃ denotes the average current flowing through 

the conductor. Similar to thermal noise, shot noise is also characterized as white, meaning it 

exhibits a frequency-independent power spectral density. In the realm of mesoscopic physics, 

shot noise assumes particular significance as it provides a direct experimental means of 

measuring the charge and statistics of the current-carrying quasiparticles within a system. This 
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distinctive noise phenomenon becomes discernible primarily at low temperatures and high 

frequencies, where the effects of thermal noise and 1/f noise are significantly diminished. As 

a result, shot noise serves as a valuable tool in exploring and understanding the behavior of 

charge carriers in mesoscopic systems, offering insights into their statistical properties under 

specific experimental conditions. 

¶ 1/f Noise: Voltage fluctuations in a resistor carrying current often follow a power spectrum 

that scales as , with ‌ approximately equal to 1. This characteristic noise, commonly referred 

to as '1/f noise' or 'flicker noise75ï77' in the literature, is notable for its inverse proportionality 

to the volume of the sample between the measurement probes. As the sample size decreases, 

the noise sources' dimensions remain constant, leading to more pronounced fluctuations in the 

overall electronic transport. The spectral power of the voltage noise Ὓ Ὢ exhibits a quadratic 

dependence on the applied bias, causing an increase above the thermal voltage when an 

appropriate bias voltage is applied. The prevalence of 1/f noise extends across various material 

systems7578, including semiconductors, metallic and magnetic films79, spin glasses80, 

heterogeneous conductors, superconductors81 in the normal state, tunnel junctions, electronic 

devices, and even applications like magnetic sensors and heartbeat monitoring. Beyond its 

practical applications, 1/f noise has proven instrumental in studying diverse physical 

phenomena such as structural phase transitions79, magnetic domain wall motion82, and many-

body physics, including electron glasses and quantum transport in low-dimensional systems.. 

1.5.2   Theories of 1/f Noise 

The manifestation of 1/f noise in solid-state systems is intricately linked to both the quality and 

purity of the sample. Numerous research groups have endeavored to model the origin of 1/f noise 

in solid-state systems throughout the course of time. Despite these efforts, a comprehensive and 

unified theory capable of directly explaining every aspect of its origin remains elusive to date. In 

the realm of condensed matter systems, the emergence of 1/f noise is often attributed to the 

relaxation of defects or groups of defects, each characterized by finite relaxation times. In the 

subsequent section, we will explain several important models that are relevant to the present thesis 

work. 

1. Hoogeôs model:  
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The Hooge83 mechanism serves as a phenomenological model tailored for homogeneous 

conductors, wherein the bulk of the material serves as the primary source of noise, distinct from 

contributions arising from the material's surface. At its core, the origin of the noise is rooted in 

fluctuations within the scattering cross-section in the channel. This model establishes an inverse 

relationship between the noise and the number of charge carriers present in the channel. The 

comprehensive Hooge relation is expressed as 

                                              Ὓ Ὢ  ‎    ééééééééé. (1.19) 

WhereὛ Ὢ represents the power spectral density of voltage fluctuations, ‎  is the Hooge 

parameter, V is the mean voltage drop, N is the number of charge carriers in the channel, f is the 

frequency, and Ŭ is the noise exponent typically approximating 1. 

The Hooge parameter,‎  serves as a crucial characterization of the noise magnitude within the 

channel. The resultant noise engenders a normalized spectral density of resistance, denoted as 

ὛȾὙ , which scales inversely with the number density, approximating ὛȾὙḐ 1/n. Remarkably, 

this mechanism finds applicability across a diverse array of systems, including thin metal films, 

transition metal dichalcogenides, Graphene, carbon nanotubes, and other analogous materials84ï87. 

 

2. McWhooter model:   

McWhorter88 introduced a model aimed at elucidating the 1/f noise behavior observed in Metal-

Oxide-Semiconductor Field-Effect Transistors (MOSFETs). According to this model, the origin 

of 1/f noise in MOSFETs can be attributed to the sluggish trapping-detrapping processes occurring 

between the conduction channel and oxide traps situated at the oxide-semiconductor interface. 

This dynamic interplay results in fluctuations in the number density, which manifest as 1/f noise 

in the drain-source current (IdS). The fundamental postulates of this model include the following: 

(i) Traps, characterized by a broad distribution in energy (E), are positioned in the oxide layer 

extending from the interface towards a depth (x) within the oxide. (ii) Carrier trapping and 

detrapping events alter the number of carriers in the channel without introducing any fluctuations 

in mobility. (iii) Electrons can elastically tunnel to trap states inside the oxide against the 

conduction band barrier height (‰ ) with a time constant †  †Ὡ , where    ‌  ςά‰Ⱦᴐ . 

The distribution of tunneling distances gives rise to the observed 1/f noise. In this model, the finite 

temperature (T) scenario implicates that trap states ὯὝὔ Ὁ  around the Fermi energy Ὁ  
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predominantly contribute to the noise. This nuanced explanation provides valuable insights into 

the intricate processes governing 1/f noise in MOSFETs, particularly emphasizing the role of 

trapping-detrapping dynamics at the oxide-semiconductor interface. The total noise PSD can be 

calculated as  

          éé...ééééé  (1.20) 

 

where, ὔ Ὁ  is the oxide trap density near Ὁ and L, W are the length and width of the channel 

respectively. A distinct feature of this number fluctuation model is that ὛȾὍ  θ ρȾὲ, where n 

is the number density of carriers in the channel. 

 

3. Dutta-Horn Model 

This phenomenological model was first developed to explain the 1/f noise behaviour seen in 

metallic thin films 77. It suggests that the genesis of 1/f noise is the slow relaxation of flaws and 

disorder in the film over the course of the experiment. According to the model, in the event that 

the system displays a single relaxation time (Ű) with an exponential autocorrelation function 

‰ὸ Ḑ Ὡ Ⱦ ȟ a Power Spectral Density (PSD) with a Lorentzian distribution will follow 

     ὛὪͯ  ééééééééé..   (1.21) 

If there is a distribution of time scales, Ὂ† ȟ in the system, the total PSD can be written as  

           ὛὪᶿ᷿ Ὂ†Ὠ† ééééééé.  (1.22) 

If we assume F(Ű ) Ḑ 1/Ű over a range of †  Ḻ † Ḻ  †   , then ὛὪ Ḑ ρȾὪ in the range 

†  Ḻ Ὢ Ḻ† . Dutta-Horn model explains the activated kinetics of defects and disorder. The 

relaxation time is given by the product of the microscopic attempt time  † Ḑ ‫  ȟ‫  is the 

Debye frequency) and the exponential of the activation energy Ὁ for defect migration in the scale 

of ὯὝ. This gives 

       ὛὪȟὝᶿ᷿ ὈὉὨὉ éééééé (1.23) 
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When ὈὉ slowly varies in the scale of ὯὝ, then ὛὪ Ḑ ρȾὪ . 

4. Local interference Model 

None of the previously discussed models successfully elucidates the coupling mechanism 

responsible for translating defect motion into experimentally observable resistance fluctuations. It 

has been demonstrated that the scattering of conduction electrons by structural defects89, such as 

vacancies and interstitial defects, each acting as independent scattering centers particularly at 

elevated temperatures, plays a pivotal role in this context. The interference stemming from 

electrons scattered by various centers induces anisotropy in the resistivity tensor, and this 

anisotropy is contingent upon the distance between the scattering centers. 

Building upon these premises, Pelz and Clarke90 extended the argument by calculating alterations 

in the scattering cross-section associated with anisotropic defects as they undergo motion. This 

dynamic process results in changes in electron scattering rates, giving rise to resistance fluctuations 

characterized by a 1/f spectrum. Termed the 'Local Interference model,' this conceptual framework 

emphasizes the primary influence of electron interference occurring within a few lattice constants 

of each other. If the number density of mobile species in the system is denoted as nm, then the 

total noise emanating from all fluctuators can be quantified as  

 

      
Ў

 ὲὰ‍ɤ  éééééé.... (1.24) 

 

Where N is the total number of atoms in the sample, n = N/V the density of atoms, ὰ the mean free 

path, ɤ the average defect cross-section and ‍ is the anisotropy parameter which denotes the 

effective óscattering powerô of various types of defects. This model is applicable at the high 

temperature limit where L  ʟḺ le. 

 

5. Universal Conductance Fluctuation  

The development of this model is grounded in the analogous concept of weak localization observed 

in disordered metallic systems. Specifically, at low temperatures, when the phase coherence length 

(L) exceeds the elastic mean free path (L > le), the electronic wave functions experience 

backscattering from impurities, leading to interference. This quantum mechanical interference 

proves highly susceptible to the spatial arrangement of impurities. The coherent superposition of 
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wave functions, vital for conductance, can undergo a significant alteration with even minor 

changes in disorder configuration, resulting in a shift in conductance on the order of e²/h. This 

phenomenon is recognized as universal conductance fluctuation (UCF)91 and manifests as 1/f noise 

at low temperatures. Experiments conducted on disordered metal films on Bi, Ag, and more 

recently on graphene have demonstrated that conductivity fluctuations can be attributed to UCF at 

low temperatures92ï94.  

1.6  Functionalization of Graphene 

Graphene properties include rapid charge transport, exceptional thermal conductivity, mechanical 

robustness, and flexibility. Given these distinctive attributes, Graphene stands out as a highly 

promising material for a diverse array of applications in nanoelectronics, microelectronics, 

macroelectronics, and flexible electronics. Nevertheless, the lack of a bandgap in pristine graphene 

devices presents a significant hurdle as it prevents them from being switched off. This challenge 

Figure 1.16. (a) Graphene FET decorated with a derivative of Azobenzene molecular system which 

is sensitive to UV light. (b) Conductance as a function of gate voltage when the UV illuminated on 

the decorated devices. (c) Switching response as function of UV light exposure in the Azobenzene 

decorated graphene device. Graphene-quantum dots hybrid phototransistors. (d) Schematic of the 

hybrid device where PbS quantum dots coated on a graphene flake on a Si/SiO2 substrate. (e) 

Resistance (R) as a function of back-gate voltage (VBG) of the hybrid device for increasing 

illumination intensities with ɚ= 500 nm. (f) Spectral photoresponse of two hybrid phototransistor 

devices with PbS quantum dot. Adopted from references [96],[99]. 
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proves particularly formidable in the context of applications for digital electronic devices. 

Realizing the potential of graphene in electronics necessitates the precise manipulation of its 

electronic properties. Doping, a conventional strategy for controlling the electronic characteristics 

of semiconducting materials, is also applicable to graphene. One effective approach to achieve 

graphene doping involves the substitution of carbon atoms in the graphene lattice with 

heteroatoms. While substitutional doping results in a stable system, it introduces defects that 

disrupt the honeycomb structure of graphene. To overcome this challenge, the sensitivity of 

graphene to local perturbations can be exploited, such as those induced by physically adsorbed 

gaseous molecules. This process is inherently reversible, allowing for dynamic adjustments.  

However, the reversibility poses a challenge in envisioning a stably doped graphene, as the 

adsorbed gaseous species can be easily desorbed. In addition to adsorbed gases, simple molecular 

Figure 1.17. (a) R-Vg characteristics of a Graphene decorated with F4-TCNQ molecule. (b) 

Graphical representation of opening of band gap in bilayer graphene due to dual layer molecule 

decoration. (c),(d) Transfer characteristics of graphene and MoS2 FET decorated with QDTP 

molecule, shows a significant effect of doping in 2D materials.(d) magneto conductance of QTDP 

decorated graphene and MoS2 behaves differently with magnetic field. (a,b) are taken from the 

reference [95],(c,d,e)are taken from reference [101]. 
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derivatives with electron-withdrawing or donating functional groups have been introduced to 

graphene, resulting in p- or n-doping. This diversified approach provides further avenues for 

tailoring the electronic properties of graphene, paving the way for enhanced versatility in 

electronic applications.  

Theoretical and experimental studies have shown that decorating graphene with molecule can 

induce a small band gap into the graphene. The perpendicular electric field applied by the 

molecules to the bilayer graphene system breaks the inversion symmetry in graphene leading to 

opening of band gap in graphene95. 

By integrating graphene with photosensitive semiconducting nanoparticles or nanosheets, several 

research groups have showcased the development of highly sensitive phototransistors96ï100. These 

devices exhibit both high carrier mobility and exceptional gate control, effectively enhancing the 

detectivity across a spectrum of light wavelengths. This innovative approach combines the inherent 

high mobility of graphene with the photosensitive properties inherent in semiconducting 

molecules.  

The study of graphene decorated with magnetic molecules has unveiled a fascinating realm of 

material properties, offering a convergence of exceptional characteristics from both graphene and 

the magnetic entities. Researchers have extensively investigated the resulting hybrid materials to 

discern their unique features and potential applications. The introduction of magnetic molecules 

onto the graphene lattice imparts intriguing magnetic properties to the material, opening avenues 

for spintronic applications101,102. The interaction between the magnetic moments of the molecules 

and the electronic state in graphene leads to tunable magnetic behavior. Moreover, the decorated 

graphene systems often exhibit enhanced electronic transport properties and spin-polarized 

currents, making them promising candidates for spin-based devices. The synergistic effects arising 

from the combination of graphene's outstanding electrical conductivity and the magnetic 

functionalities of the molecules provide a rich platform for advancing the field of graphene-based 

materials with tailored magnetic properties. 

1.7 Motivation of the thesis 

2D materials show unique properties when they are exfoliated down to their monolayer or few 

layer limit. In principle, graphene was anticipated to manifest ballistic transport phenomena, 
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particularly under conditions of reduced temperatures where the phonon contribution is 

minimized. However, in reality, the transport characteristics of graphene were found to align more 

closely with the diffusive behavior rather than ballistic, conforming to semi-classical Boltzmann 

transport equations. Studies on 2D semiconductors, including MoS2 and WS2, have shown 

empirically that their mobility differs substantially from what theoretical models would have 

predicted. In the context of graphene on SiO2, the electron mobility is constrained to 40,000 

cm2Vī1 sī1 due to the scattering of electrons by optical phonons originating from the substrate and 

the generation of electron-hole puddles69. Notably, upon substrate removal, the mobility of 

graphene has experienced a significant increase by several orders of magnitude. It has also been 

observed that the presence of high-k dielectric like Al2O3, HfO2 can enhance the mobility of the 

device significantly. All these experimental and theoretical observation indicate towards the role 

of substrate induced and intrinsic defects in the transport characteristics of these two-dimensional 

materials. This prompted us to investigate the characteristics and effect of these disorder in the 

transport properties of these 2D materials, which is equally important for fundamental and 

application point of view. 

In this thesis, we have primarily concentrated on the temperature dependent conductivity and low 

frequency measurement of these 2D devices. Typical time-averaged transport measurements, such 

conductance or resistance, are not sufficient to explain the effect of dynamic disorder in these 

devices. Being directly sensitive to the ability of an electronic device to screen external potential 

fluctuations, the low frequency noise in electrical transport has been shown to reflect the scattering 

mechanisms due to the mobile defects involved in the electrical transport. Similar to carbon 

nanotube field effect devices, it was found that the noise in graphene FETs was primarily caused 

by fluctuating charge traps within the SiO2 substrate. Furthermore, it was observed that the noise 

behavior with gate electric field is different for SLG and BLG. This difference was ascribed to the 

difference in the electronic structure and the field-induced gap formation in the case of BLG. 

Following this there are several works in understanding the charge noise in graphene transistors, 

however, some aspects of the substrate on the noise in this graphene FETs are not known to the 

community. Hence, in this thesis, first we aim to study the effect of lightly doped Si/SiO2 substrate 

on the electrical transport and noise mechanism in graphene FETs, important for possible futuristic 

high frequency applications and has not been addressed earlier. Then we focus on understanding 

the charge transport and noise in a relatively new 2D semiconductor, tellurene. Tellurene has been 
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successfully synthesized using hydrothermal method and the initial measurements in its field effect 

geometry exhibits high mobility with p-type transfer characteristics. Since there are very few 2D 

semiconductors available with p-type characteristics, telluerene is no doubt a promising material 

to explore. More importantly, its environmental stability makes it perfect material for 

technological applications. Here, we first aim to synthesize tellurene and fabricate FETs and 

characterize its transport behavior. The focus will be to address the charge noise behavior and its 

possible mechanism through temperature dependent transport and noise measurements.  

Finally, we would like to address another important aspect in the field. Since 2D materials possess 

a large surface area, there is a possibility to modify their intrinsic behavior by grafting foreign 

elements.  There are multiple attempts to introduce functionalities in to this 2D materials, either 

by mixing and aligning these 2D materials on top of each other or by decorating it with functional 

molecules or semiconducting quantum dots. With this goal, we focus on functionalizing graphene 

using organometallic spin crossover (SCO) nanoparticle, which can change its spin state by the 

application of external stimuli like pressure or temperature. The aim will be to synthesize and 

characterize such hybrid materials and create tunable functional devices, sensitive to the spin 

transitions.  

 

1.8 Organization of the thesis 

Chapter 1 introduces to the field of 2D materials (like Grapene and 2D semiconductors) 

describing their basic properties like crystal structure, band structure, and their electronic 

properties. It also introduces to the scattering mechanism and the sources of scatterers which 

effects the electronic transport properties in these 2D materials. Previous studies show that the 

substrate and the defects in the lattice of the 2D materials play an important role in the electronic 

transport properties. This chapter also introduces to the basic understanding of 1/f noise 

spectroscopy. It also introduces to functionalization of these 2D materials to make hybrid 

functional devices. 

In Chapter 2, we describe the various experimental methods and techniques employed to carry 

out the measurements. We commence the chapter with an elaboration on the mechanical and 

chemical exfoliation of 2D materials and characterization techniques. After that, we describe the 
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process of fabricating the device, which involves electrode patterning and metal deposition. Finally 

we elaborate various transport and noise measurement procedure in detail. 

In Chapter 3, we report how the substrate plays a crucial role in determining the transport and 

low-frequency noise behavior of graphene field-effect devices. Here, we present the electrical 

transport and low-frequency noise measurement in CVD grown Graphene field effect transistor 

fabricated on a lightly doped (p+ doping Ḑ 1015/cm2) Si/SiO2 substrate. Our systematic 

characterization of transport, noise, and capacitance at various temperatures reveals that the remote 

Si/SiO2 interface significantly influences charge transport in graphene, enabling the sensing of 

charge fluctuations within the bulk of the silicon substrate by the graphene channel. We show that 

graphene transport is severely affected by the formation of depletion, inversion and accumulation 

region at the remote substrate/oxide interface, establishing the role of substrate doping.  

In Chapter 4, to overcome the limitation of graphene because its zero-band gap, we endeavored 

to functionalize Graphene and its derivative (rGO) with a spin crossover (SCO) molecule capable 

of altering its spin state under external perturbation. We observe that the spin-crossover behavior 

is affected by the presence of graphene. A detailed characterization proves that the charge transfer 

between graphene and SCO molecule can alter the spin transition temperature and magnetic 

behavior. We also show that the SCO behavior can be observed in the hybrid electronic devices.  

In Chapter 5, we try to understand the electronic transport in a low-band gap semiconductor 

Tellurene. By synthesizing few-layer Tellurene using hydrothermal method we fabricated field 

effect devices and characterized them through temperature dependent transport measurements. We 

also provide a systematic low frequency measurements and try to understand its origin from the 

analysis of the data. 

In Chapter 6, we provide a concise conclusion to the present thesis, offering insights into its 

limitations and outlining potential avenues for future research to address these shortcomings. 
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Experimental techniques   
 

In this chapter, we provide a concise introduction to the experimental techniques employed in this 

thesis. The first section encompasses information on device fabrication. The second section will 

cover a description of the cryostats, which are essential for measuring the devices at low 

temperatures. Moving on to the third section, we describe key transport measurement techniques 

utilized in this study, namely, conductance measurements and electrical noise. 

2.1 Device fabrication 

2.1.1 Preparation of 2D flakes 

¶ Hydrothermal Exfoliation : Hydrothermal synthesis, one of the most widely employed 

techniques for fabricating nanomaterials, is fundamentally a solution-driven chemical reaction 

process. Within a hermetically sealed vessel, the chemical reactions unfold as the solution is 

elevated above ambient temperature and subjected to a pressure surpassing that of the 

atmosphere. This controlled environment fosters the growth of crystals, a crucial step in 

nanomaterial production. The apparatus facilitating this process comprises of two integral 

components: a robust steel pressure vessel, commonly referred to as an autoclave, and a nestled 

Teflon chamber ensconced within the autoclave. The autoclave itself is a formidable steel 

cylinder, engineered with substantial wall thickness to endure the rigors of high temperatures 

and pressures sustained over prolonged durations. Importantly, the autoclave necessitates inert 

solvents for optimal performance. A pivotal element of the autoclave system is the closer, 

which plays a vital role in the controlled introduction of precursor substances. These 

precursors, already dissolved in solution, are meticulously poured into the Teflon chamber, 

ensuring they do not exceed 70% of the available space to maintain an efficient reaction 

environment. The operational sequence follows a precise protocol: first, the autoclave system 

is heated to a specific temperature, then allowed to gradually return to room temperature post-

heating. Finally, the resulting nanomaterial is carefully stored at the base of the Teflon 
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chamber, ready for further applications and analyses. This intricate process underscores the 

importance of meticulous control and precision in hydrothermal synthesis.  

After the hydrothermal synthesis, the resulting product contains the prepared 2D flakes. These 

flakes are subsequently cleaned using De-Ionized (DI) water through a centrifugation 

technique. Following this purification process, the cleaned 2D flakes are dispersed into either 

in isopropyl alcohol (IPA) or Ethanol solution. They are then transferred onto the target 

substrate for further characterization and subsequent device fabrication, accomplished through 

the method of drop-casting. 

¶ Mechanical exfoliation: One of the most widely used and straightforward techniques for 

generating high-quality 2D crystals is mechanical exfoliation. While CVD-based fabrication 

of 2D materials such as MoS2, WSe2, and Graphene can produce samples over large areas, 

their lower mobility, presence of defects and grain boundaries limit their application in FET. 

As these materials are stacked by the weak van der Waals force, the layers can be easily 

separated from the bulk crystal with little force. This process, known as mechanical exfoliation, 

Figure 2.2. (a) Clean Si/SiO2 wafer. (b) Single crystal of van der waalôs materials (like Graphene, 

hBN, MoS2). (c) Scotch tape or the magic tape for mechanical exfoliation. (d) Thin layer of flakes 

on a Scotch tape cleaved from the van der waalôs single crystal. (e) And (f) microscopic image of 

the exfoliated flakes of Graphene and hBN on Si/SiO2 wafer. 
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is uncomplicated and involves peeling off thin 2D layers from bulk crystals using scotch tape 

or a similar adhesive tape1. In exfoliation processes, a common substrate is Si++/SiO2, where 

physical contact is made with the bulk substance. The van der Waals attraction between SiO2 

and various materials allows some of the bulk material to attach to SiO2 in the form of small 

flakes. These flakes typically range in size from a few micrometers to several tens of 

micrometers, and their dimensions can vary significantly depending on the roughness, 

composition, and other characteristics of the substrate. To produce larger and higher-quality 

flakes, polished SiO2 can be treated with an RCA solution (NH4OH:H2O2:H2O=1:1:5) or 

exposed to O2 plasma to increase the surface roughness. We observed that treating the substrate 

with O2 plasma cleaning one can get single layer Graphene flakes with dimension larger than 

40x40ɛm. The step of the mechanical exfoliation is described in Figure 2.1 

2.1.2 Fabrication of van der Waals Heterostructure using dry 

transfer setup 

Heterostructures composed of diverse van der Waals layered materials exhibit exceptionally 

intriguing electronic and opto-electronic properties. The crucial objective lies in arranging these 

thin (from single layer to few layers in thickness) layered materials in any desired sequence. While 

these layers maintain stability on a substrate, they remain adhered thanks to the van der Waals 

force. However, they are incapable of free standing and are susceptible to mechanical harm, such 

as tearing or folding, due to factors like thermodynamic instability and stress. By utilizing the 

support of flexible substrates, these flakes can be successfully relocated without incurring any 

damage. The attachment of the different layers of the 2D materials is accompanied by Van der 

Waals attraction. The setup and the stacking process are described in detail below.   

2.1.2.1 Mechanical micromanipulator 

Here we have designed and customized two heterostructure fabrication setup one using high 

resolution commercial optical microscope (Model BX53, Olympus) and another with a customized 

microscope with a zoom lens (Navitar). Figure 2.2a-b show the images of the two set up, 

respectively and the schematic is shown in Figure 2.3. The overall heterostructure consist of 
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micromanipulation stages apart from the microscope to align the flakes at our desire. The transfer 

module consists of a sample holder stage and a mask holder stage. Utilizing the XYZ micro 

controlling system, we initially align two desired samples vertically, namely sample 1 and sample 

2. The XY stages provide a precision of 1 ɛm, facilitating the alignment of materials in the vertical 

direction. The Z stages play a crucial role in transferring materials for fabricating heterostructures. 

On the X1Y1 stage, we mount the sample holder and implement heating arrangements for sample 

1. We measure the stage's temperature using a pt-100 resistance thermometer. At the sample holder 

stage, we connect a diaphragm pump to the vacuum port, allowing for straightforward vacuum-

and-hold mounting of the lower substrate. To prevent heat conduction to the lower XY stage, we 

employ Teflon heat isolation. Teflon's substantial thermal expansion/contraction coefficient 

contributes to achieving exceptional precision in gradually cooling the lower stage. Consequently, 

we achieve precise control over the stable temperature. The second part of the setup comprises a 

metal mask holder made of brass and an aluminum stage serving as the base for an identical XYZ 

stage (X2, Y2, Z2). The mask holder features a window and, due to the step height, can 

accommodate the mask, which contains sample 2, attached at its bottom. 

Figure 2.2. Image of the two dry transfer setup developed in our lab. 
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2.1.2.2 Preparation of flexible and transparent mask     

The process begins with the creation of a flexible mask, achieved by fabricating a custom-made 

substrate equipped with a sacrificial layer. This layer plays a crucial role in providing essential 

support for stacking flakes during the transfer process. The substrate itself is composed of a 

transparent cover glass, approximately 0.5 mm thick, featuring a spherical cap. The spherical shape 

serves a vital purpose by minimizing points of contact during pickup, ensuring that only the desired 

flakes are collected while avoiding undesirable regions. Transparency stands out as a key 

characteristic of the substrate, enabling the monitoring of each step using an optical microscope. 

In this process, a stamp is employed, which incorporates an adhesive sacrificial layer. The viscosity 

of this layer can be adjusted through temperature regulation. After the final transfer, any residue 

can be easily removed using a solvent-based process. To craft the flexible spherical cap, a small 

drop of PDMS is carefully placed at the center of a clean cover glass and then baked at 200°C for 

20-30 minutes. Due to the high viscosity and surface tension of the drop, it naturally spreads out 

over a small area on the glass plane before baking, resulting in the formation of a spherical cap. 

Figure 2.3. Schematic of the heterostructure fabrication setup, showing the different components. 
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The size of the cap is determined by the volume of the drop, which is meticulously selected to 

maintain the typical spread dimension within a 1-2 mm diameter circle on the cover glass surface. 

To enhance adhesivity between the mask and the flakes, a sacrificial layer, known as Lakme color 

crush (LCC), is applied atop the hemisphere. This layer is spin-coated onto the mask at 8000 rpm 

and then baked for 2 hours on a hot plate maintained at 90°C, preparing it for the attachment 

process.  

2.1.2.3 Pick-up and transfer process 

Figure 2.4 illustrates the step-by-step process for creating the heterostructures. The flexible mask, 

attached to the metallic holder, is initially positioned downward on the top stage, ensuring proper 

alignment of the concave surface with the microscope's optical axis. Using the X, Y, and Z stages, 

the bottom wafer containing the desired flake is carefully moved closer to the stamp, placing the 

Figure 2.4. Process flow of the dry transfer process, shown schematically. 
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desired pickup flake at the center. The temperature of the bottom stage is raised to 80° C. Gradually 

moving the bottom stage in the Z direction, the flake-containing bottom stage makes contact with 

the LCC-coated stamp. After a brief wait, the LCC separates from the substrate, picking up the 

flake due to the adhesive force of the LCC being greater than the van der Waals force of the flakes 

with the substrate. The entire stack is then brought into contact with a pre-patterned SiO2 wafer, 

ensuring the flakes are in the desired order. The final transfer is performed at a higher temperature, 

around 100°-120°C. The vacuum suction is then released, and the substrate is allowed to cool to 

room temperature. Finally, the stamp and substrate are carefully immersed in a 1:3 acetone-IPA 

mixture for 3 hours. 

2.1.3 Characterization of flakes 

2.1.3.1 Optical Microscopy 

One cost-effective and efficient way to determine layer numbers is by analyzing the relative 

intensity difference between the layers and the substrate103ï105  This method hinges on the variation 

in optical visibility compared to the substrate, which is dependent on the number of layers. When 

SiO2 thickness and illumination power remain constant, distinct layer numbers exhibit specific 

optical colors and contrasts. The interplay of reflected light from SiO2 and the optical absorption 

properties of these materials are the key factors determining color and contrast under consistent 

illumination power. Figure 2.5 shows the optical micrograph of the different layers of Graphene 

flakes.  

Figure 2.5. Optical micrographs of (a) Graphene, (b) Tellurene 
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2.1.3.2 Raman Spectroscopy 

Raman spectroscopy stands as a potent, non-invasive, and non-destructive technique for uniquely 

identifying the type of 2D material and determining its layer number. This method relies on the 

inelastic scattering of monochromatic light from a laser source, interacting with phonons or other 

excitations in the sample, resulting in a shift in photon energy. This energy shift provides valuable 

information about the phonon modes within the system. To carry out this process, a highly 

monochromatic laser light is directed onto the sample using an optical setup similar to that of an 

optical microscope. The scattered light is collected and directed through a monochromator and a 

sensitive detector like a CCD device. The Raman-scattered photons, which share the same 

wavelength as the incident photons, are typically filtered out using a notch filter. Each of the 2D 

materials has their unique vibrational spectra and these spectra has a variation in intensity or in 

position with respect to the thickness of the materials. For example, Graphene has its 

Figure 2.6. Raman spectra of different layers of Graphene depicting G and 2D peaks 
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characteristics peaks at ~ 1583 cm-1 (G peak), ~ 2680 cm-1 (2D peak) and ~1350 cm-1 (D peak), 

whereas, Tellurene (multilayer) exhibits peaks around 92 cm-1 (E1-TO mode), 121 cm-1 (A1 mode) 

and at 141 cm-1 (E2 mode). The details of the origin of the peaks are given in chapter 1. Figure 2.6 

depicts the layer dependent Raman spectra of Graphene. 

2.1.3.3 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is a powerful tool for characterizing 2D materials at the 

nanoscale. Unlike conventional optical microscopy, AFM operates by scanning a sharp tip over 

the surface of the material, measuring the interaction forces between the tip and the sample. This 

allows for high-resolution imaging and precise topographical mapping of the 2D material's surface. 

AFM operates on the principle of detecting minute forces, as small as 10-14 N, between the tip and 

sample. When the AFM cantilever, carrying the tip, approaches within a few angstroms of the 

sample's surface, repulsive van der Waals forces between the atoms on the tip and those on the 

sample induce deflection in the cantilever. The degree of deflection is contingent on the distance 

(d) between the tip and sample. We have used the AFM to measure the height of the sample, a 

relative height measurement of the sample gives the information about the approximate number of 

layers of 2D material present in it.  

2.1.3.4 Scanning Electron Microscopy (SEM) 

In the SEM instrument, an electron beam is generated from an electron gun through either 

thermionic emission or cold field emission. Thermionic emission involves electrically heating the 

Figure 2.7. (a) AFM images of exfoliated Graphene showing different thickness (b) AFM image 

of a Tellurene 
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fine tip of materials like tungsten filament, LaB6 crystal, or ZrO/W (Schottky emitter) to produce 

electrons. These emitted electrons initially have low energy and need to be accelerated before 

entering the electron column. This is achieved by applying a high voltage between the electron 

source (cathode) and the anode plate, creating an electrostatic field that guides and accelerates the 

electrons. Cold field emission, occurring at room temperature, involves electrons being emitted 

from the tungsten tip. This method offers advantages like high electron yield and low chromatic 

aberration, making it suitable for atomic resolution imaging. To prevent burning or oxidation of 

the filament, a high vacuum (10-7 to 10-10 mbar) is maintained inside the SEM. Next, an 

electromagnetic lens composed of insulated copper wire windings, a soft iron cast, and a pole piece 

is employed to focus and steer the accelerated electron beam. By passing an electrical current 

through the copper winding, an induced magnetic field is created, guided by the lens' pole pieces. 

This magnetic field deflects the accelerated electrons, causing them to follow a circular path 

through the lenses. To scan the entire surface of a specimen, the search coil and magnetic lenses 

control the horizontal and vertical deflection of the electron beam. The strength of the magnetic 

field within the lens can be adjusted to modify the focal width of the beam. SEM operates within 

a voltage range of 2 kV to 50 kV, with beam diameters varying from 5 nm to a few micrometers. 

The generated electron beam interacts with the sample surface, leading to the production of 

secondary electrons, auger electrons, characteristic X-rays, backscattered electrons, and cathode 

luminescence. Secondary and backscattered electrons are detected and distinguished based on their 

energy, and SEM images are generated using these two signals through the imaging system. SEM 

Figure 2.8. SEM image of (a) Tellurene (b) Graphene 
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micrographs offer detailed, three-dimensional insights into the sample surface on a large scale due 

to the narrow probing electron beam. Figure 2.8 shows the SEM image of the Tellurene flakes 

and Graphene. 

2.1.3.5 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM employs a highly energetic electron beam that passes 

through the sample, revealing its crystal structure, morphology, and elemental composition. This 

technique is particularly useful for examining low-dimensional objects, assessing their quantity, 

size, and shape, as well as identifying features like crystal grain boundaries, structural dislocations.  

TEM comprising an electron gun generating high-energy electrons, a magnetic condensing lens 

regulating the electron flow onto the specimen, and other essential components. Positioned 

between the objective and condensing lenses is the sample. The magnetic object lens blocks high-

angle diffracted beams, while the aperture eliminates the remaining diffracted beams, enhancing 

image contrast. For higher magnification, a magnetic projector lens is situated above the 

fluorescent screen. Image capture can be achieved using either a fluorescent screen or a CCD 

(charged coupled device). When the electron beam interacts with a crystalline sample, many 

electrons undergo Bragg's scattering across the parallel atomic planes. Depending on the atomic 

spacing of the crystalline sample, these scattered electrons are gathered using magnetic lenses to 

generate either a spot or fringe pattern. This pattern provides insights into the sample's atomic 

    Figure 2.9. TEM image of Tellurene flakes at different resolution. 
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arrangement, phase, crystal plane orientation, and crystallinity. High-Resolution Transmission 

Electron Microscopy (HRTEM), a form of electron diffraction imaging, enables resolutions up to 

0.2 nm, making it highly effective for observing lattice fringes in crystalline specimens. Figure 

2.9 shows the TEM images of a Tellurene flake. 

2.1.4 Lithography  

Metal contacts on the 2D materials were patterned using either optical lithography or electron 

beam lithography. In standard optical lithography, a light-sensitive material called photoresist is 

employed. In the case of positive photoresist, exposure to light causes the exposed areas to degrade, 

and a developer solution is used to remove the degraded resist, leaving the unexposed areas 

protected by the optical resist. Following this, the resist is removed from the exposed portion, and 

desired metal is deposited through e-beam evaporation. Once the metal is deposited, the wafer 

undergoes a lift-off process, where it is immersed in acetone. This dissolves the unexposed 

photoresist, leaving behind only the electrical contacts. Achieving a consistently sharp and 

reproducible lithographic pattern involves employing a bilayer resist coating technique. In this 

method, the sample is initially coated with a resist that exhibits a high solubility rate in the 

developer. Subsequently, a second layer of photoresist is applied, characterized by a lower 

solubility rate in the developer compared to the first resist. During the development process, the 

Figure 2.10. Flow diagram of the process of lithography and metallization. 
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bottom layer undergoes faster dissolution than the top layer, resulting in an undercut, where the 

top layer overhangs the bottom layer slightly. This bilayer resist strategy enhances the precision 

and fidelity of the lithographic pattern, ensuring reliable and well-defined features.  

The process of fabricating the device and conducting lithography involves several critical steps to 

ensure optimal results. These steps encompass the meticulous cleaning of the wafer, precise 

application of resist onto the sample, strategic etching of the sample to achieve the desired pattern, 

followed by metallization and the crucial lift-off process. Each of these stages contributes 

significantly to the final outcome of the device. The detailed description of this procedure is 

outlined below: 

1. The wafers with the 2D material were first cleaned with hot acetone and IPA, then blow-

dried using nitrogen gas. Following this, they were placed on a hot plate at 120° C to ensure 

no moisture accumulated on the wafer surface. 

2. The cleaned wafer were then spin coated with AZ1512-HS positive photo resist at a 

revolution speed of 4000 rpm for 60 second. To ensure that all the solvent can evaporate 

and form a uniform coating, the sample is then baked for a further 1 minutes at 100° C on 

a hot plate (prebake).  

3. The resist coated sample is then mounted in laser writer system where using a 405 nm laser 

the sample was exposed (with a laser power of 160 mj/cm2) to give a desire shape to the 

sample. After developing the pattern in AZ 315 developer for 40 sec we get the sample of 

our desired shape which then undergoes an etching process. 

4. The etching of the lithographic sample was done using plasma etching, in SINTECH 

ICPRIE plasma etching system. Where for Graphene etching, we have used a low power 

oxygen plasma with RF power of 6 W for 60 sec. the sample is then dipped into acetone 

for over an hour to dissolve the excess resist. After dissolving the resist, we get our sample 

in our desired shape. 

5. After etching the sample was first coated with LOR1A as an undercutting resist with a 

revolution speed of 4000 rpm followed by a baking at 1800 C, then the second resist 

AZ1512-HS is coated with revolution speed of 4000 rpm for 60 sec. and again baked for 

60 sec at 1000 C. 
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6. The desired electrical contacts were then defined using the laser writer with the similar 

laser power and the pattern were developed for 35 sec in the developer. The sample is then 

baked at 1000 C (post bake) for 60 sec and again developed for 45 sec. The second 

developing helps to create the undercut in the pattern properly. 

7. Now the sample were taken for metallization. The metallization were done using e-beam 

evaporation system, where at high vacuum the metals like Cr/Ti/Au were evaporated at a 

rate of 0.3 A/s. After deposition of 50-60 nm of metal the sample were taken out for lift-

off. The samples are removed after deposition and submerged in acetone for over four 

hours. Acetone dissolves the photoresist, leaving the deposited metal on the substrate 

behind. Acetone is injected into the sample using a syringe, aiding in the removal of 

unwanted Au from the substrate (lift-off). The sample is then blow-dried with a nitrogen 

gun after being rinsed in IPA.  

2.1.5 Bonding of device 

The final step in the fabrication process is device packaging. Following thermal evaporation, the 

sample wafer is affixed onto a ceramic chip carrier. This carrier is equipped with 20 gold pads, 

which serve as the points of contact for the device contact pads via wire bonding. The gold-coated 

Figure 2.11. (a), (b), (c) SEM images of the resist profile after the development in developer. (d), 

(e), (f) Optical micrograph of various devices. 
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base of the chip carrier can function as a global back-gate for the device. Electrical contact between 

the contact pads of the sample and the contact pads of the chip carrier is established using Au wire 

bonding. Two types of Au wire bonding were employed: (i) Ball bonding and (ii) direct silver 

epoxy bonding. Details of the bonding process are provided below:  

Ball bonding is utilized to connect the gold pads of the sample to the connecting pads of the chip 

carrier. This process involves the use of a ceramic capillary tip through which the gold wire is 

threaded. In the initial stage, a high voltage spark is generated at the tip of the wire, melting it into 

a spherical shape due to surface tension. The resulting ball tip is then brought into close proximity 

with the sample's gold pads, and ultrasonic energy is applied to weld the gold ball onto the sample's 

gold pads. Subsequently, the wire is directed towards the contact pads of the chip carrier, forming 

a loop and then welded using the same process, without forming a ball. 

In an alternative process, the device and chip carrier leads are directly bonded using an Au wire 

and silver epoxy. After applying a blob of silver epoxy onto the gold pads, the device is cured at 

120° C. 

2.2 Low temperature measurement setup 

A variable temperature cryostat is an essential tool for conducting electrical transport 

measurements. To facilitate this, we have meticulously designed a dip stick, the schematic of 

which is depicted in Figure 2.13. This dip stick comprises several key components, including a 

Figure 2.12. Photographs of the ball bonded device. 
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sample holder affixed to a copper plate, a primary stainless-steel tube for wire connections, four 

smaller diameter stainless steel tubes serving dual purposes - accommodating heater wire 

connections and housing the gas purging pipe, and a vacuum jacket that effectively isolates the 

main samples from the surrounding liquid nitrogen. It is imperative to create a vacuum within the 

chamber to ensure a gradual and controlled cooling process for our sample. The dipstick can hold 

a vacuum level of the order of 10-6 mbar. 

The dipstick is outfitted with a 25 ɋ manganin heater wire, which enables us to precisely regulate 

the temperature of the sample stage. Additionally, a PT-100 temperature sensor is strategically 

positioned in close proximity to the sample holder, allowing us to accurately monitor the 

temperature of the sample. To optimize thermal conductivity, the wires originating from the room 

temperature source are meticulously wound around the copper stage, as our sample primarily 

dissipates heat through these wires during the cooling process. The temperature and heater power 

Figure 2.13. Schematic of the dipstick inside the Nitrogen Dewar (left). Image of the sample holder 

of the dipstick (right side). 
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is controlled by a temperature controller (Lakeshore). The optimized PID of the temperature 

controller provide a temperature stability in the order of 10-3 K at the sample stage. 

For connecting the sample wires to the instruments, we employ BNC cables, which are then affixed 

to a breakout box. To ensure that our sample never remains in a floating state, we implement a 

three-way switch and establish connections. This configuration ensures that the sample is either 

grounded or set to the desired voltage level for the experiment. 

2.3 Electrical transport measurement techniques 

In this section we provide brief description about the various electrical measurement performed in 

this thesis namely, current-voltage (I-V) measurement, gate dependent resistance measurement (R-

Vg), capacitance measurement (C-V), noise measurement.  

2.3.1 Two terminal current -voltage (I-V) measurement 

The output characteristics of the Field Effect Transistor (FET) serve as a critical means to assess 

the nature of the sample, whether it displays ohmic or non-ohmic behavior. Linear current-voltage 

(I-V) characteristics indicate an ohmic response, whereas non-linear I-V characteristics suggest a 

Schottky-type behavior. 

In Figure 2.14a, we can observe the setup designed for measuring these I-V characteristics. A 

Source Measuring Unit (model 2450, Keithley) is employed to apply a source-drain bias (Vsd) at 

one end of the channel, while the opposite end is grounded through a 50ɋ terminator. The 

corresponding current is then accurately measured. Furthermore, SMU is also utilized to assess the 

DC transfer characteristics of the samples. In this configuration, one source meter is dedicated to 

measuring the I-V characteristics, while the other source meter is connected to the gate terminal. 

This comprehensive approach enables us to gain a thorough understanding of the electrical 

behavior of the sample under varying conditions. It empowers us to distinguish between ohmic 

and non-ohmic characteristics and even identify any Schottky-type behavior exhibited by the 

sample. 
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2.3.2 Four terminal ac resistance measurement 

We have performed two terminal and four terminal ac resistance measurement using a lock-in 

amplifier (MFLI, Zurich instruments). To perform measurements, a low-frequency alternating 

current (ac) bias with a small frequency is applied using a lock-in amplifier. This ac bias is 

accompanied by a substantial current limiting resistance (Rs), typically on the order of megaohms 

(Mɋ), which is connected in series. And the gate voltage is applied through the silicon global back 

gate using Keithley 2450 SMU. This arrangement ensures that only a small current (Isd) passes 

through the device under investigation. The resulting voltage drop across the two voltage probes, 

denoted as V4p, serves as the basis for calculating the four-probe resistance (R4p), defined as the 

ratio of V4p to Is (R4p = V4p/Isd). It is imperative to maintain a low value for Isd (ensuring that V4p 

is less than or approximately equal to the product of the thermal energy kBT and the elementary 

Figure 2.14. Schematic of various electrical measurement technique (a) 2 terminal d.c. I-V with 

variation of gate voltage. (b) 2 terminal a.c. conductance measurement with lock-in amplifier in 

current mode. (c), (d) 2 and 4 terminal a.c. conductance measurement in voltage mode. 
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charge e) to prevent any undesired heating of the device (D). It is worth noting that the upper limit 

of resistance that can be accurately measured through this technique is determined by the input 

impedance of the lock-in amplifier. This limitation arises from the characteristics of the 

measurement setup and instrumentation used in the experiment. 

Two terminal ac conductance is commonly used to measure the high resistance samples 

(semiconductors). In most cases, a lock-in amplifier is used to supply the bias voltage (Vds) and 

measure the output current (Ids) at a specific frequency. To detect weak signals and improve signal-

to-noise ratio, the drain-source current (Ids) is sometimes amplified by an external current amplifier 

(Basel) and measured in the A mode of lock-in amplifier. The two terminal and four terminal 

measurements were shown in Figure 2.14c, d. 

2.3.3 Capacitance-Voltage (C-V) measurement 

Capacitance (C) ï Voltage (V) characteristics at different carrier frequencies are often measured 

to understand the effect of interfacial traps in field effect transistors. We have primarily used an 

impedance analyzer (MFIA, Zurich instruments) and a low noise DC voltage source (GS200, 

YOKOGAWA) to measure the CV characteristics in the MOS (Metal-oxide-semiconductor) 

structures. To perform the experiment, we have biased the sample through the silicon global back 

Figure 2.15. Schematic of the Capacitance vs Gate voltage measurement system using MFIA 

impedance analyzer and YOKOGAWA source meter. 
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gate using a variable DC bias voltage mixed with a small ac signal with varying frequency, keeping 

the sample (2D material grounded) as shown in Figure 2.15. At a constant ac bias (finite 

frequency) we vary the DC bias (gate voltage) and simultaneously measure the capacitance of the 

system through the impedance analyzer. The CV measurement in our device helps us to understand 

the variation of capacitance in our system when the system goes through accumulation, depletion, 

inversion region in the interface of the SiO2/Si interface. 

2.4 Resistance fluctuations or noise measurement 

The following section outlines in some detail the framework of resistance noise, a powerful tool 

for studying the dynamics of charge carriers in a solid-state system. This measurement technique 

is highly involved, requiring meticulous implementation of electronic circuits and substantial 

digital signal processing. 

2.4.1 Mathematical formulation of Noise 

The resistance noise is acquired by measuring fluctuations in voltage at a constant current or 

fluctuations in current at a constant voltage bias. These fluctuations in voltage drop, denoted as 

ŭV, are recorded in memory using a high sampling rate data card. To compute the power spectral 

density, the first step involves calculating the autocorrelation function, which is defined by the 

following expression. 

                                          ὅ†  ÌÉÍ
ᴼ

᷿ Ὠὸ ‏ὠὸ  ὠὸ ééééééééé.. (2.1)‏†

The functional form of C(Ű) is contingent upon the time scales inherent in the fluctuating quantity, 

which mirrors the time scales of the underlying physical mechanism. The magnitude of C(Ű) at the 

frequency 1/(2ˊŰ) is determined by a component of the signal at the time scale Ű0. The power 

spectral density of the fluctuating quantity serves as a measure of the distribution of power in the 

frequency domain. It is calculated as follows 

                                                        Ὓ Ὢ  ᷿ Ὠ† Ὡ  ὅ†   éééééééé..é.. (2.2) 

For a characteristic time scale †,  ὅ†  θὩϳ . The corresponding power spectrum is a 

Lorentzian given by 

                                                                Ὓ Ὢ  θ    éééééééééééé.. (2.3) 
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In a sample there is usually a distribution of time scales, each contributing additively to the noise 

magnitude. Figure 2.16a shows that a few Lorentzian associated with each time scale add up to a 

dependence that looks like 1/f type. This is one way to understand the origin of 1/f type of noise. 

2.4.2 Measurement scheme 

Obtaining accurate measurements of resistance fluctuations in mesoscopic devices is generally 

challenging due to various factors. This task necessitates the careful elimination of external noises 

originating from multiple sources, including the measuring equipment, 50 Hz transmission line, 

and impedance mismatch, as these can easily obscure the device's inherent noise. To achieve 

dependable noise measurements, it is crucial to implement the measurement scheme and digital 

signal processing steps while considering these factors. 

A Dual-channel Lock-in Amplifier (LIA) is utilized, employing the phase-sensitive technique, to 

measure the fluctuations in voltage drop across the sample. This measurement is carried out while 

applying an AC current of constant magnitude at frequency Ὢ. The power spectral density (PSD) 

of the voltage measurement has two components in it 

                                     Ὓ Ὢ  Ὃ Ὓ Ὢ Ὢ  Ὅ Ὓ Ὢὧέί‏ ééééé..ééé.. (2.4) 

The first component, referred to as background noise, primarily arises from voltage fluctuations 

stemming from Johnson's noise and impedance mismatch. Both of these factors are independent 

of the excitation voltage. The second component encompasses the 1/f nature noise originating from 

Figure 2.16. (a) 1/f spectrum in power spectral density is a result of a distribution of several 

relaxation time scales. (b) Typical 1/f noise spectra recorded from a Graphene device. 
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the sample, which is directly proportional to the square of the excitation current. In this context, ŭ 

represents the phase angle of detection relative to the applied excitation. 

For in-plane measurements (when ŭ = 0), the calculated Power Spectral Density (PSD) comprises 

both background noise and resistance noise. Conversely, for quadrature measurements (ŭ = ˊ/2), 

only the PSD from the background noise is evident. The dual-channel lock-in amplifier is capable 

of performing both in-plane (X component) and quadrature (Y component) measurements 

simultaneously. This enables the results from these two measurements to be subtracted, yielding 

the PSD of the resistance noise originating from the sample. This aspect represents a significant 

advantage of phase-sensitive noise measurement, as it allows for the concurrent measurement and 

identification of both total noise and background noise. Figure 2.16b shows the Y and X-Y 

components of a noise measurement. 

The measurement of noise in resistance or conductance was conducted using the standard circuits 

for resistance or conductance measurements, as described earlier. The Lock-in Amplifier (LIA) 

provided continuous signals from its X and Y channels, which were subsequently digitized at a 

high sampling rate. This digitization process was facilitated by the built-in data acquisition system 

integrated within the MFLI lock-in amplifier, which was interfaced with LabVIEW programs. 

To facilitate efficient data handling, the acquired data was temporarily stored in the integrated 

memory of the card. Subsequently, it was transferred to the computer's hard disk in segmented 

intervals. This step ensured that the data was securely preserved and organized for further analysis 

and processing. 

2.4.3 Aliasing elimination and decimation  

Data acquisition is a critical aspect of noise measurement, involving the measurement of a 

fluctuating quantity over time in regular, small intervals with a frequency defined by its inverse, 

known as the sampling frequency (fS). However, a challenge arises due to the discretization of 

signal voltage. Specifically, a signal sampled at frequency fS cannot distinguish between a sinusoid 

at frequency f0 and frequencies of f0 ± kfS for any integer value of k. 
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This situation is illustrated in Figure 2.17a, where the sampled points of the signal appear to 

represent one cycle of a sinusoid. In reality, they correspond to a sinusoid with five cycles. This 

discrepancy arises because the sampling rate is insufficient to capture high frequencies in the 

signal. Therefore, reliable sampling is contingent upon the absence of high-frequency components 

in the signal, which can be achieved through the application of appropriate low-pass filters. This 

scenario is exemplified in Figure 2.17b, where the signal contains frequency components up to 

fm. 

The frequency spectra of the sampled signal produce multiple images or aliases of the real signal, 

each corresponding to integer values of k and separated by fS. When fm is less than half of the 

sampling frequency (fm < fS/2), the replicas do not overlap, ensuring that the sampled data is 

reliable. However, as depicted in Figure 2.17d, when fm exceeds half of the sampling frequency 

(fm > fS/2), the replicas overlap. Consequently, the measured signal at a particular frequency may 

actually contain components from another frequency. This phenomenon is referred to as aliasing. 

Figure 2.17. (a) Sampling rate of fS cannot distinguish between signals of frequency f and f ± kfS. 

(b) The spectral width is captured without aliasing when it is contained within the bandwidth fS. 

(c) The response function of three-stage digital filter to enable a higher roll-off than the lock-in 

amplifierôs 24 dB/octave (in dashed line) to avoid aliasing. (d) Aliasing occurs when the spectral 

width is larger than the bandwidth fS. 
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The criterion for reliable measurements is that fm should be less than half of the sampling frequency 

(fm < fS/2), a principle known as the Nyquist criterion. 

To achieve the desired bandwidth of 10 Hz in our experiments, it is imperative to employ a robust 

low-pass filter capable of effectively attenuating higher frequencies. Although the lock-in 

amplifier offers a 24 dB/octave filter, this alone may not suffice to eliminate potential aliasing 

originating from stronger signals, especially the 50 Hz transmission line. In such cases, higher roll-

offs for low-pass filters can be attained through the use of digital filters. This is crucial because at 

these frequencies, the magnitude of the 1/f noise drops below the background noise level. This 

process in time domain is known as decimation and the procedure is described as follows: 

¶ For a required bandwidth of fs/2 (~ 10 Hz), the signal is sampled at a rate which is f´S ~64 times 

that of fs (i.e. fôs ~ 1000 Hz), with lockin time constant selected closest to fs/2(~10 ms), and 

the maximum possible roll-off (~24 dB/octave). This cuts off any component beyond fs/2 with 

an attenuation > 105 at f´S/2, which is effective bandwidth before decimation. 

 

¶ The signal is then passed through a digital anti-aliasing filter having a cut-off at f´S/2, and with 

an effective roll-off which can be as high as 80-100 dB/octave which effectively removes all 

traces of any stray signals beyond f´S/2. 

 

 

¶ The data is then re-sampled taking every 64th or 128th data point, so as to effectively bring 

down the sampling rate to fs, without the presence of any aliased signal. Using this technique 

it was possible to obtain very clean spectra over several orders of magnitude in frequency. 

 

¶ In order to speed up this process and for optimal memory usages, the decimasation is done in 

three stages. For a decimation by a total factor of 64, we have used the set of successive 

decimation factors of 8, 4 and 2. The roll-off which can be obtained from this scheme is up to 

100 dB/octave and is plotted in Figure 2.17c. 
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2.4.4 Power Spectral Density calculation 

The time series, once decimated according to the aforementioned process, is anticipated to be 

devoid of any undesirable artifacts, such as aliasing and external noises. This refined data can now 

be effectively utilized for the calculation of the Power Spectral Density (PSD). The PSD is 

determined using the Welch method, which involves the averaging of periodograms. The 

schematic representation of this method can be found in Figure 2.18. It involves dividing the 

complete data set, consisting of N points, into smaller overlapping segments of length L, denoted 

as the set xi (as depicted in the figure). Subsequently, each of these segments is normalized using 

the Hanning window function denoted by w(j) (as illustrated in Figure 2.18). Finally, fast Fourier 

transforms are performed, and the power spectrum is computed independently for each segment 

using the given expression. 

                              ὃ ὲ  В ὼ ὮύὮὩ ȟ       Ὧ ρȟςȟȣὑ é..é (2.5) 

 

                                                    ὖ Ὢ  ȿὃ ὲȿ ééééééééé.. (2.6) 

 

                                               7ÈÅÒÅ    Ὗ  В ύ Ὦ éééééééé (2.7) 

Where Ὢ ὲ ȟ for ὲ πȟρȟςȟȣὒȾςȢ The unit of frequency is discrete steps of ςὪ Ⱦὒ 

and Ὢ  ὪȾς is the effective sampling rate after decimation. 

 

Figure 2.18. Welch periodogram method used to estimate the power spectral density from the time 

series data. 
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Finally, the power spectral density is calculated by averaging over all periodograms: 

                                                  ὛὪ  В ὖ Ὢ    ÆÏÒ Ὢ  Ὢ  éé...éééééé (2.8) 

There is a trade-off in choosing the parameters L and D. Higher L will results in higher resolution 

of power spectrum but too high would mean lesser number of segments to average form. D must 

also be chosen to have optimal overlap while at the same time keeping the computational load 

reasonable. L, called the spectral length, is 512 in most of the experiments reported in this thesis. 

The full sequence of a noise measurement is summarized in a flowchart in figure 2.19.

 

 

 

 

Figure 2.19. Flowchart of the process involved in noise measurement. 
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Electronic transport and Noise spectroscopy in CVD 

Graphene FET on a lightly doped Si/SiO2 substrate 
 

3.1 Introduction  

Electronic properties of Graphene1,2 are studied mostly in the field effect geometry, where 

Graphene act as an electronic transport channel and to regulate the charge carriers efficiently a 

heavily doped (doping > 1020/ cm3) silicon/silicon dioxide substrate is used as a back gate. The 

Graphene/substrate interface can significantly affect the device's characteristics and performance 

because 2D systems are by definition fully surface-based and hence vulnerable to outside sources 

of disorder59,63,106. It has been found that a Graphene device's performance can be restricted by 

interface traps107, Coulomb impurities108, grain boundaries63, or interfacial phonons59. The 

mobility of Graphene can be increased by orders of magnitude by totally removing the substrate 

or placing it on a trap-free substrate like hexagonal boron nitride (hBN) 3,49. By encapsulating 

Graphene in hBN and utilizing graphite as a global gate electrode109, one can detect strong 

interaction-driven phenomena like the Hofstadder butterfly60 and fractional quantum hall effect4 

at the ultraclean limit. These, however, are still restricted to micron-scale devices and mostly 

employ a dry transfer49 approach and scotch tape-based technique. It is still being investigated how 

to accomplish these in a large-area device. An option is chemical vapor-deposited large-area 

Graphene, however, the device's performance is severely constrained by the existence of inherent 

defects, grain boundaries, and chemical residues during the transfer process84,110. 

An essential tool for characterizing device performance and comprehending the impact of the time-

varying disorder on the channel conductance in a field-effect device is low-frequency noise, often 

known as flicker noise. The interface states that are spatially close to the Graphene channel 

dominate resistance variations in Graphene48,87,111,112. The noise in Graphene devices are proposed 

to be explained by both number- and mobility fluctuation-based models. It is shown that 

fluctuations in the contacts can also play a major role in the noise performance in Graphene 
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devices. However, prior research on the noise in Graphene has mainly concentrated on the devices 

made on a degenerately doped Si/SiO2 substrate48,111,113ï116, whereas it is crucial to fabricate 

Graphene devices on a lightly or moderately doped substrate117ï120, particularly for high-frequency 

applications, in order to integrate Graphene in the modern silicon industry. Graphene field-effect 

devices made on a lightly doped substrate have just a few transport investigations, but these devices 

have not yet been the subject of any research into low-frequency noise. Beyond the technical 

significance, it's critical to comprehend the device's operational region and look into the role of 

bulk defects in the resistance fluctuations seen in silicon-based field-effect transistors (FETs). 

In this context, we report the electrical transport and low-frequency noise measurement on a large-

area Graphene field effect transistor fabricated on a lightly doped (p+ doping Ḑ 1015/cm2) Si/SiO2 

substrate. By varying the gate voltage, the substrate undergoes accumulation, depletion, and 

inversion, confirmed by capacitance (C) īvoltage (V) spectroscopy. We observe a significant 

impact of the space-charge region formed at the Si/SiO2 interface on the transport and noise 

behavior in the Graphene channel. 

3.2 Experimental Details 

3.2.1 Electronic transport in CVD Graphene on a lightly doped 

Si/SiO2 substrate  

CVD Graphene field-effect devices were fabricated using commercially available CVD Graphene 

(Graphenea, USA) on a lightly boron-doped (p+) Si/SiO2 substrate (resistivity ~ 10 Ohm-cm) the 

doping concentration of the substrate is confirmed by the Capacitance voltage characteristics. The 

device was made by initially dry-etching the CVD Graphene with low-power oxygen plasma using 

an ICPRIE system with an oxygen flow rate of 20 SCCM and an RF power of 8 W for 15 s. 

Electrical contacts were defined using a laser writer using a positive photoresist, followed by 

deposition of Ti/Au (5/45 nm) in an e-beam evaporation system and lift-off process. The separation 

between the voltage leads was 70 ɛm, having a width of 50 ɛm as shown in Figure 3.1a.finally 

the device were bonded on a chip for the electrical transport measurement as shown in Figure 

3.1b. The Raman spectroscopy of these device confirms single layer Graphene with negligible 

defects12 Figure 3.1c. 
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For the CVD Graphene devices fabricated on a lightly doped Si/SiO2 substrate at ambient 

temperature. I-V characteristics were linear across a range of gate voltages, indicating a good 

ohmic contact, as shown in Figure 3.2a. Figure 3.2b illustrates the typical variation of the four-

terminal resistance (R) with the global back-gate voltage (Vbg). The R-Vbg characteristics show 

that the charge neutrality point (CNP) is 38 V, indicating that the device was unintentionally p-

doped, probably as a result of the hole doping brought on by PMMA-based wet transfer20,121,122. 

Additionally, we have observed a hump in the RīVbg characteristics, near Vbg Ḑ 0 V (Figure 3.2b). 

A similar hump was often noticed in low-mobility devices either due to contact-induced doping or 

Figure 3.1. (a) Optical micro-graph of the etched Graphene device. The scale bar is 50µm. (b) 

Optical image of the bonded device. (c) Raman spectra of the CVD Graphene exhibiting single 

Lorentzian peak around 2680 cm-1, which confirms the single layer characteristics. 

 

Figure 3.2. (a) I-V characteristics of the device in different gate voltage shows a linear behavior 

conforming a good ohmic contact. (b) RīVbg curve of the Graphene field-effect transistor (solid 

blue line), showing the charge neutrality point at Ḑ38 V. 
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due to the spatial inhomogeneity in the devices123. To understand the origin of the hump in the R-

Vbg characteristics we have measured various Graphene devices on lightly doped substrate and in 

most of the devices we have found the origin of the hump around Vbg = 0 V (Figure 3.3a). Also 

two probe and four probe measurement of the device at different regions with varying length shows 

the hump in the R-Vbg characteristics around zero gate voltage (Figure 3.3b), which rules out the 

possibility of contact induced doping and spatial inhomogeneity in the sample. 

In some of the devices we have not observed any clear hump in the R-Vbg characteristics, but the 

derivative of the resistance with respect to the gate voltage shows a clear fluctuation around the 0 

gate voltage, as shown in Figure 3.4a. This is possible due to large number of interfacial traps 

present in the system. To neutralize the traps, we have put ionic liquid (LiClO4+PEO matrix), we 

observe two effects after adding the ionic liquid (LiCO4) to the PEO matrix. In the beginning, the 

CNP is shifted from 42 V to 18 V, and the hump is recovered at zero gate voltage, as shown in 

Figure 3.4b. This is due to the neutralization of the interface traps by the ionic impurities and 

shifts the CNP towards lower gate voltage. All these observations points toward a different origin 

of the hump. 

Temperature dependent R-Vbg characteristics of the device shows the hump near zero gate voltage. 

However, the effect of gate voltage on the resistance of Graphene weakens in the negative side 

Figure 3.3. (a) R-Vbg characteristics from three different devices at room temperature exhibiting 

the hump near Vbg = 0V.(b) The variation of resistance in two-probe (black) and four-probe (red) 

also shows the hump near zero gate voltage. 
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and became almost non responsive below ~ 150 K, as can be seen in Figure 3.5a the temperature 

dependent resistance at different gate voltage on the positive side of the gate voltage shows, the 

resistance reduces with temperature, showing a metallic behavior (Figure 3.5b). 

 

Figure 3.5: (a) Temperature-dependent RīVbg curve of the Graphene FET device, showing 

flattening of the curve at low temperature in the ïve gate voltage. (b) The variation resistance with 

temperature for different gate voltages. 

Figure 3.6. (a) Schematic of the MOS structure (metal/Graphene/SiO2/Si/metal) for the 

capacitance measurement. (b) Variation of capacitance with gate voltage for a highly doped 

silicon measured in MOS geometry. (c) Variation of capacitance with gate voltage for lightly 

doped Si/SiO2 substrate at 300 K. 
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3.2.2 Temperature dependent Capacitance ï Voltage characteristics 

To understand the effect of substrate on the transport properties of Graphene, we have look in to 

the capacitance vs gate voltage characteristics of our CVD Graphene on a lightly doped Si/SiO2 

substrate. We have performed the C-V measurement in a MOS capacitor configuration124 

(metal/Graphene/SiO2/Si/metal) as shown in Figure 3.6a. The C-V measurement on a highly 

doped substrate shows no change in the capacitance upon varying the back gate voltage, shown in 

Figure 3.6b. The low frequency (100 Hz) C-V characteristics on a lightly doped substrate in MOS 

capacitor configuration shows a dip in the C-V characteristics at around ± 10 V, as shown in Figure 

3.6c.  The energy band diagram of our MOS capacitor is shown in Figure 3.7a. When the lightly 

doped silicon substrate is biased positively with respect to the Graphene, majority charge carriers 

from the lightly doped substrate starts to accumulate in the Si/SiO2 interface without affecting the 

thickness of the dielectric. But when the gate bias gets lower and starts to approach towards zero 

gate voltage, the band bends downward and majority carriers starts to deplete and the effective 

capacitance decreases due to the depletion layer acting as a dielectric (Figure 3.7a). When the gate 

Figure 3.7. (a) The schematic of the energy band diagram of the MOS capacitor on a lightly doped 

Si substrate against different gate bias condition is represented along with the change in the 

capacitance with varying gate voltage. 
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voltage decreased further in the negative side the band bends even more downward so that the 

intrinsic level (Ei) at the surface crosses over the Fermi level (EF). At this point the minority carriers 

start to accumulate at the Si/SiO2 interface and thus inversion occurs, depletion charges are 

shielded resulting in an increase in the capacitance. At high frequencies (>100 kHz), the minority 

electrons cannot follow the change in gate voltage and the inversion layer does not form. 

 

Figure 3.8.  (a), (b) Variation of capacitance with gate voltage for lightly doped Si/SiO2 substrate 

with different frequencies at 300 K and 95 K. (c) Equivalent capacitance circuit for the MOS device 

for different substrate conditions as a function of the gate bias. (d) Temperature dependent C-V 

characteristics of Si/SiO2/Graphene/Au MOS capacitor at 100 Hz. 
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The capacity to add carriers to the Graphene channel is reduced when the depletion region forms 

due to an increase in the effective thickness of the gate dielectric and a drop in gate capacitance. 

Which results in the formation of hump in the R-Vbg characteristics. Haddad et al117. noticed a 

similar pattern of behavior and utilized the drift-diffusion model125 to explain it using a thinner (20 

nm) SiO2 dielectric layer. The transport behavior is greatly influenced by both the Graphene 

quantum capacitance and the depletion capacitance. Due to the SiO2 layer's thickness (300 nm), 

the quantum capacitance126 in our situation plays a minor role in comparison to the oxide and 

depletion capacitances. The variation in the C-V characteristics with frequency at 300 K and 95 K 

(Figure 3.8a, b) further reveals the interfacial traps' considerable influence127ï129. The equivalent 

circuit for the MOS capacitor in Figure 3.8c can help make this more evident. The combination 

of the oxide capacitance, Cox, in series with the four parallel capacitances, Cp, Cb, Cn, and Cit, 

which are caused, respectively, by the hole charge density, electron charge density, bulk space-

charge density, and interfacial trap charge density130, can be used to represent the total capacitance. 

As in the accumulation (inversion) region, Qp (Qn) is the dominant charge carrier, Cp (Cn) becomes 

significantly large, approaching short circuit, and hence, the equivalent capacitance effectively 

equals to the oxide capacitance, Cox. In the depletion region, however, the bulk and interface 

capacitances dominate, as both Qn and Qp become significantly small, giving rise to the overall 

capacitance as Cox in series with the parallel combination of Cb and Cit (Figure 3.8c). Figure 3.8d 

depicts capacitance variation with gate voltage at 100 Hz for various temperatures. The red curve 

corresponds to the C-V curve at 300 K, where three distinct zones may be seen. The oxide 

capacitance is equal to the capacitance in the accumulation and inversion areas. Lowering the 

temperature reveals that the inversion capacitance cannot reach the oxide capacitance due to a lack 

of thermally produced minority carriers. When the temperature falls below the freeze-

out118 temperature (150 K), the depletion area expands and enters the deep-depletion region127,130, 

where the gate loses its capacity to induce charge carriers in Graphene, as a result the flattening in 

the R-Vbg characteristics is observed at ïve gate voltage at low temperature. 
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3.2.3 1/f Noise in Graphene FET on a lightly doped Si/SiO2 substrate 

Low frequency 1/f noise in the Graphene field effect transistors fabricated on a lightly doped 

substrate was measured using lock in amplifier based ac four probe technique as described in detail 

in section 2.3 of this thesis. The excitation current was kept very low about 1 µA to avoid 

unnecessary heating of the sample. Other nonlinearity of the sample were verified by the quadratic 

dependence of voltage/current noise at a fixed resistance R. The background noise was also 

Figure 3.9. (a) Variation of noise power spectral density, Sv with Vbias
2, exhibiting linear behavior 

expected for Ohmic contact. (b) Time-domain resistance fluctuation at different Vbg. (c) Typical 

noise power spectra SR/R2 at various Vbg, showing 1/f characteristics. (d) Variation of Ŭ with Vbg, 

calculated from the linear fit of the 1/f noise data.  
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measured simultaneously and subtracted from the total noise. Before measuring the actual sample 

thermal noise of a standard resistance is measured in the same contact configuration to calibrate 

the setup. 

A carrier frequency of 1.66 kHz was used for the noise measurement, and the time-dependent 

output of the lock-in amplifier was digitalized. Next, the signal underwent multistage decimation 

to remove the effects of higher harmonics of the power line and other undesirable frequencies, and 

then the power spectral density (PSD) 131 was calculated. During the noise measurement the device 

was kept at a constant gate voltage and the time varying resistance fluctuation is recorded using 

high frequency data acquisition card present in the MFLI lock-in. The time series data of our device 

at different gate voltage is shown in Figure 3.9c. The normalized noise PSD at different gate 

voltage (shown in Figure 3.9b) follows  
ρ

Ὢ
‌ , where Ŭ varies form 0.8-1.2 (Figure 3.9d).  

Figure 3.10. Variation of normalized noise PSD, integrated over the measured frequency 

bandwidth (NR) (red data points) and Resistance (blue solid line) with Vbg.  A clear increase in 

noise is observed around 0V. 
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Typically, the normalized power spectral density (PSD) of resistance noise follows the empirical 

Hoogeôs relation, Ὓ Ὢ  
 

, where AG is the area of the sample between the voltage probes, 

n is the carrier density, and ɔH is the empirical Hoogeôs parameter. Here, instead of focusing on 

the amplitude of noise power at a particular frequency or ɔH we analyzed the total variance of 

resistance fluctuation, 

                                     ὔ Ὑ‏  Ὑϳ  Ὓ᷿ ὪὨὪééééééé (3.1) 

Which is essentially the normalized noise PSD integrated over the experimental bandwidth132. The 

normalized noise PSD (NR) of the device as a function of gate voltage is shown in Figure 3.10. 

We have observed a peak in the normalized noise PSD around the zero gate voltage, where the 

hump in the resistance is observed in the R-Vbg curve and the decrease in the capacitance is 

observed during the C-V measurement. The time series data of ŭR/R (Figure 3.9b) corroborate 

the peak in the normalized noise at Vbg = 0 V. 

 

3.3 Results and Discussion 

Resistance fluctuations in Graphene were shown to arise either from the contact or from the 

trappingīdetrapping processes primarily from the interfacial traps. Previous experiments on the 

noise spectroscopy in Graphene field effect transistors proposed two mechanism132. First, the 

charge exchange noise (NchȤex), which originates mostly due to the trappingīdetrapping 

processes between Graphene and the underlying traps present in the SiO2 or with the adsorbents 

present over the sample, of which a quantitative expression was developed based on the correlated 

number and mobility fluctuation models111,132ï134. Another type of noise, known as configuration 

noise (Nconfig), where no charge exchange will occur; however, fluctuations in the occupancy of 

the traps may change the scattering cross-section over time and cause fluctuations in resistance 

based on the local interference model developed by Pelz and Clarke90. Due to the fact that these 

two contributions happen separately, the overall normalized noise magnitude may be expressed 

as, 

 

                 ὔ  ὔ  ὔ ὃὲȟὝ ὄὲȟὝὔ ὲé.... (3.2) 
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where „ is the conductivity, ὲ is the carrier density of Graphene, ὲ  is the density of interfacial 

traps closed to Graphene where charge exchange occurs between Graphene and the traps and ὲ  

is the density of traps responsible for mobility fluctuations without any charge exchange processes.  

It is evident that ὔ  is proportional to the square of the differential mobility (~Ὠ„Ὠὲϳ ) and 

the density independent proportionality constant, ὃ, will be proportional ὲ  and follows the 

temperature Ὕ dependence according to the McWhorterôs activated model88 . The density 

dependent part of the second term,ὔ ὲ ȿὲȿὲЎϳ ) and 1 for ȿὲȿ ȿὲЎȿ andȿὲȿ ȿὲЎȿ, 

respectively, where the parameter ὲЎ denotes the characteristic density below which the charge 

distribution in Graphene is inhomogeneous due to the presence of charge puddles. The parameter 

‎ varies between ρ and ς for single layer Graphene and signifies the enhanced screening ability 

with increasing density. 

Figure 3.11. (a) Schematic energy band diagram of Graphene/SiO2/Si (p+) structure with different 

band parameters, showing the interface and bulk impurity states inside silicon.  (b) Schematic 

diagrams of three different regime obtained by the application of gate voltage. The effect of bulk 

defects become important only in the depletion region as there no charge layer formed at the SiO2 /Si 

interface to screen any charge fluctuations inside the bulk of the silicon. 
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