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Abstract

The physics of twalimensional materials has attracted attention since the isolation of a single
sheet of graphene in 200H@ollowing the discovery a plethora of van der Waal materials can be
found in different forms such as ferromagr(€#ds), semiconductors (M@SBP), insulator (hBN),
superconductors (Nb9e and even with exotic topological properties (W Tevisted bilayer
graphene). By mixing and aligning these 2D materials on top of each other or by functionalizing
them with nanopdicles, improved functionalities can be incorporated into these 2D materials.
Due to their distinctive surface character, 2D materials experience both intrinsic and extrinsic
disorders significantly affectintheir transport characteristics. The impore&rd intrinsic and
extrinsic disorder in charge transport, as well as prox#niiyced functionalization of these 2D
materials, are the primary topics of this thesis. To explore these characteristics, we have focused
on the electrical transport and lovefluency noise measuremeassa function of temperature and
gate voltagdy fabricating microrscale field effect devices from these 2D materials. In particular,
noise data being more sensitive compared to the time averaged conductivity, providesdosight a
the mobile scattering mechanisms due to the mobile defects involved in the electrical transport.

In the first half of the thesis, we have perfornaedetail investigation of electrical transport and
low frequency 1/f noise measurement to understand the role defects of lightly doped Si/SiO
substrate on the transport properties of grapfiefteeffect transistorRET). We have shown that

the conductance fluctuations in the graphene channel is emhsigoéicantly 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. Wefomded orfunctionaliang
graphene usingrganometalt spin crossover (SCO) nanopartjeldnich canchange its spin state

by the application oéxternal stimuliike pressure or temperatuM/e could successfully create
CVD grapheneésCO hybriddevices exhibiting tunable hysteresiwith varying gate voltage

More interesting behavior was observedr@0O/SCO hybrid While the hysteresis width and
transition temperaturecan be controlledvia molecular concentration variatiormagnetic
measurements revealimproved cooperativity from interfacial charge transfetuced
intermolecular interaction$n 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 gravendevices shows high mobility with a

Vil



dominant ptype character, however, could show ambipolar character by choosing suitable contact
metal. A metalto-insulator transitionwas observedn these devices, occurring at high carrier
densities, is dependennh dhe mobility of the deviceas revealed by temperattiependent
transport studies. Noise measurements indicate a typidgp&/behavior across the entire range

of gate voltagesoriginating primarily due to thenobility fluctuatiors arising from carer
scattering by the lattic&hus, 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

Chapter 1

Introduction

In 2004, the isolation of a single layer of graphite, known as Graphgparked 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 (Graphen®gulators (hBNY,
semiconductors (WS, WS, Te, BP) *!! ferromagnet (Crk, FeGeT,), superconductsr
(NbSe), and moreThese van der Waals materials reveal fascinating characteristics when reduced
to their monolayer or bilayer limits through the procesmethanicakxfoliation For instance,
graphene, as a monolayer film, possesses a linear-Iikesisand dispersion, while the dispersion
becomes parabolior bilayer graphené. Likewise, MoS undergoes a transition from an indirect

to a direct band gap semiconductor as its thickness decreases to a manblayexceptional
properties of these 2D mais have established a new platform for agsmeration electronic

and opteelectronic devices. Prototypes of circuitevel implementations of 2D FETS, such as
inverters, logic operators, and radrequency devices, have already been achievedleWhe

initial prototypes relied on exfoliated flakes, the 2D community has swiftly transitioned towards
growing largearea films using chemical vapor deposition (CVD) technitflifsMixing and
aligning these 2D materials on top of each other using dry @nans€hniques provides an
opportunity to study improved device functionalities, as well as leading to observations of
interesting physical phenomena like the Hofstadter ButfeMlglley Hall effect’, Columb dra¢f,
superconductivit, and oher correlated phases. Due to the large surface area of these 2D
materials, new functionalities can be added by combining them with semiconducting
nanoparticle®, functional molecule€s, plasmonic nanoparticl& and so on, creating an

opportunity to explore proximytinduced 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 subsetubapters.



Chapter 1

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 felectrons 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 latticesConsequently, the honeycomb lattice can be regarded as a triangular
Bravais lattice with a twatom basis (A and B), as depictedHigure 1.1a The primitive lattice

vector of graphene lattice is written as

N~ — ~

 -oWoc h & -ochmoéeééééée. . ......G6.

Where®w p& q is the GC distance. The reciprocal lattice of graphene is also hexagonal as

shown inFigure 1.1b, and the reciprocal lattice vectors are given by
WP —oplic h P —phlUiocéééééééé. .. (1.2)

{, M andK are the high symmetry points in the Brillouin zone. KrendKNjoints,located at the
corners of the Brillouin zone are of particular interest for the physigsapheneand they are

called the Dirac pointsTheir coordinates are given by the vectors

®» —h— K ® —h-_—ééé6e66é6é (1.3)

12 —piic h 12 —phvic h 1P & pt éééé. (1. 4)

Graphene possesses identical sublattices due to its uniform arrangement of carbon atoms. This
symmetry results in sublattice A transforming into sttide B, and vice versa, under the space
inver si on ope aatiyyGoiséguently, giaphene exhibits inversion symmetry.
Additionally, singlelayer graphene (SLG) maintains time reversal symmetry. The interplay of
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Figure 1.1. (a) Schematic of the crystal structureGrfaphene The blue sites and red sites de!
the A and B sublattice respectively. The two lattice vectgra,and three vectors joining t
nearest neighbours 1, 2, 3 are alsowhoThe dashed grid shows the triangunaphendattice.
The whole crystal can be constructed by shifting the unit cell with two basis atoms by tF
vectors a and &. (b) First Brillouin zone ofsraphene The reciprocal vectors are denoted h
and k. The high symmetry points are marked. All the corners of the rest Brillouin zone ¢
symmetry points but only two successive points (K ajidat¢ independent. Rest of the col
points can be attained translating those two points by thenesapvectors.

these two symmetries renders SLG a zero band gap mateahtrast, hexagonal boron nitride
(hBN) features sublattice A with boron atoms and sublattice B with nitrogen atoms. This uneven
distribution disrupts thénversionsymmetry, leding to the creation of a substantial band gap
(approxi mat el y 2 This characerstic fenders HBR ) atomically smooth
substrate and an effectivetgalielectric for 2D materials.

1.1.2 Band structure of Graphene

The electronic band structure of graphene was determined using thbitidimg formulation.

This method involved considering various hopping energies to analytically calculate the dispersion
of electronic states. P.R. Walldtpioneered this computational approach in 1947. It relied on the
Hamiltonian for the tighbinding approximation, which accounts for interactions between atoms

at the nearest and nex¢arest positions. The Hamiltonf&3, expressed as follows:

o

0O OB jj Orp B8 6B OO0 0o GW8ééé. .. (1

. 5)
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where &  andd j are the creation and annihilation operatorsafoelectron with spid (G=9 Z )

on the A sublattice at si@. Similarly,® pand® i pertain to the B sublattice. These summations
encompass atleighboring atoms, and the Hermitian conjudat«.) of the operatorThe energy
associated with nearest neighbor hopping betweererdiff sublattices is denoted &s
(approximately 2.8 eV), while the next nearest neighbor interactions within the dalatticseiare
characterizedbtNj (approxi mately 0.1 eV). These par ame

Graphendattice, influencing how electrons movadainteract within the material. Solving the

Energy (eV)

3 g6

> o 5

o

5 £ 1.

=4 >

w X 3
2

-10

Figure 1.2.(a) 3D plots of the conduction and the valence band. The first Brillouin zone
marked by the blue hexagon. (b) Contour plot of the conduction band with the first BrilloL
superimposed on it. It shows that the Fermi contours are trigonallpedsaat high energy.

tight binding Hamiltonian one can get the disparsielation in the form:

o 9 00 Q0 &heéeééééeeéé. .. é.. (1.c¢

00 AT B0 TAT BQoAl b eéeée. .. &(1.8)
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Figure 1.3. Density of states (DOS) panit cell as a function of energy. The zoonredersior

of the DOS is linear at lower energiéédopted from ref. [25])

InEquation1.6t he pl us si gn ¢ o7 (Comdugiantahd)whilethetmmes signp p e r
represents the | ower °~ (valence band). Due to
tNj t e r mtteam tthe conttributionaNj can be safely disregarded.
a symmetric engy dispersion for electrehole pairs, where the valence and conduction bands

touch at six points within the Brillouin zone, as depictedrigure 1.2a These specific points,

denoted as K and KNj, are referred to as the D

The complete band sicture of graphee, as derived frorkquation 1.8js illustrated inFigure
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 strectas described iBquation 1.8in the
vicinity of the K (or K') vectors expressedHguation 1.3specifically whend << K, we arrive

at the following expression

///////

O n VIS “ NL ééeéeééeée..eé (1.9)

Here,q represents the momentum measured with respect to the Dirac poinbs, denbtes the
Fermi velocity. The specific value of is determined by =3t a / ® ko mé& 7i. Notably,

the remarkable characteristic of this l@mwergy dispersion relation is its linearity. This is in
contrast to the parabolic energy dispersion typically observed in a general 2D stracture
distinction made particularly evident when we omit cdasition of nexnearest neighbor

hopping.The density of states is given by
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"0 ——sééééééééé. (1.10)
Whered = 3 %2dsathe unit cell area. Close to the Dirac poihg density of stategaries
linearly in energy.The Dirac point is also called a chargeutrality point (CNP) due to the
vanishing DOS at E£= 0. Below the CNP, the chargarriers are considered as hole type, and they
are considered as electron typep > 0.

1.1.3 Vibrational Properties of Graphene

The unit cell ofsinglelayer graphene possesses two atom bases (A and B), with its atoms
exhibiting both inplane and oubf-plane motion, resulting in a total of three degrees of freedom
(X, y, z). Consequently, there are six branches in total: three optical (LO, T@Carahd three
acoustic (LA, TA, and ZA). The phonon dispersion of sifigieer graphene along high symmetry
lines is depicted irFigure 1.4a employing density functional theory (DFT). In the optical
branches, LO representspiane longitudinal optic mag TO signify inplane transverse optic
mode, and ZO corresponds to the optical mode in the perpendicular direction. Similarly, in the
acoustic branches, LA denotes-glane longitudinal acoustic mode, TA indicatespiane
transverse acoustic mode, and &fpresents the acoustic mode in the perpendicular direction. For
the characterization of $pand sp carbon materials like graphite, diamond, palpmatic

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

(a) — (b)

2D

O

Intensity (a.u.)
@

Phonon frequency

-

Ll hd L L] hd T v L} M L] hd L]
1200 1500 1800 2100 2400 2700 3000
. -1
Raman shift (cm™)

Figure 1 4. (a) Phonon dispersion relation in single lay@raphene (b) Raman spectra of a typi
Graphendayer showing its characteristics G and 2D pe@dopted from ref. [12])

invasiveand nordestructive tool. It has been uniquely employed to determine the number of

graphene layers, with Raman fingerprints differing between samgiéilayer graphef& Figure
6



Introduction

1.4billustrates a typical Raman spectrum of monolayer graphene with 532 nm laser excitation.
The symmetry allows theo2Emo d e at t he U knpwm asitte G mode, torappear at
1583 cm'. Irrespective of the number of layers, thév&@hd frequency remains constant. The most
distinguishing feature of the Raman spectrum is théaid, which varies based on the number

of layers. The layer dependgn(n = 1, 2, 3, 4, etc.) of the graphene-B&hd is represented in

- p 2D,,
i g 3 layer
//\4 layer
{ ﬁ HOPG

2550 2600 2650 2700 2750 2800 2850
Raman shift (cm™ )

Figure 1.5.(a) Layer dependent evolution of 2D peak in graphedaptedromref.[12]. (b)
2"9 order Raman process in single layer graphene. (c) Origin of the 4 peaks for the
graphene system

Figure 1.5a In singlelayer graphene, the 2Band is a single band with a Full Width at Half
Maximum (FWHM) of approximately 25 ctrand a wavelength of 2685 ¢min contrast, the 2D

bandin bilayer graphene can be effectively deconvoluted into four Lorentzians, namely 2Duu,
2Dyi, 2D, and 20y, as illustrated ifrigure 1.5c. For 3 layers (n = 3), the 2D band is decomposed

into six components, and beyond n>5, the 2D mode becamdesinguishable 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 laygapendent electronic band structure. The DR process for
singlelayer grafmene is delineated Fgure 1.5b accounting for the singular 2Band. However,

in bilayer graphene, intdayer coupling induces a splitting of the conduction and valence bands

7
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at theK and K' pointsas depicted ifigure 1.5¢ The four sukbands observed in the 2D spectrum
arise from four possible intefalley transitions in the *&" process, involving the upper (u) and
lower (l) bands. The stacking sequence can also be asceftgiree@mining the 2Bband. For
instance, when comparing AB&acked trlayer to ABA (Bernal stackingthe peaks exhibit a
blue shift.

1.2 Two dimensionalSemiconductors
1.2.1 Transition Metal Dichalcogenide(TMDC)

The bulk crystal of transition metalichalcogenide (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 the MX. 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 semicondc&bt properties (such as MeSNSe,

WS), certain ones, like Nbgealso demonstrate superconductivity. The monolayers' distinctive
features, including strong sporbit coupling and the absence of inversion symmetry, render them

promising candidates for applications in spintronics and valleytronics.
1.2.1.1Crystal Structure of MoS:

TMDCs, or transition metal dichalcogenides, are a class of materials represented by the formula
MX2, where M belongs to the transition metal groupgdich as Ti, Zr, Hf), V (Nb or Ta), or VI

(Mo, W). X, on the other hand, stands for chalcogen, encompassing S, Sé&YrTahese
elements combine to create the layered structural ultX, consisting of two hexagonal planes

of chalcogen and or@ane of metal atom#n 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 caiodiras 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-direction, with two layers per repeated unit, denoted by 2H indicating
hexagonal symmetryThe 3R structure possses 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

8
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with ABC stackirg. The 1T phase can be induced through alkaliintercalation techniques or
strain engineering in van der Waals heterostructures. However, it gradually transitions into the 2H
phase with heating or over tiffeThe 1T phase is characterized by tetragonal symmetry denoted
by T andone layer per repeated unit denoted by 1. It exhibits diamagnetic properties and is an

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

(a) (b)

Figure 16. (a) A threedimensional schematic illustration of the BKucture, showing the me
atoms (M) and chalcogen atoms (X). (b) Schematic structuresliffghent phases: 2H (hexago
symmetry, two layers per repeat unit, trigonal prismatic coordination), 3R (rhombohedral syr
three layers per repeat unit, trigonal prismatic coordination) and 1T (tetragonal symmet
layer per repeat unit, octakeal coordination).(Adopted from ref. [37])

1.2.1.2Electronic Band Structure

TMDCs that are semiconductors show a direct bandgap in the monolayer and an indiregt bandga
in the bulk. The primary cause of the observed photoluminescence from monolayenieh

has made optoelectronic applications possible, is the deothap®*® Firstprinciples
calculations, tighbinding approximations, and measurements are used to determine the band
structures of bulk anchonolayer MX. DFT calculations show that the bulk crystal's valence band
ma x i ma ar e-pdina it isa anerdlire@ band@ap semiconductor because the conduction
band minima are located atthepQ i nt ( hal f way bet we e nsidishoavn d K) .
that the electronic states near thedint are caused by localiseebdbitals of W(Mo) atoms,

which are unaffected by interlayer coupling because they are sandwiched betw8gmiSms.
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MoS, bulk MoS, monolayer
L \\_// N

Er (Hartree)

E M K I' T M K [

Figure 1.7. Calculated band structure of bulk and g layer MoS2 using first princig
DFT calculation

However , t he -psittare sersitiva te mterlayerhingeradctions and arise fromzthe p

orbitals of the S€S) atoms and the-adrbitals of the W (Mo) atoms. As a result, as the layer
numbers change, the direct excitonic states near-{bh@in€ remain relatively unchanged, but the
transition at the G point shifts significantl"
all MoX> and WX compounds are expected to undergo nailar indirectto-direct bandgap
transformationFigure 1.7a and1.7b shows the calculated band structure of bulk and monolayer

MoS,.

1.2.1.3Vibrational properties of MoS»>

The key Raman peaks in MpBiclude the irplane B,g and B, phonon modes, along with the
out-of-plane Ag modé®*! (refer toFigure 1.89. When the layer thickness decreases, the A
mode frequency of MaSaround 406 cndecreases, while the frequency of tHgEhode around

382 cmt increases (se€igure 1.8b). These shifts in peak positions enable Raman spectroscopy

to accurately assess layer thickness. The shifts result from neighboring layers affecting the
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Figure 1.8. ( aThe inplane phonon modes'4§ andEi, as well as the owtf-plane phono
mode Aq of MoSare depicted schematically (analogously for )¥gb) Thicknesglependet
Raman spectra for MeS/Adopted from ref. [40])

effective restoring forces on atoms and an enhanced dielectric screetong-inge Coulomb
interactions. For instance, in monolayer Ma8e E»gand Agmodes are situated at 385¢and

404.5 cmt, respectively, with a difference of approximately 19.5'cfthe Ay mode experiences

a blue shift (stiffening) with an increase in the number of layers, while'then&de undergoes a

red shift (softening). Consequently, for the bilayer, this shift becomes 22'5Rmyond four

layers, no discernible changes occur, tirdvalues converge to the bulk crystal value of 28'cm
These observations offer a straightforward and reliable means of determining layer thickness,

widely applied in Mogresearch.

1.2.2Black Phosphorus(BP)
1.2.2.1Crystal Structure of BP

Layered black phosphorus (BP) represents an elemental crystalline semiconductor composed
solely of phosphorus atoms. The atomic structure of 2D BP, illustrakégure 1.9a, reveals that

each phosphorus atom covalently bonds with three adjplsesphorus atoms, creating a puckered
hexagonal crystal structdfeé® This distinctive puckered BP crystal structure results in reduced
symmetry, giving rise to unique anglependent optical and electronic propertigs.the

monolayer BP, the exist two distinct PP bonds. One bond connects two nearest phosphorus

11
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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
obsevation implies that two atomic layers come together to form the monolayer BP. Th&layer
layer distance measures approximately 0.53 nm, and the lattice constant-thrdatian is 1.05
nm. When examining the BP structure along tiadgr@ction from aap view, it exhibits a hexagonal
pattern featuring two types of bond angles: 96.3° and 102.1°.

(a)

mono{aycr — (e) 4 l

|
g

]

WA
A

—~
O
~—
o

=] (9 [itage: <=
= " % RS | .
-6 06 04 0.2 0 02 04 06 08

L U z T
r X S Y r r X S Y r
k (A')

Figure 1.9. (a) Schematic of the intrayer and inteflayer hopping parameters in the tighindinc
model.(b, c, g Calculated band structures of monolayer, bilayer, andalyer BP, respectivel
The 2D Brillouin zone is illustrated in the inset of (b).i (d) Reproduced with permissiondy
Copyright 2015, American Physical Society. e) Band structure of bulk BP obtained by
measurements, with the calculated bandsdsotd dashed lines) superimposed on its top. Tt
Brillouin zone is illustrated in the inset. Reproduced with permiggiginCopyright 2014, Springt
Nature

Energy (eV)
Energy (eV)

1.2.2.2Band structure of BP

Experiment$ and theoretical calculati6freveal that, black phosphorus in its monoldgem is

a direct band gap semiconductdhe minimum of the conduction band (CBM) and Wia¢ance

band maxi mum (VBM) were identified at the | p
the introduction of interlayer coupling resul
point compared to the monolayer. IA&er BP, the hadgap 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 (QWSs).
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Remarkably, these splibnduction and valence subbands share a common origin in terms of the

atomic orbitalsas depicted ifrigure 1.9.

1.3 Electrical transport in 2D materials

1.3.1Electrical transport in Graphene

Graphene, as the first 2D material, has sparked considerable imdrestscientific community.

Extensive experimental and theoretical research has focused on understanding its electronic
transport characteristics in fieiffect geometryGraphene is produced via sevarathods such

as mechanical exfoliatiomhemical apor depositionGVD), epitaxial growth, etand FETs are
fabricatecbn SiQ/Si™* substrate, where Siacts as a back gatélectrical contacts on the graphene

flakes are formed using electryeam lithography, photo lithography, or shadow masking.
Following this, a layer of Ti/Au is deposited to metallize the contddte. resistance (R) in
graphenechannelcan bemodulatedby tuning the carrier density (nhiroughthe application of

gate voltage. The typical Resistance (R) vs Gate voltagg ¢Waracteristics show a peak in the
resistance where theumber of electrons and holes become equal leading the charge density
effectively to be zerptermeda s AnChar ge Neutrality Poi nt (C
characteristics of a graphene transistor is shiowigure 1.10h For single layer device, this is

the point in the dispersion curve where the DOS goes to zero and calfedDther a ¢ Vpp. mi nt 0 (
the majority of substrate devices, the charge neutrality point (CNP) is not consistently observed at

0 Vpg instead, it tends to shift towards the negative or positive side. This shift is attributed to
unintentional dopingoriginating from the substrate or external adsorbents present on the
surfacé>** The mobility of a graphene device can be catedd&rom Drude model using the

relation,
‘ —eéééeéeéeeéée..e.. (1.11)
Wher e, 8 is the conductivity, e i s the electr

The carrier densityg() and the conductivity,( can be calculated using the following relation:

""""""

E — W W ééééééééééé (1.12)
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"""""

" - — eéé. eééeécéeéecéeée (1.13)

Whered is the oxide capacitano®, is the back gate voltageandw are the length and width

of the sample.

The device's optimal performance relies on achieving the ideal condition withiHowever, the
presence of charge inhomogen&itgtemming from either substrateduced trap charges or the
strain caused bipie roughness and lattice mismatch between the graphene and stid$tpatses

a significantobstacleThese 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 issuesrioeculexice
performanceln addressing substrateduced inhomogeneity, researchers have experimented with

(a) (b)
_Gféphe -
/
02
—60 -30 VgO(V) 30 60
(c) (d) 1o
10'F
g
Eﬁ 10°F
107 F
20 -10 0 10 20
Vig - Vp (V)

Figure 1.10. Device structure and g characteristics of a graphene exfoliated on (a), (b)2
substrate and (c), (d) on hBN substrate showing a huge increase in mobility and multip
points due tMoiré lattice. (Adopted from ref. [49])
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suspending graphene devices through the selective etching of theus&ratd!’. 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 substantial strain

Placinggraphene on a hexagonal boron nitride (hBN) substrate significantly enhances device
guality due to the minimal lattice mismatch and reduced charge inhomogeneity characteristic of
the hBN substrate. In devices formed on thibstrate, an impreiss mobility of the order of 10

V/icm? has been observe@Figure 1.1ai). Additionally, the slight lattice mismatch between
graphene and hBN induces the formation of Moiré patterns, providing a platform to observe

diverse and intriguinghysical phenomefi&®4°

1.3.2Electrical transport in 2D semiconductors

In 2011,AndrasKis's group successfully delved into the electronic properties of diswgge MoS
FET®, revealing its rtype semiconductor characteristidSigure 1.119. Subsequently, other
research groups observed ambipolar conduction inoNta®ugh ionic liquid or higkdielectric
gating®° Despite the rearkable on/off ratio 10°) and subthreshold swing (74 mV per decade)
exhibited by Mo$ transistors, their mobility on Si/Si&ubstrates remained lowi¢ure 1.113,
presenting a limitation for transition metal dichalcogenide (TMDC) materials

Furtherinvestigations highlighted that the inclusion of a kagtielectric significantly enhanced
mobility by orders of magnitudesuggesting the effective screening of charged impurity scattering.
This improvement indicated the potential of higldielectric emvironments to mitigate the impact

of charged impurity scattering on ultrathin Md&nsistor transport propersté. Shortrange and
electronphonon scattering were identified as crucial factors influencing the transport mechanism.
Despite the notable-type behavior of Mogtransistors, there is a crucial need to expletgpe
transistors to optimize TMD®ased CMOS technologies. The challenges posed by Fermi pinning
near the valence band and the mobility limitations underscore the importasrogoaig research

to unlock the full potential of TMDC materials in semiconductor aptibng®535 Recently,
Black phosphorus (BP¥? an elemental semiconductdras exhibited its efficacy as a channel
material capable of yielding higherformance FieldEffect Transistors (FETs). Notably, even in
the configuration of fewayer BP transistors, it has demonstrated a noteworthy carrier mobility
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value of approximatel§000 cni/Vs at room temperature. This performance is in stark contrast to
other Transition Metal Dichalcogenides (TMB). Black phosphorus being a narrow band gap
semiconductor, it is easier to control the carrier type from p to n type material resutitirani
ambipolar characteristic€ontrary to the general trend observed in TGADblack phosphorus
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Figure 1.11. (a) Transfer characteristics of Monolayer layer Magansistor on SiQ substrat
showing rtype behavior. (b) Extremely high £ @n/off ratio in single layer MaSransistor. (c
High mobility ambipolar transport in fevayer Black Phosphorus FET. (&)eld-effect mobilit
(red open circles) and Hall mobility (filled squares, three different valueg as a function «
temperature on a logarithmic scal@dopted from ref. [5],[51],[42])

has shown the ability to partially preserve the bulk carrier mobility value when reduced te a few
layer form. This distinct characteristic further underscores the unique potential of black

phosphorus in the realm of electronic devices.
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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 suppresagat, in practice the transport properties of graphene

were found to exhibit more diffusive behavior rather than ballistic, aligning with-clessical
Boltzmann transport equationis. the case of 2D semiconductors like Mp®/S, it has been
observed that the obility of these devices is considerably lower than the theoretically predicted
values. It was also observed that presence otkidjelectric can improve the mobility by orders

of magnitude. This indicates a possible role of charged impurity scattemirteotransport
properties of ultrathin MoStransistor which quenches in the presence of a kigtielectric
environment. This discrepancy arises from the presence of various types of disorder and scattering
mechanisms, stemming from both internal artéeral factors. Internal factors include sh@mnge
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 par phonons, contribute to the deviation from theoretical predictions. In this context
here in this sectionwe have discussed the various Scattering mechanism and the sources of

disorder present in tHgD 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 denstyHowever, experimgal 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 lie graphene chani&P®>°. To experimentally investigate éimpact of

these charged impurities, intentional doping of the graphene channel with potassium ions was
conducted. Theresults showed a shift of the Dirac point towards higher negative gate voltages
with increasing doping levels, accompanied by a moeal conductivityith density. Presently,

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

influencingtransport is charged impurity scattering arising from oxide trap charges.

One effective approach to mitigathe impact of longange scattering is to suspend the graphene
channef®. This suspension has led to a significant increase in device mobility, unveiling intriguing

phenomena such as the fractional quantum Hall éfféespite these advancements, suspended
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Figure 1.12. (a) Comparison of STM topography (a) and charge density maps (b) for gri

on hBN versus graphene on i) Normalized resistivity versus gateluced charge dens

for graphene/SiQ graphene/hBN, hBN/Graphene/hBibstrate, showing the dramatic decre

in Dirac peak width due to reduction of disordaduced broadening. (d) Experimer
observation of mobility versus temperature on a log scale for monolayerdd&Q, HfO;, anc
encapsulated in hBN.

devices encounter limitations, including constraints ae-g@luced 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 compareg to SiO
substratesAnalysis through STM topography and charge density fhapseals that thems
roughness in thim the surfaceharge densitfor the graphene/hBiR.3 x 16°cm'?) is markedly

lower than that observed for graphene/Si@2 x 16° cm'2). Both roughness and charge density
inhomogeneity are significantly reduced on hBN substrates, positioning h&Nidesal candidate

for supporting 2D materialSubsequently, there is aagnatical change in the width of the peak

of the resistance vgate voltage curve near the charge neutrality point as shokigure 1.12

Like graphene, monolay@MDCs experience significant extringdesorder when placed on SO
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substrates. Two primary strategies have been employed to mitigatagact of this disorder: (i)

the depositionofhigl di el ect r i ¢ marlgs Thase matesialsadt only screé¢hf O
charged impurities but alseeduce charged impurity density through surface passivation. (ii)
Encapsulation within hBN, which introduces a greater distance between the conducting channel

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

(a ) Vacancy Anti-site Substitution ( b)

Edges Grain boundary

ke

Intrinsic disorder

(€) 102 ] Intra-domain

0 & 10 16 20 256
Vgs' VThreshoId (V)

Figure 1.13. (a) Schematic of the different type of intrinsic disorder present in 2D system.
top image depicts an aberratiaorrected annular darfield STEM view of the graphene latt
highlighting the absence of defects. In contrast, the bottom imagdsevgrain boundary in CVA
grown graphene. (c) The electrical performance of htcemain regions consistently exhil
higher mobility in comparison to the intdomain region of a MgSdevice.An inset features
STEM image illustrating the boundary.)(6TEM images are employed to emphasize
significant defect in MaS
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Additionally, charge disorder originating from the Si€urface can be further addresdsd
incorporating a conducting bagjate beneath the hBN, effectively screening the undesirable
effects, and enhancing the overall performance of monolayer TKID&he 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

Shortrange scatterers in 2D materials, such as crystal defects, vacancies, esgnalatoms,

and topological disorder, contribute to its characteristics. In samples with relatively high mobility,
a sublinear behavior was noted in the higansity regim®. This observation suggests that these
samples may have a minimal presence of charged impuriti#fsablongrange scattering is
screened at high density, allowing sh@mge scattering to govern charge transport. As a
consequence of shemrdnge scattering, conductivity attains a limiting value, causing mobility to
become inversely proportional to darrdensity. Intrinsic disorder arises from various sources,
illustrated inFigure 1.13afor a hexagonal lattice but relevant to all 2D crystals. These sources
encompass atomic defects like vacancies-sat@s, substitutions, edges, and grain boundaries.
Particularly in largearea, polycrystalline 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 giagi boundaf§® In transition metal
dichalcogenides (TMDs), grain boundaries indudecal strain, impacting the bandgap in a
manner dependent on the tilt angle between the §rains

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 alinextrscattering sources.
Generally, three distinct types of phonon scattering are exaniimiegvalley acoustic and optical
phonon scattering, triggering electronic transitions within a single valley; aneraitey phonon
scattering, provoking elecic transitions between different valleys. Yet, recent experiments
disclose that remote polar optical phonons in the substrate)(8df¥ersely impact carrier

mobility®6687 The intricate temperature dependence of Hall mobilityasious densities for
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single, bi, and trlayer graphene was explorby Zhu et.d@ , illustrated inFigure 1.14 with the

findings elucidated by considering both charge impurity and phonon scattering.
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Figurel.14. Hall mobility as a function of temperature for different hole densities in mon
graphene, BLG, and tiayer graphene respectively. The symbols are thesuned data and tt
lines are fits Adapted from ref. [§]

In case of 2D semiconductors like in case of W@ elevated temperatures, phonon scattering

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

charge scattering takes precedence in the scattering gfocEsse figure illustrates that at
temperatures below 200 K, the mobility of-encapsulated MaSexperiences a decline with

decreasing temperature due to Coulomb impurity scatteFilggie 1.15). Beyond 200 K, the

mo b i

ity dimini

shes

Wi

t h

ri si J “tdeertopetectrant ur e,

phonon scatterirf§, albeit slightly smaller than the theoretical calculaffof €D T'19).

Radisavljevic etl.>> Demonstrated that the mobility becomes temperdhaependent below 30

K, with a reduction in the exponent from 1.4 to 0.78 at high temperatures whenladiggctric

is deposited on top of the Me8-igure 1.150). This suggests screening of impumsgattering at

low temperatures and suppression of phonon scattering at high temperatures due tokhe high

dielectri

C.
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Figure 115.(a) Temper ature dependenc e-encapsulatedMp
FET, showing charged impurity scattering regime at low temperature and phonon sc
regi me at high temperature. (b shmwings saluraty
at low temperature, and suppression of phonon scattering at higher@ature due to dielect
screeningAdopted from ref. [69],[52].

1.4.4 Localization and trap state

It has been observed by various scientific gr
localized, where the electronic transport is dominated by the hopping of electrons between the
localized statesln a strongly disordered system, the eledtromave 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
characteri st i cmohlenmefgredto a che loalizetign leeghtnt = 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 candbe carrie

out by various mechanism, and are discussed below:

1 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 pbarenon of Nearest Neighbor Hopping (NNH) transpires. In
this scenario, electrons calo transition from one siteK) to another siteHj) by either
absorbing or emitting phonons. The likelihood of such electron hopping is most pronounced

between neareseighbors, primarily owing to the substantial overlap of their wave functions.
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This characteristic defines the process as nearest neighbor HéppitNHH the temperature

dependent conductivity shows activated behavior

I ¢) T XXXXXXXXXXXDOXD 0w

1 Variable Range Hopping (VRH): VRH manifests at extremely low temperatures,
characterized by a thermal energy bandwid#Tkhat narrows down beyond the extent of
the energy distribution of localized states. In this scenario, an electron has the gajmabilit
jump from one site to another within the energy range scale, disregarding the spatial distance
between the sites. Consequently, this hopping procesbakethas variable range hopping.
According to Mott's calculation, the expression for the proligluf an electron to hop from
one site R, E) to another siteR;, E) is as follows:

o

0xAgp— L ¢é6éé6éééé (1.15)
WhereR = (Ri R)andY = Eji Ei. Here the density of states is assumed to be slowly varying
at the Fermi level. The firgerm 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
by?: 72

” 11AQD_ éééé

D
D
D

(1.1

Here,"Y is the correlation energy and d is the dimensionality of yetes.

1.5 Resistance Fluctuation or Noise

Electrical transport involves a crucial parameter known as 'resistanbgations' or 'electrical

n o i mhe@nt 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 characterizesésvieraged transport properties.

On the other hand, resi stance fluctuations mé
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around the tim@averaged mean value < R >. Noise emanates from fluctuations in microscopic
entities, providing a direct meansitwestigate the system's physical properties at the microscopic

level.

1.5.1Types of Noise

There are three types of noise.

f Thermal Noise The phenomenon commonly referred to as 'Nyquist Atisdso known
as 'Johnson noise' tihermal noise,' is a manifestation of the fluctuatiiissipation 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 peatealsdensity

(PSD) of thermal noise is expressed as

~

Y QO 1tQYMéeééeééeéé (1.17)

where'Q is the Boltzmann constant. Notably, the spectral poWerQ 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 situatiovisere 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 consilerations are critical.

f Shot Noise:Shot nois& emerges from the discrete nature of charge carriers within a

conductor, and its mathematical representation is given by
YQ e éééééé. . . é (1.18

where q represents the charge of the carrietlaai&notes the average current flowing through

the conductor. Similar to thermal noise, shot noise is also characterized as white, meaning it
exhibits a frequencindependent power spectral density. In the realm of mesoscopic physics,
shot noise assumes peadlar significance as it provides a direct experimental means of

measuring the charge and statistics of the cuamting 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 theéstistdtproperties 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 'L/f noise' or 'flicker noi$&’" 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
overallelectronic transport. The spectral power of the voltage N6is& 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 extendsvacimss material
system&’8, including seniconductors, metallic and magnetic filfis spin glassés,
heterogeneous conductors, superconduttorshe normal state, tunnel junctions, electronic
devices, and even applications like magnetic sensors and heartbeat monitoring. Beyond its
practical applicabns, 1/f noise has proven instrumental in studying diverse physical
phenomena such as structural phase transifiomsgnetic domain wall motiéf) and many

body physics, including electron glasses gandntum transport in losdimensional systems.

1.5.2 Theories of 1/f Noise

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

purity of the sample. Numerous research groups have endeavored to model the affgioisé

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 gegnee 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 relevangrestre thesis

work.

1. Hooged s model
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The Hoog& mechanism sees 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 cressction 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

YQ [ — éé6é6é6é666é. (1.109)
WhereY "Q represents the power spectral density of voltage fluctuationss the Hooge
parameter, V is the mean voltage drop, N is the number of charge carriers in the charhel, f i
frequency, and U is the noise exponent typica
The Hooge parametgr, serves as a crucial characterization of the noise magnitude within the
channel. The resultant noise engenders a normalized spectral density of resistarted, ateno
“YTY , which scales inversely with the number density, approximati@y D 1/n. Remarkably,

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

transition metal dichalcogenidésraphenecarbomanotubes, and other analogous matéfi&ls

2. McWhooter model:

McWhortef® introduced a model aimed at elucidating the 1/f noise behavior observed in Metal
Oxide-Semiconductor FielEffect Transistors (MOSFETS). According to this model, the origin

of 1/f noise in MOSFETSs can be attributed to the sluggish trapjetrgpping proesses occurring
between the conduction channel and oxide traps situated at thesermilgonductor interface.

This dynamic interplay results in fluctuations in the number density, which manifest as 1/f noise
in the drainsource currentl{s). The fundametal 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 eents 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 heigléd) with a time constarit  t 'Q ,where | A %o 1

The distribution of tunneling distances gives rise to the observed 1/f moikes model, the finite

temperature (T) scenario implicates that trap st@6é¥) 'O around the Fermi energyO
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predominantly contribet to the noise. This nuanced explanation provides valuable insights into
the intricate processes governing 1/f noise in MOSFETS, particularly emphasizing the role of
trappingdetrapping dynamics at the oxidemiconductor interfac@he total noise PSD cdre
calculated as

M-
D
(O
M-
D
D
M-

(1.2

where,0 'O is the oxide trap density ne& andL, W are the length and width of the channel
respectively. A distinct feature of this numiflerctuation model is thavZO © p¥¢ , wheren

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 behs&@uin

metallic thin films’’. 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 ti me
%0 D 'Q 7 ha Power Spectral Density (PSD) with a Lmtman distribution will follow

Y —éééeeeeeeé. . (1. 2
If there is a distribution of time scalé§1 hin the system, the total PSD can be writisn

YQe —0tQkeééeéeée. (1. 22)
If we assumeé=(U) D1/ dverarangeof L tL ¥ , then"Y"Q D p¥'Qn the range

t L QL T .DuttaHorn model explains the activated kinetics of defects and disorder. The
relaxation time is given by the product of the microscopic attempt timeD 1 h is the

Debye frequency) and the exponentifithe activation energ@ for defect migration in the scale

of QY This gives

Y@y @ O0Q@®eéeéee (1.23)
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When'O O slowly varies in the scale & “Y then'Y'Q D pIQ.

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 conductioroeketty structural defeés 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
electronsscattered 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 C&r&rtended the argument by calculating alterations

in the scattering crossection associated witlinisotropic 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
emplasizes the primary influence of electron interference occuwitign 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 fromldlluctuators can be quantified as

WhereN is the total number of atoms in the sample,N/Vthe density of atoms, the mean free
path,¥ the average defect cresection and is the anisotropy parameter which denotes the
effective O0scattering powerd of wvarious type:

temperature limit where. L le.

5. Universal Conductance Fluctuation

The development of this model is groundethmanalogous 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 (Le» the electronic wave functions experience
backscatteringrom 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 alteratibnew&n minor
changes in disorder configuration, resulting in a shift in conductance on the order of e?/h. This
phenomenon is recognized as universal conductance fluctuation®@@&)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 temperatured %4,

1.6 Functionalization of Graphene

Graphenegroperties include rapid charge transport, exceptional thermal conductivity, mechanical

robustness, and flexibility. Given these distinctive attribu@&@sphenestands out as a highly
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Figure 1.16.(a) Graphene FET decorated with a derivative of Azobenzene molecular syste
is sensitive to UV light. (b) Conductance as a function of gate voltage when the UV illumir
the decorated devices. (c) Switching response as function of UV light exposure in the Az
decorated graphene devidgraphenequantum dots hybrid phota@mnsistors. (d) Schematic of
hybrid device where PbS quantum dots coated on a graphene flake on a Silss@ate. (e
Resistance (R) as a function of bayte voltage (VBG) of the hybrid device for increa
il lumination intensities with &= 500 nm.
devices with PbS quantutiot. Adopted from refereas [96],[99].

promising material for a diverse array of apptions 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
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proves pairtularly 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 éls&@hic 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 graphehe.overcome this challenge, the sensitivity of
graphene to local perturbations can be exploited, ssichase induced by physically adsorbed

gaseous molecules. This process is inherently reversible, allowing for dynamic adjustments.
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Figure 1.17.(a) RVg characteristics of a Graphene decorated with TRZNQ molecule. (I
Graphical representation of opening of band gap in bilayer graphene due to dual layer ir
decoration. (c),(d) Transfer characteristics of graphene and MdS decorated with QDT
molecule, shows a significanteff of doping in 2D materials.(d) magneto conductance of C
decorated graphene and MoBehaves differently with magnetic field. (a,b) are taken fror
reference 95],(c,d,e)are taken from refence [LO1].

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

adsorbed gaseous species cardmly desorbedn addition to adsorbed gases, simple molecular
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derivatives with electromvithdrawing or donating functional groups have been introduced to
graphene, resulting in-pr ndoping. 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 pdipdar electric field applied by the
molecules to the bilayer graphene system breaks the inversion symmetry in graphene leading to

opening of band gap in graphéne

By integrating graphene with photosensitive semiconducting nanoparticles or nanosheets, several
research groups have showcased the development of highly sensitive phototréh¥istdrese

devices exhibit both high carriemobility 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 extensivelytigats 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 apptationg®:1°2 The interaction between the magnetic moments of the molecules
and the electronic state in graphene leads to tunable magnetic behavior. Moheoslecarated
graphene systems often exhibit enhanced electronic transport properties apolaped
currents, making them promising candidates for-fgised devices. The synergistic effects arising
from the combination of graphene's outstanding etadtrconductivity and the magnetic
functionalities of the molecules provide a rich platform for advancing the field of grapheed

materials with tailored magnetic properties.

1.7 Motivation of the thesis

2D materials show unique properties when they afeliated 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, imeality, the transport characteristics of graphene were found to align more
closely withthe diffusive behavior rather than ballistic, conforming to sefassical Boltzmann
transport equations. Studies on 2D semiconductors, including Mo& WS, have shown
empirially that their mobility differs substantially from what theoretical models would have
predicted. In the context of graphene on Sitbe electron mobility is constrained to 40,000
cm?V'1d 1 due to the scattering of electrons by optical phonons originating from the substrate and
the genertion of electrorhole puddle¥. Notably, upon substrate removal, the mobility of
graphene has experienced a significant increase by several orders of magriiasi@lso been
observed that the presence of higtielectric like A>0s, 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 thelsménsional
materials. Tis 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 havgrimarily concentratd onthe temperature dependent conductivity and low
frequency measurement of these 2D devices. Typicatdiveeaged transport measurements, such
conductance or resistance, are not sufficient to explain the effelyinaimicdisorder in these
devices. Being dirdly 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 tran§pmilar to carbon
nanotube field effect devices, it was found that the noise in graphene FETs was primarily caused
by fluctuating charge traps within the Si€ubstrate. Furthermore, it was observed thahtise

behavior with gate electric field isfikrent forSLG and BLG. This difference was ascribed to the
difference in the electronic structure and fledd-induced gap formatiom 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 S#3iStrate

on the electrical transport and noise mechanism in graphene FETSs, 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 2Bveemiconductor, 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-fype transfer characteristics. Since there are very few 2D
semiconduators available with ytype 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 aridatebFETs 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 asipettie 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 andaligning these 2D materials on top of each other or by decorating it with functional
molecules or semiconducting quantum dots. With this goafpetes onfunctionaliazng graphene
usingorganometallic spin crossover (SCO) nanopartieleich canchange i spin statdy the
application ofexternal stimulilike pressure or temperaturéhe 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 soustedterers 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 piaypartant role in the electronic
transport properties. This chapters@lintroduces tathe basic understandingf 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 measurementg/e commence the chaptaith an elaboration on the mechanical and

chemical exfoliation of 2D materials and characterization techniques. After thdgserebe the
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process of fabricating the device, which involves electrode patteanithmetal eposition Finally

we elaboratevarious transport and noise measurement procedure in detail.

In Chapter 3, we report how the substrate plays a crumé in determining the transport and
low-frequency noise behavior of graphene fieftect devices. Here, we present the electrical
transport and lovirequency noise measurementCVD grown Graphene field effect transistor
fabricated on a lightly doped (p+ piog D 10"%cn?) Si/SiQ; substrate. Our systematic
characterization of transport, noise, and capacitance at various temperatures reveals that the remote
Si/SIG; interface significantly influences charge transport in graphene, enabling the sensing of
chargefluctuations within the bulk of the silicon substrate by the graphene chévi@show that
graphene transport is severely affected by the formation of depletion, inversion and accumulation

region at the remote substrate/oxide interface, establishimgléhef substrate doping.

In Chapter 4, to overcome the limitationf@raphene because its zdrand gap, we endeavored

to functionalize Graphene and its derivative (rGO) with a spin crossover (SCO) molecule capable
of altering its spin state under extakperturbationWe observe that the sparossover 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

behavor. 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-lb@nd gap semiconductor
Tellurene. Bysyntheszing few-layer Tellureneusing hydrothermal methode fabricated field

effect devicesnd 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 providea 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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Chapter 2

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 descption of the cryostats, which are essential for measuring the devices at low
temperatures. Moving on to the third section,deecribekey transport measurement techniques

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

2.1 Device fabrication

2.1.1Preparation of 2D flakes

T Hydrothermal Exfoliation : Hydrothermal synthesis, one of the most widely employed
techniques for fabricating nanomaterials, is fundamentally a soldtieen chemical reaction
process. Within a hermetically sealedsel, 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 productionThe apparatus facilitating this process compriségwo integral
components: a robust steel pressure vessel, commonly refeasedn@utoclave, 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 performancé. pivotal element of the autoclawystem is the closer,
which plays a vital role in the controlled intraction of precursor substanceBhese
precursors, already dissolved in solution, are meticulously poured infteflom chamber,
ensuring they do not exceed 70% of the available sfmaceaintain an efficient reaction
environmentThe 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 resultinganomaterial is carefully stored at the base of Tefon
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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 synthissthe resulting product contains the prepared 2D flakes. These
flakes are subsequently cleaned usingld@ezed (DI) water through a centrifugation
technique. Following this purification process, the cleaned 2D flakes are dispersed into either
in isopropyl alcohol (PA) or Ethanol solution. They are then transferred onto the target
substrate for further characterization and subsequent device fabrication, accomplished through

the method of drogasting.

f Mechanical exfoliation One of the most widely used and straightforward techniques for
generating higiguality 2D crystals is mechanical exfoliation. While C¥@Ased fabrication
of 2D materials such as MeSWSe, andGraphenecan 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 der Waaldorce, the layerscan be easily

Figure 22. (a) Clean SBiO wafer. (b) Singlecrystalofan der waal Gmpheme
hBN, Mo$9). (c) Scotch tape or the magic tape for mechanical exfoliation. (d) Thin layer o
on a Scotch tape cleaved from t h escopi@magel
the exfoliated flakes @rapheneand hBN on S8iO, wafer.

separated from the bulk crystal witttle force. This process, known as mechanical exfoliation,
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is uncomplicated and involves peeling off thin 2D layers from bulk crystals using scotch tape
or a similar adhesive tapdn exfoliation processes, a common substrate*f$80,, where
physical contact is made with the bulk substance.vBmeder Waalsttraction betwee&iO,

and various materials allows some of the bulk material to attaSiOtan the form of small
flakes. These flakes typically range size from a few micromets to several tens of
micrometes, and their dimensions can vary significantly depending on the roughness,
composition, and other characteristics of the substrate. daupe larger and higheuality
flakes, polishedsio2 can be treated with an RCA solution (MH:H20.:H-0=1:1:5) or
exposed to @plasma to increase the surface roughn&ssobserved thatdating the substrate

with Oz plasma cleaning one can get single lagesphendlakes with dimension larger than

40x4Em. The step of the mechanical exfoliation is describd€igare 2.1

2.1.2Fabrication of van der WaalsHeterostructure using dry

transfer setup

Heterostructures composed diversevan der Waaldayered materials exhibit exceptionally
intriguing electronic and optelectronic properties. The crucial objective lies in arranging these
thin (from single layer to few layers in thickness) layered matenaisy desired sequea. While

these layers maintain stability on a substrate, they remain adhered thanksdo thex Waals

force. However, they are incapable of free standing and are susceptible to mechanical harm, such
as tearing or folding, due to factors like thermodyiinstability and stress. By utilizing the
support of flexible substrates, these flakes can be successfully relocated without incurring any
damageThe attachment of the different layers of the 2D materials is accompaniédnbger

Waalsattraction. Thesetup and the stacking process are described in detail below.
2.1.2.1Mechanical micromanipulator

Here we have designed and customized two heterostructure fabrication setup onegising
resolution commercial opticaticroscopédModel BX53, Olympu¥yand another witl customized
microscope witha zom lens(Navitan. Figure 2.2ab show the imageof the two set up

respectivelyand theschematic is shown ifigure 2.3 The overall heterostructure consist of
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Figure 2.2 Image of the two driyansfer setup developed in our lab.

micromanipulation stagezpart from the microscoge align the flakes at our desiréhe transfer

module consists ofa sample holder stage and a mask holder stage. Utilizing the XYZ micro
controlling system, we initigt align two desired sample®rtically, namely sample 1 and sample

2. The XY stages provide a precision afrh, 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 G(ptesistancthermometerAt the sample holder

stage, we connect a diaphragm pump to the vacuum port, allowing for straightforward vacuum
andhold mounting of the lower substrate. To prevent beatuction tahe 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 salemperatureThe 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 ask, which contains sample 2, attached at its bottom.

38



Experimental techniques

Objective lens e =

Musk holder«—
/Sample holder

Vacuumport < = ,pT100

AR ——

Heatisolation«—
® y1|™* Heater

Figure 2.3 Schematic of the heterostructure fabrication setup, showing the different comy

2.1.2.2Preparation of flexible and transparent mask

The process begins with the creation of a flexiblesky achieved by fabricating a customade
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 coveaylass, 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 regiofransparency 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 bedqusted through temperature regulation. After the final transfer, any residue
can be easily removed using a solvkased process. To craft the flexible spherical cap, a small
drop of PDMS is carefully placed at the center of a clean cover glass anakieehah 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.
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Final transferred heterostructure
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Figure 2.4.Process flow of thdry transfer processshown schematically

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 dhm diameter circle on the cover glass surface.

To enhance adhesivity vegen the mask and the flakes, a satdfilayer, known as Lakme calo

crush (LCC), is applied atop the hemisphere. This layer iscg@ted onto the mask at 8000 rpm

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

process.
2.1.2.3Pick-up and transfer process

Figure 2.4illustrates the stepy-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 opxisalldsing the X, Y, and Z stages,

the bottom wafer containing the desired flake is carefully moved closer to the stamp, placing the
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desired pickup flake at the center. The temperature of the bottom stage is raisedl. tGi&@fually

moving the bottom st in the Z direction, the flakeontaining bottom stage makes contact with

the LCGcoated 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 thaatheger Waal$orce of the flakes

with the substrate. The entire stack is then brought into contact withpateenedSiO, wafer,
ensuring the flakes are in the desired order. The final transfer is performed at a higher temperature,
around 100-120°C. The vacuum suctios then released, and the substrate is allowed to cool to
room temperature. Finally, the stamp and substrate are carefully immersed in a 1:3I&#tone

mixture for 3 hours.

2.1.3Characterization of flakes

2.1.3.10ptical Microscopy

One costeffective andefficient way to determine layer numbers is by analyzing the relative

(a) (b)

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

intensity difference between the layers and the sub${faté This method hinges on the variation

in optical visibility compared to the substrate, which is dependent on the number of layers. When
SiOp thickness and illumination power remain constant, distinct layer numbers exhibit specific
optical colors and contrasts. The interplay of reflected light fed@2 and the optical absorption
properties of these materials are the key factors determining @oll contrast under consistent
illumination power Figure 2.5shows the optical micrograph of the different layer&odphene
flakes.
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Figure 2.6.Raman spectra of different layers@faphenedepicting G and 2D peaks

2.1.3.2Raman Spectroscopy

Ramanspectroscopy stands as a potent-imvasive, and nolestructive 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 sourceastieg 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 direct 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 Rasseaitered photons, which share the same
wavelengh as the incident photons, are typically filtered out using a notch fH&ah 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. Fompbe Graphenehas its
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characteristics peaks at ~ 1588 (G peak), ~ 2680 ch(2D peak) and ~1350 cih(D peak),
whereasTellurene(multilayer) exhibitspeaks around 92 ch(E:-TO mode), 121 crh(A1 mode)
and at 141 crh (E2 modé. The details ofhe origin of the peaks are given in chapteFigure 2.6
depicts the layer dependent Raman specttraphene

2.1.3.3Atomic 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

(b)

Figure 2.7.(a) AFM imags of exfoliatedGrapheneshowing different thicknegb) AFM imag
of a Tellurene

the surface of the material, measuring the interaction forces betwegmn dinel the sample. This

allows for highresolution imaging and precise topographical mapping of the 2D material's surface.
AFM operates on the principle of detecting minute forces, as smali*ai1between the tip and
sample. When the AFM cantileverarcying the tip, approaches within a few angstroms of the
sample's surface, repulsivan der Waaldorces 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.
2.1.3.4Scanning 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
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(b)

H
Figure 2.8. SEM image of (a) Tellurene (Graphene

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 applyingla 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. Ti® 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 (I0to 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 coper 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. Tsxan 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. $EMtes within

a voltage range of BV 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, characteristay¥ 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
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micrographs offer detl@d, threedimensional insights into the sample surface on a large scale due
to the narrow probing electron beaRkigure 2.8shows the SEM image of the Tellurene flakes

andGraphene
2.1.3.5Transmission 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 particularlyseful for examining lowdimensional objects, assessing their quantity,
size, and shape, as well as identifying features like crystal grain &es\dstructural dislocations.

TEM comprising an electron gun generating hegtergy electrons, a magnetiondensing lens
regulating the electron flow onto the specimen, and other essential components. Positioned

(@) o (g

IR a & R o) el . »

Figure 29. TEM image ofrellurene flakes at different resolution.

between the objective and condensing lenses is the sample. The magnetic object lens blocks high
angle diffracted beams, while the aperture elimindtesémaining 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). Whelmetelectron 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
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arrangement, phase, crystal plane orientation, and crystallinity-Regblution Transmission
Electron Microscopy (HRTEM), a form of electron diffraction inragyienables resolutions up to
0.2 nm, making it highly effective for observing lattice fringes in crystabipecimensFigure
2.9shows the TEM imageof aTellurene flake.

2.1.4Lithography

Metal contacts orthe 2D materialsvere patterned using either optical lithography or electron
beam lithography. In standard optical lithography, a iggrisitive material called photoresist i
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 theptical resist. Following this, the resistremoved from the exposed portion, and
\t’attern drawing
sing laser writer
Double la).rer Baked at
Spin coating Photoresist 100° C E-:-:-:-j

Clean Si/SiO, wafer Si/$i0, wafer coated UV exposure with
with photoresist photomask
In acetone Baked at l
Metal pads 100° C
Lift off Metallization Pattern developing

Figure 2.1Q Flow diagram of the process of lithography and metallization.

desired metal is deposited throughheam evaporation. Once the metal is deposited, the wafer
undergoes a lifoff process, where it is immersed in acetone. This dissolves the unexposed
photoresist, leaving behindnly 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 th
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
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bottom layer undergoes faster dissolution than the top laggulting 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-defined features.

The process of fabricating tldevice 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 désined p

followed by metallization and the crucial Hfiff 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 fideaned with hot acetone and IPA, then blow
dried using nitrogen gas. Following this, they were placed on a hot plate & i®@6hsure

no moisture accumulated on the wafer surface.

The cleaned wafer were then spin coated with AZi8$2positive photo st 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 & @60°

a hot plate (prebake).

The resist coated sample is then mountdddar writer system where using a 406 laser

the sample was exposed (with a laser power ofrig@?) 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 thendengoes aetching process.

The etching of the lithographic sample was done using plasma etching, in SINTECH
ICPRIE plasma etching system. Where Graphenestching we have used a low power
oxygen plasma with RF power of8 for 60 secthe sample is thredipped into acetone

for over an hour to dissolve the excess resist. After dissolving the vesigét our sample

in our desired shape.

After etching the sample was first coated with LOR1A masirgdercutting resist with a
revolution speed of 4000 rpm limved by a baking at 180C, then the second resist
AZ1512-HS is coated with revolution speed of 4000 rpm for 60 sec. and again baked for
60sec at 100C.
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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 at10( C (post bake) for 60 sec and again developed for 45 secsdt¢mnd
developing helps to create the undercut in the pattern properly.

(b) (©)

(d))

Figure 2.11. (a), (b), (c) SEM imageof the resist profile after the development in developel
(e), (f) Optical micrograph of various devices.

7. Now the samplavere taken for metallization. The metallization were done usingaen
evaporation system, where at high vacuum the metals like Cr/Ti/Au were evaporated at a
rate of 0.3A/s. After deposition of 580 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
unwarted Au from the substrate (l€iff). The sample is then blodried with a nitrogen

gun after being rinsed in IPA.

2.1.5Bonding of device

The final step in the fabrication process is device packaging. Following thermal evaporation, the
sample wafer is affixedrio 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. FToeagett
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base of the chip carrier can function as a global-gmt& for the device. Electriczontact 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 pracese 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 higoltage 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 golid#ileosample'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 analternative 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.

@p (b)

Figure 2.12. Photographf the ball bonded device.

2.2 Low temperature measurement setup

A variable temperaturecryostat 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 irFigure 2.13 This dip stick comprises several key components, including a
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sample holder affixed to a copper plate, a primaaynéesssteeltube for wire connections, four
smaller diameter tainless steekubes serving dual purposesaccommodating heater wire
connections and housing the gas purging pipe, and a vacuum jacdketfeélctively 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 sangptpstick can hold

a vacuum level of the order of $@nbar.

The dipstick isoutfitted with a 259 mangam heater wire, which enables us to precisely regulate

the temperaturef the sample stage. Additionally, a RT0 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 originaimgte room
temperature source are meticulously wound around the copper stage, as our sample primarily

dissipates heat through these wires during the cooling pradessemperature and heater power

Electrical connection
outlets €——

Vacuum port €—

Liquid cryogen
(N, or He) *

Sample €

Figure 2.13 Schematic of the dipstick inside the Nitrogen Dewar (left). Image of the sample
of the dipstick (right side).
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is controlled by a temperature controligrakeshore) The optimized PID of the temperature

controller provide a temperature stability in the order of K@t 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 sample never remains in a floating state, we implement a
threeway switch and establish connectionBhis configuration ensures that the sample is either
grounded or set to the desired voltage level for the experiment.

2.3 Electrical transport measurement tehniques

In this section w@rovidebrief descriptiorabout the various electrical measurement performed in
this thesis namely, currembltage (}V) measurement, gate dependent resistance measui@mnent

Vg), capacitance measurement\f, noise measurement.

2.3.1Two 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 oratmnic behavior. Linear currenbltage
(I-V) characteristics indicate an ohmic response, whereadimear }V characteristics suggest a

Schottkytype behavior.

In Figure 2.143 we can observe the setup designed for measuring thésmharacteristics. A
Source Measuring Unit (odel 2460, Keithley)is employed to apply a sourdeain bias (\g) at

one end of the channel |, while the opposite
corresponding current is then accurately measured. Furthei@Mkeis also utilized to assess the

DC transfer characteristics of the samples. In this configuration, one sueteeis dedicated to
measuring the-V characteristics, while the other souroeter is connected to the gate terminal.
This comprehensive approach enables us to gain a thonmugrstanding of the electrical
behavior of the sample under varying conditions. It empowers us to distinguish between ohmic
and norohmic characteristics and even identify any Schetyfe behavior exhibited by the

sample.
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2.3.2Four terminal ac resistance meaurement

We have performed two terminal and four terminal ac resistance measurement kgikgna

amplifier (MFLI, Zurich instruments)To perform measurements, a ldsquency alternating

= =

Figure 2.14. Schematic of various electrical measurement technique (a) 2 terminai\dwitF
variation of gate voltage. (b) 2 terminal a.c. conductance measurement withn laokplifier ir
current mode. (c), (d) 2 and 4 terminal a.c. cortdunce measurement in voltage mode.

current (ac) bias with amall frequency is applied using a leak amplifier. This ac bias is
accompanied by a substantial current limiting resistanget@fically on the order of megaohms
(Mq), which i s A«adthegateoditagdis appliedsheough thessilicon dlbhek
gate using Keithley 2458MU. This arrangement ensures that only a small currefptp@sses
through the device under investigatidine resulting voltage drop across the two voltage probes,
denoted as M, serves as the basis for calculating ther-probe resistance ¢B, defined as the
ratio of Vapto Is (Rp = Vap/l«). It is imperative to maintain a low value fes (ensuring that Y

is less than or approximately equal to the product of the thermal engfr@ankl the elementary
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charge e) tprevent any undesired heating of the device l{ld3.worth noting that the upper limit
of resistance that can be accurately measured through this technique is determined by the input
impedance of the loeckn amplifier. This limitation arises from the alaateristics 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 totlamplifier is used to supply the bias voltagas\and
measure the output currendslat a specific frequency. To detect weak signals and improve-signal
to-noise ratio, the draigource current ) is sometimes amplified by a&xternal current amplifier

(Base) and measured in the A mode of lackamplifier. The two terminal and fouterminal
measurements were showrFigure 2.14, d.

2.3.3CapacitanceVoltage (C-V) measurement

Capacitance (C) Voltage (V) characteristicat different carrier frequencies are often measured
to understand the effect of interfacial traps in field effect transistdeshave primarily used an
impedance analyzeMEIA, Zurich instruments) and low noise DC voltage sourc&6200,
YOKOGAWA) to measure the C\haracteristicin the MOS (Metatoxide-semiconductor)

YOKOGAWA 9 B8 commnt somcs

d.c. input

fnsulated BNC

a.c. +d.c.

Figure 2.15.Schematic of the Capacitance vs Gate voltage measurement system usi
impedance analyzer and YOKOGAWA seumeter

structuresTo perform theexperimentwe have biased the sample throughgheon global back
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gate using aariable DC bias voltage mixed with a small ac signal with varying frequency, keeping

the sample (2D material grounded) as showrFigure 2.15. At a constant ac bias (finite
frequency) we vary the DC bias (gate voltage) and simultaneously measure thiaicepad 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 tB&0,/Si interface.

2.4 Resistancdluctuations or noisemeasurement

The following section outlines in some detail the framework of resistance noise, a powerful tool
for studying the dynamics of charge carriers in a sstidde system. This measurement technique
is highly involved, requiring meticulous implementation of electronic circuits and substantial

digital signal processing.

2.4.1Mathematical formulation of Noise

The resistance noise is acquired by measuring fluctuations in voltage at a constant current or
fluctuaions in current at a constant voltage bias. These fluctuations in voltage drop, denoted as
aV, are recorded in memory wusing a high sampl
density, the first step involves calculating the autocorrelation itmcivhich is defined by the

following expression.
0t iOEI'—W QD a0 T1 w0 éééééeeééé.. (2.1)

The functional form of C(U) is contingent upol
which mirrors the time scales of the underl yi |
frequency 1/ (2 U) i's determined by The powermponer
spectral density of the fluctuating quantity serves as a nmesa$tine distribution of power in the

frequency domainit is calculated as follows
YQ o Qi 0t é6ééeéeééeée. ... (2.2

For a characteristic timecalet , 6 T ® ‘Q) . The corresponding power spectruis a

Lorentzian given by

YO — 666666666666, . (2.3)
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In a sample there is usually a distribution of time scales, each contributing dgddittee noise
magnitudeFigure 2.16ashaws that a few Lorentziaassociated with each time scalidup toa

dependence that looks liké type. This is one way to understand the origin/bfype of noise.

2.4.2Measurement scheme

Obtaining accurate measurements of resistance fluctuations in mesoscopic deyaresatly
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 b#oe 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.
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Figure 2.16.(a) 1/f spectrum in power spectral density is a result of a distribution of s
relaxation time scalegb) Typical 1/f noise spectra recorded frorsephenedevice

A Dual-channel Lockin Amplifier (LIA) is utilized, employing he phasesensitive 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 frequé@clhe power spectral density (PSD)

of the voltage measuremerashtwo components in it

"YTQ O OY'Q Q0 YQoél ééééé. . ééé. . (2.4

Y

The first component, referred to as background noise, primarily arises from voltage fluctuations
stemming from Johnson's ise and impedance mismatch. Both of these factors are independent

of the excitation voltage. The second component encompasses the 1/f nature noise originating from
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the sample, which is directly proportional to the square of the excitation current.dndhist e x t , U

represents the phase angle of detection relative to the applied excitation.

Forinpl ane measurements (when U0 = 0), the cal cul
both background noise and resistance noise. Conversely, for quadratuweermease nt s (U0 =
only the PSD from the background noise is evident. Thechainel lockin amplifier is capable

of performing both irplane (X component) and quadrature (Y component) measurements
simultaneously. This enables the results from thesarmeasurements to be subtracted, yielding

the PSD of the resistance noise originating from the sample. This aspect represents a significant
advantage of phassensitive noise measurement, as it allows for the concurrent measurement and
identification of boh total noise and background noigégure 2.16bshows the Y and X

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 deseatiedl. The Lockn 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 theibullta acquisition system

integrated within théMFLI 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 intesggmen
intervals. This step ensured that the data was securely preserved and organized for further analysis

and processing.

2.4.3Aliasing 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 frequendy)(However, a challenge arises due to the discretization of
signal voltage. Specifically, a signal sampled at frequémnnot distinguish between a sinusoid

at frequencyo and frequencies df * kfs for any integer value of k.
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width is larger than the bandwidtb f

This situation is illustrated ifrigure 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 ofremgirency components

in the signal, which can be achieved through the application of appropriaf@ksifilters. This
scenario is exemplified ikigure 2.17h where the signal containseffjuency 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 separatégd Whenfn, is less than half of the
sampling frequencyff < f42), the replicas do not overlap, ensuring that the sampled data is
reliable. However, as depicted kigure 2.17d whenfn exceeds half of the sampling frequency

(fn > f42), 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.
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The criterion for reliable measurements is thahould be less than Ifiaf the sampling frequency

(fm < f4/2), 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 frequencidihodgh the lockin
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 betained through the use of digital filters. This is crucial because at
these frequencies, the magnitude of the 1/f noise drops below the background noigenigvel.

process in time domain is known as decimation and the procedure is described as follows:

1 Forarequired bandwidth &/2(~ 10Hz), the signal is sampled at a rate whichds 64 times
t hat of f s HZ)iwithdockinftirdesconstantisélert@éd closestst@~10ms), and
the maximum possible retiff (~24 dB/octave). This cuts offrey component beyonig/2with

an attenuation > 105 &t/2, which is effective bandwidth before decimation.

1 The signal is then passed through a digital-alwmising filter having a cuff atf'2, and with
an effective roHoff which can be as high &9-100 dB/octave which effectively removes all

traces of any stray signals beydhg?2.

f The data is then reampled taking every 84or 128" 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.

1 In order to speed up thisqmess 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 +olf which can be obtained from this scheme is up to
100dB/octave and is plotted Higure 2.17¢
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Figure 2.18.Welch periodogram method used to estimate the power spectral density from
series data.

2.4.4Power 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 S$m@cDensity (PSD). The PSD is
determined using the Welch method, which involves the averaging of periodograms. The
schematic representation of this method can be fourkdgure 2.18 It involves dividing the
complete data set, consisting of N pointsp isitnaller overlapping segments of length L, denoted

as the set xi (as depicted in the figure). Subsequently, each of these segments is hormalized using
the Hanning window function denoted by w(j) (as illustrateBigure 2.18. Finally, fast Fourier
trangorms are performed, and the power spectrum is computed independently for each segment

using the given expression.

~ ~ ~ ~

O ¢ -B WO h Q peklBOEé. . é (2.5)

~

0 Q -9 £¢sééééééééé.. (2.6)
TEAOXK -B 0 Qéééééééé (2.7)
Where'Q & —— hforé miphch8 0F¢8The unit of frequecy is discrete steps QfQ 70
and™Q "(K¢ is the effective sampling rate after decimation.
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Finally, the power spectral density is calculated by averaging over all periodograms:

YQ B 0Q AI'® Q éé...éééééé (2.8)
There is a tradeff 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 tiepeénigethe 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 flowchgutréen2.19

Lock-in-Amplifier

l

High frequency data acquisition

l

Digital Filters (Decimation etc.)

l

Computation of Power Spectrum

N

X power Y power

N~

Sample Noise = X power-Y power

Figure 2.19.Flowchart of the process involved in noise measure|
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Electronic transport and noise in graphene on lightly doped substrate

Chapter 3

Electronic transport and Noise spectroscopy in CVD
GrapheneFET on a lightly doped SiSiO. substrate

3.1 Introduction

Electronic properties ofsraphené? are studied mostly in the field effect geometry, where
Grapheneact as a electronic transport channel and to regel the charge carriers efficiently a
heavily doped (doping > 28 cn?) silicor/silicon dioxide substrate is used as a back gate.
Graphenssubstrate interface can significantly affect the device's characteristics and performance
because 2D systemseany definition fully surfacdvased and hence vulnerable to outside sources
of disorder®®31% |t has been found that@raphenedevice's performance can be restricted by
interface trap¥’, Coulomb impuritie¥® grain boundariéd or interfacial phonorid The
mobility of Graphenecan be increased lorders of magnitude by totally removing the substrate

or placing it on a trafiree substrate like hexagonal boron nitride (hBR) By encapsulating
Graphenein hBN and utilizing graphite as a global gate electfétl®ne can detect strong
interactiondriven phenomena like the Hofstadder buttéffind fractional quantum hall efféct

at the ultraclean limit. These, however, are still restricted to mistate devices and mostly
employ a dry transfétapproach and scotch tapased techniquét.is still being investigated how

to accomplish these in a largeea device. An option is chemical vaju@posited largarea
Graphenghoweverthe device's performance is severely constrained by the existence of inherent

defects, grain boundaries, and chemical residues during the transfer Pird€ess

An essendl tool for characterizing device performance and comprehending the impadimighe
varying disorder on the channel conductance in a-&#iect device is lowfrequency noise, often
known as flicker noise. The interface states that are spatially toee Graphenechannel
dominate resistance variationsGmaphen& #7112 The noise ilGraphenelevices are proposed
to be explained by both numbeand mobility fluctuatiordbased models. It is shown that

fluctuations in the contacts can @lplay a major role in the noise performanceGraphene
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devices. However, prior research on the noigerapphendias mainly concentrated on the devices
made on a degenerately dopedS8), substraté® 111118116 \whereas it is crucial to fabricate
Graphenelevices on a lightly or moderately doped substtaié®, particularly for highfrequency
applications, in order to integra@raphenen the modern silicon industrgraphendield-effect
devices made on a lightly dopedstrate have just a few transport investigations, but these devices
have not yet been the subject of any research intefriequency noise. Beyond the technical
significance, it's critical to comprehend the device's operational region and look intoetlod rol
bulk defects in the resistance fluctuations seen in sHii@sed fieldeffect transistors (FETS).

In this context, we report the electrical transport andflequency noise measurement on a large
areaGraphendield effect transistor fabricated orlightly doped (p+ dopind 10'/cn?) Si/SiO;

substrate. By varying the gate voltage, the substrate undergoes accumulation, depletion, and

i nver si on, confirmed by capacitance (C) Tvol't
impact of the spaeeharge region formed at tH&/SiO; interface on th transport and noise

behavior in th&raphenehannel.

3.2 Experimental Details

3.2.1Electronic transport in CVD Grapheneon a lightly doped
Si/SiOz substrate

CVD Graphendield-effect devices were fabricated using commercially available Gvdphene
(Graphena, USA) on a lightly borowloped (p+)Si/SiO; substrate (resistivity 10 Ohm-cm) the

doping concentration of the substrate is confirmed by the Capacitance voltage characteristics. The
device was made by initially cigtching the CVDGraphenavith low-powe 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 anleeam evaporain system and |{foff process. The separation

bet ween the voltage | eads was 76igue@lafinalgvi ng a
the device were bonded on a chip for the electrical transport measurement asnskagune

3.1b. The Raman specsoopy of these device confirms single la@grapheneawith negligible
defectd? Figure 3.1c
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Figure 3.1 (a) Optical micregraph of the etche@raphenedevice. The scale bar is 50um.
Optical image of the bonded device. (c) Raman spectra of theGZafiheneexhibiting singl
Lorentzian peak around 2680 dpwhich confirms the single layer characteristics.

For the CVD Graphenedevices fabricated on a lightly dop&i/SiO, substrate at ambient
temperature.-V characteristics were linear across a range of gate voltages, indicating a good
ohmic contact, as shown Figure 3.2a Figure 3.2billustrates the typical variation of the four

terminal resistance (R) with the global baydte voltage (MW). The RVwg characteristics show

that the charge neutrality point (CNP) is 38 V, indicating that the device was unintentienally p
doped, probably as a result of the hole doping brought on by PMas&d wet transfért2122

Addi tionally, we hayv egclmlacedastics, @aehryB® 0 W(kigunre 3.20n t he F

A similar hump was often noticed in lemobility devices either due to contantiuced doping or

(€:) ) pe— 40v (b) o[
4 e 20v :
e OV —_ I
G
2F  cm— -20v 66 | . I
~ ] e _4Qy P Hump in R-Vg near |
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= s :
-} .4l e |
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Figure 3.2.(a) |-V characteristics of the device in different gate voltage shows a lreteavio
conforming a good ahic contact. (bR Vg curve of theGraphendfield-effect transistor (soli
blue line), showing the charge neutrality point288 V.
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due to the spatial inhomogeneity in the deVite3 o understand the origin of the hump in the R

Vg Characteristics we have measured vari@usphenalevices onightly doped substrate and in

most of the devices we have found the origin of the hump arowgd ¥V (Figure 3.33). Also

two probe and four probe measurement of the device at different regions with varying length shows

(2)
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Figure 3.3.(a) R Vg characteristics from three different devices at room temperature exh

the hump near 34 = OV.(b) The variation of resistance in tvpoobe (black) and fouprobe (red
also shows the hump near zero gate voltage.

the hump in the R/ng characterists around zero gate voltaffeigure 3.3), which rules out the

possibility of contact induced doping and spatial inhomogenettyeisample.

In some of the devices we have not observed any clear hump inMtbgcRaracteristics, but the
derivative of tle resistance with respect to the gate voltage shows a clear fluctuation around the 0
gate voltageas shown irFFigure 3.4a. This is possible due to large number of interfacial traps
present in the systero neutralize théraps,we have put ionic liquid (LiCI@-PEO matrix), we
observawo effects after adding the ionic liquid (LiGJCto the PEO matrix. In the beginning, the
CNP is shifted from 4%/ to 18V, and the hump is recoveredzgrogate 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 obsensgimints toward a different origin
of the hump.

Temperature dependdRtVg characteristics of the device shows the hump near zero gate voltage.
However, the effect of gate voltage on the resistandgraphenenveakens in the negative side

64



Electronic transport and noise in graphene on lightly doped substrate

(a) s e
| 230000099
o —_ 2000009999 Y] 40V
—_
2} ol g_{ - -
F 5 > 000-00-0-0-000-00-00000 30V
[<P] L
S 4 : | ’
=1 B E )
3 L 1 2 23N
~Nd ‘;J :
i R
Oqﬂ) 2r 2 i 90.00:0000099 | y;
! . * 1 A | N 1 . 3 1 1 1 A N
-40 -20 0 20 40 80 120 160 200 240 280 320
ng V) .

Figure 3.5: (a) TemperaturedependentRi Vpy curve of theGrapheneFET device, showit
flattening of the curve at low temperature in thve gate voltage. (b) The variation resistance
temperature for different gate voltages.

and became almost non responsive below ~ 150 K, as can be segurén3.5athe temperata@
dependent resistance at different gate voltage on the positive side of the gatesimtagiethe

resistance reduces with temperature, showing a metallic beljgigare 3.5h).
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Figure 3.6 (a) Schematic of the MOS structure (metal/Graphene/Sinetal) for th
capacitance measurement. (b) Variation of capacitance with gatage for a highly dope
silicon measured in MOS geometry. (c) Variation of capacitance with gate voltage for
doped Si/Si@substrate at 30&.
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Figure 3.7.(a) The schematic of the energy band diagram of the MOS capacitor on a lighth
Si substrate against different gate bias condition is represented along with the chang
capacitance with varying gate voltage.

3.2.2Temperature dependent Capacitancé Voltage characteristics

To understand the effect of substrate on the tranppoperties ofGraphengwe have look in to

the capacitance vs gate voltage characteristics of our GkEpheneon a lightly dopedi/SiO;
substrate. We have performed theVOmeasurment in a MOS capacitor configuratigh
(metalGraphen&siO,/Si/metal) as shown ifrigure 3.6a. The GV 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 (108z) G-V characteristics on a lightly doped substrate in MOS
capacitor configuration shovesdip in the @V characteristics at around + ¥Qas shown irfrigure

3.6¢. The energy band diagram @fir MOS capacitor is shown Figure 3.7a. When the lightly

doped silicon substrate is biased positively with respect tGthphenemajority charge arriers

from the lightly doped substrate starts to accumulate 880, interface withougffecting 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 ntwyjoairriers starts to depletad the effective

capacitance areeases due to the depletion layer acting as a dielé€igiare 3.7a). When the gate
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voltage decreased further in the negative side the band bends even more downward so that the
intrinsic level(E) at the surface crosses over the Fermi I8l At this point the minority carriers

start to accumulate at th&i/SiO, interface and thusnversion occursdepletion chargesre

shielded resulting ianincrease in the capacitan@d.high frequencies (>100 kHz), the minority

electrons cannot follow the change in gate voltage and the inversion layer does not form.
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Figure 3.8. (a), (b) Variation of capacitance with gate voltage for lightly dof@&iQ substrat:
with different frequencies at 300 K andR5(c) Equivalent capacitance circuit for the MOS de
for different substrate conditions as a function of the gate B emperature dependent\
characteristics 06i/SiQ/GraphenéAu MOS capacitoat 100Hz.
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The capacity to add carriers to tBeaphenechannel is reduced when the depletion region forms
due to an increase in the effective thickness of the gate dielant a drop in gate capacitance.
Which results in the formation of hump in theVigy characteristicsHaddad et al’. noticed a

similar pattern of behavior and utilized the ddfffusion model®>to explain it using a thinner (20

nm) SiO; dielectric layer. The transport behavior is greatly influenced by botlGtaphene
guantum capacitance and the depletion dégrame. Due to th&iO; layer's thickness (300 nm),

the quantum capacitan@@in our situation plays a minor role in comparison to the oxide and
depletion capacitances. The variation in th¥ €haracteristics with frequency at 30(aKd 95 K

(Figure 3.8a b) further reveals thterfacial traps' considerable influefht&'?®. The equivalent

circuit for the MOS capacitor iRigure 3.8ccan help make this more evident. The combination

of the oxide capacitance o in series withthe four parallel capacitancesp, @,, G, and G,

which are caused, respectively, by the hole charge density, electron charge density, bulk space
charge density, and interfacial trap charge del¥jtyan be used to represent the total capacitance.
As in the accumulation (inversion) region, @n) is the dominantharge carrier, £(Cn) becomes
significantly large, approaching sharircuit, and hence, the equivalent capacitance effectively
equals to the oxide capacitancey.Gn the depletion region, however, the bulk and interface
capacitances dominate, as botha@d @ become significantly small, giving rise to the overall
capadance as & in series with the parallel combination of &d G: (Figure 3.89. Figure 3.8d

depicts capacitancariationwith gate voltage at 108z for various temperatures. The red curve
corresponds to the-& curve at 300K, where three distinct zosemay 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 carr®@ When the temperature falls below the freeze
out'’®temperature (158), the depletion area expands and enters the-degletion regiot?’10

where the gate loses its capacity to indeltarge carriers iGraphengas a result the flattening in

theR-Vg characterisics is observed atve gate voltage at low temperature.
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3.2.31/f Noise inGraphene FET on a lightly dopedSi/SiO, substrate

Low frequency 1/f noise in th&raphendfield effect transistors fabricated on a lightly doped
substrate wwsmeasuredisinglock in amplifier basedc four probe techniguesdescribed in detail

in section 2.30f this thesis.The excitation current was kept very low about 1 pA 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
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Figure 3.9.(a) Variation of noise powepectral density, Swith Wiad, exhibiting linear behavic
expected for Ohmic contact. (B)medomain resistance fluctuation at differevsg. (c) Typica
noise power spectr&/R? at variousVhg, showing Ificharacteristics(d)Var i at i 0 Ny,
calculated from the linear fiof the 1/f noise data.
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Figure 3.10. Variation of normalized noise PSD, integrated over the measured frec
bandwidth (W) (red data points) and Resistance (blue solid line) wigh A clear increase
noise is observed around 0V.

measired 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 nomasurement, and the tirdependent

output of the lockn 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 spectraénsity (PSD¥**was calculatedDuring 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 car@gent in the MFLI lockn. The time series data of our device

at different gate voltage is shown kigure 3.9c The normalized noise PSD at different gate

voltage (shown idrigure 3.%) follows % ,where U vat2Rgre3r m 0. 8
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Typically, the normalized power spectral density (PSD) of resistance noise follows the empirical

Hoogeds "\ral at+, ahereAcis the area of the sample between the voltage probes,

n is the carrier density, arthi s t he empi ri cal Hoogeds paramet

the amplitude of noise power at a particular frequencgqorve analyzed the total viance of

resistance fluctuation,
0 1Y Y — Y'QQ&®éeéeéeee (3.1)

Which is essentially the normalized noise PSD integrated over the experimental baltéviideh
normalized noise PSD @) of the device as a function of gate voltage is showkrigare 3.10

We have observed a peak in the normalized noise PSD aroumdrtgate voltage, where the
hump in the resistance is observed in th¥'dg curve and the decrease in the capacitance is
observed during the-€ measuremenfThe time series data 6R/R (Figure 3.9b) corroborate

the peak in the normalized noisevay =0 V.

3.3 Results and Discussion

Resistance fluctuations iGraphenewere shown to arise either from the contact or from the
trappingidetrapping pr ocess ésviopsexparanentsioy thef r o m
noise spectroscopy iGraphenefield effect transistors proposed two mechandiénFirst, the

charge exchange noise (NEehx ) , whi ch originates mostly du
processes betwedbrapheneand the underlying tragsresent in theio2or with the adsorbents

present over the samplaf which a quantitative expression was developed based on the correlated
number and mobility fluctuation modéts32134 Another type of noise, known as configuration

noise (Nconfig), where no charge exchange will ocduowever fluctuations in the occupancy of

the traps may change the scattering cezsgion over time and cause fluctuations in resistance
based on the local interference model developed by Pelz and €l&ke to the fact that these

two contributions happen separately, the overall normalized noise magmaydbe expressed

as,
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where,, is the conductivityg is the carrier density dbrapheng¢ is the density of interfacial

traps closed t&raphenavhere charge exchange occurs betw@eapheneand the traps angl

is the density of traps responsible for mobility fluctuations without any charge exchange processes.

It is evident that) is proportional to the square of the differential mobility®~j ‘Q ¢ ) and

the density independent proportionality constantwill be proportionale and follows the
temperature’Y dependence according to t¥héheMensithort er
dependent part of the second termg g9éey )and 1 forgs gEySandEs EyS
respectively, where the parametsr denotes the characteristic density below which the charge
distribution inGraphenas inhomogeneous due to the presence of charge puddles. The parameter

[ varies between pand ¢ for single layeiGraphen&nd signifies the enhanced screening ability

with increasing density.

Figure 3.11.(a) Schematic energy band diagram of Graphene/Si{p+) structure with differe|
band parameters, showing theterface and bulk impurity states inside silicon. (b) Sche!
diagrams of three different regime obtained by the application of gate voltage. The effect
defects become important only in the depletion region as there no charge layer fornee8ia} (5|
interface to screen any charge fluctuations inside the bulk of the silicon.
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