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Graphene-based electrolyte-gated field-effect devices have emerged as promising platforms for
label-free biosensing owing to their high carrier mobility, large surface-to-volume ratio, and strong
sensitivity to electrolyte-mediated carrier modulation and interfacial transport perturbations. In
particular, graphene electric double-layer transistors (GEDLTs) enable enhanced coupling
between the electrolyte and graphene channel through nanometer-scale electric double-layer
capacitance, allowing sensitive electrical detection of biomolecular interactions under liquid-gated
conditions. However, the coupled influence of ionic screening, biomolecular adsorption,
interfacial charge redistribution, and carrier transport on the sensing response remains
insufficiently understood. In particular, the relationship between adsorption-induced interfacial
perturbations and transport behaviour in graphene biosensors requires further physical

clarification.

This thesis investigates the sensing mechanisms of graphene electric double-layer transistors for
label-free biomarker detection through experimental characterization, continuum electrostatic
analysis, and atomistic adsorption modelling. Experimental investigation, supported by modelling-
assisted interpretation, was employed to examine coupled transport and interfacial sensing

phenomena occurring near the graphene—electrolyte interface.

Continuum electrostatic analysis was employed to investigate electric double-layer formation,
ionic screening, and electrolyte-mediated carrier modulation in graphene transistor structures. The
simulations supported interpretation of the sensing behaviour under varying electrolyte and pH
conditions, demonstrating that electrolyte-gated graphene transistors exhibit strong sensitivity to
local interfacial transport perturbations because of the high electric double-layer capacitance. The
analysis indicated that electrolyte conditions and ionic screening strongly influence carrier

modulation near the graphene surface.

Experimental characterization of human serum albumin sensing revealed systematic evolution of
the transfer characteristics, transconductance, carrier mobility, and transport broadening with

increasing biomolecular concentration. The graphene electric double-layer transistor platform



exhibited concentration-dependent electrical response with a calculated limit of detection of
0.0087 mg mL™". The sensing response demonstrated that biomolecular adsorption modifies not
only carrier density but also the graphene transport uniformity through adsorption-induced

disorder and carrier scattering effects.

Brownian Dynamics simulations were employed to support interpretation of the sensing response.
The atomistic analysis revealed that albumin adsorption occurs through heterogeneous molecular
orientations and dynamically distributed adsorption configurations rather than a single preferred
adsorption geometry. Different adsorption states generated spatially varying interfacial
perturbations near the graphene surface, providing physical insight into the observed transport

broadening and mobility suppression during sensing.

The combined experimental and modelling-assisted analysis demonstrates that graphene electric
double-layer transistor biosensors operate through coupled ionic, adsorption-induced, and
transport-mediated interfacial mechanisms spanning continuum and atomistic scales. These
findings indicate that transport-sensitive analysis provides a physically meaningful approach for
interpreting adsorption-induced disorder and heterogeneous biomolecular interactions in
electrolyte-gated graphene biosensors. Overall, this thesis provides a physically grounded
understanding of coupled transport and interfacial sensing mechanisms in graphene-based label-

free biosensors.



Contents

CHAPTER 1 1
INTRODUCTION, MOTIVATION, AND STATE OF THE ART ...cccueeserensuecsnnsrecsnecsacsaecsaccsaees 1
L1 INEEOAUCTION ...ttt ettt et e b e et e bt e st e bt e eab e e b e e et e e sbeeeabeenbeesabeenbeeenne 1
1.2 Research Motivation and ObBJECIIVES ......ccc.eeiuiiriiiiiiiniieeieenite ettt et 4
1.2.1 Research MOIVATION ....c..cooueeriieriiriiiienieeieeieete et sttt et s ste e bt e eneesneeanesanes 4
1.2.2 RESCAICH ODJECIIVES ...eeuvieniiiiieiieie ettt ettt sttt et ettt site s bt et e b et e enbeeaaesaees 6
1.2.3 Expected CONtrIDULIONS ....c..coouieiiriiiiiniieeieeiteteeie ettt ete ettt esae e eneeaneeane e 7
1.3 Thesis Organization 8
1.4 Background and State of the Art 10
1.4.1 Biosensing Technologies and Analytical TATZES sessesesessesessssesassesesessesassssessesesessesases 10
1.4.2 Nanomaterials for Biosensing Applications 11
1.4.3 Graphene and Graphene Field-Effect TTansiStOrSsessssessssesessssesassesessssssessssessssesassesases 14
1.4.4 Electrolyte Gating and Interfacial Electrostatics 16
1.4.5 Current Progress in Graphene Biosensing 18
1.4.6 Research Gap and Thesis Positioning 20
1.5 Chapter SUMMATY .......c.ceeriuiiiiiieeiiie ettt eriteertee et eeeitee st eesiteessbteesabeeesabeeessseesssseesnnseesnsseesns 23
1.6 RETEIENCES ....cuiiiiiiiiiciici e s 24
CHAPTER 2 ...ttt ettt ettt e bt e st e sbt e st e e bt e eabeenaees 27
MATERIALS, FABRICATION AND EXPERIMENTAL METHODS .......c.cccoceviiiiiniiiennne 27
2.1 Introduction to Materials and Device Fabrication 27
2.2 Materials and Substrate System 28
2.2.1 Graphene Materials 28
2.2.2 Commercial Graphene-Based Devices 30
2.2.3 SUDSIFALE ..ottt e 32
P ] (el 1 4 o) U OSSR 33
2.3 Graphene Preparation and CharacCteriZation .............cccueeveuieeriiieeniieeniieenieeesieeeseeeeieeeesieeeens 34
2.3.1 Graphene Preparation and Transfer 34
2.3.2 Scanning Electron Microscopy (SEM) 35
2.3.3 Raman Spectroscopy of Graphene 36
2.4 Nanofabrication Strategy 38
2.4.1 Top-Down Nanofabrication Approach 38
2.4.2 Design Considerations for Graphene Devices 38




2.4.3 Selection of Electron Beam Lithography

2.5 Electron Beam Lithography

2.5.1 Fundamentals of Electron Beam Lithography

2.5.2 Electron—Matter Interaction

2.5.3 Proximity Effect and Resolution LimitS.ceeccessecessnccsssrcssssncssonnese

2.5.4 EBL System and Process Parameters..........cccoeevveeeveiieeeiniineennnns

2.5.5 Resist System and PMMA Exposure Mechanism

2.5.6 Pattern Design and Exposure Optimization

2.5.7 Development and Pattern Transfer

2.6 Device Fabrication Process

2.6.1 Substrate Preparation

2.6.2 Graphene Integration

2.6.3 Lithographic Patterning

2.6.4 Development and Metal Contact Deposition

2.6.5 Lift-Off Process

2.7 Device Architeczture and Electrolyte Configuration

2.8 Electrical Measurement Setup

2.8.1 Measurement Configuration.............occueevueeeniieenieeenieesnieesneeens
2.8.2 InStrumentation...........ceeueeueerieenieenieeee et
2.8.3 Measurement Procedure ............oocueeriieiniieiniiiiniiciicccec e
2.9 Sensing Experimental Methodology .......c.c.cooeeriiiiiiiniiiiiiiieeieeec e
2.9.1 pH Sensing Measurements ...........ccecueevueerueenieenueeneenneeneeeneennnes
2.9.2 Protein Detection: Human Serum Albumin (HSA)......................
2.10 Data Processing and ANalySIS........cccecveriiriieriiiiniienieeeeeeeeieesee e
2.11 SUMMATY Of ChAPLET ...ceoiiiiiiiiieiiie ettt ettt e e eeaneas
2012 REEIENCES ...ttt ettt e
CHAPTER 3 ..ttt ettt e st e e e

THEORETICAL FRAMEWORK AND COMPUTIONAL MODELLING OF GFET
BIOSENSORS

3.1 INErOAUCTION ...ttt ettt et esaeesaneens
3.2 Fundamentals of GFET OPErations ........c..ccccceeeveeieenieriienieeieenee e
3.3 Device Geometry and Electrolyte-Gated Configuration............cceceeeeveerveecreeneennnenns
3.4 Electrolyte-Gated Electrostatics and Electric Double-Layer Physics..........ccccco......

39
41
42
43
44
46
48
49
50
52
52
52
53
53
54
55
57
57
59
60
60
60
61
62
63
64
83

83
83
84
70
72

Vi



3.5 Governing Equations and Continuum Modelling ...........ccceeevuiiiniiiiniiieiniieiieeeiee e 75

3.5.1 Electrostatics: Poisson Equation 75

3.5.2 Ion Transport: Nernst-Planck Equation 75

3.5.3 Charge Transport in Graphene....cceeccseesssesssecssnssssecssnsssncsasssssesssssssssssssssssssans 77

3.5.4 Coupled Multiphysics Framework .78

3.6 COMSOL Finite Element Modelling Framework .78

3.6.1 Physics Modules and Computational Framework ....cceeeesssseessseecssssssssssessensese 78

3.6.2 Boundary Conditions and Interfaces 79

3.6.3 Meshing and Numerical Solution Strategy 81

3.7 Atomistic Modelling Framework 81

3.8 Applications of Atomistic Simulations in GFET Biosensors 83

3.9 Multiscale Modelling Strategy 84

3.10 Model Parameters, Assumptions, and Limitations 86

3.11 SUMMATY Of CRAPLET weeeeeesnisssrcsanesssncssncsssnsssnesssnssssssssssssesssssssssssssssssesssssssssssssssssessssssssssssssns 87

3.12 References 88

CHAPTER 4 ...ttt sttt et ettt sbe e st e b s beesae e 112
ELECTROLYTED GATED GRAPHNE TRANSISTOR FOR PH-SENING MODELLING

AND EXPERIMENTAL VALIDATION .....oooiiiiiiiiiieeeeeeee et 128

4.1 INETOAUCTION ...ttt et s e e bt e et e bt s bt e bt e eateesbee st e esbeeeaseenees 90

4.2 Modelling FramewWOTK ........ccccoiiiiiiiririeieiieesie ettt ettt ettt sb e st be s et saeeaees 91

4.2.1 Devic Geometry and Physical Respresentation ..........cceceevverveenieeiieeneenneens 92

4.2.2 Governing BQUALIONS ......c.ccoviieiiiiienieeiieeitesee e 92

4.2.3 Boundary Conditions and Electrostatic Coupling ...........ccccceeevvenieecieneennneens 93

4.2.4 Finite Element Implementation.............cccceevciieiieniieinieeiieneeneceeceesee e 93

4.2.5 Modelling Assumptions and SCOPE .......ccueeervieeriieeiiieniieeniie e e 94

4.3 Electric Double Layer and Ion TranSport ...........ccceeeiiieeriieeiiieeieieeeeeeiee e eseeeesvee s 94

4.3.1 Ion Distribution near the Graphene Interface 94

4.3.2 Structure of the Electric Double Layer 95

4.3.3 Influence of Ionic Strength and Debye Screening 96

4.3.4 Implications for GFET Operation 96

4.4 Modelling Results: Electrolyte Effects 97

4.4.1 Electrostatic Potential Distribution 98

4.4.2 Electrical Characteristics under Electrolyte Gating 99

viii



4.4.3 Influence of Ionic Strength 99

4.4.4 Effect of Quantum Capacitance 100
4.4.5 SensitiVIty ANALYSIS ..cccruiiiiiiieeiiieiiieeeiteeeite ettt ettt et 122
4.5 Extension to pH-Based Modelling...........cocooiiiiiiiiiiiiiiiiiieeeeeee e 101
4.5.1 Simulation of pH-Dependent Transfer Characteristics ...........cceerveeerveennnnen. 102
4.5.2 Influence of Electrolyte Strength ...........ccccoiiiiiiiiiiiiiiniiceeeeee e, 124
4.5.3 Interpretation of pH-Induced Modulation .............cceeveveeercieeenieeeniee e 103
4.5.4 Unified Electrolyte Modulation Mechanism...........cccecveeevieennieeinieennieennnen. 103
4.6 Experimental Methodology 104
4.6.1 Device Preparation and Cleaning 104
4.6.2 Electrolyte Preparation and pH Control 104
4.6.3 Measurement ConfigUration .eceeeescecsssesssesssessssessssesssesssssssssssssessssssssssssssssesass 105
4.6.4 Measurement Protocol and Electrical CONditions ceceeecseesssecssrcsssessssssssssssnenns 106
4.6.5 Measurement Sequence and Data ACQUISIHION ceeveeeseresssecsssssssncsanessssesssscsncans 106
4.6.6 Data Analysis and Parameter EXtraction...........cccoceeevveeeniieennieeinieennieeennnen. 106
4.7 Experimental RESUILS ......ccc.eiiiiiiiiiiiiieeieeee ettt st e s e e 107
4.7.1 Controlled pH Study: Electrical Characteristics of GFET under pH Variation
(PH 578 et 107
4.7.2 Dirac Point Shift-Controlled Study (pH 5-8).....ccccovveviiiiiiiiiiiieeiieeieeeee, 109
4.7.3 Extended pH response and Electricaal Vehaviour (pH 2—10).........cccccc...... 109
4.7.4 Peak Resistance and Dirac Point Analysis........ccceccveeriieiniieeiniieeiniee e 109
4.7.5 Transport parameter Analysis under pH extended range ...........cccceeveenennee. 109
4.7.6 Hysteresis Behaviour and Measurement Stability.........c.cccocvevviiiiiinicennnennee. 120
4.8 Discussion 143
4.8.1 Correlation between Modelling and Experimental Observations .....eeeesseessss 121
4.8.2 Influence of Ionic Strength and Electrostatic Screening 122
4.8.3 Interfacial Effects and Charge Transport Mechanisms 122
4.8.4 Nonlinearity and Extended pH Behaviour 123
4.8.5 Implications for GFET-Based Biosensing 123
4.9 Summary of the Chapter 124
CHAPTER 5 ...ttt sttt ettt st sbe bt e be et saee bt et 128



LABEL-FREE DETECTION OF HUMAN SERUM ALBUMIN USING ELECTROLYTE-

GATED GRAPHENE FIELD-EFFECT TRANSISTORS ..ottt 128
5.1 Introduction 128
5.2 Electrostatic Biosensing Mechanism and Atomistic Adsorption Framework ...................... 129
5.2.1 Electrolyte-Gated GFET Biosensing PrinCiple ..........cccccceevviiiiiniiiinicnneeen. 129
5.2.2 Electrostatic Effects of Protein AdSOrption............ccecveeeeiveerieeeniieeesieeeieens 130
5.2.3 Brownian Dynamics Simulation Framework ............cccccocoevviiiiniieiniieinienns 131
5.2.4 Atomistic Interpretation of Adsorption-Induced Perturbation ....................... 133
5.3 Device Fabrication and Experimental MethodolOogy ..........ccoccveiviiiiniiiiniienniieciee e, 135
5.3.1 GFET Device Configuration ...........coccueeeruieeriuieeniieeniieenieeenreeesreessveessneeens 135
5.3.2 Albumin Preparation and Measurement Protocol .............ccceceevviiiernierinienns 136
5.3.3 Electrical Characterization ..............coceeueevierieniieiinieniieieniesiceieeee e 137
5.3.4 Transport Model and Parameter EXtraction ...........cccccceeveeeiniieiiniieennieennieenns 137
5.3.5 Brownian Dynamics Simulation Procedure ...........cccccoovviiiniiiiniiinnennniens 138
5.4 Output Characteristics and Electrolyte-Gated Transport Response..........ccccoecvevevenieeneennen. 139
5.4.1 Output Characteristics under Albumin AdSOrption.........ccecceeveervieeneeeneennen. 139
5.4.2 Transfer Characteristics and Dirac Voltage Evolution.............cccccccooeenien. 140
5.4.3 Concentration-Dependent Electrostatic Modulation ...............cceecueevnieennnene 142
5.5 Adsorption-Induced Disorder and Transport EvOlution ............cccceeviieiniiienniceiniee e, 143
5.5.1 Transconductance Evolution during Albumin Adsorption ...........ccccceeeueennne 143
5.5.2 Broadening of the Charge Neutrality Region.........cc.cccoeveviiniiiiiniiieinieeiies 145
5.5.3 Mobility Suppression and Disorder-Mediated Scattering ..........c.ccceeeeeeveneee. 146
5.5.4 Charge Puddles and Local Electrostatic Fluctuations ...........cccccceceevveeneenee. 148
5.6 Analytical Calibration and Ultra-Trace Albumin Detection...........ccccceevveeiiiniiniienieenneenen. 148
5.6.1 Concentration-Dependent Sensing ReSponse..........ccoceevveeciienieniieenieeneennne. 148
5.6.2 Inverse Mobility as a Sensing MEtriC.......c.eeevveerruieeriiieeniieeniee e eiee e 150
5.6.3 Calibration Behaviour and Detection SenSitivity........cccecveerveeencieernieennieenns 151
5.6.4 Freundlich AdSorption ANalySiS.......ccceeervieeiireniieeniiieeniieenieeesieeeseeesieeeens 153
5.7 DISCUSSION ...ttt ettt et ettt et sa e sbe b beesbeenesaee bt ennens 154
5.7.1 Electrostatic Origin of the Sensing ReSponse ..........cccceeeveecienieniiieniceneenne. 154
5.7.2 Ionic Screening and Interfacial Coupling........c.ccceevvercveenieeiienicnseeniceieeee, 156
5.7.3 Adsorption-Induced Disorder and Transport Perturbation.........c...cc.ccccceeeeee. 157
5.7.4 Correlation between Atomistic Adsorption and Electrical Response .....ee..... 159



5.7.5 Implications for Electrolyte Gated Graphene Biosensing 159

5.8 SUMMATY Of the CRAPLET ......ooiuiiiiiiieeie ettt ettt ettt eeeas 160
SO RELEIEICES ...ttt e et s 162
CHAPTER 6 ...ttt ettt st et et b e b e st s et et e bt e bt e sbeesanesaneeabeebeenee 166
CONCLUSIONS AND FUTURE PERSPECTIVES ..ottt 166
6.1 CONCIUSIONS ...ttt ettt et e ettt e s b bt e bt esbb e e bt esbeeeabeesbeeeabeennees 166
6.1.1 Key Scientific Findings and Device Performance ............cccccceviiiiiinicnncnnne. 167
6.1.2 Limitations and Future Perspectives ........c..ccooueevienienieinieiiieniceeeieeeee 169
6.1.3 FInal REMATKS ......coouiiiiiiiiiiieeiee et e 170
LIST OF PUBLICATIONS AND CONTRIBUTIONS ....c.eitiiiiiiiiienteeteeete ettt 172

Xi



Figure 1.1: Evolution of graphene-based electronic devices and applications highlighting the

emergence of graphene as a multifunctional electronic material.

Figure 1.2: Conceptual illustration of microscopic processes occurring at electrode—electrolyte

interfaces relevant to electrochemical and graphene-based sensing systems.

Figure 1.3: Framework illustrating the relationship between electrolyte-mediated interfacial

interactions, graphene carrier modulation, and experimentally measurable sensing response.

Figure 1.4: General workflow of biosensing systems showing analyte recognition, signal

transduction, and electrical readout processes.

Figurel.5: Representative nanomaterials employed in biosensing applications highlighting

nanoscale transduction mechanisms and interfacial sensing architectures.

Figure 1.6: Graphene-based biosensing platforms for electrochemical and bioanalytical

applications.

Figure 1.7: Schematic illustration of a back-gated and liquid-gated Graphene Field Effect

Transistor.

Figure 1.8: Interfacial charge distribution and electric double-layer behaviour at electrochemical

interfaces relevant to electrolyte-gated graphene transistors.

Figure 1.9: Representative graphene biosensing applications illustrating electrolyte-gated

biochemical detection platforms.
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Figure 1.10: Conceptual framework illustrating coupled ionic, adsorption-induced, and transport-

related phenomena governing sensing behaviour in graphene transistor biosensors.

Figure 2.1: Mechanical Exfoliated Graphene on 285nm Silicon Substrate

Figure 2.2: CVD Grown Graphene on Si/SiO2 Substrate

Figure 2.3: Commercial Devices including GFET S-20 and mGFET-4D for sensing
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Figure 2.9: Different shapes and geometry of counter electrode
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Lithography

Figure 2.11: Hall Bar Geometry for sensing by Optical Lithography

Figure 2.12: ZEISS Electron Beam Lithography Setup -Nanofabrication Facility -Physics

Department-UNIMORE

Figure 2.13: Working Principle of Electron Beam Lithography [Reproduced from Book
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Figure 2.14: Optical Image after lit-off

Figure 2.15: Figure 13Schematic of Electrolyte Gated Graphene Field Effect Transistor and

Formation of Electric Double Layer at Grpahene-Electrolyte Interface

Figure 2.16: Counter Electrode Fabricated Deived with differnt sizes, shapes and distance.

Figure 2.17: Probe contacts showing the measuring mechanism of Graphene Field Effect

Transistor

Figure 2.18: Electrolyte covering the graphene channel and the counter electrode

Figure 2.19: Electrical Transport Measurment setup under ambient conditions, vaccum and for

the packaged device with Graphenea Card.

Figure 3.1: Schematic representation of the electrolyte-gated graphene field-effect transistor
geometry used for continuum finite element modelling, showing the graphene channel, source and

drain electrodes, electrolyte domain, and gate electrode.

Figure 3.2: Conceptual illustration of electrostatic gating in electrolyte-gated graphene field-
effect transistors showing ion redistribution and electric double-layer formation near the

graphene—electrolyte interface.

Figure 3.3: Schematic illustration of electric double-layer formation at the graphene-electrolyte

interface based on the Stern model, showing compact and diffuse ionic regions.

Figure 3.4: Schematic representation of electrolyte-gated electrostatic screening near a two-
dimensional conducting channel illustrating electric double-layer formation and Debye-length-

limited electrostatic modulation under electrolyte-gated sensing conditions.
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Figure 3.5: Finite element simulation of ionic concentration distributions and transport
streamlines within the electrolyte domain under electrolyte-gated conditions showing (a) cation

transport and (b) anion transport behaviour.

Figure 3.6: Conceptual illustration of electrostatic carrier modulation within the graphene channel

arising from electrolyte-gated operation and interfacial ionic coupling

Figure 3.7: Simulated electric potential distribution within the electrolyte-gated graphene field-
effect transistor under applied gate bias illustrating electrostatic modulation near the graphene—

electrolyte interface.

Figure 3.8: Boundary conditions and electrostatic interfaces employed in the finite element

modelling framework for electrolyte-gated graphene transistor simulations.

Figure 3.9: Finite element mesh employed for electrolyte-gated graphene transistor simulations
showing refined spatial discretization near the graphene—electrolyte interface within the

computational domain.

Figure 3.10: Representative atomistic adsorption configurations of biomolecules near graphene
surfaces illustrating orientation-dependent interfacial interactions relevant to graphene-based

biosensing.

Figure 3.11: Representative bio-molecular systems interacting with graphene surfaces, illustrating

adsorption-mediated interfacial interactions relevant to graphene-based biosensing applications.
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Figure 3.12: Multiscale modelling strategy integrating continuum electrostatic simulations with
atomistic adsorption analysis for interpretation of electrolyte-gated graphene biosensing

behaviour.

Figure 4.1: Two-dimensional and three-dimensional schematic representation of the electrolyte-

gated graphene field-effect transistor geometry used in the modelling framework.

Figure 4.2: Schematic illustration of electric double-layer formation at the graphene—electrolyte

interface based on compact and diffuse layer models.

Figure 4.3: Simulated electric field and electrostatic potential distributions near the graphene—

electrolyte interface during electric double-layer formation.

Figure 4.4: Simulated electrostatic potential distribution illustrating exponential decay of the

electric field away from the graphene—electrolyte interface.

Figure 4.5: Simulated variation of graphene charge carrier density and channel resistance as a

function of applied gate voltage under electrolyte-gated conditions.

Figure 4.6: Influence of graphene quantum capacitance on (a) charge carrier concentration and

(b) channel resistance calculated using the Stern model of the electric double layer.

Figure 4.7: Sensitivity and figure of merit (FOM) calculated using the Stern-layer electric double-

layer model as a function of electrolyte concentration.

Figure 4.8: Simulated transfer characteristics showing graphene channel resistance as a function

of gate voltage for 0.01x PBS and 1x PBS under varying pH conditions.
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Figure 4.9: Experimental measurement setup used for electrical transport characterization of

electrolyte-gated graphene transistors in phosphate-buffered saline solutions.

Figure 4.10: Output current—voltage (I-V) characteristics of the electrolyte-gated GFET measured

in 1x PBS for pH values ranging from 5 to 8 at Vg=0V.

Figure 4.11: Experimental transfer characteristics of electrolyte-gated GFETs measured in 0.01x

PBS and 1x PBS under varying pH conditions.

Figure 4.12: Variation of Dirac voltage as a function of pH for electrolyte-gated GFETs measured
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Figure 4.13: Output current—voltage characteristics of the electrolyte-gated GFET measured in 1x

PBS over an extended pH range from 2 to 10.

Figure 4.14: Variation of output conductance with pH for electrolyte-gated GFETs measured in

1x PBS.
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Figure 4.16: Variation of peak resistance extracted from GFET transfer characteristics as a

function of pH in 1x PBS solution.
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gated GFET measurements performed in 1x PBS.
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Figure 4.18: Extracted contact resistance as a function of pH for electrolyte-gated GFET

measurements in 1x PBS solution.

Figure 4.19: Variation of transconductance as a function of pH for electrolyte-gated GFET

measurements in 1x PBS solution.

Figure 4.20: Extracted field-effect mobility as a function of pH for electrolyte-gated GFET

measurements in 1x PBS.

Figure 4.21: Hysteresis behaviour observed during forward and reverse gate-voltage sweeps under

acidic (pH 4), neutral (pH 7), and basic (pH 9) conditions.

Figure 5.1: Schematic illustration of the electrostatic sensing mechanism in the electrolyte-gated
GFET during Human Serum Albumin (HSA) adsorption. The negatively charged HSA molecule
perturbs the electric double-layer (EDL) structure near the graphene surface, producing
redistribution of electrolyte ions within the Debye screening region (AD). The resulting interfacial
electrostatic modulation alters the carrier density of the graphene monolayer and influences the

conductance of the electrolyte-gated graphene transistor under non-Faradaic sensing condition

Figure 5.2: Representative adsorption orientations of Human Serum Albumin on the graphene
surface obtained from Brownian Dynamics simulations. Interfacial residues located within close
proximity to the graphene surface are highlighted according to local charge distribution (positively
charged residues: blue; negatively charged residues: red). The cyan arrow indicates the molecular
dipole orientation relative to the graphene interface. The figure illustrates the heterogeneous
adsorption behaviour and orientation-dependent electrostatic interactions governing interfacial

sensing response.
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Figure 5.3: Electrolyte-gated graphene field-effect transistor architecture used for albumin
sensing. (A) Schematic representation of the monolayer graphene transistor integrated between
source and drain electrodes on a Si/SiO: substrate. (B) Liquid-gated measurement configuration
showing formation of the electric double layer at the graphene—electrolyte interface during Human

Serum Albumin adsorption.

Figure 5.4: Output characteristics of the electrolyte-gated GFET measured under different Human
Serum Albumin concentrations. (A) Drain current—drain voltage (IDVD) response demonstrating
approximately linear transport behaviour and stable ohmic contact characteristics. (B)

Concentration-dependent evolution of output conductance with increasing albumin concentration.

Figure 5.5: Transfer characteristics of the electrolyte-gated GFET during albumin sensing. (A)
Nonlinear fitting of the resistance—gate voltage transfer characteristic used for extraction of
transport parameters. (B) Evolution of the transfer characteristics with increasing Human Serum
Albumin concentration showing systematic modulation of the charge neutrality region and

concentration-dependent Dirac voltage displacement.

Figure 5.6: Evolution of transconductance as a function of gate voltage relative to the Dirac
voltage under increasing Human Serum Albumin concentration, showing progressive broadening

and reduction of gate modulation efficiency during adsorption

Figure 5.7: Concentration-dependent broadening of the charge neutrality region during albumin
adsorption. Evolution of peak-to-peak voltage separation (AVpp) and full width at half maximum
(FWHM) extracted from the transfer characteristics as a function of Human Serum Albumin

concentration
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Figure 5.8: Concentration-dependent suppression of hole mobility during Human Serum Albumin
adsorption, indicating progressive transport perturbation and adsorption-induced carrier scattering

within the graphene channel.

Figure 5.9: Concentration-dependent sensing response of the electrolyte-gated GFET measured

at the charge neutrality region during Human Serum Albumin adsorption.

Figure 5.10: Evolution of inverse mobility as a function of Human Serum Albumin concentration,
demonstrating adsorption-induced transport perturbation and carrier scattering within the graphene

channel.

Figure 5.11: Evolution of inverse mobility as a function of Human Serum Albumin concentration,
demonstrating transport-sensitive detection of adsorption-induced disorder and carrier scattering

effects within the graphene channel

Figure 5.12: Freundlich fitting of the experimentally measured sensing response showing
nonlinear concentration-dependent adsorption behaviour associated with heterogeneous albumin

adsorption at the graphene interface.

Figure 5.13: Schematic illustration of electrostatic coupling and electric double-layer modulation
during Human Serum Albumin adsorption at the electrolyte-gated graphene interface.
Heterogeneous albumin surface charge distributions perturb the interfacial ionic environment
within the Debye screening region, producing electrostatic modulation of the graphene channel

under electrolyte-gated sensing conditions.

Figure 5.14: Conceptual framework illustrating disorder-mediated electrostatic sensing in

electrolyte-gated graphene biosensors. Biomolecular adsorption within the Debye screening region
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produces localized electrostatic perturbations and transport disorder, leading to carrier mobility

suppression and amplified transport-sensitive electrical response.
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CHAPTER 1
INTRODUCTION, MOTIVATION, AND STATE OF THE ART

1.1 Introduction

The rapid advancement of biosensing technologies has substantially influenced modern healthcare,
environmental monitoring, and biochemical analysis. In particular, there is growing demand for
sensing platforms capable of rapid, selective, and highly sensitive detection of chemical and
biological species under physiologically relevant conditions. Such requirements are especially
important in applications related to early disease diagnostics, point-of-care testing, and continuous
health monitoring, where conventional analytical techniques often remain time-consuming,

expensive, and dependent on complex laboratory infrastructure [1-3].

Among the different sensing approaches currently under investigation, electrochemical and field-
effect transistor (FET)-based biosensors have attracted considerable attention due to their
compatibility with miniaturized electronic systems and their capability for real-time, label-free
detection [4]. In these devices, molecular interactions at the sensing interface can directly modulate
electrical transport properties in the active channel, enabling high-sensitivity electrical
transduction of biochemical events. The continuous development of nanoscale materials and low-
dimensional electronic systems has further accelerated progress in this field by improving

interfacial sensitivity and reducing detection limits [4].
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Figure 1.1: Evolution of graphene-based electronic devices and applications highlighting the emergence
of graphene as a multifunctional electronic material. Adapted from Dash et al. (2014) Ref.5



Graphene has emerged as one of the most intensively investigated nanomaterials for electronic
biosensing applications owing to its unique structural and electrical properties [6, 7]. It consists of
a two-dimensional hexagonal lattice of sp>-bonded carbon atoms and exhibits exceptionally high
carrier mobility, large specific surface area, optical transparency, and remarkable electrostatic
tunability [6]. Since every atom in graphene is exposed to the surrounding environment, the
material is highly sensitive to local electrostatic perturbations induced by ionic species, charged
biomolecules, and interfacial adsorption processes [8]. These characteristics make graphene
particularly attractive for electrolyte-based sensing platforms where electrical response is strongly

governed by surface interactions.

Graphene field-effect transistors (GFETSs) have therefore become an important class of biosensing
devices capable of converting local electrochemical variations into measurable electrical signals
[9-11]. In electrolyte-gated configurations, the graphene channel is electrostatically modulated
through an electrolyte medium, allowing efficient capacitive coupling between ionic redistribution
within the electrolyte and carrier transport in graphene. Under these conditions, the formation of
an electric double layer (EDL) near the graphene—electrolyte interface produces extremely high
interfacial electric fields over nanometric distances, enabling strong electrostatic gating at

relatively low operating voltages [9].

The sensing behaviour of electrolyte-gated GFETs is closely associated with interfacial
electrostatic phenomena occurring at the solid—liquid interface. Parameters such as ionic strength,
electrolyte composition, pH, Debye screening length, and surface charge density can substantially
influence the local electrostatic environment surrounding the graphene channel [12]. As a result,
variations in interfacial ionic distribution may directly affect graphene carrier concentration,
channel conductance, and Dirac voltage response, as well as transport-related parameters such as
carrier mobility and scattering behavior. Understanding these coupled electrostatic interactions is
therefore essential for improving the sensitivity, operational stability, and interpretation of

graphene-based biosensors operating in electrolyte environments [13].

Despite substantial progress in graphene biosensing technologies, several challenges remain in
understanding the relationship between molecular adsorption, ionic screening, and electrical

transport modulation under realistic physiological conditions. In concentrated electrolytes, strong



Debye screening can significantly suppress long-range electrostatic interactions between charged
biomolecules and the graphene surface, thereby complicating the interpretation of sensing signals
[14]. Furthermore, many experimental studies report electrical sensing responses without fully
correlating interfacial electrostatics, ionic transport, and adsorption-mediated carrier modulation

across multiple physical length scales [12].
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Figure 1.2: Conceptual illustration of microscopic processes occurring at electrode—electrolyte interfaces
relevant to electrochemical and graphene-based sensing systems. Adapted from Xu et.al (2023) Ref. (15)

For this reason, increasing attention has recently been directed toward combined experimental and
modelling approaches capable of correlating electrostatic interactions with measurable transport
behavior [16]. Such approaches can provide deeper physical insight into how nanoscale ionic and
molecular interactions influence measurable electronic behaviour in electrolyte-gated graphene

devices

The present thesis investigates electrolyte-mediated transport modulation and sensing behaviour
in electrolyte-gated graphene field-effect transistors through a combined modelling and
experimental framework. Particular emphasis is placed on understanding the influence of electric

double-layer formation, ionic screening, pH-dependent electrostatic interactions, and biomolecular



adsorption on the electrical transport characteristics of graphene devices operating in electrolyte
environments. Continuum finite-element modelling, atomistic considerations, and experimental
transport measurements are integrated to provide a broader interpretation of electrolyte-mediated

sensing mechanisms in graphene-based transistor platforms.

Within electrolyte-gated graphene devices, the sensing response is strongly influenced by
electrostatic coupling at the graphene—electrolyte interface, where ionic redistribution and carrier
modulation jointly determine the measured electrical behaviour. The following chapters therefore
progressively develop the theoretical background, modelling framework, experimental
methodology, and transport analysis required to investigate electrolyte-mediated sensing

phenomena in graphene-based electronic systems.

1.2 Research Motivation and Objectives
1.2.1 Research Motivation

The increasing demand for rapid, reliable, and miniaturized biochemical detection technologies
has accelerated the development of electronic biosensors capable of operating in complex
electrolyte environments. Among the various sensing platforms currently under investigation,
graphene-based field-effect transistors have emerged as promising candidates due to their high
carrier mobility, low intrinsic noise, and strong sensitivity to surface electrostatic perturbations [9—
11]. In particular, electrolyte-gated graphene field-effect transistors (EG-GFETSs) have attracted
considerable interest for applications involving pH sensing, ion detection, and biomolecular

recognition under physiologically relevant conditions [9,].

Despite substantial progress in graphene biosensor development, several fundamental challenges
remain unresolved in understanding the physical origin of sensing behaviour in electrolyte-gated
devices. Under electrolyte conditions, the sensing response is not governed solely by biomolecular
adsorption, but rather by the coupled interaction between ionic screening, electric double-layer
formation, interfacial electrostatics, and graphene carrier modulation [12-14]. Furthermore,
electrolyte-mediated disorder and scattering effects may significantly influence carrier mobility
and transport behavior, particularly near the Dirac regime, yet these effects remain comparatively

underexplored in graphene biosensing literature.These effects become especially important in



physiological electrolytes, where high ionic concentrations significantly reduce the effective range

of electrostatic interactions through Debye screening [14].

As a consequence, experimentally measured electrical signals in graphene transistors often cannot
be interpreted exclusively in terms of direct charge transfer from adsorbed biomolecules.
Variations in ionic strength, pH, electrolyte composition, surface charge density, and adsorption
configuration may simultaneously contribute to the observed transport response. This complexity
has led to continuing discussion regarding the dominant mechanisms responsible for signal

modulation in electrolyte-gated graphene sensing platforms.

Another important limitation in the current literature is the partial separation between experimental
observations and theoretical interpretation. Many experimental studies report transfer
characteristics and sensing responses without fully correlating these measurements with interfacial
electrostatics or ionic transport phenomena. Conversely, several theoretical studies focus primarily
on continuum electrostatic analysis while neglecting experimentally relevant adsorption behaviour
and transport characteristics. Consequently, a comprehensive understanding of how nanoscale
interfacial interactions influence measurable electrical transport behaviour remains incomplete

[16].

In addition, much of the existing graphene biosensing literature primarily emphasizes sensitivity
enhancement, while comparatively less attention is directed toward understanding the underlying
physical mechanisms governing electrolyte-mediated sensing response. For biosensors intended
to operate in physiological environments, this limitation becomes particularly significant because
electrolyte composition and ionic screening strongly affect sensing stability, reproducibility, and

selectivity[17,18].

These considerations motivate a combined experimental and modelling investigation aimed at
establishing physically consistent relationships between electrolyte-mediated interfacial
interactions, carrier transport modulation, and experimentally measurable sensing response. Such
an approach is necessary for establishing clearer relationships between electric double-layer
formation, ionic redistribution, electrolyte-mediated carrier transport modulation, and

experimentally measurable transport characteristics.
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Figure 1.3: Framework illustrating the relationship between electrolyte-mediated interfacial interactions,
graphene carrier modulation, and experimentally measurable sensing response[14]

Within this context, the present thesis investigates electrolyte-gated graphene field-effect
transistors as coupled electrostatic and electronic transport systems rather than purely empirical
sensing devices. Particular attention is directed toward understanding how electrolyte-mediated
interfacial interactions influence graphene transport response under pH variation and biomolecular
adsorption conditions. Continuum finite-element electrostatic modelling, atomistic considerations,
and experimental electrical characterization are therefore combined to provide a physically

consistent interpretation of graphene-based sensing mechanisms.

1.2.2 Research Objectives

The primary objective of this thesis is to investigate electrostatic modulation and sensing behaviour
in electrolyte-gated graphene field-effect transistors operating under electrolyte conditions
relevant to biosensing applications. The study aims to establish a clearer physical understanding
of how ionic transport, interfacial electrostatics, and adsorption-mediated interactions influence

measurable electrical transport characteristics in graphene-based sensing platforms.

The specific objectives of the thesis are summarized as follows:

» To analyze electric double-layer formation, ionic redistribution, and electrostatic potential
modulation near the graphene electrolyte interface.
» To study the influence of electrolyte concentration and Debye screening on graphene

carrier transport behaviour under electrolyte-gated conditions.



» To investigate mobility modulation, disorder-induced scattering, and transport degradation
mechanisms associated with electrolyte interactions and biomolecular adsorption in
graphene transistor platforms.

» To investigate the transport behaviour of electrolyte-gated graphene field-effect transistors
through continuum finite-element modelling approaches.

» To investigate pH-dependent electrical transport characteristics of graphene transistors
operating in phosphate-buffered saline solutions.

» To experimentally evaluate transfer characteristics, Dirac voltage evolution, mobility
variation, hysteresis behaviour, and disorder-mediated transport response.

» To examine biomolecular adsorption effects and electrostatic disorder mechanisms
associated with albumin sensing in graphene transistor platforms.

» To employ modelling-assisted interpretation combining continuum electrostatic analysis
with experimentally relevant transport and adsorption considerations.

» To correlate continuum electrostatic modelling with experimentally observed transport

response to obtain a more physically consistent interpretation of sensing behaviour.

1.2.3 Expected Contributions

The work presented in this thesis is expected to contribute toward a broader understanding of
electrolyte-mediated sensing mechanisms in graphene-based transistor platforms. In particular, the
thesis seeks to establish clearer relationships between interfacial electrostatics, ionic screening,
biomolecular adsorption, and electrical transport modulation in electrolyte-gated graphene

devices.

From a modelling perspective, the thesis contributes to the development of modelling-assisted
electrostatic interpretation that describes electrostatic potential distribution, ionic transport
behaviour, and electric double-layer formation in electrolyte-gated transistor architectures. These
approaches provide insight into how electrolyte conditions influence graphene carrier modulation

under realistic sensing environments[16].

From an experimental perspective, the thesis provides systematic electrical characterization of
electrolyte-gated graphene transistors under varying pH and electrolyte conditions, including

analysis of transfer characteristics, Dirac voltage evolution, hysteresis response, and transport
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behaviour in phosphate-buffered saline solutions. This experimental analysis further provides
insight into mobility modulation and disorder-mediated transport mechanisms during electrolyte-

gated sensing.

The thesis further contributes toward bridging the gap between continuum electrostatic modelling
and experimentally observed sensing response by integrating electrostatic analysis with atomistic
considerations associated with biomolecular adsorption processes [17]. Such multiscale
interpretation may support the future design of graphene-based biosensors with improved

sensitivity, operational stability, and reliability in complex electrolyte environments.

Beyond sensing performance alone, the present work aims to provide a clearer physical
interpretation of how electrolyte-mediated interfacial phenomena influence the electrical

behaviour of graphene transistor sensors operating under physiologically relevant conditions.

1.3 Thesis Organization

The present thesis investigates electrolyte-gated graphene field-effect transistors through a
combined modelling and experimental framework, with particular emphasis on understanding the
electrostatic and transport mechanisms governing sensing behaviour in electrolyte environments.
The work integrates fabrication, electrical characterization, continuum electrostatic modelling, and
multiscale interpretation in order to examine how interfacial ionic interactions influence graphene-

based biosensors operating under physiologically relevant conditions.

The thesis is organized into six chapters, each addressing a specific aspect of the research

developed throughout this work.

Chapter 1 introduces the scientific background associated with graphene-based biosensing
technologies and electrolyte-gated transistor platforms. The chapter presents the research
motivation, objectives, and current state of the art related to graphene biosensors, electrolyte

gating, and interfacial electrostatic phenomena.

Chapter 2 describes the materials, fabrication procedures, and experimental methodologies

employed for the preparation and characterization of graphene devices. Particular attention is given



to graphene transfer procedures, nanofabrication processes, Raman spectroscopy, and electrical

transport measurement configurations used throughout the thesis.

Chapter 3 presents the theoretical and computational modelling framework developed for
electrolyte-gated graphene transistors. The chapter discusses electric double-layer formation, ionic
transport, electrostatic modulation, and continuum finite-element modelling approaches relevant
to graphene—electrolyte interfaces. Atomistic considerations associated with biomolecular

adsorption processes are also introduced.

Chapter 4 investigates electrostatic modulation and pH sensing behaviour in electrolyte-gated
graphene transistors through combined modelling and experimental analysis. The influence of
ionic screening, electrolyte concentration, and pH variation on electrical transport response is

systematically examined under phosphate-buffered saline conditions.

Chapter S focuses on albumin sensing and disorder-mediated transport behaviour in graphene
transistor platforms. The chapter examines the relationship between biomolecular adsorption,
electrostatic disorder, and experimentally observed transport characteristics, including mobility
variation, disorder-mediated transport behaviour, and electrostatic modulation together with

multiscale interpretation of sensing behaviour.

Chapter 6 summarizes the principal findings of the thesis and outlines potential future research
directions associated with graphene-based biosensors, electrolyte-gated transistor platforms, and

multiscale electrostatic modelling approaches.

The chapters are arranged to progressively connect the fabrication, modelling, and experimental
aspects of electrolyte-gated graphene biosensors, allowing the electrostatic and transport

mechanisms governing sensing behaviour to be examined across multiple p,hysical scales.



State of the Art

1.4 Background and State of the Art

1.4.1 Biosensing Technologies and Analytical Targets

Biosensors occupy an important position in modern analytical science because they provide a route
for detecting biological and chemical species through direct conversion of a recognition event into
a measurable signal. Their relevance extends across clinical diagnostics, environmental
monitoring, food safety, and biochemical analysis, where rapid response, selectivity, and operation
with small sample volumes are often required [1,2]. Compared with conventional laboratory
techniques, biosensors offer the possibility of simpler measurement procedures and closer

integration with portable or point-of-care platforms.

A biosensor typically combines two essential components: a recognition element and a transducer.
The recognition element interacts selectively with the target analyte, while the transducer converts
the resulting biochemical or physicochemical change into an electrical, optical, mechanical, or
thermal signal [3]. Depending on the transduction principle, biosensors may be classified into
electrochemical, optical, piezoelectric, thermal, and field-effect-based devices [4,5]. Among these,
electrochemical and transistor-based sensors are particularly attractive when direct electrical

readout, miniaturization, and compatibility with integrated electronics are required.
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Figure 1.4: General workflow of biosensing systems showing analyte recognition, signal transduction,
and electrical readout processes.Adapted from Ref.19
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The choice of analytical target strongly influences the design and operation of a biosensor. In
biomedical contexts, relevant targets include ions, small molecules, proteins, nucleic acids,
hormones, metabolites, and pathogen-related biomarkers [17]. Each class of analyte introduces
different sensing requirements. Small molecules may produce weak interfacial perturbations,
proteins often exhibit complex charge distributions and adsorption behaviour, while ionic species
such as protons directly influence local electrochemical conditions. For this reason, a sensing
platform intended for biological applications must be evaluated not only by its sensitivity, but also

by how reliably it operates in liquid and electrolyte environments.

pH sensing represents one of the simplest but most informative cases for studying interfacial
electrochemical response. Variations in proton concentration modify surface charge conditions
and local electrostatic potential, making pH a useful model system for investigating charge-
sensitive transduction mechanisms [9]. Protein detection, on the other hand, introduces additional
complexity because biomolecules interact with sensor surfaces through electrostatic forces, dipolar
interactions, hydration effects, and adsorption geometry. These effects are particularly relevant for
field-effect-based biosensors, where the measured signal depends on how interfacial charge

variations influence carrier transport in the active channel.

As biosensing technologies continue to evolve, increasing attention has been directed toward
electrically active sensing platforms capable of operating in electrolyte environments and complex
biological media. This direction is especially relevant for label-free sensors, where molecular
interactions are monitored directly without fluorescent, enzymatic, or radioactive labels [17,18].
The performance of such devices is therefore closely linked to the properties of the sensing
interface, the transduction material, and the surrounding electrolyte medium. These considerations
naturally motivate the use of nanostructured materials, whose large surface-to-volume ratio can

enhance the coupling between molecular interactions and measurable device response.

1.4.2 Nanomaterials for Biosensing Applications

The introduction of nanostructured materials has significantly expanded the capabilities of
electrically transduced biosensors by enhancing interfacial sensitivity and charge-coupling
efficiency at the sensing interface [6,7]. Owing to their reduced dimensionality and large surface-

to-volume ratio, nanomaterials enable stronger interaction between target analytes and the active
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sensing region, allowing small biochemical perturbations to generate measurable electrical
responses. These characteristics have motivated extensive research into nanoscale transducers for

applications requiring rapid, label-free, and highly sensitive detection.
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Figure 1.5: Representative nanomaterials employed in biosensing applications highlighting nanoscale
transduction mechanisms and interfacial sensing architectures. Adapted from Singh et al. (2025) Ref.20

Among the different classes of nanomaterials investigated for biosensing applications, carbon-
based nanostructures have attracted particular interest because of their favorable electrical
transport properties and compatibility with miniaturized device architectures [10]. Carbon
nanotubes were initially explored extensively for electronic sensing owing to their nanoscale
geometry and strong sensitivity to local charge perturbations occurring near the device surface
[11]. Their use demonstrated the potential of low-dimensional conductive materials for electrically

transduced biosensing platforms operating under liquid-phase conditions.
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Subsequent advances in two-dimensional materials research directed increasing attention toward
graphene as a promising transducer material for next-generation biosensors [5,6]. In contrast to
one-dimensional nanostructures, graphene provides a continuous electrically conductive surface
directly exposed to the surrounding environment, enabling efficient coupling between interfacial
charge redistribution and carrier transport within the material. This characteristic is particularly
important for sensing platforms operating in electrolyte environments, where variations in ionic

distribution and molecular adsorption strongly influence local electrostatic conditions.
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Figure 1.6: Graphene-based biosensing platforms for electrochemical and bioanalytical applications.
Adapted from Ashraf et al. (2022) Ref. 21

Graphene-based sensing devices have therefore been extensively investigated for applications
involving ion detection, pH sensing, protein adsorption monitoring, and biochemical recognition
[122]. The atomically thin structure of graphene allows electrical transport properties to respond
sensitively to perturbations occurring at the solid-liquid interface, while the planar geometry
supports integration into field-effect transistor architectures suitable for electrolyte-gated

operation. As a result, graphene has become one of the most widely studied materials for
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electrically active biosensing platforms requiring direct electrostatic transduction under liquid-

phase conditions.

In addition to pristine graphene, several graphene derivatives and hybrid structures have also been
explored for biosensing applications, including graphene oxide, reduced graphene oxide, and
graphene-based heterostructures combined with metallic nanoparticles or other two-dimensional
materials [22]. These approaches are often employed to improve chemical functionalization
capability, molecular selectivity, and interfacial stability in complex biological environments.
Nevertheless, pristine graphene remains an important model material for investigating electrostatic
transport modulation because of its strong sensitivity to interfacial charge redistribution and

relatively well-understood electronic behaviour.

The growing interest in graphene-based sensing platforms has consequently stimulated extensive
research into graphene field-effect transistor architectures and electrolyte-gated sensing
configurations. Among these approaches, graphene transistor platforms have emerged as
particularly attractive systems for investigating electrically transduced biosensing under

electrolyte conditions.

1.4.3 Graphene and Graphene Field-Effect Transistors

Graphene has become one of the most intensively investigated materials for electrically transduced
biosensing due to its strong sensitivity to interfacial charge perturbations and surface adsorption
processes. Since charge transport in graphene occurs within a single atomic layer directly exposed
to the surrounding environment, even small variations in local charge distribution can influence
its electrical behaviour. This characteristic has positioned graphene among the most promising
transducer materials for sensing platforms operating under liquid-phase and electrolyte conditions

[6-8]

The electronic transport properties of graphene, combined with its planar geometry and
electrostatic tunability, have motivated extensive research into graphene-based electronic devices
for chemical and biological sensing applications. In particular, graphene field-effect transistors
(GFETs) have emerged as attractive sensing platforms because the carrier concentration within the

graphene channel can be efficiently modulated by electrostatic interactions occurring near the
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surface. Molecular adsorption, ionic redistribution, and variations in interfacial charge

environment may therefore produce measurable changes in electrical transport behaviour[11,14]
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Figure 1.7: Schematic illustration of a back-gated and liquid-gated Graphene Field Effect Transistor.
Adapted from Thakoor et al. (2024) Ref. 25

In a typical GFET architecture, graphene forms the conductive channel connecting source and
drain electrodes, while an external gate electrode modulates carrier concentration through an
applied electric field. Unlike conventional semiconductors, graphene exhibits ambipolar transport
behaviour, where both electrons and holes can contribute to electrical conduction depending on
the gate potential. The transition between electron- and hole-dominated conduction occurs near
the charge neutrality point, commonly referred to as the Dirac point, which represents an important

electrical characteristic in graphene transistor measurements [9-11]

The high sensitivity of graphene transistors to interfacial charge perturbations has motivated their

investigation across a broad range of sensing applications, including gas sensing, ion detection,
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pH monitoring, and biomolecular recognition [18,19]. In these systems, adsorption processes
occurring near the graphene surface can modify carrier concentration, induce local electrostatic
disorder, or influence scattering mechanisms within the conductive channel, thereby influencing
mobility evolution and disorder-mediated transport response during sensing. As a result, electrical
transport measurements provide indirect information regarding molecular and ionic interactions

occurring at the sensing interface[9,10,24]

Compared with conventional bulk transducer materials, graphene provides direct electrostatic
coupling between the surrounding environment and the conductive channel because every atom is
exposed to the sensing interface. This property becomes particularly important under liquid-phase
operation, where ionic redistribution and interfacial charge modulation strongly influence
transistor behaviour. The planar structure of graphene additionally supports integration into

scalable electronic architectures suitable for electrically transduced biosensing platforms.

Graphene transistor devices are frequently operated under electrolyte-gated conditions for sensing
applications performed in liquid environments. Under these conditions, ions within the electrolyte
participate directly in the gating process through interfacial charge redistribution near the graphene
surface. Consequently, the electrical behaviour of graphene transistors becomes strongly
influenced by electrolyte composition, ionic screening,and adsorption-mediated interactions
occurring near the solid—liquid interface .These characteristics have established graphene transistor
architectures as important platforms for investigating electrically transduced sensing phenomena
under liquid-phase conditions. Understanding how interfacial ionic interactions influence
graphene carrier dynamics, therefore, remains central to the interpretation and optimization of

graphene-based biosensors.

1.4.4 Electrolyte Gating and Interfacial Electrostatics

Electrolyte-gated operation plays a central role in graphene transistor biosensors designed for
liquid-phase sensing and biochemical detection under physiological conditions. Unlike
conventional solid-state dielectric gating, electrolyte-gated devices employ an ionic medium
positioned above the graphene surface, allowing gate modulation to occur through ionic
redistribution within the liquid environment. This configuration enables strong coupling between

the electrolyte and the graphene channel while operating at relatively low gate voltages [9.10].
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When a gate potential is applied, mobile ions within the electrolyte rearrange near the solid—liquid
interface, forming an electric double layer (EDL) at both the gate electrode-electrolyte and
graphene-electrolyte interfaces [12,13]. Because the separation between oppositely charged ionic
regions occurs over nanometric distances, the resulting interfacial capacitance becomes extremely
large compared with conventional dielectric-gated systems. Consequently, small variations in gate

bias can produce substantial modulation of graphene carrier concentration and transport behaviour.
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Figure 1.8: Interfacial charge distribution and electric double-layer behaviour at electrochemical interfaces
relevant to electrolyte-gated graphene transistors. Adapted from Mohandas et al. (2024).Ref.26

The interfacial ionic structure in electrolyte-gated systems is commonly described using the Stern
model, in which ions located close to the surface form a compact adsorption region surrounded by
a diffuse ionic layer extending into the electrolyte. Near the graphene interface, these ionic regions

strongly influence local potential distribution, charge screening behaviour, and field-induced
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carrier modulation within the conductive channel. As a result, the electrical response of graphene
transistor devices becomes highly sensitive to variations occurring at the electrolyte interface [12-

14].

An important parameter governing ionic interactions in electrolyte environments is the Debye
screening length, which defines the characteristic distance over which charge perturbations are
screened within the electrolyte medium. Under physiological electrolyte concentrations, the Debye
length is typically reduced to nanometric dimensions, meaning that charge-mediated interactions
originating from biomolecules may be substantially attenuated before influencing the graphene
surface. Consequently, electrolyte concentration and ionic composition strongly affect sensing
sensitivity and transport response in graphene-based biosensors operating under liquid

conditions[9,10,24].

In electrolyte-gated graphene transistors, the measured electrical characteristics are therefore
influenced not only by intrinsic graphene transport properties, but also by interfacial ionic
interactions involving pH variation, ion redistribution, molecular adsorption, and local surface
charge modulation 14]. These coupled effects become particularly important for biosensing
applications involving charged biomolecules and physiological buffer solutions, where the
surrounding electrolyte environment directly influences the relationship between molecular

adsorption and electrical signal generation.

The strong interaction between ionic redistribution and graphene carrier transport has motivated
extensive theoretical and experimental investigation into graphene transistor behaviour under
electrolyte conditions. For graphene biosensors operating in liquid environments, these interfacial
ionic effects remain central to understanding carrier modulation and experimentally observed

sensing response.

1.4.5 Current Progress in Graphene Biosensing

Electrolyte-gated graphene transistors have been extensively investigated for electrically
transduced biosensing applications due to their compatibility with liquid-phase operation and
strong sensitivity to interfacial charge perturbations [9,10]. Their ability to directly couple

molecular interactions occurring at the solid—liquid interface with measurable electrical transport

18



response has established graphene transistor platforms among the most actively studied

technologies for label-free biochemical detection.[24]
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Figure 1.9: Representative graphene biosensing applications illustrating electrolyte-gated biochemical
detection platforms. Adapted from Pumera (2011).Ref.27

Among the different sensing applications explored in recent years, pH sensing has become one of
the most widely investigated functionalities in electrolyte-gated graphene devices. Variations in
proton concentration modify local ionic conditions and surface charge distribution near the
graphene channel, producing measurable changes in conductance and gate-dependent transport
characteristics. Experimental studies have demonstrated reversible and stable pH-dependent
electrical response in graphene transistors operating under physiological electrolyte environments,

highlighting their suitability for liquid-phase sensing applications [9,10].

Protein sensing has also attracted substantial attention because biomolecular adsorption near the
graphene surface can influence local charge distribution and carrier transport within the conductive
channel. Depending on electrolyte conditions, molecular charge state, and adsorption
configuration, protein interactions may induce variations in Dirac voltage, carrier mobility,
hysteresis behaviour, and overall transport response. These effects have motivated extensive
investigation into graphene transistor architectures for electrically transduced biomolecular

detection under electrolyte-gated conditions[17,24]
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Despite substantial experimental progress, several challenges continue to limit the interpretation
and optimization of sensing behaviour in graphene transistor biosensors operating under
physiological conditions. One of the principal limitations arises from ionic screening within
concentrated electrolytes, where charge-mediated interactions become strongly attenuated over
nanometric distances through Debye screening [12,13]. Under these conditions, electrical signals
associated with biomolecular adsorption may become partially screened before significantly
influencing graphene carrier transport. Most reported studies primarily analyze Dirac voltage
shifts, while comparatively fewer investigations systematically examine transport degradation,

mobility modulation, and disorder-related effects during sensing [11,16,18].

In addition, experimentally observed sensing response often reflects the combined influence of
multiple coupled phenomena, including ion redistribution, interfacial charge modulation,
adsorption-induced disorder, and carrier scattering processes occurring within the graphene
channel [21,24]. As a consequence, isolating the dominant physical mechanisms responsible for
electrical signal variation remains challenging, particularly in electrolyte environments where

ionic interactions strongly affect transport behaviour.

Recent developments in graphene biosensing research have therefore increasingly focused not only
on sensitivity enhancement, but also on improving the physical interpretation of sensing
mechanisms under realistic electrolyte conditions. This aspect is particularly relevant for
electrolyte-gated transistor platforms, where electrical response is closely connected to interfacial

ionic interactions and charge-mediated transport modulation occurring near the graphene surface.

The interpretation of sensing behaviour in electrolyte-gated graphene transistors therefore remains
closely connected to understanding how ionic environments and interfacial adsorption processes

influence carrier transport within the device channel.

1.4.6 Research Gap and Thesis Positioning

Although electrolyte-gated graphene transistors have demonstrated strong potential for
biochemical sensing applications, the physical interpretation of sensing response under electrolyte
conditions remains incompletely understood. Numerous experimental studies have reported

measurable electrical response associated with pH variation, ion concentration, and biomolecular
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adsorption; however, the mechanisms governing transport modulation in electrolyte environments
are often influenced by multiple coupled effects occurring simultaneously at the graphene-

electrolyte interface [9,10].

; > 9
graprgi ele/ctrode 1

P = _/
= A \ R
. o dielectric layer
back gate
C d negatively charged P— positively charged
s biomolecules P biomolecules

Charge neutrality poin

--------

\ h
\ . \ :
electrons & / - /
Vene \/.’ . - T . \./\f

Vgs (V) Vgs(V) Vgs(V) Vgs(V)

lds(A)
lds(A)
lds(A)

Figure 1.10: Conceptual framework illustrating coupled ionic, adsorption-induced, and transport-related
phenomena governing sensing behaviour in graphene transistor biosensors. Adapted from. Zhao et.al. Ref.
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One of the principal challenges in graphene biosensing arises from the role of the surrounding
electrolyte medium in charge-coupled sensing processes. Under physiological conditions, high
ionic concentrations strongly influence local charge interactions through Debye screening,
reducing the effective distance over which biomolecular charges can modulate graphene carrier
transport. Consequently, experimentally measured electrical signals frequently depend not only on
biomolecular adsorption itself, but also on electrolyte composition, ionic redistribution, and

surface-mediated charge interactions occurring near the graphene channel [12-14].
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In addition, variations in conductance, Dirac voltage, mobility, and hysteresis behaviour observed
in graphene transistor devices are often interpreted primarily through empirical electrical trends
without fully correlating them to the underlying physical processes governing carrier modulation
[11,24]. As aresult, distinguishing the relative contributions of adsorption-induced charge transfer,
electrolyte-mediated screening, carrier scattering, and local disorder formation remains

challenging, particularly under liquid-phase operating conditions.

Another limitation in current graphene biosensing research is the partial separation between
experimental characterization and physically consistent interpretation of electrolyte-mediated
transport behaviour. Experimental studies commonly focus on device response and sensing
performance, whereas theoretical investigations often examine isolated electrostatic or transport
effects under simplified conditions. Establishing direct relationships between ionic interactions
occurring at the graphene-electrolyte interface and experimentally measurable transport

characteristics therefore remains an open challenge.

This aspect becomes particularly relevant for protein sensing applications, where biomolecular
adsorption may simultaneously influence local charge distribution, carrier scattering behaviour,
and electrolyte-dependent interfacial structure near the graphene surface[17]. Moreover, while
Dirac voltage shifts are widely employed as the primary sensing metric in graphene biosensors,
comparatively limited attention has been directed toward understanding mobility degradation,
disorder-assisted transport modulation, and scattering-related phenomena arising from electrolyte-
mediated interactions and biomolecular adsorption [16,18]. A more comprehensive transport-level
interpretation is therefore required to establish physically consistent relationships between sensing
response and graphene carrier dynamics. Consequently, understanding sensing response in
graphene transistor biosensors requires consideration of coupled ionic, transport, and adsorption-

related phenomena rather than isolated electrical measurements alone.

Within this context, the present thesis positions electrolyte-gated graphene transistors as coupled
electrostatic and electronic transport systems rather than purely empirical sensing devices. The
work combines experimental electrical characterization with continuum electrostatic analysis in
order to investigate how electrolyte-mediated charge interactions influence graphene carrier

modulation under pH variation and biomolecular adsorption conditions.
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Particular emphasis is placed on understanding electric double-layer formation, ionic screening
behaviour, adsorption-associated transport disorder, and electrolyte-dependent carrier modulation
in graphene transistor platforms operating in physiological buffer environments. The
investigations presented in the following chapters are therefore directed toward understanding how
electrolyte-mediated charge interactions influence graphene transport behaviour across multiple

physical scales.

1.5 Chapter Summary

This chapter established the scientific background and research context underlying electrolyte-
gated graphene transistor biosensors. The discussion introduced the fundamental principles of
biosensing technologies and progressively narrowed toward graphene-based sensing platforms,
emphasizing the role of graphene field-effect transistors as electrically active interfaces for liquid-

phase biochemical detection.

The chapter further examined the importance of electrolyte gating and interfacial ionic interactions
in governing graphene transport behaviour under physiological conditions. Particular focus was
directed toward electric double-layer formation, ionic screening, and charge-mediated carrier
modulation at the graphene-electrolyte interface, highlighting how these effects influence

experimentally observed sensing response in graphene transistor devices.

Review of the current literature demonstrated that, despite substantial advances in graphene
biosensing, several challenges remain associated with interpreting transport behaviour in complex
electrolyte environments. In particular, the coupled influence of ionic redistribution, adsorption-
induced disorder, and electrolyte-mediated charge interactions continues to complicate the

physical interpretation of sensing mechanisms in electrolyte-gated graphene transistors.

Together, these considerations position graphene transistor biosensors as coupled electrostatic and
electronic transport systems rather than purely empirical sensing devices. The chapter therefore
established the scientific foundation for the present thesis, which aims to investigate electrolyte-
mediated carrier modulation and transport behaviour through combined experimental

characterization and electrostatic interpretation.
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Having established the scientific context and research positioning of electrolyte-gated graphene

biosensors, the next chapter focuses on the materials, fabrication procedures, and experimental

methodologies employed throughout this work.
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2.1 Introduction to Materials and Device Fabrication

The realization of graphene-based electrolyte-gated field-effect transistor (EG-GFET) devices
requires a systematic integration of material selection, nanofabrication techniques, and device
architecture. While Chapter 1 established the fundamental principles governing graphene-based
biosensing, the practical implementation of these concepts depends strongly on the quality of

materials and the precision of fabrication processes.

Graphene serves as the active channel material in the devices investigated in this work due to its
atomic thickness and pronounced sensitivity to variations in surface charge [1-3]. However, device
performance is not governed solely by the intrinsic properties of graphene. It is also influenced by
several external factors, including interactions with the underlying substrate, the configuration of
electrodes, and imperfections introduced during fabrication. Careful control of these aspects is

therefore necessary to achieve consistent and reproducible device behavior [2].

Nanofabrication defines the physical structure of the device and directly impacts its electrical
characteristics. Among the available techniques, electron beam lithography (EBL) offers the
resolution and flexibility required to pattern nanoscale features with high precision [4-5]. This
capability is particularly important for electrolyte-gated systems, where the geometry and spatial

arrangement of electrodes can affect electric field distribution, ion transport, and gating efficiency.

The operational environment also plays a key role in determining device response. Since the
devices are intended for sensing in liquid media, the properties of the electrolyte and its interaction
with the graphene surface must be considered. The formation of an electric double layer at the
graphene—electrolyte interface enables efficient electrostatic modulation of the channel and

provides the basis for sensing functionality [6,7].

This chapter describes the materials and fabrication processes used to realize the graphene-based
devices studied in this thesis. It includes an overview of the materials used, followed by a detailed

discussion of nanofabrication techniques, with an emphasis on electron-beam lithography. The
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fabrication procedure, device architecture, and experimental setup used for electrical

characterization and sensing measurements are then presented.

By linking material selection, fabrication methodology, and device operation, this chapter
establishes the experimental framework for the investigations discussed in the subsequent

chapters.

2.2 Materials and Substrate System

The performance of graphene-based electrolyte-gated devices is strongly influenced by the
selection of materials and the quality of interfaces formed during fabrication. In particular, the
electrical characteristics and sensing response of graphene field-effect transistors are governed by
factors such as graphene quality, substrate properties, and the chemical environment in which the
device operates. Careful control of these parameters is therefore essential to ensure reproducible

device behavior and reliable sensing performance.

In electrolyte-gated configurations, the interaction between graphene and the surrounding medium
plays a central role in determining device response. Variations in material quality, including
defects, impurities, and structural inhomogeneities, can influence carrier transport, charge
distribution, and sensitivity to surface interactions. Similarly, the substrate and electrode materials
contribute to device performance through their impact on charge transfer, electrostatic coupling,
and contact resistance. This section describes the materials used in this work, including graphene
from different sources, commercially available graphene platforms, and supporting device

components.

2.2.1 Graphene Materials

Graphene used in this work is obtained from multiple sources, including mechanically exfoliated
graphene, chemical vapor deposition (CVD)-grown graphene, and commercially supplied
graphene fabricated devices. The use of different graphene sources enables a comparative
assessment of material quality and its influence on device performance, particularly in electrolyte-

gated sensing applications.
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Figure 2.1: Mechanical Exfoliated Graphene on 285nm Silicon Substrate

Mechanical exfoliation is employed to obtain high-quality graphene flakes through the cleavage
of bulk graphite. This method, first demonstrated by Novoselov et al., produces graphene with
minimal structural defects and high carrier mobility, making it suitable for investigating intrinsic
electronic properties [1]. Due to the absence of grain boundaries and low levels of disorder,
exfoliated graphene often exhibits near-ideal transport behavior. However, the method is
inherently limited by its lack of scalability and the difficulty in controlling flake size and spatial

location, which restricts its use in reproducible device fabrication.

Figure 2.2: CVD Grown Graphene on Si/SiO2 Substrate

Chemical vapor deposition provides an alternative approach for producing large-area graphene

suitable for device integration. In this method, graphene is grown on metal substrates, typically
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copper, through the decomposition of hydrocarbon precursors at elevated temperatures, followed
by transfer onto insulating substrates for electronic applications [8]. CVD graphene enables
uniform coverage over relatively large areas, facilitating the fabrication of multiple devices with
similar geometries. Nevertheless, the growth and transfer processes can introduce structural
imperfections such as grain boundaries, wrinkles, and residual contamination, which act as

scattering centers and influence carrier transport [2].

In addition to CVD graphene prepared through laboratory methods, commercially available
graphene on Si/SiO> substrates obtained from suppliers such as Graphenea are also used in this
work. These substrates consist of CVD-grown graphene transferred onto insulating wafers under
controlled conditions, providing improved reproducibility and consistency compared to manual
transfer processes. The use of commercial graphene allows for more standardized device

fabrication and enables direct comparison between different fabrication approaches.

The structural and electronic quality of graphene plays a critical role in determining device
characteristics. Defects, impurities, and grain boundaries can modify the local electronic structure,
influence carrier mobility, and introduce charge trapping effects, particularly near the Dirac point.
At the same time, these features may enhance sensitivity in sensing applications by providing
additional sites for molecular adsorption. As a result, the relationship between graphene quality

and sensing performance is not strictly monotonic and requires careful experimental evaluation.

By employing graphene from multiple sources, this work enables a systematic investigation of the
interplay between material quality, fabrication processes, and sensing behavior in electrolyte-gated
devices. This approach provides insight into the trade-offs between high electronic performance,

scalability, and reproducibility.

2.2.2 Commercial Graphene-Based Devices

As earlier mentioned, in addition to lab-prepared graphene materials used for device fabrication,
commercially fabricated graphene-based field-effect transistor (GFET) platforms, including S-20
and mGFET 4D devices, are also employed in this study. These devices consist of pre-patterned
graphene channels integrated with metallic source and drain electrodes, and are designed for direct

electrical characterization without the need for additional lithographic processing.
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Figure 2.3: Commercial Devices including GFET S-20 and mGFET-4D for sensing

The S-20 devices typically feature well-defined graphene channels with integrated electrode
geometries and contact pads suitable for probing or wire bonding. Similarly, the mGFET 4D
platform incorporates multiple graphene channels and electrode configurations on a single chip,
enabling parallel measurements and comparative analysis under controlled conditions. The
predefined architecture of these devices ensures consistent channel dimensions and electrode

spacing, which are essential for reproducible electrical measurements.

The use of commercially fabricated devices provides several advantages. First, it minimizes
fabrication-induced variability, allowing a clearer assessment of intrinsic material properties and
device response. Second, it enables benchmarking against devices fabricated in-house using
electron-beam lithography, particularly for electrical characteristics and sensing performance.

Third, these platforms facilitate rapid experimental testing by eliminating several fabrication steps.

However, it is important to note that the fabrication processes underlying commercial devices are
not directly controlled within this work. As a result, variations in graphene quality, contact
resistance, and surface condition may influence device behavior. These factors are considered

during analysis and comparison with fabricated devices in Modena for our experiments.

By combining laboratory-fabricated devices with commercially available platforms, this study
provides a comprehensive evaluation of graphene-based electrolyte-gated devices, accounting for

both fabrication-controlled and standardized device architectures.
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2.2.3 Substrate

Graphene devices investigated in this work are fabricated on silicon substrates with a thermally
grown silicon dioxide (SiO) layer. The Si/Si0O; platform is widely used in graphene-based
electronics due to its mechanical stability, compatibility with standard microfabrication

processes, and well-defined dielectric properties.

The SiO; layer serves as an insulating surface that supports the graphene channel and electrically
isolates it from the underlying silicon. In addition, the dielectric properties of SiO2 influence the
electrostatic environment of graphene, particularly in field-effect configurations. Although
electrolyte gating is employed in this work, substrate-induced effects remain relevant, as charge
impurities, surface roughness, and trapped charges at the SiO: interface can affect carrier transport

and local doping in graphene [7].

Interactions between graphene and the substrate can introduce scattering centers that influence
carrier mobility, especially near the Dirac point where the density of states is low. These
interactions may also lead to unintentional doping, shifting the charge neutrality point, and
modifying the baseline electrical characteristics of the device. As a result, the quality and
cleanliness of the substrate surface are important factors in achieving consistent and reproducible

device performance.

Before graphene integration and lithographic processing, the substrates are cleaned to remove
organic contaminants and particulate residues. This is typically achieved through solvent cleaning
using acetone and isopropanol, followed by drying with a nitrogen gun. Such cleaning procedures

help to improve graphene adhesion and reduce variability in device fabrication.

In the context of electrolyte-gated devices, the substrate also plays an indirect role by influencing
the overall device stability and measurement reliability. While the electric double layer formed at
the graphene—electrolyte interface dominates the gating behavior, substrate-induced effects can
contribute to long-term drift and variability in electrical response [6-7]. Careful control of substrate

preparation and processing is therefore essential to ensure reliable experimental outcomes.
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2.2.4 Electrolytes

The electrolyte plays a central role in the operation of graphene-based electrolyte-gated field-effect
transistors, as it enables electrostatic modulation of the graphene channel through ionic charge
redistribution. In contrast to conventional solid-state gating, the use of an electrolyte allows

efficient coupling between the gate electrode and the graphene surface at relatively low operating

voltages.

In this work, electrolyte solutions such as phosphate-buffered saline (PBS) and aqueous solutions
containing target analytes were used as the gating medium. PBS is widely employed in biosensing
applications due to its well-defined ionic strength and stable pH, which provide a controlled
electrochemical environment for reliable measurements. The use of such electrolytes ensures

reproducible formation of the electric double layer and stable electrical characteristics during

device operation.
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Figure 2.4: Models expalining Electric Dobule Formation at Graphene-Electrolyte Interface

When a gate voltage is applied through the electrolyte, mobile ions in the solution redistribute in
response to the electric field, forming an electric double layer at the graphene—electrolyte interface.
This interfacial structure consists of a compact layer of specifically adsorbed ions (Stern layer)
and a diffusion layer extending into the bulk electrolyte. Together, these layers behave as a

nanoscale capacitor with a high capacitance per unit area, enabling effective modulation of carrier

density in graphene [6].
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The high capacitance associated with the electric double layer arises from its extremely small
effective thickness, typically in the order of nanometers [9]. As a result, significant changes in
carrier concentration can be achieved with relatively small applied gate voltages. This
characteristic is particularly advantageous for sensing applications, where low-voltage operation

is desirable for compatibility with biological systems.

The properties of the electrolyte, including ionic strength, pH, and composition, influence the
structure of the electric double layer and consequently affect device behavior. In particular, the
ionic strength determines the extent of electrostatic screening in the solution, which can limit the
effective interaction distance between charged analytes and the graphene surface. This effect
becomes especially important in biosensing applications involving large biomolecules, where

ionic screening can reduce the measurable electrical response.

In addition to enabling electrostatic gating, the electrolyte also provides the medium in which
sensing interactions occur. Variations in ion concentration, pH, or the presence of target
biomolecules can alter the local electrostatic environment at the graphene surface, leading to
measurable changes in device conductance [9]. Careful selection and control of the electrolyte are

therefore essential to ensure reliable and reproducible sensing performance.

2.3 Graphene Preparation and Characterization

The performance of graphene-based devices depends not only on the fabrication process but also
on the quality and integrity of the graphene material after transfer and processing. Therefore,
appropriate preparation and characterization steps are essential to ensure that the graphene

maintains its structural and electronic properties throughout device fabrication.

2.3.1 Graphene Preparation and Transfer

Graphene samples used in this work were prepared using both mechanical exfoliation and chemical
vapor deposition (CVD) techniques, as described in Section 2.2. Mechanically exfoliated graphene
was directly transferred onto Si/S10: substrates, while CVD-grown graphene was transferred from

metal growth substrates onto insulating substrates for device fabrication.
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d) Graphene transfer and fabrication

Figure 2. 5: Scalable CVD synthesis of single crystal graphene

The transfer of CVD graphene typically involves the use of a polymer support layer, such as
poly(methyl methacrylate) (PMMA), followed by chemical etching of the metal substrate and
subsequent transfer onto the target substrate [8,10]. After transfer, the polymer layer is removed
using appropriate solvents, leaving the graphene film on the substrate. Although this method
enables large-area graphene integration, it can introduce residues, wrinkles, and structural

inhomogeneities that may affect device performance.

Careful handling during transfer and cleaning steps is therefore necessary to minimize

contamination and preserve the electrical properties of graphene.

2.3.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) imaging is based on the interaction of a focused electron
beam with the sample surface, generating signals that provide information about surface
morphology and structure. SEM is used to examine the surface morphology and structural features
of the fabricated devices. SEM imaging provides information on the continuity of graphene films,
the quality of lithographically defined patterns, and the alignment of metal electrodes with respect

to the graphene channel.
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Figure 2.6: SEM images showing Graphene Channel of fabricated device for counter electrode geometry

In particular, SEM is employed to verify the integrity of graphene after transfer, identify defects
such as cracks or discontinuities, and assess the quality of device fabrication steps, including
pattern definition and metal deposition. The technique is also useful for visualizing electrode

geometries and ensuring proper connectivity between device components.

The structural information obtained from SEM imaging is directly relevant to device performance,

as discontinuities in the graphene channel or poor electrode alignment can lead to increased contact

resistance and reduced measurement reliability.

2.3.3 Raman Spectroscopy of Graphene
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Figure 2.7: LABRAM Horiba Raman Spectroscopy Setup - CIGS UNIMORE

Raman spectroscopy is employed as a non-destructive technique to assess the structural quality
and layer characteristics of graphene. Raman spectroscopy is based on inelastic scattering of light,
where the energy shift of scattered photons provides information about vibrational modes in the
material. In this work, Raman measurements are used to evaluate defect density, number of layers,

and overall material quality following transfer and processing.
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Figure 2.8: Raman Spectrum of Graphene

The Raman spectrum of graphene is characterized by prominent features, including the G peak
(~1580 cm™), the 2D peak (~2700 cm™), and the D peak (~1350 cm™). The intensity and shape
of these peaks provide information about the structural properties of graphene. In particular, the
ratio of the D peak to G peak intensities (Ip/Ig) is commonly used as an indicator of defect density,
while the shape and intensity of the 2D peak provide insight into the number of graphene layers

[11].

In the context of this work, Raman spectroscopy is used to confirm the presence of graphene after
transfer and to assess any changes in material quality resulting from fabrication processes.
Variations in peak intensity and position are also indicative of strain, doping, and interaction with

the substrate.

These measurements are particularly important in the context of electrolyte-gated devices, where
defects and doping can significantly influence the position of the Dirac point and the sensitivity to

surface charge variations.

By combining Raman spectroscopy and SEM imaging, a comprehensive assessment of graphene

quality and device integrity is achieved. These characterization techniques provide essential
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validation of the fabrication process and support the interpretation of electrical measurements

presented in later chapters.

2.4 Nanofabrication Strategy

The fabrication of graphene-based electrolyte-gated field-effect transistor devices requires precise
control over device geometry, electrode configuration, and material interfaces. Given the
nanoscale dimensions of the graphene channel and the sensitivity of the device to structural
variations, the choice of fabrication methodology plays a critical role in determining device

performance and reproducibility

2.4.1 Top-Down Nanofabrication Approach

Nanofabrication techniques can be broadly categorized into bottom-up and top-down approaches.
Bottom-up methods involve the assembly of materials from atomic or molecular precursors and
are commonly used in material synthesis processes such as chemical vapor deposition. While these
approaches are effective for producing high-quality materials, they provide limited control over

the spatial definition of device features.

In contrast, top-down fabrication techniques rely on the selective patterning and removal of
material to define structures with well-controlled geometry. This approach is widely employed in
micro- and nanoelectronics, where precise alignment, reproducibility, and scalability are essential
[4,5]. For graphene-based devices, top-down fabrication enables the definition of electrodes,

channels, and contact regions with high spatial accuracy.

In the present work, a top-down fabrication strategy is adopted to ensure consistent device

realization and to enable systematic variation of device parameters.

2.4.2 Design Considerations for Graphene Devices

The performance of electrolyte-gated graphene devices is influenced not only by material
properties but also by device architecture. Parameters such as channel dimensions, electrode
spacing, and contact geometry play a significant role in determining the distribution of the electric

field and the efficiency of electrostatic gating.
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Figure 2.9: Different shapes and geometry of counter electrode

In particular, the configuration of the counter electrode in electrolyte-gated systems can influence
ion distribution and the resulting electric double layer formation at the graphene—electrolyte
interface. Variations in electrode geometry, including shape, size, and relative positioning, may

therefore affect gating efficiency and overall sensing response.

In this work, device design is approached in a systematic manner, with careful consideration given
to electrode configuration and geometry. This enables the investigation of how structural

parameters influence electrical characteristics and sensing behavior.

2.4.3 Selection of Electron Beam Lithography

Among the nanofabrication techniques, Electron Beam Lithography (EBL) is selected as the
primary method for device patterning. EBL offers high spatial resolution and flexibility in pattern
design, allowing the fabrication of nanoscale features without the need for physical masks. This is
particularly advantageous for graphene devices, where precise definition of electrode geometry

and channel dimensions is required [4-5].

The use of EBL also enables the fabrication of multiple device configurations on the same
substrate, facilitating comparative studies of device geometry. This capability is central to the
objectives of the present work, which include the investigation of electrode-related effects on

electrolyte-gated device behavior
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Figure 2.10: Multiple Fabricated Devices on single CVD graphene substrate by Electron

Beam Lithography
In addition to electron beam lithography, conventional optical lithography is employed in selected
fabrication steps where high-resolution patterning is not required. Optical lithography provides a
rapid and efficient method for defining larger features such as contact pads and alignment
structures. While its resolution is limited compared to EBL, it offers advantages in terms of
processing speed and simplicity. In the present work, optical lithography is used as a
complementary technique, whereas electron beam lithography remains the primary method for

defining nanoscale device features.

Figure 2.11: Hall Bar Geometry for sensing by Optical Lithography
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2.5 Electron Beam Lithography

Electron beam lithography (EBL) is employed in this work as the primary nanofabrication
technique for defining graphene-based device structures. As discussed in the previous section,
precise control over electrode geometry and channel dimensions is essential for investigating the
electrical and sensing behavior of electrolyte-gated graphene devices. EBL provides the spatial

resolution and design flexibility required to achieve this level of control.

Figure 2.12: ZEISS Electron Beam Lithography Setup -Nanofabrication Facility -Physics Department-
UNIMORE

In addition to its high-resolution capability, the maskless nature of EBL allows rapid modification

of device layouts, enabling systematic variation of structural parameters such as electrode spacing
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and configuration. This is particularly important in the present study, where the influence of device
geometry, including counter electrode design, is investigated. The use of EBL, therefore forms the

foundation for the fabrication strategy adopted in this work.

The following subsections describe the fundamental principles of electron beam lithography, the
physical mechanisms governing electron—matter interactions, and the process parameters relevant

to the fabrication of graphene-based devices.

2.5.1 Fundamentals of Electron Beam Lithography

Electron beam lithography (EBL) is employed in this work as the primary technique for nanoscale
patterning of graphene devices. The method enables direct writing of electrode geometries and
channel structures with high spatial resolution, which is essential for controlling device
characteristics in electrolyte-gated configurations. In comparison with optical lithography, EBL
provides superior patterning precision and design flexibility, making it particularly suitable for

research-scale fabrication where multiple device architectures are investigated [4-5,12].

Electron beam lithography is based on the use of a focused beam of high-energy electrons that is
scanned over a resist-coated substrate according to a predefined pattern. Unlike conventional
optical lithography, which relies on light and photomasks for pattern transfer, EBL is a maskless,
direct-write technique. This enables the fabrication of structures with dimensions well below the

diffraction limits of optical methods, allowing accurate definition of nanoscale features.

The high resolution of EBL arises from the short effective wavelength of accelerated electrons,
which significantly reduces diffraction effects. In practice, the electron beam induces localized
chemical modification within a radiation-sensitive resist, typically a polymer such as poly(methyl
methacrylate) (PMMA). In positive resists, electron exposure leads to chain scission, reducing the
molecular weight of the polymer and increasing its solubility in a developer solution. The exposed
regions are subsequently removed during development, leaving behind a patterned resist structure

that defines the device geometry.
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A key advantage of EBL is its ability to provide precise control over critical device dimensions,
including channel length, electrode spacing, and contact geometry. This level of control is
particularly important for graphene-based field-effect transistor devices, where small variations in
geometry can significantly influence carrier transport, electric field distribution, and sensing
response. Furthermore, the maskless nature of EBL allows rapid modification of pattern designs,

enabling systematic investigation of device architecture within a single fabrication workflow.

Despite these advantages, EBL is inherently a serial writing technique, in which patterns are
generated point-by-point or line-by-line. This results in relatively low throughput compared to
parallel techniques such as optical lithography. However, for research applications, where
flexibility and resolution are prioritized over fabrication speed, EBL remains one of the most

powerful and widely used nanofabrication methods.

In the context of the present work, EBL provides a robust platform for the fabrication of graphene
devices with controlled geometry. Its ability to accurately define nanoscale features enables
systematic exploration of electrode configuration effects, including variations in counter electrode
geometry, which are central to the investigation of electrolyte-gated transport and sensing

behavior.

2.5.2 Electron—Matter Interaction

The resolution and fidelity of patterns generated by electron beam lithography are fundamentally
governed by the interaction between the incident electron beam and the resist—substrate system.
When high-energy electrons impinge on a resist-coated substrate, they undergo a series of
scattering processes that determine the spatial distribution of deposited energy. This energy
distribution directly influences the extent of resist exposure and, consequently, the accuracy of the

patterned structures [4,5].

Electron—matter interactions can be broadly classified into elastic and inelastic scattering. In elastic
scattering, electrons are deflected by the electrostatic potential of atomic nuclei without significant
energy loss. This process alters the trajectory of the electrons and contributes to the lateral

spreading of the beam as it propagates through the resist. In contrast, inelastic scattering involves
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energy transfer from the incident electrons to the material, leading to the generation of secondary

electrons and other excitations.

Secondary electrons play a critical role in the lithographic process, as they are primarily
responsible for inducing chemical modification in the resist. Due to their relatively low energy,
secondary electrons deposit energy locally within the resist, enabling the chain scission mechanism
that defines exposed regions in positive resists such as PMMA. However, their spatial distribution
extends beyond the primary beam diameter, contributing to the broadening of the effective

cexposure region.

In addition to secondary electrons, backscattered electrons are generated through large-angle
scattering events within the substrate. These electrons retain a significant fraction of their initial
energy and can travel relatively long lateral distances before re-emerging into the resist layer. As
a result, they contribute to exposure in regions away from the intended beam location, further

modifying the exposure profile.

The combined influence of forward scattering within the resist and backscattering from the
substrate leads to a non-uniform spatial distribution of deposited energy. This distribution is often
described by a point spread function (PSF), which characterizes the radial spread of exposure
around the beam impact point. The PSF typically consists of a narrow central component

associated with forward scattering and a broader tail resulting from backscattered electrons.

Understanding these interaction mechanisms is essential for optimizing lithographic parameters
and achieving accurate pattern definition. In the context of graphene device fabrication, where
nanoscale variations in electrode geometry can significantly affect electrical characteristics,
control of electron scattering effects is particularly important. Careful selection of exposure
conditions and resist parameters is therefore required to minimize unintended exposure and ensure

reproducible fabrication outcomes.

2.5.3 Proximity Effect and Resolution Limits

The resolution and accuracy of patterns defined by electron beam lithography are limited not only

by the intrinsic beam diameter but also by the spatial distribution of energy deposited within the

44



resist during exposure. As discussed in the previous section, electron scattering processes give rise
to exposure beyond the intended beam location. This phenomenon, known as the proximity effect,

represents one of the primary challenges in achieving high-fidelity nanoscale patterning [12,13].

The proximity effect arises from the cumulative contribution of scattered electrons to regions
adjacent to the target pattern. As a result, areas near the intended exposure may receive additional
dose, leading to feature broadening, reduced edge definition, and deviations from the designed
geometry. These effects are particularly significant for closely spaced features or dense pattern

regions, where overlapping exposure can substantially alter the final structure.

In graphene-based device fabrication, the proximity effect is of particular importance because
small deviations in electrode spacing or channel dimensions can directly influence electrical
characteristics. Variations in feature size may affect carrier transport, electric field distribution,
and the efficiency of electrostatic gating in electrolyte-gated configurations. Consequently, precise

control of pattern dimensions is essential for ensuring reproducible device performance.

The extent of the proximity effect depends on several process parameters, including beam energy,
resist thickness, substrate properties, and pattern density. Higher acceleration voltages generally
improve local resolution by reducing forward scattering within the resist, although they may also
enhance backscattering contributions from the substrate. Similarly, thicker resist layers can
increase lateral energy spread, while high-density patterns are more susceptible to cumulative

exposure effects.

To mitigate proximity-induced distortions, exposure parameters must be carefully optimized. This
includes selecting appropriate exposure doses, controlling resist thickness, and adjusting pattern
layouts to minimize unintended overlap of exposure regions. In some cases, proximity effect
correction (PEC) techniques may be employed to compensate for variations in local dose

distribution.

In the present work, careful optimization of exposure conditions is carried out to ensure accurate
pattern transfer and to maintain consistency across devices with different geometries. This is
particularly important for isolating the influence of intentional design variations, such as changes

in electrode configuration, from fabrication-induced deviations. By minimizing proximity effects,
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it is possible to achieve reliable nanoscale patterning suitable for systematic investigation of

graphene-based device behavior.
2.5.4 EBL System and Process Parameters

Electron beam lithography systems are typically based on modified scanning electron microscope
(SEM) platforms, equipped with beam control and pattern generation capabilities. These systems
enable precise focusing and scanning of a high-energy electron beam over a resist-coated substrate
under high-vacuum conditions, ensuring stable beam propagation and minimizing scattering by

ambient molecules [4, 13, 14].

A typical EBL system consists of an electron source, an electron optics column, a beam deflection
system, and a motorized sample stage. The electron source generates a focused beam that is
accelerated to a specified energy, while the optics column controls beam focusing and spot size.
The beam deflection system enables controlled scanning of the beam across the substrate according
to the predefined pattern, and the sample stage allows accurate positioning and alignment during

fabrication.
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Figure 2.13: Working Principle of Electron Beam Lithography [Reproduced from Book [15]
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The quality of the lithographic pattern is determined by several process parameters, which must
be carefully optimized to achieve accurate and reproducible device structures. Among the most
critical parameters is the acceleration voltage, which determines the energy of the incident
electrons. Higher acceleration voltages generally reduce forward scattering within the resist,

improving resolution, but may increase penetration depth and backscattering from the substrate.

The beam current is another important parameter, influencing both the exposure dose and the
writing speed. Higher beam currents allow faster patterning but may lead to increased beam
diameter and reduced resolution. Conversely, lower beam currents provide improved resolution at
the cost of longer exposure times. The selection of beam current, therefore, involves a trade-off

between throughput and pattern fidelity.

Exposure dose, defined as the charge delivered per unit area, plays a central role in determining
the extent of resist modification. For positive resists such as PMMA, the dose must be sufficient
to induce complete chain scission in the exposed regions while avoiding excessive exposure that
can lead to feature broadening. The optimal dose depends on resist thickness, molecular weight,

and development conditions, and is typically determined through calibration.

Additional parameters, including step size and dwell time, influence the spatial distribution of
exposure. The step size defines the spacing between successive beam positions, while the dwell
time determines the duration of exposure at each point. Together, these parameters control the

uniformity of dose distribution and must be selected to ensure consistent pattern formation.

In the context of this work, process parameters are optimized to achieve reliable patterning of
graphene devices with well-defined electrode geometry and channel dimensions. Maintaining
consistent exposure conditions across different device designs is particularly important, as it
enables meaningful comparison of electrical characteristics and sensing performance. Careful
control of these parameters ensures that variations in device behavior can be attributed to

intentional design differences rather than fabrication-induced variability.
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2.5.5 Resist System and PMMA Exposure Mechanism

The resist material plays a central role in electron beam lithography, as it serves as the medium
through which the electron beam pattern is initially defined. In this work, poly(methyl
methacrylate) (PMMA) is used as the electron beam resist due to its high resolution capability,

well-established processing characteristics, and compatibility with graphene device fabrication

[14,16].

PMMA is a positive-tone resist, meaning that the regions exposed to the electron beam become
more soluble in the developer solution. This behavior arises from the interaction of high-energy
electrons with the polymer structure, which induces chain scission along the polymer backbone.
As a result, the molecular weight of the exposed regions is reduced, increasing their solubility and
enabling selective removal during development. This process allows the transfer of the designed

pattern into the resist layer with high spatial precision.

The exposure behavior of PMMA is influenced by the spatial distribution of deposited energy
within the resist, which is governed by electron scattering processes discussed in previous sections.
In particular, secondary electrons generated during exposure contribute significantly to the
effective exposure region, extending beyond the primary beam diameter. This effect must be
considered when defining nanoscale features, as it influences the resolution and accuracy of pattern

transfer.

The performance of PMMA as a resist depends on parameters such as molecular weight, film
thickness, and exposure conditions. Thinner resist films generally provide higher resolution due to
reduced electron scattering, whereas thicker films offer greater mechanical stability during
subsequent processing steps such as metal deposition and lift-off. In practice, the resist thickness

is selected to balance resolution requirements with process robustness.

In addition to its role in pattern formation, PMMA is widely used in lift-off processes for defining
metal electrodes. After exposure and development, metal is deposited onto the patterned resist,
and the remaining resist is subsequently removed to leave metal only in the desired regions. The
quality of this process depends on the resist profile and adhesion characteristics, which must be

controlled to ensure clean pattern transfer.
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One of the key challenges associated with PMMA-based processing is the potential for residual
contamination on the graphene surface. Due to the high sensitivity of graphene to surface
adsorbates, residual resist can introduce unintended doping, increase scattering, and degrade
device performance. This is particularly critical for electrolyte-gated sensing applications, where
the device response depends strongly on the surface condition of the graphene channel. Careful
process control and cleaning steps are therefore required to minimize contamination and preserve

the intrinsic properties of graphene.

In the present work, PMMA is employed as the primary resist for electron beam lithography, and
its processing conditions are optimized to achieve consistent pattern definition across devices. This
ensures reliable fabrication of graphene structures and supports systematic investigation of the

influence of device geometry on electrical and sensing behavior.

2.5.6 Pattern Design and Exposure Optimization

The successful implementation of electron beam lithography depends not only on the underlying
physical processes but also on careful pattern design and optimization of exposure conditions. In
graphene-based device fabrication, where structural parameters directly influence electrical

performance, precise control over pattern geometry is essential.

Pattern design begins with the generation of a layout that defines the geometry of the device,
including the graphene channel, source and drain electrodes, and associated contact structures.
Computer-aided design (CAD) (i.e. k-layout) tools are used to create these layouts, allowing
flexibility in defining complex geometries and enabling systematic variation of structural
parameters. In the present work, particular emphasis is placed on the design of electrode
configurations, including variations in shape, size, and spacing, in order to investigate their

influence on device behavior.

The geometry of the electrodes plays a significant role in determining the electrical characteristics
of electrolyte-gated graphene devices. Variations in electrode spacing and channel dimensions can
affect carrier transport, local electric field distribution, and the efficiency of electrostatic coupling
through the electrolyte. In addition, the configuration of the counter electrode influences ion

distribution and the formation of the electric double layer at the graphene—electrolyte interface. As
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a result, precise definition of these geometrical parameters is critical for achieving reproducible

and interpretable device responses.

The translation of the designed pattern into a physical structure requires careful optimization of
exposure parameters, particularly the exposure dose. The dose determines the amount of energy
delivered to the resist and must be sufficient to ensure complete development of the intended
pattern without causing excessive feature broadening due to proximity effects. Establishing an

optimal dose window is therefore essential for maintaining accurate feature dimensions.

In addition to the global exposure dose, local variations in pattern density can influence the
effective dose distribution across the resist. Dense regions may receive additional exposure from
scattered electrons, while isolated features may experience reduced effective dose. This spatial
variation must be considered during pattern design to ensure uniform feature definition across the

device.

Other exposure parameters, including beam current, step size, dwell time, and acceleration voltage,
also influence pattern fidelity. These parameters are selected to ensure uniform energy deposition
and consistent pattern formation across devices. In particular, maintaining consistent exposure
conditions is essential when comparing devices with different geometries, as it allows the influence

of design variations to be distinguished from fabrication-induced effects.

In the present work, pattern design and exposure conditions are systematically optimized to
achieve reproducible fabrication of graphene devices with well-defined electrode geometries. This
controlled approach enables reliable investigation of the relationship between device architecture

and electrical performance, which forms a central objective of this study.

2.5.7 Development and Pattern Transfer

Following electron beam exposure, the latent pattern formed in the resist is converted into a
physical structure through the development process. For positive-tone resists such as PMMA, the
regions exposed to the electron beam undergo polymer chain scission and become more soluble in
the developer solution. During development, these exposed regions are selectively removed,

leaving behind a patterned resist layer that defines the geometry of the device [4, 5, 13, 14].
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The development process is typically carried out using a solution of methyl isobutyl ketone
(MIBK) diluted in isopropyl alcohol (IPA), which selectively dissolves the exposed PMMA. The
quality of pattern transfer depends critically on development conditions, including developer
composition, development time, and temperature. Insufficient development may result in
incomplete removal of exposed regions, while excessive development can erode unexposed areas,
leading to loss of feature definition. Careful optimization of these parameters is therefore required

to achieve sharp and well-defined patterns [17].

After development, the patterned resist serves as a mask for subsequent material deposition. In this
work, metallic electrodes are deposited onto the substrate to define the source and drain contacts
of the graphene devices. The deposition process is followed by a lift-off step, in which the
remaining resist is removed, along with any metal deposited on top of it, leaving metal only in the

desired patterned regions.

The success of the lift-off process depends on the resist profile and adhesion characteristics. A
well-defined resist profile facilitates clean separation of unwanted material, ensuring accurate
transfer of the intended pattern. Inadequate resist profile or excessive metal coverage can lead to

incomplete lift-off, resulting in residual metal structures or bridging between features.

For graphene-based devices, the development and pattern transfer steps are particularly critical
due to the sensitivity of graphene to surface contamination. Residual resist or metallic particles
remaining on the graphene surface can introduce unintended doping, increase carrier scattering,
and degrade device performance. This is especially important in electrolyte-gated sensing
applications, where the electrical response is strongly influenced by surface interactions at the

graphene—electrolyte interface.

In the present work, development and lift-off processes are carefully controlled to ensure clean
pattern transfer and minimal contamination of the graphene surface. This is essential for achieving
reproducible device characteristics and for enabling reliable interpretation of electrical
measurements. The completion of these steps marks the transition from pattern definition to fully

fabricated device structures, which are described in detail in the following section.
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2.6 Device Fabrication Process

The fabrication of graphene-based electrolyte-gated field-effect transistor devices involves a
sequence of carefully controlled processing steps, including substrate preparation, graphene
integration, lithographic patterning, and metal contact formation. Each stage plays a critical role
in determining the structural integrity and electrical performance of the final device. In the present
work, a combination of electron beam lithography and, where appropriate, optical lithography is

employed to define device features with varying spatial scales.
2.6.1 Substrate Preparation

The fabrication process begins with the preparation of the substrate, typically consisting of a
silicon wafer with a thermally grown silicon dioxide (SiO2) layer. Prior to device fabrication, the
substrate is cleaned to remove organic contaminants and particulate matter that may interfere with

graphene adhesion and lithographic patterning.

Cleaning is generally performed using sequential rinsing in organic solvents such as acetone and
isopropanol (IPA), followed by rinsing with deionized water. The substrate is then dried using a
nitrogen gun. This cleaning procedure ensures a relatively uniform and contamination-free surface,

which is essential for achieving consistent graphene transfer and resist coating.
2.6.2 Graphene Integration

Graphene is incorporated onto the prepared substrate using different approaches depending on the
source material. For CVD-grown graphene, a transfer process is employed to move the graphene
film from the growth substrate onto the target Si/SiO: substrate. This typically involves the use of
a polymer support layer, such as PMMA, followed by etching of the metal growth substrate and

subsequent transfer of the graphene onto the desired surface.

In the case of mechanically exfoliated graphene, flakes are directly deposited onto the substrate
through mechanical cleavage of bulk graphite. This method provides high-quality graphene but
with limited control over flake size and position. Commercially supplied graphene samples, which
are typically CVD-grown and pre-transferred, are also used to facilitate device fabrication with
improved reproducibility.
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The quality of graphene after integration is influenced by factors such as transfer-induced
contamination, wrinkles, and defects. These features can affect both the electrical properties and

sensing performance of the devices and are therefore considered in subsequent analysis.

2.6.3 Lithographic Patterning

The definition of device geometry, including electrodes and contact structures, is achieved through
lithographic patterning. Electron beam lithography is used as the primary technique for defining
nanoscale features, such as the graphene channel region and closely spaced electrodes. The high
resolution of EBL enables precise control over feature dimensions and allows systematic variation

of device geometry.

In addition to EBL, optical lithography is employed in selected steps where high resolution is not
required, such as the definition of larger contact pads and alignment markers. For having multiple
devices on a substrate, EBL takes too long to pattern the pre-design structure; in this case, the best
possible solution is to make the larger contact pad with optical lithography, which is quite fast.
This strategy has been adopted while fabricating devices at the Nanotechnology Group, Univeristy
of Salamanca.The use of optical lithography in these cases improves fabrication efficiency while

maintaining sufficient accuracy for macroscopic features.

During lithographic processing, a resist layer (PMMA for EBL) is deposited onto the substrate,
exposed according to the desired pattern, and developed to create a patterned resist mask. This

mask defines the regions where material deposition or removal will occur in subsequent steps.

2.6.4 Development and Metal Contact Deposition

Following resist patterning, the pattern was then develped by immersing the fabricated device in a
developer solution named AR-56 for 1 minute and 30 seconds in IPA.Then metal contacts are
deposited to form the source and drain electrodes of the device. Metal deposition is typically
carried out using thermal evaporation (at FIM UNIMORE) and electron beam evaporation
(Nanotechnology Group, University of Salamanca, which allows controlled deposition of thin

metallic films onto the substrate.
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Commonly used metal combinations include adhesion layers such as chromium or Platinum,
followed by a conductive layer such as gold. The choice of metals is guided by considerations of
adhesion, electrical conductivity, and compatibility with graphene. The deposited metal conforms
to the patterned resist structure, covering both the exposed substrate regions and the remaining

resist.
2.6.5 Lift-Off Process

After metal deposition, the lift-off process is used to remove the resist along with the metal
deposited on top of it, leaving behind metal only in the regions defined by the developed pattern.
This step is typically performed by immersing the sample in a solvent such as acetone for 15

minutes, which dissolves the resist and releases the unwanted metal

Figure 2.14: Optical Image after lit-off

The success of the lift-off process depends on the quality of the resist pattern and the thickness of
the deposited metal. Proper lift-off results in well-defined metal electrodes with minimal residual
material. Any remaining residues can affect the electrical performance of the device and are

therefore minimized through careful processing and cleaning.
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2.6.6 Device Geometry and Design Variations
The fabricated devices are designed with controlled variations in geometry to investigate their
influence on electrical and sensing behavior. Parameters such as channel length, electrode

spacing, and counter electrode configuration are systematically varied across different devices.

In particular, the geometry of the counter electrode is considered as a key design parameter in
electrolyte-gated systems. Variations in electrode shape, size, and positioning can influence the
distribution of the electric field and the formation of the electric double layer at the graphene—
electrolyte interface. By incorporating these variations into the fabrication process, the study aims

to examine their impact on device performance in a controlled and reproducible manner.

2.7 Device Architecture and Electrolyte Configuration

The fabricated graphene devices are configured as electrolyte-gated field-effect transistors, where
the electrical behavior of the graphene channel is modulated through an ionic medium rather than
a conventional solid dielectric. This configuration enables strong electrostatic coupling between
the gate electrode and the graphene channel, making it particularly suitable for sensing applications

in liquid environments.

The device architecture consists of a graphene channel connected to metallic source and drain
electrodes, which define the conduction path for charge carriers. The channel is exposed to an
electrolyte solution, which serves as the gating medium. A gate voltage is applied through an
external electrode immersed in the electrolyte, commonly referred to as the counter or reference
electrode. This arrangement allows the gate potential to be transmitted through the ionic solution

to the graphene surface
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Figure 2.15: Schematic of Electrolyte Gated Graphene Field Effect Transistor and Formation of Electric
Double Layer at Graphene-Electrolyte Interface

When a gate voltage is applied, ions in the electrolyte redistribute near the graphene surface,
leading to the formation of an electric double layer at the graphene—electrolyte interface [6,7]. This
electric double layer acts as a nanoscale capacitor with high capacitance, enabling efficient
modulation of carrier density in the graphene channel at relatively low applied voltages. As a
result, small variations in surface charge or local electrostatic potential can induce measurable

changes in the electrical conductance of the device.

The configuration of the gate electrode plays an important role in determining the distribution of
the electric field within the electrolyte. In contrast to conventional field-effect devices, where the
gate geometry is fixed by a solid dielectric structure, electrolyte-gated systems allow flexibility in
electrode design. Parameters such as electrode shape, size, and distance from the graphene channel

can influence ion distribution and the resulting electrostatic coupling.

Figure 2.16: Counter Electrode Fabricated Deived with differnt sizes, shapes and distance

In the present work, particular attention is given to the role of counter electrode geometry in
modulating device behavior. By varying the physical configuration of the gate electrode, it is

possible to explore how geometric factors influence the formation of the electric double layer and
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the efficiency of electrostatic gating. This provides an opportunity to examine device performance
beyond intrinsic material properties and to identify design parameters that can enhance sensitivity

and reproducibility.

The electrolyte used in the measurements serves both as a gating medium and as the environment
in which analyte interactions occur. Changes in electrolyte composition, pH, or the presence of
biomolecules can alter the local electrostatic conditions at the graphene surface. These changes are
reflected in the electrical characteristics of the device, typically observed as shifts in the Dirac

point or variations in conductance.

The open configuration of the graphene channel, in direct contact with the electrolyte, allows for
real-time interaction with chemical and biological species. While this enhances sensitivity, it also
introduces challenges related to environmental stability and contamination. Variations in ionic
strength, temperature, and surface adsorption can influence device response and must be

considered during experimental measurements.

The device architecture and electrolyte configuration described in this section provide the
foundation for the electrical characterization and sensing experiments presented in the following
sections. By combining precise device fabrication with controlled electrolyte gating, the system
enables systematic investigation of graphene-based sensing mechanisms under realistic operating

conditions.

2.8 Electrical Measurement Setup

The electrical characterization of the fabricated graphene devices is performed to evaluate their
transport properties and response under electrolyte gating conditions. These measurements provide
the basis for analyzing device behavior, including carrier modulation, Dirac point shifts, and

sensitivity to external perturbations.

2.8.1 Measurement Configuration

The graphene devices are operated in a field-effect configuration, where the current flowing

through the graphene channel is measured as a function of the applied gate voltage. The graphene
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channel is contacted by metallic source and drain electrodes, and a bias voltage is applied between

these electrodes to drive current through the device.

Figure 2.17: Probe contacts showing the measuring mechanism of Graphene Field Effect Transistor

A gate voltage is applied through the on-chip gate counter electrode, the electrode should cover
the graphene channel under investigation, and the gate counter electrode enables electrostatic
modulation of the carrier concentration in the graphene channel. This electrolyte-gated
configuration allows efficient control of the channel conductance due to the high capacitance of

the electric double layer formed at the graphene-electrolyte interface.

Figure 2.18: Electrolyte covering the graphene channel and the counter electrode

The primary measurement involves recording the drain current as a function of gate voltage,
commonly referred to as the transfer characteristic. This measurement provides information about
the ambipolar transport behavior of graphene, including the position of the Dirac point, which

corresponds to the minimum conductance condition.
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2.8.2 Instrumentation

Electrical measurements are carried out using a source-meter, which is capable of simultaneously

applying voltage and measuring current with high precision.

The DC source meter is used to apply the source—drain bias voltage and to measure the resulting

current through the graphene channel.

The gate voltage is also controlled through the measurement system which can be increased upto
200V, depending on the experimental setup.In our case we measure at low bias voltage likes 20,
50mV by sweeping gate voltage in between -40V to +40V. The use of precision instrumentation
ensures accurate measurement of low currents and small changes in electrical response, which are

critical for detecting subtle variations induced by analyte interactions.

The devices are typically measured using probe contacts and also using the Graphenea card for the

case of package commercial devices which are wire bonded Care is taken to ensure stable electrical

contact during measurements to avoid fluctuations or noise in the recorded data.

Figure 2.19: Electrical Transport Measurement setup under ambient conditions, vacuum and for the packaged
device with Graphenea Card
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2.8.3 Measurement Procedure

The electrical characterization begins with baseline measurements of the graphene device in the
absence of analytes, typically in a controlled electrolyte environment. A constant source—drain
voltage is applied, and the gate voltage is swept over a defined range to obtain the transfer

characteristics of the device.

From these measurements, key parameters such as the Dirac point voltage is extracted. The
position of the Dirac point provides information about the charge neutrality condition in graphene

and is sensitive to changes in the local electrostatic environment.

Subsequent measurements are performed under varying experimental conditions, such as changes
in electrolyte composition, pH, or the introduction of biomolecules. The measurement protocol is
maintained consistently across different conditions to ensure comparability of results. Parameters
such as sweep rate, voltage range, and stabilization time are controlled to minimize measurement

variability.

2.9 Sensing Experimental Methodology

The sensing performance of the fabricated graphene devices is evaluated through controlled
experiments involving variations in electrolyte conditions and the introduction of target analytes.
The electrolyte-gated configuration enables direct interaction between the graphene surface and
the surrounding environment, allowing changes in chemical composition to be transduced into
measurable electrical signals. In this work, sensing experiments are primarily focused on pH
variation and protein detection using human serum albumin (HSA), with additional consideration

given to the broader applicability of the device platform.

2.9.1 pH Sensing Measurements

pH sensing is employed as a model system to investigate the response of graphene devices to
changes in ionic concentration and surface charge. Variations in pH alter the protonation state of
species present at the graphene-electrolyte interface, leading to changes in surface potential and
electrostatic conditions. These changes are reflected in the electrical characteristics of the device,

particularly in the position of the Dirac point.
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For pH measurements, the device is exposed to electrolyte solutions with different pH values
prepared in Phosphate Buffer Saline (PBS) solution. The graphene channel remains in direct

contact with the electrolyte, while the gate voltage is applied through on chip gate electrode.

The measurement procedure involves recording the transfer characteristics of the device at each
pH value. A constant source-drain bias is maintained, and the gate voltage is swept over a defined
range. The experiments are repeated for the bias voltages 20mV, 50mV, 100mV and 200mV with
a gate sweeping in between 0 to 1 volt with a step size of 400. Changes in the Dirac point voltage
are used as a primary indicator of pH response, as shifts in this parameter reflect variations in the

local electrostatic environment.

Care is taken to ensure that measurements are performed under stable conditions, with sufficient
time allowed for the system to reach equilibrium after each change in pH. This helps to minimize
transient effects and ensures that the recorded response accurately represents the steady-state

behavior of the device.

2.9.2 Protein Detection: Human Serum Albumin (HSA)

The detection of protein biomarkers is investigated using human serum albumin (HSA), a widely
studied protein with clinical relevance in the assessment of kidney function and overall
physiological status. The relatively large size and complex structure of proteins introduce

additional challenges in electrolyte-gated sensing, particularly due to ionic screening effects.

HSA solutions of varying concentrations (0.01, 0.05, 0.1, 0.5,1,5,10 and 30mg/ml) are prepared in
an ultrapure electrolyte environment. The graphene device is exposed to these solutions, allowing
the protein molecules to interact with the graphene surface either through direct adsorption or
through electrostatic interactions. These interactions can induce changes in local charge

distribution and surface potential, which in turn affect the electrical response of the device [18,19]

Electrical measurements are performed following the same protocol used for baseline
characterization, with transfer characteristics recorded for each concentration of HSA. The
baseline characterization is done with the Deionized Water. Based on IV and Transfer response

measurements, the changes in the Dirac point voltage and conductance are analyzed to evaluate
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the sensing response. Due to the influence of Debye screening in electrolyte environments, the
effective interaction between the protein and the graphene channel is limited to regions close to
the surface. As a result, the observed response may depend strongly on electrolyte conditions and

device configuration.

The detection of HSA in this work serves as a representative example of protein sensing using
graphene-based devices and provides insight into the challenges associated with detecting large

biomolecules in electrolyte-gated systems.

2.10 Data Processing and Analysis

The data obtained from the transport measurements has been analysed using Origin pro 2023
software. The measurements data obtained from graphene devices are analyzed to extract key
parameters that describe their transport behavior and sensing response. Given the sensitivity of
graphene to changes in its electrostatic environment, careful processing and interpretation of the

data are essential for obtaining reliable and meaningful results.

A primary feature of interest in graphene field-effect measurements is the transfer characteristic,
which represents the variation of drain current as a function of gate voltage. From this curve, the
position of the Dirac point is identified as the gate voltage corresponding to minimum conductance.
This point reflects the charge neutrality condition in graphene and serves as a key parameter for

analyzing changes in the local electrostatic environment.

Shifts in the Dirac point voltage are used as a primary indicator of sensing response [9]. Variations
in pH, ionic concentration, or the presence of biomolecules can alter the surface potential at the
graphene—electrolyte interface, leading to a shift in the Dirac point. By comparing the Dirac point
position under different experimental conditions, it is possible to quantify the response of the

device to external perturbations.

In addition to Dirac point analysis, changes in the overall conductance profile are also considered.
Variations in conductance can arise from modifications in carrier concentration, scattering

mechanisms, or contact effects. While the Dirac point provides a convenient reference for
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electrostatic changes, conductance variations can offer complementary information regarding

transport behavior and interaction mechanisms.

For quantitative analysis, the sensitivity of the device is evaluated by relating the change in
electrical response to the variation in analyte concentration or pH. In the case of pH sensing,
sensitivity is commonly expressed as the change in Dirac point voltage per unit change in pH. For
protein detection, the response may be analyzed as a function of analyte concentration, with
emphasis on trends rather than absolute calibration, given the influence of ionic screening and

surface interactions.

To ensure consistency in data analysis, all measurements are processed using a uniform
methodology. Parameters such as the voltage sweep range and identification of the Dirac point are
handled in a consistent manner across different datasets. This approach minimizes subjective
variation in parameter extraction and enables meaningful comparison between devices and

experimental conditions.

It 1s also important to consider sources of variability in the data. Fluctuations in measurement
conditions, device-to-device differences, and material-related factors can all contribute to
variations in the observed response. By combining multiple measurements and comparing trends

across devices, it is possible to distinguish systematic behavior from random variations.

The analysis framework described in this section provides a structured approach for interpreting
the electrical response of graphene-based devices under electrolyte gating. This approach is
applied consistently in the subsequent chapters to evaluate sensing performance and to examine

the influence of device geometry and material properties.

2.11 Summary of Chapter

This chapter has presented the materials, fabrication methodology, and experimental framework
used for the realization of graphene-based electrolyte-gated field-effect transistor devices. The
selection of graphene from multiple sources, along with the use of silicon-based substrates and
controlled processing materials, provides a foundation for investigating the influence of material

properties on device behavior.
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A top-down nanofabrication approach has been employed, with electron beam lithography serving
as the primary technique for defining nanoscale device features. The principles of electron—matter
interaction, resist behavior, and exposure optimization have been discussed to establish the basis
for reliable patterning. The fabrication process, including substrate preparation, graphene
integration, lithographic patterning, metal deposition, and lift-off, enables the realization of

devices with controlled geometry.

The device architecture has been configured for electrolyte gating, allowing efficient modulation
of the graphene channel through the formation of an electric double layer at the graphene—
electrolyte interface. The flexibility of this configuration facilitates the investigation of electrode

geometry and its influence on device performance.

Electrical characterization and sensing methodologies have been outlined, including
measurements of transfer characteristics and analysis of Dirac point shifts in response to variations
in pH and protein concentration. A consistent data processing approach has been established to

ensure reliable interpretation of experimental results.

The combination of controlled fabrication, well-defined device architecture, and systematic
measurement protocols provides a robust platform for analyzing graphene-based sensing behavior.
These experimental foundations support the investigations presented in the subsequent chapters,
where the electrical characteristics and sensing performance of the fabricated devices are examined

in detail. \
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CHAPTER 3

Theoretical Framework and Computational Modelling of GFET Biosensors

3.1 Introduction

Graphene-based electrolyte-gated field-effect transistors (GFETs) have emerged as highly
promising platforms for chemical and biological sensing because of their exceptional electrical
properties, large surface-to-volume ratio, and strong sensitivity to interfacial electrostatic
perturbations. In electrolyte-gated configurations, the electrical response of graphene is governed
not only by charge transport within the graphene channel but also by ionic processes occurring at
the graphene-electrolyte interface. Consequently, understanding the sensing behaviour of
electrolyte-gated GFETs requires a modelling framework capable of resolving coupled

electrostatic, ionic, and molecular-scale interactions across multiple spatial and temporal scales.

At the device level, the modulation of graphene conductivity is governed by electrostatic coupling
through the formation of an electric double layer (EDL) at the graphene-electrolyte interface. The
resulting interfacial capacitance enables efficient carrier modulation at relatively low gate voltages
and provides high sensitivity to changes in the local electrochemical environment. Continuum
modelling approaches based on coupled electrostatic and ionic transport equations therefore
provide an effective framework for analysing electric potential distributions, ion transport

behaviour, and carrier modulation within electrolyte-gated graphene devices [1-3].

However, continuum descriptions alone are insufficient to fully capture microscopic interfacial
interactions occurring near the graphene surface. In biosensing systems, processes such as
biomolecular adsorption, ion organization, hydration-layer formation, and orientation-dependent
electrostatic interactions occur at molecular length scales and strongly influence device behaviour.
Atomistic simulation approaches, including Brownian Dynamics and molecular dynamics
methods, therefore provide complementary insight into adsorption behaviour and interfacial

charge distributions that cannot be resolved using continuum formulations alone [4,5].

To address these challenges, a multiscale modelling strategy is adopted in this thesis. Continuum-
level finite element simulations are implemented using COMSOL Multiphysics to investigate

electrostatic modulation and ionic transport within electrolyte-gated GFET structures. In parallel,
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atomistic adsorption modelling is employed to investigate biomolecular interactions occurring
near the graphene interface. The combined use of continuum and atomistic approaches provides a
physically consistent framework for linking microscopic interfacial interactions with

experimentally observed electrical sensing behaviour.

The objective of this chapter is to establish the theoretical and computational framework used
throughout this thesis. The fundamental principles governing graphene transistor operation are first
introduced, followed by description of the electrolyte-gated device configuration and the
electrostatic mechanisms governing electric double-layer formation. The governing continuum
equations used for electrostatic and ionic transport modelling are then presented together with their
implementation in a finite element framework. Subsequently, atomistic modelling approaches
relevant to graphene biosensing systems are introduced, followed by discussion of the multiscale

integration strategy used to connect continuum and molecular-level descriptions.

The modelling framework developed in this chapter forms the basis for the simulation studies
presented in the following chapters, where computational analysis is combined with experimental

characterization to investigate the sensing behaviour of electrolyte-gated graphene biosensors.
3.2 Fundamentals of GFET Operation

Graphene-based field-effect transistors differ fundamentally from conventional semiconductor
transistors because graphene possesses a unique two-dimensional electronic structure
characterized by a zero bandgap and linear energy dispersion near the Dirac points [6,7,8].
Graphene consists of a single atomic layer of sp>-bonded carbon atoms arranged in a hexagonal
honeycomb lattice, producing electronic states in which the conduction and valence bands meet at

the charge neutrality point without formation of an energy gap.

Near the Dirac point, charge carriers in graphene behave as massless Dirac fermions, resulting in
exceptionally high carrier mobility and ambipolar transport behaviour. Unlike conventional
semiconductors, where electrical conduction is dominated by either electrons or holes, graphene
supports both electron and hole conduction depending on the applied gate voltage. This ambipolar
transport behaviour is one of the defining characteristics of GFET operation and plays an important

role in sensing applications.
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The electrical conductivity of graphene is governed by the carrier density within the graphene
channel. In a field-effect transistor configuration, an applied gate voltage modulates the carrier
density through capacitive electrostatic coupling between the gate electrode and graphene. The

induced carrier density can be expressed as:

C
n=="(V-Vp)——————~- (Eq-1)

where ‘Cg’ is the gate capacitance per unit area, ‘Vg’ is the applied gate voltage, ‘Vp’ is the Dirac
voltage corresponding to the charge neutrality point, and ‘e’ is the elementary charge [9].
Variations in the Dirac voltage provide information regarding changes in the electrostatic
environment surrounding the graphene channel and are therefore commonly used in sensing

applications.

Under low-field conditions, charge transport in graphene can be described using a drift-diffusion

approximation in which the drain current is expressed as:

Ybs

In=W.uN.
D u I

e e (Eq.2)

2

where ‘W’ and ‘L’ are the channel width and channel length, respectively, ‘u’ is the carrier

2

mobility, and ‘Vps’ is the applied drain—source voltage [10]. In practical graphene devices, the
conductivity is additionally influenced by carrier scattering arising from impurities, substrate

interactions, lattice defects, phonons, and adsorbed species.

A characteristic feature of graphene is the existence of finite minimum conductivity near the Dirac
point despite the absence of induced charge carriers. This behaviour originates from residual
carrier inhomogeneity and charge fluctuations within the graphene channel. Although the absence
of a bandgap limits the achievable on/off ratio compared with conventional semiconductor devices,
it enables continuous electrostatic modulation of conductivity over a broad gate-voltage range,

which is advantageous for sensing applications.
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The transfer characteristics of GFETs are typically represented by the drain current as a function
of gate voltage and exhibit a characteristic V-shaped profile centred near the Dirac point. Shifts in
the transfer curve and variations in carrier mobility or transconductance provide important
information regarding changes in the local electrostatic environment and adsorption processes

occurring near the graphene surface.

In electrolyte-gated configurations, electrostatic carrier modulation occurs through ionic coupling
at the graphene-electrolyte interface, requiring explicit consideration of electric double-layer
formation and electrolyte transport phenomena. These electrochemical mechanisms governing

electrolyte-gated operation are discussed in the following sections.
3.3 Device Geometry and Electrolyte-Gated Configuration

The electrolyte-gated graphene field-effect transistor investigated in this work consists of a
graphene conducting channel interfaced directly with an electrolyte medium and controlled
through an external gate electrode. Unlike conventional silicon-based field-effect transistors,
where electrostatic modulation occurs through a solid dielectric layer, electrolyte-gated GFETSs
operate through ionic coupling at the graphene—electrolyte interface. This configuration enables
extremely high interfacial capacitance and efficient carrier modulation at relatively low operating

voltages.

10
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Figure 3.1: Schematic representation of the electrolyte-gated graphene field-effect transistor geometry used
for continuum finite element modelling, showing the graphene channel, source and drain electrodes,
electrolyte domain, and gate electrode.
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The device geometry employed in the present modelling framework comprises a graphene channel
connected to metallic source and drain electrodes and exposed to an electrolyte domain acting as
the gate dielectric. A gate electrode positioned within the electrolyte applies the external bias
required for electrostatic modulation of the graphene channel. Figure 3.2 illustrates the

representative device geometry and computational configuration implemented in this work.

Reference electrode

Electrolyte __Protein

Figure 3.2: Conceptual illustration of electrostatic gating in electrolyte-gated graphene field-effect
transistors showing ion redistribution and electric double-layer formation near the graphene—electrolyte

interface (Taken from Ref.[11])

The graphene channel is represented as a conductive layer located at the interface between the
substrate and electrolyte domains. The source and drain electrodes define the carrier transport
direction along the graphene sheet, while the electrolyte region above the graphene surface enables
ionic gating through formation of an electric double layer. The dimensions of the computational
domain are selected to remain consistent with the experimental device configuration while

maintaining numerical stability and computational efficiency.

71



In electrolyte-gated configurations, the electrostatic interaction between the electrolyte and
graphene channel is governed by ion redistribution near the graphene surface under an applied
electric field. This process results in formation of electric double layers at the electrode—electrolyte
interfaces and produces strong electrostatic coupling between the ionic medium and graphene
channel. Consequently, understanding the electrochemical behaviour of electrolyte-gated GFETs

requires explicit consideration of electric double-layer formation and ionic screening phenomena.

The electrolyte-gated geometry provides several important advantages for sensing applications.
The nanometre-scale electric double layer produces capacitance values significantly larger than
those achievable using conventional oxide dielectrics, thereby enhancing carrier modulation
efficiency and sensitivity to local electrochemical perturbations. Furthermore, direct exposure of
the graphene surface to the electrolyte enables strong interaction between adsorbed biomolecules
and the graphene channel, making electrolyte-gated GFETs particularly attractive for label-free

biosensing applications.

The electrostatic mechanisms governing electric double-layer formation and ionic screening

behaviour within electrolyte-gated graphene systems are discussed in the following section.

3.4 Electrolyte-Gated Electrostatics and Electric Double-Layer Physics

The operation of electrolyte-gated graphene field-effect transistors is governed by electrostatic
coupling between the graphene channel and the surrounding electrolyte medium. When an external
gate voltage is applied through an electrode immersed within the electrolyte, mobile ions
redistribute in response to the applied electric field, leading to formation of electric double layers
at the electrode—electrolyte interfaces. These interfacial charge layers control the electrostatic

modulation of the graphene channel and therefore play a central role in device operation.

At the graphene—electrolyte interface, oppositely charged ions accumulate near the graphene
surface, forming a nanometre-scale electric double layer that behaves as an effective capacitor with
exceptionally high capacitance per unit area [1-3]. Because the separation distance between ionic
and electronic charges is extremely small, electrolyte-gated devices achieve efficient carrier

modulation at relatively low gate voltages.
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The structure of the electric double layer is commonly described using the Stern model, which
combines a compact layer of specifically adsorbed ions near the surface with a diffuse ionic region
extending into the bulk electrolyte. Figure 3.3 illustrates the electric double-layer structure formed

at the graphene—electrolyte interface.
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Figure 3.3: Schematic illustration of electric double-layer formation at the graphene-electrolyte interface

based on the Stern model, showing compact and diffuse ionic regions. (Adapted rom Ref.12)

A key parameter governing electrostatic screening within the electrolyte is the Debye length,
which defines the characteristic distance over which electric fields are screened by mobile ions. In
physiological electrolytes, the Debye length is typically limited to only a few nanometres, meaning
that electrostatic interactions arising from adsorbed biomolecules are strongly screened beyond
this characteristic distance. Consequently, only charges located sufficiently close to the graphene

surface effectively contribute to electrostatic modulation of the graphene channel.
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Figure 3.4: Schematic representation of electrolyte-gated electrostatic screening near a two-dimensional
conducting channel illustrating electric double-layer formation and Debye-length-limited electrostatic

modulation under electrolyte-gated sensing conditions. ( Adapted from Chen and Bashir Ref. 13).

In physiological electrolytes, the Debye length is typically limited to only a few nanometres.The
induced carrier density within graphene is directly related to the electrostatic potential drop across
the electric double layer. Small perturbations in the local ionic environment, such as changes in
ion concentration, pH, or biomolecular adsorption, therefore produce measurable changes in
graphene conductivity. This strong electrostatic sensitivity forms the basis of electrolyte-gated

graphene biosensing.

In practical sensing systems, the electrostatic environment is additionally influenced by ion
adsorption, hydration-layer formation, surface contamination, and biomolecular interactions
occurring near the graphene interface. These processes can modify the local electric potential and

induce shifts in the Dirac voltage observed experimentally in GFET transfer characteristics.

Because electrolyte-gated graphene devices involve coupled electrostatic and ionic transport
phenomena, quantitative modelling of device behaviour requires a continuum framework capable

of simultaneously describing electric potential distributions, ion transport, and charge-carrier

74



modulation within graphene. The governing equations used to describe these coupled processes

are presented in the following section.
3.5 Governing Equations and Continuum Modelling

To quantitatively describe the electrostatic and ionic processes discussed in Section 3.4, a
continuum modelling framework based on coupled electrostatic and transport equations is
required. Electrolyte-gated graphene transistors involve simultaneous interaction between electric
potential distributions, ionic transport within the electrolyte, and electrostatic modulation of charge
carriers in the graphene channel. These coupled processes can be described using a set of

continuum equations forming the basis of device-level finite element simulations.
3.5.1 Electrostatics: Poisson Equation

The electrostatic potential distribution within the device is governed by Poisson’s equation, which
relates the local electric potential to the spatial charge distribution. Within the electrolyte domain,
the charge density arises from the distribution of mobile ionic species and determines the resulting
electric potential distribution near the graphene interface. The governing electrostatic equation is

expressed as:
V.(V®) = —p e vee e ... (Eq.3)

where € is the dielectric permittivity of the medium, @ is the electric potential, and P is the local

space-charge density arising from ionic charge distributions within the electrolyte. This equation
provides continuum-level description of electrostatic potential variation throughout the

electrolyte-gated device structure.
3.5.2 Ion Transport: Nernst-Planck Equation

Transport of ionic species within the electrolyte is described using the Nernst—Planck equation,
which accounts for diffusion and electromigration under an applied electric field. This formulation

enables description of ionic redistribution within the electrolyte under electrolyte-gated operating
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conditions and provides a continuum representation of the electrostatic screening behaviour

discussed previously in Section 3.4.The ionic flux of species (i) is expressed as:
Ji = =DiVe¢; — zpic;VQ

where ‘Ji’ is the ionic flux, ‘Di’ is the diffusion coefficient, ‘ci’ is the ionic concentration, ‘zi’ is
the ionic valence, (F) is Faraday’s constant, (R) is the universal gas constant, (T) is the absolute
temperature, and (\phi) is the electrostatic potential. The first term describes concentration-driven

diffusion, while the second term represents electric-field-driven ionic migration.

Conservation of ionic species within the electrolyte is additionally described using the continuity

equation:

dc

i

Under steady-state conditions employed in the present work, the temporal term approaches zero.
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Figure 3.5: Finite element simulation of ionic concentration distributions and transport streamlines within
the electrolyte domain under electrolyte-gated conditions showing (a) cation transport and (b) anion

transport behaviour.
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3.5.3 Charge Transport in Graphene

Charge transport within the graphene channel is described using a drift-diffusion framework in
which the current density depends on carrier concentration and electric-field-driven carrier motion.
Because graphene exhibits ambipolar transport behaviour, both electron and hole contributions
influence the conductivity near the Dirac point. Variations in electrostatic potential at the
graphene—electrolyte interface therefore directly influence carrier density and conductivity within

the graphene channel.

@ Electrolyte
@ @ =]
+ ® o @
@
& @ | ] @
@ (&) @® @
g @,  c @ _ @ _
& | ‘IC @) /@ tv '@ ,(:)\ @® =) '@ P 9.@ ‘;‘Q‘) L@ Electric
l| r" \I \'\ 1 IP r‘l / I’ \ F/ o] f‘ \1 | l| ) | ". | "1 o R e
- b Al b de e e Al or A A i e (EDL)
TR TR S O S B e g o od o b 4
TR S AR (NS N RN VR SR LR L B e g
| | | | | | | \ \ | \ | | | | | ] | | | [ | ! |
Y Y YV Y VY VY Y ¥V V¥V ¥ v oI ¥ ¥V ¥ ¥ ¥ ¥ ¥ ¥V V V¥
. ) a—— _ _ J - .
L@
PP
@ o

Electron accumulation Graphene channel Hole accumulation
Increased electron density Increased hole density

Figure 3.6: Conceptual illustration of electrostatic carrier modulation within the graphene channel arising

from electrolyte-gated operation and interfacial ionic coupling

The graphene current density may be expressed in simplified form as:

J = qnuk ... ... .........(Eq.
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here (J) is the current density, (q) is the elementary charge, (n) is the carrier concentration, ‘p’ is
the carrier mobility, and (E) is the applied electric field. Electrostatic perturbations arising from
ionic redistribution and biomolecular adsorption therefore modulate graphene conductivity

through changes in local carrier density and carrier transport behaviour.

3.5.4 Coupled Multiphysics Framework

The governing equations described above are intrinsically coupled. The electric potential obtained
from Poisson’s equation influences ionic transport through the migration term in the Nernst—
Planck equation, while the resulting ion distribution simultaneously modifies the electrostatic
charge density within the electrolyte. The electrostatic potential at the graphene interface

additionally governs carrier density modulation within the graphene channel.

At the graphene-electrolyte boundary, the continuum framework represents electrostatic coupling
through effective interfacial boundary conditions linking ionic charge accumulation in the
electrolyte to induced electronic charge within graphene. The resulting system therefore
constitutes a nonlinear coupled multiphysics problem requiring numerical solution through finite

element discretization.

The coupled governing equations described in this section were implemented numerically within

a finite element framework using COMSOL Multiphysics, as discussed in the following section.

3.6 COMSOL Finite Element Modelling Framework

The coupled governing equations described in the previous section were implemented numerically
using COMSOL Multiphysics, a finite element simulation platform capable of solving strongly
coupled multiphysics problems within complex geometries. The continuum framework developed
in this work was used to investigate electrostatic potential distributions, ionic transport behaviour,

and electrostatic carrier modulation within electrolyte-gated graphene devices.

3.6.1 Physics Modules and Computational Framework

The finite element model combines multiple physics interfaces to represent the coupled

electrostatic and ionic transport processes governing electrolyte-gated GFET operation. The
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Electrostatics module was employed to solve Poisson’s equation and obtain electric potential
distributions throughout the electrolyte and surrounding device domains. The Transport of Diluted
Species module was additionally used to implement ionic diffusion and electromigration within

the electrolyte.

Coupling between these modules enables self-consistent interaction between ionic charge
distributions and electrostatic potential throughout the computational domain. This coupled
framework provides continuum-level description of electrostatic modulation and ionic transport

behaviour under electrolyte-gated operating conditions.
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Figure 3.7: Simulated electric potential distribution within the electrolyte-gated graphene field-effect
transistor under applied gate bias illustrating electrostatic modulation near the graphene—electrolyte

interface.
3.6.2 Boundary Conditions and Interfaces

Appropriate boundary conditions were defined to reproduce the operating configuration of the

electrolyte-gated graphene transistor. A fixed electric potential corresponding to the externally
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applied gate voltage was imposed at the gate electrode boundary, while source and drain contacts

defined the carrier transport direction along the graphene channel.

Bulk electrolyte boundaries were assigned fixed ionic concentrations corresponding to

experimental electrolyte conditions. At the graphene—electrolyte interface, electrostatic coupling

between ionic charge accumulation and induced graphene carrier density was represented through

effective interfacial boundary conditions.
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Figure 3.8: Boundary conditions and electrostatic interfaces employed in the finite

framework for electrolyte-gated graphene transistor simulations.
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3.6.3 Meshing and Numerical Solution Strategy

Accurate resolution of electrostatic and ionic gradients near the graphene—electrolyte interface
requires fine spatial discretization within regions of strong field variation. A non-uniform mesh
was therefore employed, with refined finite elements positioned near the graphene interface and

coarser elements used within bulk electrolyte regions to maintain computational efficiency.
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Figure 3.9: Finite element mesh employed for electrolyte-gated graphene transistor simulations showing

refined spatial discretization near the graphene—electrolyte interface within the computational domain.

The coupled nonlinear system of equations was solved under steady-state conditions using finite
element methods. Stationary solvers were employed to investigate equilibrium electrostatic
behaviour and ionic distributions under applied gate voltages. Numerical convergence was verified
through mesh refinement and consistency checks to ensure stability and physical reliability of the

simulation framework.

Although continuum simulations effectively describe macroscopic electrostatic and ionic
behaviour, they do not explicitly resolve molecular-scale interactions occurring near the graphene—
electrolyte interface. Atomistic modelling approaches relevant to graphene biosensing systems are

therefore discussed in the following section.

3.7 Atomistic Modelling Framework
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Although continuum simulations provide important insight into macroscopic electrostatic and
ionic behavior, they do not explicitly resolve molecular-scale interactions occurring near the
graphene—electrolyte interface. In graphene biosensing systems, processes such as biomolecular
adsorption, orientation-dependent interactions, and local charge redistribution occur at nanometer
length scales and can significantly influence the electrostatic environment surrounding the
graphene channel. Atomistic modelling approaches therefore provide complementary information

regarding interfacial molecular behavior relevant to electrolyte-gated sensing.

Atomistic simulations describe the motion and interaction of individual atoms or molecules using
classical mechanics and empirical interaction potentials. In molecular dynamics simulations,
atomic motion is governed by Newton’s equations of motion, while intermolecular interactions are
represented through force fields describing bonded and non-bonded interactions [4]. Brownian
Dynamics approaches additionally provide efficient description of diffusive molecular motion in
implicit solvent environments and are particularly useful for investigating adsorption behaviour

near surfaces.

Figure 3.10: Representative atomistic adsorption configurations of biomolecules near graphene surfaces
illustrating orientation-dependent interfacial interactions relevant to graphene-based biosensing (Adapted
from 14,15)

In the context of graphene biosensors, atomistic approaches are primarily employed to investigate
biomolecular adsorption configurations, orientation-dependent electrostatic interactions, and
interfacial charge distributions near graphene surfaces. These molecular-level processes influence

the local electrostatic environment experienced by the graphene channel and therefore contribute

to experimentally observed sensing behavior.
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In this work, atomistic adsorption analysis is used primarily to support interpretation of adsorption
behavior and electrostatic perturbations occurring near the graphene interface rather than to
provide exhaustive molecular-scale thermodynamic analysis. The atomistic framework therefore
serves as a complementary component within the broader multiscale modelling strategy developed

in this thesis.

Atomistic simulation approaches additionally provide insight into biomolecular interactions and
adsorption-mediated electrostatic perturbations relevant to graphene biosensing systems, as

discussed in the following section.

3.8 Applications of Atomistic Simulations in GFET Biosensors

Atomistic simulation approaches have been widely applied to investigate biomolecular
interactions occurring near graphene surfaces in biosensing systems. These methods provide
insight into adsorption configurations, interfacial electrostatic interactions, molecular orientation
behaviour, and charge redistribution processes that influence sensing response in graphene-based

devices.

In electrolyte-gated GFET biosensors, adsorption of biomolecules near the graphene surface
modifies the local electrostatic environment through redistribution of ionic and molecular charges
within the effective screening region of the electrolyte. The resulting perturbation of the interfacial
electric field influences carrier density modulation within the graphene channel and contributes to

experimentally observable changes in conductivity, transconductance, and Dirac voltage.

Atomistic adsorption analysis is particularly important because biomolecular orientation strongly
influences the spatial distribution of electrostatic charge near the graphene surface. Different
adsorption configurations can therefore produce significantly different electrostatic perturbations

even for identical biomolecular species.
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Figure 3.11: Representative bio-molecular systems interacting with graphene surfaces, illustrating
adsorption-mediated interfacial interactions relevant to graphene-based biosensing applications. (Adapted
from Ref.16)

In addition to adsorption orientation, atomistic simulations provide information regarding
interfacial hydration structure, local ion organization, and heterogeneous surface interactions
occurring near graphene interfaces. Such molecular-scale processes are difficult to resolve using

continuum-level descriptions alone but may contribute significantly to sensing behaviour under

electrolyte-gated conditions.

In the present work, atomistic adsorption analysis is employed primarily to support interpretation
of electrostatic perturbations associated with biomolecular adsorption near the graphene interface.
These molecular-level observations complement the continuum electrostatic simulations described

previously and provide additional physical insight into the sensing mechanisms investigated

experimentally in later chapters.

The complementary strengths of continuum and atomistic modelling approaches therefore
motivate development of a multiscale framework capable of linking molecular-scale interactions

with macroscopic device behaviour.

3.9 Multiscale Modelling Strategy
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Electrolyte-gated graphene biosensors involve coupled physical phenomena occurring across
multiple spatial scales. Continuum electrostatic models effectively describe macroscopic ionic
transport, electric potential distributions, and carrier modulation within the device structure,
whereas atomistic simulations provide molecular-level insight into adsorption behaviour and
interfacial interactions occurring near the graphene surface. A multiscale modelling strategy is

therefore required to connect these complementary physical descriptions.

In the framework developed in this work, continuum finite element simulations are employed to
investigate electrostatic potential distributions and ionic transport behaviour within the electrolyte-
gated GFET geometry. Atomistic adsorption analysis is additionally used to examine biomolecular
interactions occurring near the graphene interface and to evaluate orientation-dependent

electrostatic perturbations associated with adsorption processes.

The relationship between continuum and atomistic descriptions is illustrated schematically in

Figure 3.12.
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Figure 3.12: Multiscale modelling strategy integrating continuum electrostatic simulations with atomistic
adsorption analysis for interpretation of electrolyte-gated graphene biosensing behaviour. (Taken from
Ref.5)
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Within this framework, continuum simulations provide macroscopic description of electrostatic
modulation and electrolyte behaviour throughout the device domain, while atomistic simulations
provide localized information regarding adsorption configurations and interfacial charge
distributions near the graphene surface. Together, these approaches provide complementary
physical interpretation of sensing mechanisms occurring within electrolyte-gated graphene

biosensors.

The present multiscale framework does not involve fully self-consistent coupling between
atomistic and continuum simulations. Instead, atomistic adsorption analysis is employed
qualitatively to support interpretation of electrostatic perturbations and interfacial interactions
observed experimentally and within continuum simulations. This approach significantly reduces
computational complexity while maintaining physically meaningful interpretation of multiscale

sensing behaviour.

The resulting modelling strategy therefore provides a physically consistent basis for interpretation

of the experimental sensing behaviour investigated in the following chapters.

3.10 Model Parameters, Assumptions, and Limitations

Implementation of the multiscale modelling framework requires selection of appropriate physical
parameters together with several simplifying assumptions necessary for computational feasibility.
These assumptions influence the interpretation and applicability of the simulation results and

should therefore be considered when analysing the modelling framework developed in this work.

Within the continuum framework, the electrolyte was treated as a homogeneous ionic medium
with constant dielectric properties and isotropic ionic diffusion coefficients. Electrostatic and ionic
transport behaviour were analysed under steady-state conditions, while fluid flow and transient
electrochemical effects were neglected. The graphene channel was additionally represented using
effective continuum electrostatic boundary conditions without explicit atomistic representation of

the graphene lattice.

The atomistic adsorption analysis employed rigid-body representations of biomolecular structures

and graphene surfaces, thereby neglecting large-scale conformational changes and explicit solvent
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dynamics. Interfacial interactions were therefore interpreted primarily in terms of adsorption
orientation and electrostatic perturbation behaviour rather than detailed molecular

thermodynamics.

Furthermore, the multiscale framework developed in this work does not involve direct self-
consistent coupling between atomistic and continuum simulations. Instead, continuum
electrostatic simulations and atomistic adsorption analysis were used as complementary modelling
approaches to provide physically consistent interpretation of experimentally observed sensing

behaviour.

Despite these limitations, the combined continuum and atomistic framework provides important
insight into electrostatic modulation, adsorption-induced perturbations, and multiscale sensing

mechanisms governing electrolyte-gated graphene biosensors.

3.11 Summary of Chapter

This chapter established the theoretical and computational framework used throughout this thesis
for investigation of electrolyte-gated graphene biosensors. Fundamental principles governing
graphene transistor operation, electrolyte gating, and electric double-layer electrostatics were first
introduced, followed by presentation of the governing continuum equations describing coupled

electrostatic and ionic transport behaviour.

A finite element modelling framework implemented in COMSOL Multiphysics was subsequently
presented for simulation of electrostatic potential distributions and ionic transport processes within
electrolyte-gated GFET structures. Atomistic modelling approaches relevant to biomolecular
adsorption and interfacial interactions near graphene surfaces were additionally discussed together

with their application to graphene biosensing systems.

Finally, a multiscale modelling strategy integrating continuum electrostatic simulations with
atomistic adsorption analysis was presented to provide physically consistent interpretation of
electrolyte-gated graphene biosensing behaviour. The modelling framework developed in this
chapter forms the basis for the simulation and experimental studies presented in the following

chapters.
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Chapter 4
Electrolyte-Gated Graphene Transistors for pH Sensing: Modelling and

Experimental Validation

4.1 Introduction

Electrolyte-gated graphene field-effect transistors (GFETSs) provide a highly sensitive platform for
probing interfacial electrostatic phenomena in aqueous environments, owing to the combination
of graphene's high carrier mobility and efficient electrostatic coupling through the electric double
layer (EDL) [1,2]. In these devices, the gate voltage is applied through an electrolyte, and the
resulting redistribution of ions at the graphene-electrolyte interface leads to strong modulation of
the carrier density in the graphene channel. This mechanism enables low-voltage operation,

making GFETs particularly suitable for chemical and biological sensing applications [3]

Among various sensing modalities, pH sensing serves as a well-defined model system for
investigating the response of electrolyte-gated devices. Variations in pH alter the concentration of
protons (H*) in solution, which influences the surface charge environment at the graphene interface
through protonation and deprotonation. These changes modify the local electrostatic potential and
are reflected in the device's electrical characteristics, typically observed as a shift in the Dirac point
in transfer measurements [4].Due to its direct connection to interfacial charge regulation, pH
sensing provides a controlled framework for analyzing electrostatic modulation mechanisms in

GFETs.

In practical implementations, pH measurements are commonly performed in buffered electrolytes
such as phosphate buffered saline (PBS), which contain a significant concentration of mobile ions,
predominantly sodium (Na*) and chloride (Cl"). While pH determines the chemical state of the
interface, the ionic strength of the electrolyte governs the extent of electrostatic screening through
the Debye length [5]. As a result, the observed device response arises from the interplay between
pH-induced surface charge modulation and electrostatic screening governed by the ionic
environment [5,6]. This coupling is critical for interpreting sensing behaviour, particularly under

conditions where high ionic strength can suppress sensitivity by reducing the effective gating field.
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To describe these effects quantitatively, a continuum modelling framework based on electrostatics
and ion transport is employed. As part of this study, a finite-element-based approach is developed
to model electrolyte-gated GFETs by solving the coupled Poisson and Nernst-Planck equations,
enabling the analysis of ion redistribution, electric potential profiles, and their influence on device
characteristics [6]. This framework captures key features of the EDL and provides insight into how
ionic concentration affects charge modulation in the graphene channel. The modelling component

provides a theoretical basis for interpreting the experimental observations presented in this chapter.

In the present chapter, this modeling framework is first used to analyze electrolyte-induced
modulation in GFETs, with particular emphasis on ion distributions and electrostatic potentials.
The model is then extended to pH-dependent conditions by considering variations in the effective
ionic environment. Subsequently, experimental measurements performed in PBS solutions are

presented, and the resulting device characteristics are examined against the modeling predictions.

4.2 Modelling Framework

A quantitative understanding of electrolyte-gated graphene field-effect transistors requires a self
consistent description of electrostatic potential and ionic transport in the electrolyte. In this work,
a continuum modelling framework is employed to capture the interaction between mobile ions in
the electrolyte and charge carriers in the graphene channel. The approach is based on the coupled
solution of Poisson’s equation and the Nernst-Planck equation, enabling the analysis of electric

double layer formation and its influence on device characteristics [6-8]

A finite element-based modeling approach is utilized in this study to simulate electrolyte-gated
GFET behavior under varying ionic conditions. The model considers a graphene channel in contact
with an aqueous electrolyte containing monovalent ions, and describes the spatial distribution of
electric potential and ion concentration in response to an applied gate bias [6]. This framework
provides a physically consistent method for linking ion redistribution at the interface to measurable

electrical responses of the device.
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4.2.1 Device Geometry and Physical Representation

The simulated structure consists of a graphene channel interfaced with an electrolyte domain and
contacted by source and drain electrodes. A gate electrode is introduced within the electrolyte to
apply an external potential, establishing an electric field across the graphene-electrolyte interface.
The graphene layer is treated as a two-dimensional conductive sheet, while the electrolyte is

modelled as a continuous medium containing mobile ionic species.
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Figure 4.1: Two-dimensional and three-dimensional schematic representation of the electrolyte-gated
graphene field-effect transistor geometry used in the modelling framework.

As illustrated in Figure 4.1, the computational domain is defined to capture both the interfacial
region, where strong electric field gradients exist, and the bulk electrolyte, where ion
concentrations approach equilibrium values. The thickness of the electrolyte region is selected to
ensure that bulk behaviour is recovered away from the interface, while maintaining sufficient

resolution of the electric double layer.

4.2.2 Governing Equations

The electrostatic potential within the system is described by Poisson’s equation:

V-(eVo)=p
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Where ¢ is the dielectric permittivity, ¢ is the electric potential, and p is the local charge density

arising from mobile ions in the electrolyte [7,8].

The transport of ionic species is governed by the Nernst-Planck equation, which accounts for both

diffusion and electromigration:

Ji=—DiVci—piziciV

Where Ji is the flux of species i, Di is the diffusion coefficient, ci is the concentration, zi is the

ionic valence, and y; is the mobility of the ion [7].

The coupling between these equations enables a self-consistent description of ion redistribution
and electric field formation near the graphene surface, which is essential for modelling the electric

double layer.

4.2.3 Boundary Conditions and Electrostatic Coupling

Appropriate boundary conditions are applied to represent device operation under electrolyte
gating. A fixed potential is imposed at the gate electrode, while the source and drain contacts define
the electrical bias across the graphene channel. At the outer boundaries of the electrolyte, bulk ion

concentrations are specified to maintain equilibrium conditions.

At the graphene-electrolyte interface, the electrostatic coupling between the ionic charge in the
electrolyte and the charge carriers in graphene is represented through a surface boundary condition.
The accumulation of counter-ions near the graphene surface leads to the formation of the electric

double layer, which acts as an effective gate dielectric with high capacitance [5,7,9].

4.2.4 Finite Element Implementation

The coupled system of equations is solved numerically using the finite element method. The model
is implemented in a multiphysics simulation environment, where electrostatics and ion transport
are solved simultaneously in a self-consistent manner. Spatial discretization is performed using a
non-uniform mesh, with refined elements near the graphene-electrolyte interface to capture steep

gradients in potential and ion concentration.
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A stationary solver is employed to obtain steady state solutions corresponding to equilibrium ion
distributions under applied bias conditions. The numerical implementation allows for systematic
variation of parameters such as ion concentration, applied voltage, and electrolyte properties,

providing insight into their impact on device behaviour [8].
4.2.5 Modelling Assumptions and Scope

To ensure computational tractability, several simplifying assumptions are adopted. The electrolyte
is treated as an ideal solution containing monovalent ions, and ion—ion interactions beyond
electrostatic effects are neglected. The system is assumed to be isothermal, and fluid flow within
the electrolyte is not considered. Additionally, specific adsorption of ions and molecular-scale

interactions at the graphene surface are not explicitly included.

Despite these simplifications, the model captures the dominant electrostatic mechanisms
governing electrolyte gating and provides a reliable framework for interpreting experimental
observations. The approach is particularly suitable for analyzing the influence of ionic strength
and electric double layer formation on the electrical response of GFET devices. This modeling
framework provides qualitative and quantitative insights into the electrostatic processes governing

device operation and supports the interpretation of experimental results.

4.3 Electric Double Layer and Ion Transport

The electrical response of electrolyte-gated graphene transistors is governed by the redistribution
of ions at the graphene—electrolyte interface, leading to the formation of the electric double layer
(EDL). When a gate potential is applied through the electrolyte, mobile ions migrate under the
influence of the electric field, resulting in a non-uniform charge distribution near the graphene
surface. This interfacial charge accumulation establishes a strong local electric field that modulates

the carrier density within the graphene channel [6,7].
4.3.1 Ion Distribution near the Graphene Interface

Under electrolyte gating conditions, positively charged ions (e.g., Na* in PBS) are attracted toward
the graphene surface when a negative potential is applied, while negatively charged ions (e.g., Cl")

are repelled. This selective accumulation of counter-ions and depletion of co-ions leads to the

94



formation of a charge layer adjacent to the graphene surface. The resulting ion distribution is not
uniform but decays gradually into the bulk electrolyte, reflecting the balance between electrostatic

forces and thermal motion [7,9]

Within the modelling framework employed in this study, this behaviour is captured through the
coupled solution of the Poisson and Nernst—Planck equations, which describe the spatial variation
of ion concentration in response to the applied potential [6]. The resulting ion profiles provide
direct insight into the structure of the electric double layer and its dependence on electrolyte

properties.
4.3.2 Structure of the Electric Double Layer

The electric double layer formed at the graphene-electrolyte interface consists of two distinct
regions: a compact layer near the surface, often referred to as the Stern layer, and a diffuse region
extending into the electrolyte, where ion concentration gradually approaches bulk values. The
Stern layer accounts for ions that are strongly bound or specifically adsorbed near the surface,
while the diffuse layer arises from thermally distributed ions governed by electrostatic interactions

[9,10].
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Figure 4.2: Schematic illustration of electric double-layer formation at the graphene—electrolyte interface
based on compact and diffuse layer models.

The effective capacitance associated with the electric double layer is significantly higher than that

of conventional solid dielectrics, enabling strong electrostatic coupling between the electrolyte and
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the graphene channel. This high capacitance plays a central role in determining the sensitivity of
electrolyte-gated devices, as small changes in interfacial charge can lead to substantial modulation

of carrier density.
4.3.3 Influence of Ionic Strength and Debye Screening

The extent of ion redistribution in the electrolyte is governed by the Debye screening length, which
defines the characteristic distance over which electric fields are screened by mobile ions. In
electrolytes with high ionic strength, such as PBS, the Debye length is relatively short, leading to
strong screening of the electric field. As a result, the electric double layer is confined to a narrow

region near the graphene surface.

This screening effect has important implications for device performance. While a high ionic
concentration enhances the capacitance of the electric double layer, it also reduces the effective
range over which electrostatic modulation can occur. Consequently, the sensitivity of the device
to changes in surface charge, such as those induced by pH variation, may be reduced under high

ionic strength conditions [5,6].
4.3.4 Implications for GFET Operation

The formation of the electric double layer directly influences the electrical characteristics of the
graphene transistor. The accumulation of counter-ions near the graphene surface induces an equal
and opposite charge in the graphene channel, leading to modulation of the Fermi level and a shift
in the Dirac point. The magnitude and direction of this shift depend on the applied gate potential,

ion concentration, and surface charge conditions.

In the context of pH sensing, variations in proton concentration modify the interfacial charge
environment, which in turn alters the structure of the electric double layer. This results in
measurable changes in the transfer characteristics of the device. The combined influence of pH-
induced surface charge and electrolyte screening therefore determines the overall sensing
response, providing a direct link between interfacial electrochemistry and device-level electrical

behaviour.
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Figure 4.3: Simulated electric field and electrostatic potential distributions near the graphene—electrolyte
interface during electric double-layer formation.

4.4 Modelling Results: Electrolyte Effects

The modelling framework described in the previous section is used to investigate the influence of
electrolyte properties on the electrical behavior of graphene field-effect transistors, providing
insight into the underlying electrostatic mechanisms. In particular, the spatial distribution of

electric potential, ion concentration, and their impact on device characteristics are examined under
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varying ionic conditions. The results provide insight into how electrolyte-induced charge

redistribution governs the electrostatic modulation of the graphene channel.

4.4.1 Electrostatic Potential Distribution

The application of a gate potential through the electrolyte leads to the formation of a non-uniform
electric potential profile across the graphene-electrolyte interface. As ions redistribute in response
to the applied field, a strong potential gradient develops within the electric double layer region,

while the potential remains nearly constant in the bulk electrolyte.
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Figure 4.4: Simulated electrostatic potential distribution illustrating exponential decay of the electric field
away from the graphene—electrolyte interface.

As shown in figure 4.4, the potential decreases rapidly within a short distance from the graphene
surface, reflecting the strong screening effect of mobile ions. This behavior is consistent with the
formation of a compact electric double layer, in which the majority of the potential drop occurs

within the interfacial region [5,9].

The extent of this potential variation depends on the electrolyte's ionic concentration. Higher ionic
strength results in a steeper potential gradient and a more confined electric field due to a reduced

Debye length. This directly influences the efficiency of electrostatic gating in the device.
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4.4.2 Electrical Characteristics under Electrolyte Gating

The redistribution of ions in the electrolyte directly affects the electrical response of the graphene
channel. The accumulation of counter-ions near the graphene surface induces an electrostatic field

that shifts the carrier concentration, leading to modulation of the device resistance.
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Figure 4.5: Simulated variation of graphene charge carrier density and channel resistance as a
function of applied gate voltage under electrolyte-gated conditions.

The simulated transfer characteristics, shown in figure 4.5, exhibit a characteristic peak
corresponding to the charge neutrality point (Dirac point). As the ionic environment changes, this

peak shifts along the gate voltage axis, reflecting variations in the effective gating field [6].

This behaviour demonstrates that electrolyte gating can effectively tune the electronic properties
of graphene through ion-induced electrostatic coupling, without the need for a conventional

dielectric layer.
4.4.3 Influence of Ionic Strength

The 1onic strength of the electrolyte plays a critical role in determining both the structure of the
electric double layer and the resulting device response. As the ion concentration increases, the
Debye screening length decreases, leading to a more localized electric field near the graphene

surface.

This effect is reflected in the simulated characteristics, where higher ionic concentrations result in

sharper potential gradients but reduced sensitivity to changes in surface charge. The enhanced
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screening limits the effective range of electrostatic modulation, thereby influencing the magnitude

of the Dirac point shift [5].

These results highlight the dual role of ionic strength: while it enhances the capacitance of the

electric double layer, it also reduces the device's sensitivity to external perturbations.
4.4.4 Effect of Quantum Capacitance

In addition to the classical electric double-layer capacitance, the quantum capacitance of graphene
plays a significant role in determining the overall electrostatic response of the device. Due to the
low density of states near the Dirac point, graphene exhibits a finite quantum capacitance that must

be considered in series with the EDL capacitace.
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Figure 4.6: Influence of graphene quantum capacitance on (a) charge carrier concentration and
(b) channel resistance calculated using the Stern model of the electric double layer
The inclusion of quantum capacitance in the model leads to a modification of the effective gating
behaviour, as illustrated in Figure 4.6. In particular, it results in the device's enhanced sensitivity

to changes in the electrostatic environment, especially near the charge neutrality point [11,12,13].

4.4.5 Sensitivity Analysis
The device's sensitivity is evaluated by quantifying the shift in the Dirac point as a function of
changes in the ionic environment. The model predicts that sensitivity depends strongly on both

the electric double-layer capacitance and the quantum capacitance of graphene.
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As reported in our work, the inclusion of quantum capacitance leads to a significant enhancement
in sensitivity, with higher values observed under conditions where the electrostatic coupling

between the electrolyte and graphene is maximized [6].

' ' ) Sensitevity Rl
6000+ o
=u=FOM L 700
5000+ [ 600
S
S 40004 L 500
> )
£ 3000- '4005
= 200 &
£ 2000
o 200
1000+ .
0 Lo
1E-4 0.001 0.01 0.1

Concentration (M)

Figure 4.7: Sensitivity and figure of merit (FOM) calculated using the Stern-layer electric double-layer
model as a function of electrolyte concentration.

These results establish a direct relationship between electrolyte properties, interfacial
electrostatics, and device performance, providing a theoretical basis for interpreting experimental
observations. These results provide a reference framework for understanding the influence of
electrolyte properties, which will be examined experimentally in subsequent sections. The
sensitivity trends observed in the modelling provide a reference for evaluating experimental device

performance under varying pH conditions.
4.5 Extension to pH-Based Modelling

The modelling framework is extended here to examine pH-dependent behaviour by considering
variations in proton concentration within the electrolyte. The fundamental role of electrolyte-
induced charge redistribution in governing the electrical response of graphene field-effect

transistors remains central to this analysis. While the framework is developed for monovalent ions
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such as Na*, the same electrostatic principles can be extended to systems in which the ionic
environment is modified by varying pH. In such cases, changes in proton concentration introduce
additional modulation of the interfacial charge distribution, thereby influencing the device

characteristics.
4.5.1 Simulation of pH-Dependent Transfer Characteristics

To investigate the effect of pH on device behaviour, the modelling framework is extended by
considering variations in the effective ionic environment associated with proton concentration.
Changes in pH correspond to changes in the concentration of H" ions, which contribute to the

overall charge balance in the electrolyte and modify the structure of the electric double layer [3,4].

30004 = pH=5 .01X PBS 3500 [ pH=5, 1X PBS
—— pH=6 .01X PBS 3000 J——PH=6 ,1X PBS
2500 - —pH=7 .01X PBS f—pH=7, 1X PBS
£ e pH=8 .01X PBS £ 2500 4——pH=8, 1X PBS
£
S 2000~ o
= S 2000+
€ 15004 g
8 S 1500
o 7
2 7}
8 10004 é 1000 4
500 500 4
04 01

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0
Potebtial (V) Potebtial (V)

Figure 4.8: Simulated transfer characteristics showing graphene channel resistance as a function
of gate voltage for 0.01x PBS and 1x PBS under varying pH conditions
The simulated transfer characteristics under different pH conditions are shown in figure 4.8. The
results demonstrate a systematic shift in the position of the resistance peak with pH, indicating
modulation of the charge neutrality point. This shift reflects changes in the interfacial
electrostatic potential arising from variations in proton concentration. This extension provides a
qualitative understanding of pH-induced modulation, which is further validated through

experimental measurements.

4.5.2 Influence of Electrolyte Strength
In addition to pH variation, the ionic strength of the electrolyte significantly influences the

magnitude of the device response. This effect is particularly evident when comparing simulations
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performed under different electrolyte concentrations, such as diluted and standard phosphate-
buffered saline (PBS) conditions.Lower ionic strength results in a broader electric double layer
and reduced screening, allowing the electric field to penetrate further into the electrolyte. This
enhances the device's sensitivity to changes in surface charge. Conversely, higher ionic strength
leads to stronger screening and a more confined electric double layer, which reduces the

effective modulation of the graphene channel [5,6].
4.5.3 Interpretation of pH-Induced Modulation

The observed shift in the transfer characteristics can be understood in terms of changes in the
interfacial charge environment. At lower pH values, the higher proton concentration increases the
positive charge near the graphene surface, shifting the Dirac point in one direction. As the pH
increases, the reduction in proton concentration alters the charge balance, leading to a

corresponding shift in the opposite direction.

This behavior is consistent with the general electrostatic framework established in Section 4.4, in
which ion accumulation and depletion govern the modulation of the graphene channel. In this
context, protons act as additional mobile charge carriers that influence the electric double layer

structure and modify the effective gating field.
4.5.4 Unified Electrolyte Modulation Mechanism

The results presented in this section demonstrate that pH-induced modulation can be interpreted
within the same electrostatic framework used to describe ion-driven effects. While Na* ions
primarily determine the ionic strength and screening behaviour of the electrolyte, H ions introduce

a variable component that directly affects the interfacial charge distribution.

Consequently, the overall device response arises from the combined influence of ionic screening
and surface charge modulation. This unified perspective provides a consistent basis for
understanding both the modelling results and the experimental observations presented in
subsequent sections. While the modelling framework captures the primary electrostatic
mechanisms governing electrolyte gating, experimental validation is necessary to evaluate the

behaviour of practical devices under realistic electrolyte conditions.
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4.6 Experimental Methodology

The experimental investigation was carried out to evaluate the pH-sensing performance of
electrolyte-gated graphene field-effect transistors under controlled electrolyte conditions. The
measurements were designed to systematically examine the electrical response of the devices as a
function of pH variation in phosphate-buffered saline (PBS), providing a direct basis for

comparison with the modelling framework developed in the preceding sections.

4.6.1 Device Preparation and Cleaning

Prior to measurements, the graphene devices were subjected to a controlled cleaning protocol to
ensure surface stability and reproducibility. The mGFET chips were first thermally treated on a

hot plate at 110°C for 3 minutes to remove adsorbed moisture and contaminants.

Subsequently, the devices were cleaned using a solvent-based process. The chips were immersed
in thermally stabilized acetone at 60°C for to remove organic residues, followed by rinsing in
isopropanol under similar conditions to eliminate residual contaminants. The devices were then

dried using a nitrogen gun to prevent the presence of liquid residues on the graphene surface.

This preparation step ensures a clean graphene interface, which is essential for reliable electrolyte

interaction and stable electrical measurements.

4.6.2 Electrolyte Preparation and pH Control

Phosphate-buffered saline (PBS) solutions were prepared as the electrolyte medium due to their
stability and relevance for biological sensing applications. A standard 1XPBS solution was
prepared by dissolving sodium chloride (NaCl), potassium chloride (KCl), disodium hydrogen
phosphate, and potassium dihydrogen phosphate in distilled water, followed by adjustment of the

final volume.

The pH of the solution was controlled within the desired range by the addition of hydrochloric acid
(HC]) to lower the pH or sodium hydroxide (NaOH) to increase it. The pH values were verified

using a calibrated pH meter.
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In addition to the standard solution, a 0.01xPBS (dilluted) solution was prepared to investigate the
effect of reduced ionic strength. The dilution was carried out by proportionally reducing the

concentration of all constituents while maintaining the same chemical composition.
4.6.3 Measurement Configuration

Electrical measurements were performed using a probe station integrated with a precision source-
measurement unit (Keithley Source-meter 2612B). The graphene devices were electrically

contacted through micromanipulated probes connected to the source and drain electrodes.

A controlled volume (5 pL) of the PBS solution was deposited onto the graphene channel using a
calibrated micropipette, ensuring uniform coverage of the active sensing area. The device was then
inserted into the measurement platform (Graphenea card), and the electrolyte droplet acted as the

gating medium.

Figure 4.9: Experimental measurement setup used for electrical transport characterization of electrolyte-
gated graphene transistors in phosphate-buffered saline solutions.

As illustrated in Figure 4.9, the electrolyte establishes a liquid-gated configuration, enabling
modulation of the graphene channel through the electric double layer formed at the graphene-

electrolyte interface.
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4.6.4 Measurement Protocol and Electrical Conditions

After application of the electrolyte droplet, the system was allowed to stabilize to ensure proper
interaction between the graphene surface and the ionic solution. During this process, a gate leakage

current was observed, which is characteristic of electrolyte-gated devices.

To ensure stable measurements, the drain bias voltage was set at different fixed values 20mV,
50mV, 100mV and 200 mV during measurements, resulting in a measurable drain current in the
micro-ampere (UA) range while maintaining the gate current in the nano-ampere (nA) range. As
the electrolyte droplet equilibrated on the graphene surface, the gate leakage current decreased,

indicating improved stability of the device response.

Transfer characteristics were obtained by sweeping the gate voltage over a range of 0 to 1 V,
beyond which increased gate leakage effects were observed. This voltage window ensured reliable

operation while minimizing measurement artefacts.

4.6.5 Measurement Sequence and Data Acquisition

Measurements were performed sequentially for different pH conditions, with intermediate
cleaning and stabilization steps to avoid cross-contamination between solutions. For each
condition, the drain current was recorded as a function of gate voltage to generate output curves

(IV) and transfer curves.

Multiple measurement cycles were conducted to assess repeatability and consistency of the device
response. The stabilization time after droplet placement was carefully controlled to ensure

reproducible electric double-layer formation and steady-state behavior.

4.6.6 Data Analysis and Parameter Extraction

The measured transfer characteristics were analyzed to extract key sensing parameters. The
position of the Dirac point was identified from the maximum resistance in the transfer curve, and

its shift was evaluated as a function of pH.
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The sensitivity of the device was determined by calculating the change in Dirac voltage per unit
change in pH (mV/pH). Additional parameters, including curve symmetry and minimum
conductivity, were examined to assess the influence of electrolyte conditions on device
performance. These extracted parameters provide the basis for comparison with the modelling

results and enable a systematic assessment of the sensing performance of the devices.
4.7 Experimental Results

The electrical response of electrolyte-gated graphene field-effect transistors was investigated
under varying pH conditions using phosphate-buffered saline (PBS) solutions. The results are
presented in a structured manner, beginning with a controlled study over a limited pH range,
followed by extended measurements covering a broader pH range. This approach enables a

systematic understanding of the sensing mechanism and its practical performance.
4.7.1 Controlled pH Study: Electrical Characteristics of GFET under pH Variation (pH 5-8)
(a) Output Characteristics (IV Behaviour)

The output characteristics of the graphene field-effect transistor were examined by measuring the
drain current Igs as a function of drain voltage Vs at a fixed gate voltage (Vg=0) in 1x PBS under

different pH conditions.
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Figure 4.10: Output current—voltage (I-V) characteristics of the electrolyte-gated GFET measured in 1x
PBS for pH values ranging from 5 to 8 at Vg =0 V.
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The measured IV curves exhibit a linear dependence of current on voltage across the entire bias
range (—0.03 V to +0.03 V), indicating ohmic conduction between the graphene channel and the
metal contacts. The curves are symmetric about the origin, confirming uniform charge transport

under both positive and negative bias.

A systematic variation in slope is observed with pH. The current magnitude is highest at pH 5 and
decreases progressively towards pH 8, indicating an increase in channel resistance with increasing
pH. Despite this variation in slope, the overall shape of the curves remains unchanged, suggesting

that the fundamental conduction mechanism is not altered.
(b) Transfer Characteristics (Resistance-Gate Voltage Behaviour)

To establish the fundamental sensing behaviour, transfer characteristics were measured over a pH
range of 5 to 8 using both 0.01x PBS and 1x PBS solutions. This controlled comparison allows

direct evaluation of the influence of ionic strength on device response.
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Figure 4.11: Experimental transfer characteristics of electrolyte-gated GFETs measured in 0.01x PBS and
I1x PBS under varying pH conditions.

The transfer characteristics measured in 0.01x PBS and 1x PBS show the typical ambipolar

behaviour of graphene, with a distinct resistance peak corresponding to the Dirac point.
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For the 0.01x PBS solution, the resistance peak is clearly defined and exhibits a systematic shift
towards lower gate voltages with increasing pH. The peaks are relatively sharp and maintain a
consistent shape across the pH range, indicating efficient electrostatic modulation under reduced

ionic screening conditions.

In contrast, the transfer curves in 1x PBS display broader peaks with reduced separation between
different pH conditions. The increased width of the peaks and their partial overlap suggest that the

electrostatic modulation of the graphene channel is suppressed due to strong ionic screening [5,6].

A notable observation is the increase in peak resistance with increasing pH, particularly in the 1x
PBS case, where the peak height becomes significantly larger at higher pH values. This indicates
that both the position and magnitude of the Dirac point are influenced by the electrolyte conditions.
The symmetry of the curves around the peak remains largely preserved in both cases, although
slight deviations are observed at higher ionic strength, suggesting the presence of additional

interfacial effects

The extracted Dirac voltages for the 0.01x PBS solution show a consistent decrease from
approximately 1.16 V at pH 5 to 0.95 V at pH 8, corresponding to a total shift of ~200 mV. In

comparison, the variation in 1x PBS is much smaller and exhibits reduced linearity.

These results confirm that the sensitivity of the GFET is strongly dependent on the ionic strength
of the electrolyte, consistent with the electrostatic screening effects described in Section 4.3 and

predicted by the modelling results in Section 4.4.

4.7.2 Dirac Point Shift-Controlled Study (pH 5-8)

The position of the Dirac point was extracted from the transfer characteristics as the gate voltage
corresponding to the maximum resistance. The variation of this voltage with pH was examined for

both 0.01x PBS and 1x PBS to evaluate the effect of ionic strength under controlled conditions.
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Figure 4.12: Variation of Dirac voltage as a function of pH for electrolyte-gated GFETs measured in 0.01x
PBS and 1x PBS solutions.

For the 0.01xPBS solution, the Dirac point exhibits a clear and systematic shift towards lower gate
voltages with increasing pH. The extracted values decrease from approximately 1.15-1.16 V at
pH 5 to around 0.95 V at pH 8, corresponding to a total shift of nearly 200 mV across the measured
range. The change in voltage between successive pH levels is relatively uniform, with distinct

separation between the data points.

In contrast, the Dirac point variation in 1xPBS is significantly smaller. The extracted values
decrease from approximately 1.17-1.18 V at pH 5 to about 1.13—1.14 V at pH 8, resulting in a
total shift of approximately 40-50 mV. The spacing between adjacent pH values is reduced, and

the overall variation remains confined within a narrow voltage range.

The difference in the magnitude of the shift between the two electrolyte conditions is evident from
the relative slopes of the plots. The steeper variation observed in the diluted electrolyte indicates
a stronger dependence of the Dirac voltage on pH, whereas the flatter trend in 1x PBS reflects a

weaker response.

The direction of the shift, towards lower gate voltages as pH increases, is consistent in both cases.
This behaviour corresponds to a reduction in positive charge density near the graphene surface as
the proton concentration decreases, leading to a change in the charge neutrality condition of the

channel.
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The comparison between 0.01x PBS and 1x PBS indicates that the sensitivity of the Dirac point to
pH variation is strongly influenced by ionic strength, with reduced screening in the diluted solution

allowing a greater effective modulation of the graphene channel.

4.7.3 Extended pH Response and Electrical Behaviour (pH 2-10, 1xPBS)

(a) Output Characteristics over Extended pH Range

The output characteristics measured over the extended pH range (pH 2—10) exhibit a linear
dependence of drain current on drain voltage across the entire bias window. The curves
remain symmetric about the origin, indicating stable and uniform charge transport under

both positive and negative bias conditions.
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Figure 4.13: Output current—voltage characteristics of the electrolyte-gated GFET measured in 1x PBS
over an extended pH range from 2 to 10.

A variation in slope is observed across the pH range. The current magnitude is highest at lower pH
values and decreases progressively as the pH increases towards neutral and basic conditions.
Beyond pH 7, the variation in slope becomes less pronounced, with the curves showing closer

overlap.

The observed trend suggests that the channel conductance decreases with increasing pH, consistent

with the reduction in current observed at a fixed bias. The preservation of linearity across all pH
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values confirms that the device operates within an ohmic regime, and that the sensing response is

not associated with changes in contact behaviour.

(b) Conductance Variation with pH

The variation in output conductance with pH provides a quantitative measure of the change
in channel conductivity. The conductance shows a decreasing trend as the pH increases

from acidic to neutral conditions.
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Figure 4.14: Variation of output conductance with pH for electrolyte-gated GFETs measured in 1x PBS.

At lower pH values (pH 2—4), the conductance is relatively high, indicating increased
carrier density in the graphene channel. As the pH approaches neutral conditions (pH 6—
7), the conductance decreases, and reflecting reduced channel conductivity. Beyond pH 7,
the conductance values tend to stabilize, with only minor variations observed in the higher

pH range.

The non-uniform spacing between data points suggests that the response is not strictly
linear across the entire pH range. The rate of change in conductance is higher at lower pH
values and decreases as the pH increases, indicating a saturation-like behaviour at higher

pH.
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(¢) Transfer Characteristics and Dirac Point Evolution

The transfer characteristics over the extended pH range retain the ambipolar behaviour of
graphene, with a clear minimum in current corresponding to the Dirac point. However,

compared to the controlled study, the evolution of the curves shows several distinct

features.
1x10744
9x1075 |
8x107°
&-7"10'5‘ at 50mV Bias
Er -5 [ ] pH2
5 6x107| | & pH3
A pH4
5%107%{ | v pH5
¢ pHG
4x10751 | « pH7
> pH8
3x107%| | ® pH9
% pH10
2x1075 L~ : . . ; ;
0.0 0.2 04 0.6 0.8 1.0

Va(V)

Figure 4.15: Transfer characteristics of electrolyte-gated GFETs measured in 1x PBS over the pH range
2-10 at a fixed drain bias of 50 mV.

The position of the minimum shifts with pH, although the variation is not uniform across
the entire range. At lower pH values, the curves are more separated, with a noticeable shift
in the position of the minimum. As the pH increases, the separation between the curves

reduces, and the minima begin to cluster within a narrower voltage region.

In addition to the shift, a change in the shape of the curves is observed. The curvature
around the minimum becomes less sharp at higher pH values, indicating a broadening of
the Dirac region. The slopes on either side of the minimum also decrease, suggesting

reduced gating efficiency.
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The asymmetry between the electron and hole branches becomes slightly more pronounced
at higher pH values, indicating that the transport behaviour is influenced by interfacial

effects under strongly screened conditions.

The extended pH measurements reveal that the device response is governed by a combination of
electrostatic modulation and ionic screening effects. At low pH, the higher proton concentration
modifies the interfacial charge environment and influences the effective carrier concentration in
graphen. As the pH increases, the reduction in proton concentration modifies the interfacial charge
distribution, leading to a decrease in conductance and a shift in the Dirac point.At higher pH
values, the influence of ionic screening becomes dominant. The effective electric field is confined
near the graphene—electrolyte interface, reducing the sensitivity of the device to further changes in
pH. This results in reduced separation of transfer curves, broadening of the Dirac region, and

saturation-like behaviour in conductance.
4.7.4 Peak Resistance and Dirac Point Analysis (Extended pH Range)
(a) Peak Resistance Variation with pH

The variation in peak resistance extracted from the transfer characteristics shows a distinct
dependence on pH. The resistance at the Dirac point increases as the pH is raised from acidic

to neutral conditions, reaching a maximum in the mid-pH range.
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Figure 4.16: Variation of peak resistance extracted from GFET transfer characteristics as a function of

pH in 1x PBS solution.
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At lower pH values, the peak resistance is comparatively lower, indicating higher conductivity
near the charge neutrality point. As the pH increases, the resistance rises, suggesting a

reduction in carrier density and increased scattering effects within the graphene channel.

Beyond the mid-pH region, the peak resistance exhibits a tendency to decrease or stabilize,
indicating a change in the dominant mechanism governing the channel behaviour. This
variation suggests that the relationship between pH and resistance is not strictly monotonic

across the entire range.

The broadening of the resistance peak observed in the transfer characteristics at higher pH

values is consistent with the increase in peak resistance and reflects reduced gating efficiency

under strong ionic screening conditions.
(b) Dirac Point Variation over Extended pH Range

The variation of the Dirac point over the extended pH range (pH 2—10) shows a consistent shift
towards lower gate voltages with increasing pH. The data points follow a decreasing trend,

with a gradual reduction in the Dirac voltage from acidic to basic conditions.
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Figure 4.17: Calibration curve showing the variation of Dirac voltage with pH for electrolyte-gated GFET
measurements performed in 1x PBS.

At lower pH values, the Dirac point is positioned at higher gate voltages, indicating a higher

effective positive charge density at the graphene—electrolyte interface. As the pH increases, the

115



reduction in proton concentration leads to a corresponding decrease in the gate voltage required

to reach the charge neutrality condition.

The trend exhibits an approximately linear behaviour over a significant portion of the pH range,
although slight deviations from linearity are observed at higher pH values. The fitted line
captures the overall decreasing tendency, while the scatter of the data points reflects the
influence of additional interfacial and electrochemical effects under strongly screened

conditions.

The magnitude of the shift across the extended range is larger than that observed within the
limited pH window, but the rate of change is not uniform, indicating a transition from a more

sensitive regime at lower pH to a reduced sensitivity regime at higher pH

(c¢) Sensitivity Analysis

The sensitivity of the device was evaluated from the variation of the Dirac point with pH,
defined as the change in gate voltage per unit change in pH.The extracted data shows an
approximately linear dependence of the Dirac voltage on pH over a limited range, with
deviations observed at higher pH values. The slope of the fitted line provides an estimate of

the sensitivity, which is found to be on the order of tens of millivolts per pH unit.

The variation in slope across the extended pH range indicates that the sensitivity is not uniform.
A higher sensitivity is observed in the lower to intermediate pH region, while a reduced slope
is observed at higher pH values, consistent with the reduced separation of the transfer
curves.The deviation from linear behaviour suggests that the response is influenced by
additional factors beyond simple electrostatic modulation, particularly under strongly screened

conditions.

The variation of Dirac voltage, peak resistance, and sensitivity with pH reflects the interplay
between interfacial electrostatics and carrier transport in the graphene channel [3,4,14].The shift
in the Dirac point towards lower gate voltages with increasing pH is associated with a reduction

in proton concentration at the graphene—electrolyte interface, leading to a change in the charge
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neutrality condition. In parallel, the increase in peak resistance observed in the intermediate pH

range indicates a reduction in effective carrier density near the Dirac point.

The sensitivity extracted from the Dirac shift follows a similar trend, with higher values in the
lower to intermediate pH region and reduced response at higher pH. This behaviour is consistent
with the reduced separation of transfer curves observed in the extended measurements.The
combined trends indicate that the device response is strongest when the electrostatic modulation
is less affected by ionic screening [5,11]. At higher pH values, the influence of screening becomes

more pronounced, limiting both the shift in Dirac voltage and the sensitivity of the device.
4.7.5 Transport Parameter Analysis under Extended pH Conditions

1. Contact Resistance Variation

The variation in contact resistance with pH shows a gradual decrease as the pH increases from
acidic to basic conditions. At lower pH values, the contact resistance remains close to
4.0x10% Q with relatively small variation. As the pH increases beyond neutral conditions, a

consistent reduction in resistance is observed, reaching values near 3.5x10%Q at higher pH.
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Figure 4.18: Extracted contact resistance as a function of pH for electrolyte-gated GFET measurements
in 1x PBS solution.
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The change is not abrupt, and the data points remain within a narrow range, indicating that the
metal-graphene contact interface remains stable across the electrolyte conditions. The
presence of error bars suggests minor variations between measurements, which may be

attributed to fluctuations in the electrolyte interface or measurement conditions.

The decreasing trend indicates that the effective contact resistance is influenced by the
electrostatic environment, although its variation is smaller compared to the changes observed

in channel conductance and transfer characteristics.

2. Transconductance Behaviour
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Figure 4.19: Variation of transconductance as a function of pH for electrolyte-gated GFET measurements
in 1x PBS solution.

The transconductance(gm) exhibits a non-monotonic dependence on pH across the measured
range. The values increase from lower pH and reach a maximum around the mid-pH region,
followed by a gradual decrease at higher pH levels.The variation remains within a relatively
narrow range, indicating that the overall transconductive response of the device is maintained
across the extended pH range. The peak observed near intermediate pH values suggests that
the modulation of channel conductance by the gate is most effective in this region.At higher
pH values, the reduction in transconductance reflects a decrease in the sensitivity of the channel
conductance to gate voltage, consistent with the reduced slope observed in the transfer

characteristics.
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3. Field-Effect Mobility Variation
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Figure 4.20: Extracted field-effect mobility as a function of pH for electrolyte-gated GFET measurements
in 1x PBS.

The field-effect mobility shows a gradual decrease with increasing pH, as indicated by the
fitted trend line. The values are relatively higher at lower pH and decrease progressively
towards higher pH levels.The variation in mobility is moderate, with the data points distributed
around the fitted trend. The decrease in mobility suggests an increase in scattering effects or
reduced carrier transport efficiency under higher pH conditions.The slope of the fitted line
provides an estimate of the sensitivity of mobility to pH variation, although the scatter in the

data indicates that the relationship is not strictly linear across the entire range.

The extracted transport parameters indicate that the variation in device performance with pH is
primarily governed by changes in channel properties rather than contact effects.The relatively
small variation in contact resistance compared to the more pronounced changes in
transconductance and mobility suggests that the sensing response is dominated by modulation of

the graphene channel rather than changes at the metal contacts.

The decrease in mobility and transconductance at higher pH values is consistent with the reduced

effectiveness of electrostatic gating observed in the transfer characteristics. The combined
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behaviour reflects the influence of ionic screening and interfacial charge redistribution on carrier

transport within the graphene channel [14,15]

4.7.6 Hysteresis Behaviour and Measurement Stability

The hysteresis behaviour of the graphene field-effect transistor was evaluated by comparing the
forward and reverse gate voltage sweeps at different pH conditions. The measurements were
performed at a fixed bias voltage of 50 mV, and representative curves for acidic (pH 4), neutral

(pH 7), and basic (pH 9) conditions are shown in Figure 4.
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Figure 4.21: Hysteresis behaviour observed during forward and reverse gate-voltage sweeps under acidic
(pH 4), neutral (pH 7), and basic (pH 9) conditions.

The transfer characteristics obtained during forward and backward sweeps exhibit a noticeable
shift in the position of the resistance peak. For all pH conditions, the peak corresponding to the
reverse sweep appears at a higher gate voltage compared to the forward sweep, indicating the

presence of hysteresis in the device response.

The magnitude of the hysteresis can be assessed from the separation between the peak positions
of the forward and backward curves. At acidic pH (4), the separation is relatively small, with the
two curves remaining closely aligned. As the pH increases towards neutral and basic conditions,

the separation becomes more pronounced, indicating an increase in hysteresis.

In addition to the peak shift, slight differences in the shape of the curves are observed between the
forward and reverse sweeps. The reverse sweep tends to exhibit a broader peak and a slower
transition near the Dirac region, suggesting a delayed response of the system to changes in gate

voltage.
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The observed hysteresis is associated with dynamic processes at the graphene—electrolyte
interface. Possible contributions include charge trapping at defect sites, adsorption and desorption
of ions, and slow redistribution of ions within the electrical double layer. These processes
introduce a time-dependent component to the device response, resulting in a difference between

the forward and reverse measurements [16,17].

The increase in hysteresis at higher pH values indicates that interfacial effects become more
significant under these conditions. This behaviour is consistent with the extended pH analysis,
where reduced electrostatic modulation and increased screening were observed. The presence of
hysteresis suggests that the device response is influenced not only by equilibrium electrostatics but

also by transient interfacial phenomena.

4.8 Discussion

4.8.1 Correlation between Modelling and Experimental Observations

The experimental results presented in this chapter show clear dependence of the GFET response
on pH and ionic strength, which can be interpreted in the context of the modelling framework

developed in Chapter 3.

The continuum modelling approach, implemented using COMSOL, describes the electrostatic
potential distribution and electric field penetration in the electrolyte—graphene system. The
simulations indicate that the effective gating of the graphene channel is strongly influenced by the

Debye screening length, which depends on the ionic strength of the electrolyte.

This behaviour is consistent with the experimental observations, where a larger Dirac point shift
was obtained in diluted electrolyte conditions compared to standard 1x PBS. The reduced ionic
strength increases the Debye length, allowing the gate field to extend further into the electrolyte

and interact more effectively with the graphene channel.

At the atomistic level, molecular dynamics simulations provide insight into the structure of the
electrical double layer and the arrangement of ions near the graphene surface. The simulations

indicate that the distribution of ions at the interface is not static but evolves with changes in pH
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and ionic composition. These interfacial effects influence the local electrostatic environment,

which in turn affects the charge neutrality condition of the graphene channel.

The combination of continuum and atomistic modelling therefore supports the experimental
observation that the GFET response is governed by both long-range electrostatic screening and

local interfacial interactions.
4.8.2 Influence of Ionic Strength and Electrostatic Screening

The comparison between 0.01x PBS and 1x PBS highlights the dominant role of ionic strength in

determining device sensitivity.

In the diluted electrolyte, the reduced concentration of ions leads to an extended Debye length,
resulting in stronger electrostatic coupling between the gate electrode and the graphene channel.

This produces a larger shift in the Dirac point and improved sensitivity to pH variations.

In contrast, in 1x PBS, the higher ionic strength results in a shorter Debye length and stronger
screening of the electric field. As a result, the effective modulation of the graphene channel is

reduced, leading to smaller Dirac shifts and reduced sensitivity.

This effect becomes more pronounced in the extended pH measurements, where the separation
between transfer curves decreases at higher pH values. The reduced variation in both Dirac voltage
and conductance reflects the limitation imposed by electrostatic screening under realistic

electrolyte conditions.
4.8.3 Interfacial Effects and Charge Transport Mechanisms

The variation in peak resistance, mobility, and transconductance indicates that the sensing
response is not governed solely by electrostatics but also by changes in carrier transport within the

graphene channel.

At lower pH values the higher proton concentration modifies the interfacial charge environment

and influences the effective carrier concentration in graphene.As the pH increases, the reduction
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in proton concentration alters the interfacial charge distribution, leading to a decrease in carrier

density and mobility.

The observed decrease in mobility with increasing pH suggests enhanced scattering effects, which
may arise from ion adsorption, surface charge fluctuations, or interactions within the electrical
double layer. These effects contribute to the broadening of the Dirac region and reduced

transconductance observed in the transfer characteristics.

The relatively small variation in contact resistance compared to the changes in channel parameters
indicates that the dominant contribution to the sensing response arises from modulation of the

graphene channel rather than changes at the metal-graphene interface.

4.8.4 Nonlinearity and Extended pH Behaviour

The extended pH measurements reveal that the response of the GFET is not strictly linear across
the full pH range. While a near-linear relationship is observed over a limited range, deviations

become apparent at higher pH values.

The reduction in sensitivity and clustering of Dirac point positions at higher pH indicate a
transition to a regime where further changes in proton concentration produce a diminished
response. This behaviour is consistent with the combined influence of electrostatic screening and

saturation of interfacial charge effects.

The increase in hysteresis observed at higher pH further supports the presence of dynamic
interfacial processes. The difference between forward and reverse sweeps suggests that ion
redistribution and charge trapping introduce time-dependent effects that influence the device
response.These observations indicate that the sensing performance of GFET devices is governed

by a combination of equilibrium electrostatics and non-equilibrium interfacial dynamics.

4.8.5 Implications for GFET-Based Biosensing

The results presented in this work highlight several important considerations for the design and

application of GFET-based sensors.
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The strong sensitivity observed in low ionic strength conditions demonstrates the intrinsic
capability of graphene for electrostatic sensing. However, the reduced response in 1x PBS
indicates that practical applications in biological environments require careful consideration of

ionic screening effects.

The observed dependence of mobility and transconductance on pH suggests that device
performance can be influenced by interfacial engineering and surface functionalization.
Controlling the interaction between the graphene surface and the electrolyte may provide a route

to improving sensitivity under realistic conditions.

The presence of hysteresis and nonlinearity indicates that stability and reproducibility are
important factors in sensor design. Minimizing interfacial trapping and optimizing measurement

protocols are essential for achieving reliable performance.

4.9 Summary of the Chapter

This chapter investigated the pH response of electrolyte-gated graphene field-effect transistors
through a combined modelling and experimental approach, with particular emphasis on the role of
electrolyte-induced electrostatic modulation at the graphene—electrolyte interface. The modelling
framework established in the earlier sections demonstrated that the electrical response of the device
is governed primarily by ion redistribution within the electric double layer and the resulting

modulation of carrier concentration in the graphene channel.

The simulations showed that electrolyte properties strongly influence the electrostatic environment
near the graphene surface. In particular, the reduction of Debye screening length at higher ionic
strength confines the electric field within a narrow interfacial region, limiting the effective
penetration of the gating field into the electrolyte. The inclusion of graphene quantum capacitance
further demonstrated that the overall device response cannot be described solely by classical
electric double-layer effects, especially near the charge neutrality region where the density of states

in graphene becomes limited.

Experimental measurements performed in PBS electrolytes confirmed the electrostatic behaviour

predicted by the modelling framework. The controlled comparison between diluted and standard
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PBS conditions demonstrated that the magnitude of the Dirac point shift is strongly dependent on
ionic screening. Under reduced ionic strength, the broader electric double layer enabled stronger
electrostatic coupling between the electrolyte and graphene channel, producing larger pH-
dependent voltage shifts. In contrast, measurements performed in 1x PBS exhibited reduced

modulation due to stronger screening of the applied electric field.

The extended pH measurements further showed that the sensing response is governed by the
combined influence of proton-induced interfacial charge variation and electrolyte screening
effects. While lower pH conditions produced stronger modulation of the graphene channel, the
response gradually approached a reduced-sensitivity regime at higher pH values, where screening
and interfacial effects became increasingly dominant. The evolution of peak resistance, mobility,
and transconductance indicated that pH sensing affects not only the electrostatic gating behaviour

but also the carrier transport properties of the graphene channel.

The hysteresis behaviour observed during forward and reverse gate sweeps demonstrated the
presence of dynamic interfacial processes, including ion redistribution and charge trapping within
the electrolyte—graphene system. These effects indicate that the electrical response of electrolyte-
gated GFETs is influenced by both equilibrium electrostatics and time-dependent interfacial

interactions.

The results presented in this chapter show that the response of electrolyte-gated GFETs cannot be
interpreted only through pH variation, but must also be understood in terms of electrolyte-
dependent electrostatic interactions at the graphene interface. The experimental observations and
modelling results consistently indicate that electric double-layer formation, ionic screening, and
graphene charge modulation collectively determine the sensing behaviour of the device. Variations
in electrolyte concentration alter the effective coupling between the electrolyte and graphene
channel, directly influencing the magnitude of the Dirac point shift, transport response, and
hysteresis characteristics. These observations provide a physical basis for understanding the
operation of electrolyte-gated graphene sensors under physiologically relevant conditions and
establish the framework required for the biomolecular sensing investigations discussed in the

following chapter.
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5.1 Introduction

Human Serum Albumin (HSA) is the most abundant plasma protein in human blood and plays a
central role in maintaining osmotic pressure, molecular transport, and biochemical regulation
within physiological systems. Abnormal albumin concentrations are frequently associated with
renal dysfunction, inflammatory disorders, and metabolic imbalance, motivating the development

of sensitive label-free detection platforms for biochemical monitoring [1,2].

Conventional albumin detection techniques are generally based on immunoassays,
spectrophotometric analysis, chromatography, or fluorescence-labelled methods. Although these
approaches can provide high analytical sensitivity, they often require complex sample preparation,
expensive instrumentation, chemical labelling, or long processing times [3]. These limitations have
stimulated growing interest in label-free electrical biosensing platforms capable of direct

biomolecular detection under physiologically relevant conditions [4].

Graphene field-effect transistors (GFETs) have attracted considerable attention for biosensing
applications due to their atomically thin structure, high carrier mobility, and strong sensitivity to
local electrostatic perturbations [5,6]. Since every atom in graphene is exposed to the surrounding
environment, adsorption-induced charge redistribution at the graphene surface can significantly
influence the electrical behaviour of the transistor channel. This property enables direct electrical

transduction of biomolecular interactions without the need for fluorescent or enzymatic labels [7].

In electrolyte-gated GFETs, the gate field is established through the electric double layer formed
at the graphene-electrolyte interface. Because the effective interfacial capacitance is extremely
high, relatively small perturbations in surface charge can produce measurable modulation of the
graphene channel [8,9]. Under electrolyte gating conditions, biomolecular adsorption modifies the
local electrostatic environment near the graphene surface, leading to changes in the transfer

characteristics, Dirac voltage position, transconductance, and carrier transport properties of the

128



device. However, the sensing response of electrolyte-gated GFETs is also strongly influenced by
ionic screening, interfacial disorder, and adsorption-induced scattering effects within the graphene

channel [10].

Previous studies on GFET biosensors have primarily focused on Dirac voltage shifts as the main
sensing metric for protein detection [11,12]. While this approach provides useful information
regarding electrostatic gating effects, it often does not fully capture the transport modifications
induced by biomolecular adsorption. In practical electrolyte environments, protein adsorption can
generate spatially heterogeneous electrostatic perturbations that modify carrier mobility and
influence transport dynamics within the graphene channel. As a result, sensing mechanisms based
solely on carrier-density modulation may provide only a partial description of the electrical

response of protein-functionalized GFET systems.

In this chapter, electrolyte-gated graphene field-effect transistors are investigated for the label-free
detection of Human Serum Albumin through a combined experimental and atomistic analysis
framework. Particular attention is devoted to the relationship between protein adsorption,
electrostatic modulation, and transport evolution within the graphene channel. Brownian
Dynamics simulations are employed to examine the adsorption behaviour and orientation of
albumin molecules near the graphene surface, providing atomistic insight into the interfacial
interactions governing the sensing process. Experimentally, the electrical response of the devices
is analyzed through transfer characteristics, transport parameter extraction, inverse mobility
sensing metrics, and ultra-trace calibration analysis over a broad concentration range. The
combined experimental and atomistic analysis provides insight into the relationship between
protein adsorption, electrostatic perturbation, and transport evolution in electrolyte-gated graphene

transistors operating under biologically relevant conditions.

5.2 Electrostatic Biosensing Mechanism and Atomistic Adsorption Framework

5.2.1 Electrolyte-Gated GFET Biosensing Principle

Electrolyte-gated graphene field-effect transistors operate through electrostatic coupling
established at the graphene-electrolyte interface. In contrast to conventional dielectric-gated

transistors, where the gate field is controlled through a solid insulating layer, electrolyte-gated

129



devices rely on ion redistribution within the electrolyte to modulate carrier concentration in the
graphene channel. When an external gate voltage is applied, oppositely charged ions accumulate
near the graphene surface, forming the electric double layer (EDL), which consists of a compact

Stern region and a surrounding diffuse ion layer [13,14].

Because the effective thickness of the electric double layer is typically on the nanometer scale, the
resulting interfacial capacitance becomes substantially larger than that of conventional oxide gate
dielectrics. Under these conditions, relatively small perturbations in interfacial charge distribution
can produce measurable modulation of the graphene channel conductivity [15]. The electrical
response is commonly observed through variations in the transfer characteristics, including shifts

in the Dirac voltage, changes in transconductance, and modifications of channel resistance.

In electrolyte-gated biosensing systems, adsorption of charged or polar biomolecules near the
graphene surface perturbs the local electrostatic environment within the EDL region. These
perturbations alter the carrier distribution within the graphene channel and influence the overall
transport behaviour of the transistor. Since graphene possesses an atomically exposed surface and
low density of states near the charge neutrality point, the electrical response becomes highly
sensitive to adsorption-induced electrostatic interactions occurring at the graphene—electrolyte

interface [16].

The sensing response of electrolyte-gated GFETs is additionally influenced by ionic screening
within the electrolyte. Mobile ions present in solution partially screen the electric field generated
by adsorbed biomolecules, thereby reducing the effective electrostatic coupling between the
biomolecular layer and the graphene channel [17]. The magnitude of this screening effect is
governed by the Debye screening length, which decreases with increasing ionic concentration.
Consequently, the electrical sensitivity of electrolyte-gated GFETs depends not only on the
intrinsic properties of the analyte, but also on the electrochemical environment in which the

sensing process Occurs.
5.2.2 Electrostatic Effects of Protein Adsorption

Human Serum Albumin is a negatively charged globular protein containing multiple ionizable

amino acid residues distributed non-uniformly across its molecular structure. As a result,
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adsorption of albumin near the graphene surface produces spatially heterogeneous electrostatic
perturbations rather than a uniform surface potential variation [18]. The resulting electrical
response therefore depends on several coupled factors, including molecular orientation, local

charge distribution, adsorption density, and electrolyte screening conditions.

In many graphene biosensing studies, protein adsorption is primarily interpreted through shifts in
the Dirac voltage arising from electrostatic gating effects [19]. However, adsorption-induced
perturbations may also modify carrier transport within the graphene channel. Localized charge
inhomogeneity generated by adsorbed proteins can alter carrier scattering behaviour, broaden the
charge neutrality region, and influence mobility within the graphene layer. Under these conditions,
the sensing mechanism extends beyond simple carrier-density modulation and becomes strongly

linked to transport disorder at the graphene-electrolyte interface.

The electrostatic influence of adsorbed proteins is further affected by the presence of residual ions
within the electrolyte. In liquid-gated systems, the ionic environment partially screens the electric
field generated by the biomolecular layer, limiting the penetration of electrostatic perturbations
toward the graphene surface. Consequently, proteins adsorbed farther from the graphene channel
contribute less effectively to the sensing signal than molecules located within the effective Debye

screening region [20].

Because albumin molecules possess non-uniform surface charge distribution and anisotropic
dipole characteristics, different adsorption configurations may generate significantly different
local electrostatic responses. This heterogeneous adsorption behaviour can produce spatial
fluctuations in carrier concentration and contribute to transport non-uniformity within the graphene
channel. Such effects become particularly important under low-concentration sensing conditions,
where localized adsorption events can strongly influence the overall electrical response of the

transistor.

5.2.3 Brownian Dynamics Simulation Framework

To investigate the adsorption behaviour of Human Serum Albumin near the graphene interface,
Brownian Dynamics simulations were employed to analyze stochastic biomolecular adsorption

under electrolyte conditions. Compared with fully atomistic Molecular Dynamics methods,
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Brownian Dynamics enables efficient evaluation of adsorption behaviour over extended temporal
and spatial scales while retaining the dominant electrostatic interactions governing biomolecular

motion in solution [21].
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Figure 5.1: Schematic illustration of the electrostatic sensing mechanism in the electrolyte-gated GFET
during Human Serum Albumin (HSA) adsorption. The negatively charged HSA molecule perturbs the
electric double-layer (EDL) structure near the graphene surface, producing redistribution of electrolyte ions
within the Debye screening region (Ap). The resulting interfacial electrostatic modulation alters the carrier
density of the graphene monolayer and influences the conductance of the electrolyte-gated graphene
transistor under non-Faradaic sensing condition

In the simulation framework, albumin molecules were treated as rigid bodies interacting with an
atomically flat graphene surface under implicit solvent conditions. Electrostatic interactions
between the protein and graphene interface were evaluated using the spatial charge distribution of
the HSA molecule together with effective electrolyte screening conditions. Since albumin
possesses a heterogeneous surface charge distribution, different adsorption configurations

generated distinct interfacial interaction behaviour near the graphene surface.

Multiple independent adsorption events were analyzed to investigate the statistical distribution of
molecular orientations near the graphene interface. Rather than exhibiting a single preferred

adsorption geometry, the simulations revealed heterogeneous adsorption configurations
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characterized by substantial orientational variability. These adsorption states produced spatially

varying electrostatic interactions within the interfacial region.

The simulations additionally provided insight into dipolar alignment behaviour during adsorption.
Depending on molecular orientation and interaction distance, different regions of the albumin
molecule approached the graphene surface, producing non-uniform perturbation of the local
electric field near the interface. Such variations are expected to influence the carrier environment

within the graphene channel during sensing.

The Brownian Dynamics framework therefore provides atomistic insight into the heterogeneous
adsorption behaviour governing albumin interactions at the graphene-electrolyte interface. The
simulations indicate that adsorption-induced electrostatic modulation arises from dynamically

distributed molecular configurations rather than from a uniform biomolecular layer.
5.2.4 Atomistic Interpretation of Adsorption-Induced Perturbation

The atomistic adsorption behaviour observed in the Brownian Dynamics simulations provides
important insight into the electrical response of the electrolyte-gated GFET during albumin
sensing. Since the electrostatic charge distribution across the HSA molecule is spatially non-
uniform, each adsorption configuration generates a distinct perturbation of the local electric field
near the graphene interface. Consequently, the sensing response cannot be interpreted solely
through average surface charge density, but must also account for orientation-dependent

electrostatic interactions occurring within the electric double layer region.

The simulations indicate that albumin adsorption produces localized electrostatic inhomogeneity
at the graphene surface. As proteins adsorb with different orientations and interaction distances,
spatial fluctuations in the interfacial potential distribution emerge across the graphene channel.
These fluctuations modify the local carrier environment and contribute to non-uniform modulation

of the graphene conductivity.
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Figure 5.2: Representative adsorption orientations of Human Serum Albumin on the graphene surface
obtained from Brownian Dynamics simulations. Interfacial residues located within close proximity to the
graphene surface are highlighted according to local charge distribution (positively charged residues: blue;
negatively charged residues: red). The cyan arrow indicates the molecular dipole orientation relative to the
graphene interface. The figure illustrates the heterogeneous adsorption behaviour and orientation-
dependent electrostatic interactions governing interfacial sensing response.

Such adsorption-induced electrostatic disorder is expected to influence carrier scattering within
the graphene channel. Local perturbations in surface potential can generate variations in carrier
transport pathways, broaden the charge neutrality region, and reduce effective carrier mobility.
Under these conditions, the experimentally observed sensing response reflects not only
electrostatic gating effects, but also disorder-mediated transport modulation arising from

heterogeneous protein adsorption.

The atomistic interpretation additionally provides insight into the concentration-dependent
transport behaviour observed experimentally. At low albumin concentrations, isolated adsorption
events can produce relatively strong localized perturbations because the graphene surface remains
only partially occupied. As concentration increases, the growing population of adsorbed molecules
progressively modifies the electrostatic landscape near the graphene interface, resulting in broader

transport perturbation and enhanced carrier scattering effects.
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The influence of electrolyte screening further complicates this behaviour. Because the electric field
generated by adsorbed proteins is partially screened by mobile ions within the electrolyte, the
effective electrostatic coupling depends strongly on the distance between the adsorbed molecule
and the graphene surface. Proteins positioned closer to the graphene channel therefore contribute
more effectively to the sensing signal than molecules located farther from the effective screening
region. This distance-dependent interaction contributes to the variability of the adsorption-induced

electrical response observed experimentally.

The combined atomistic and electrostatic analysis presented here suggests that albumin sensing in
electrolyte-gated GFETs is governed by coupled interfacial mechanisms involving electrostatic
modulation, adsorption-induced disorder, and carrier transport perturbation. The sensing response
therefore emerges from the interaction between biomolecular adsorption dynamics and the
transport properties of the graphene channel rather than from a purely electrostatic carrier-density

modulation process alone.

5.3 Device Fabrication and Experimental Methodology

5.3.1 GFET Device Configuration

The experimental investigation was performed using commercially fabricated monolayer graphene
field-effect transistor arrays (Graphenea mGFET-4D) operated in a liquid-gated configuration.
Each device consisted of a graphene sensing channel integrated between source and drain
electrodes on a Si/SiO. substrate platform. In the present sensing configuration, electrical
modulation of the transistor channel was achieved through electrolyte gating rather than through
the underlying oxide dielectric. A droplet-based liquid gate geometry was employed in which the
electrolyte solution was directly deposited onto the graphene active region together with an

external gate electrode immersed within the electrolyte droplet.
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Figure 5.3: Electrolyte-gated graphene field-effect transistor architecture used for albumin sensing. (A)
Schematic representation of the monolayer graphene transistor integrated between source and drain
electrodes on a Si/SiO: substrate. (B) Liquid-gated measurement configuration showing formation of the
electric double layer at the graphene—electrolyte interface during Human Serum Albumin adsorption.

The graphene channel served simultaneously as the transport medium and sensing surface,
allowing adsorption-induced electrostatic perturbations to directly influence carrier transport
within the device. The liquid-gated configuration was selected because the electric double layer
formed at the graphene-electrolyte interface provides strong electrostatic coupling and enhanced
sensitivity to local interfacial charge variations [22]. All measurements were performed under

ambient laboratory conditions.

5.3.2 Albumin Preparation and Measurement Protocol

Human Serum Albumin solutions were prepared through serial dilution of commercial HSA stock
solutions using ultrapure deionized water (18.2 MQ-cm). The investigated concentration range
extended from ultra-trace concentrations to physiologically relevant regimes in order to evaluate
both low-concentration adsorption behaviour and transport modulation at higher surface coverage

conditions. The concentration interval ranged from 0.01 mg mL™" to 30 mg mL".

Deionized water was selected as the sensing medium in order to reduce ionic screening effects
during electrical measurements. Compared to concentrated physiological buffers, the lower ionic

strength environment increases the effective Debye screening length, thereby improving
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electrostatic coupling between adsorbed biomolecules and the graphene channel. This
configuration enables enhanced sensitivity toward adsorption-induced perturbations while

maintaining stable transistor operation during concentration-dependent measurements.

Prior to electrical characterization, a controlled volume of the prepared albumin solution was
deposited onto the graphene sensing region to ensure complete coverage of the active device area.
After stabilization of the electrolyte droplet, electrical measurements were performed sequentially

for each concentration condition.

5.3.3 Electrical Characterization

Electrical characterization was carried out using both output and transfer measurements in order
to evaluate the transport behaviour of the electrolyte-gated GFET during albumin adsorption. For
the output characteristics, the drain current (Ip) was measured as a function of drain voltage (Vp)
under fixed gate bias conditions. These measurements were used to examine the stability of
channel transport and verify the linearity of the graphene transistor response across the investigated

concentration range.

Transfer characteristics were obtained by sweeping the gate voltage while maintaining a constant
drain bias. The resulting transfer curves enabled evaluation of the concentration-dependent
modulation of the graphene channel through variations in the Dirac voltage position,
transconductance, and channel resistance. Particular attention was devoted to changes occurring
near the charge neutrality region, where graphene exhibits enhanced sensitivity to local

electrostatic perturbations.

All measurements were repeated under identical experimental conditions in order to minimize
variations associated with environmental fluctuations and electrolyte instability. The electrical
response was analyzed as a function of albumin concentration to investigate the relationship

between biomolecular adsorption and transport modulation within the graphene channel.

5.3.4 Transport Model and Parameter Extraction

The transfer characteristics were analyzed using a nonlinear transport model describing the total

device resistance as the combined contribution of graphene channel resistance and contact
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resistance. Because electrolyte-gated GFET operation depends strongly on interfacial
electrostatics, the effective gate capacitance was treated using a combined capacitance framework
that accounts for both electric double-layer capacitance and graphene quantum capacitance

[23,24].

The fitting procedure enabled extraction of the principal transport parameters governing the
electrical response of the device, including carrier mobility, Dirac voltage, residual carrier density,
and contact resistance. Particular emphasis was placed on the evolution of carrier mobility as a
function of albumin concentration, since adsorption-induced electrostatic disorder primarily

affects carrier scattering and transport behaviour within the graphene channel.

In the present work, the inverse mobility parameter was employed as the principal sensing metric
for ultra-trace albumin detection. Unlike sensing approaches based solely on Dirac voltage
variation, the inverse mobility framework provides enhanced sensitivity to adsorption-induced
disorder and transport perturbations occurring near the graphene interface. This approach allows
the sensing response to be interpreted in terms of coupled electrostatic and transport effects rather

than through carrier-density modulation alone.

5.3.5 Brownian Dynamics Simulation Procedure

To complement the experimental analysis, Brownian Dynamics simulations were performed to
investigate the adsorption behaviour of albumin molecules near the graphene surface. The
simulations were used to analyze molecular orientation, adsorption probability, and electrostatic

interaction behaviour associated with the graphene interface.

The translational and rotational motion of the albumin molecules was governed by stochastic
Brownian trajectories under the combined influence of thermal fluctuations and electrostatic
interactions. Multiple independent adsorption trajectories were evaluated in order to investigate
the statistical distribution of adsorption configurations and orientation behaviour near the graphene

surface.

The simulation framework enabled examination of the relationship between protein adsorption

geometry and local electrostatic perturbation at the graphene interface. The resulting atomistic
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analysis was subsequently correlated with the experimentally observed transport modulation and

sensing response of the electrolyte-gated GFET platform.
5.4 Output Characteristics and Electrolyte-Gated Transport Response
5.4.1 Output Characteristics under Albumin Adsorption

The output characteristics of the electrolyte-gated GFET were measured over the investigated
albumin concentration range in order to evaluate the stability of carrier transport within the
graphene channel during biomolecular adsorption. Figure 5.4 presents the drain current response

as a function of drain voltage for different HSA concentrations.
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Figure 5.4: Output characteristics of the electrolyte-gated GFET measured under different Human Serum
Albumin concentrations. (A) Drain current—drain voltage (InVp) response demonstrating approximately
linear transport behaviour and stable ohmic contact characteristics. (B) Concentration-dependent evolution
of output conductance with increasing albumin concentration.

The measured output curves exhibit approximately linear behaviour over the investigated drain
voltage range, indicating stable ohmic transport between the graphene channel and metal contacts
throughout the sensing measurements. The absence of significant nonlinear distortion suggests that
albumin adsorption does not strongly disrupt charge injection at the contact interfaces under the
investigated operating conditions. Instead, the primary electrical modulation occurs within the

graphene transport channel itself.

Although the overall linear transport behaviour is preserved, the magnitude of the drain current

varies systematically with albumin concentration. At lower concentrations, the output response
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remains comparatively stable, while progressive changes in current magnitude become more
pronounced as the concentration increases. This behaviour indicates that adsorption-induced

perturbations modify the effective conductivity of the graphene channel during sensing.

The concentration-dependent modulation of the output current is associated with electrostatic
perturbations introduced by adsorbed albumin molecules near the graphene surface. Since the
graphene channel is directly exposed to the electrolyte environment, adsorption events occurring
within the effective screening region can alter the local carrier distribution and influence transport
behaviour. The resulting current variation therefore reflects the combined influence of interfacial

electrostatic modulation and adsorption-induced scattering effects within the graphene layer.

At higher albumin concentrations, the increased surface coverage of adsorbed proteins contributes
to greater electrostatic inhomogeneity near the graphene interface. Under these conditions,
localized perturbations in the interfacial potential landscape may modify carrier transport pathways
and slightly reduce channel conductivity. The gradual evolution of the output characteristics with
concentration is therefore consistent with adsorption-induced modulation of the graphene transport

environment rather than with abrupt electrochemical or contact-related effects.

5.4.2 Transfer Characteristics and Dirac Voltage Evolution

The transfer characteristics of the electrolyte-gated GFET were subsequently analyzed to
investigate the influence of albumin adsorption on the electrostatic behaviour of the graphene
channel. Figure 5.5 presents the transfer curves measured across the investigated concentration

range.

The transfer characteristics exhibit clear ambipolar behaviour typical of graphene field-effect
transistors operating under electrolyte gating conditions. As the albumin concentration increases,
systematic modulation of the transfer response is observed together with progressive displacement
of the charge neutrality region. The evolution of the transfer curves indicates that adsorption of
albumin molecules modifies the local electrostatic environment near the graphene surface and

alters the carrier distribution within the channel.
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Figure 5.5: Transfer characteristics of the electrolyte-gated GFET during albumin sensing. (A) Nonlinear
fitting of the resistance—gate voltage transfer characteristic used for extraction of transport parameters. (B)
Evolution of the transfer characteristics with increasing Human Serum Albumin concentration showing
systematic modulation of the charge neutrality region and concentration-dependent Dirac voltage
displacement.

A concentration-dependent shift in the Dirac voltage is observed throughout the sensing
measurements. The shift of the charge neutrality point reflects electrostatic perturbation arising
from the adsorption of negatively charged albumin molecules within the electric double-layer
region. Because albumin contains multiple ionizable surface residues distributed across the

molecular structure, adsorption generates localized variations in interfacial potential that influence

the effective gating conditions experienced by the graphene channel.

In addition to the Dirac voltage displacement, progressive broadening of the transfer characteristics
is observed at increasing albumin concentrations. The broadening behaviour suggests enhanced
carrier scattering and increased electrostatic disorder within the graphene channel during protein
adsorption. Under these conditions, the electrical response cannot be interpreted solely through
carrier-density modulation but must also account for adsorption-induced perturbations affecting

transport uniformity across the graphene surface.

At low albumin concentrations, the transfer characteristics exhibited a moderate shift in the Dirac
region accompanied by slight broadening of the conductance profile. In this regime, adsorption
events remained relatively sparse, and the interfacial electric field was perturbed primarily by

isolated biomolecular interactions near the graphene surface. The sensing response therefore
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reflected the initial electrostatic influence of negatively charged albumin molecules within the

electric double layer.

As the albumin concentration increased, progressive modification of the transfer characteristics
became increasingly pronounced. The gradual broadening of the conductance curve suggested the
development of heterogeneous adsorption states across the graphene interface. Under these
conditions, the interfacial electrostatic environment became spatially non-uniform due to
variations in adsorption orientation, intermolecular separation, and local charge distribution near

the sensing surface.

At higher concentrations, the transfer characteristics approached a more stabilized broadening
regime in which further increases in albumin concentration produced comparatively smaller
variations in the overall response profile. This behaviour indicates partial electrostatic screening
saturation within the interfacial region, where accumulation of adsorbed biomolecules increasingly
attenuated the effective modulation field near the graphene channel. Because albumin molecules
adsorb with varying orientations and interaction distances, the resulting electrostatic perturbations

are spatially non-uniform.

5.4.3 Concentration-Dependent Electrostatic Modulation

To further examine the sensing behaviour of the electrolyte-gated GFET, the evolution of the
electrical response was analyzed as a function of albumin concentration. The measured transfer
characteristics demonstrate that progressive adsorption of albumin molecules near the graphene
surface systematically modifies the electrostatic environment within the electric double-layer

region.

At low concentrations, isolated adsorption events generate localized variations in interfacial charge
distribution near the graphene channel. Because the graphene surface remains only partially
occupied, these initial adsorption events can produce measurable shifts in the local gating
conditions of the device. As the concentration increases, the growing population of adsorbed
albumin molecules progressively alters the interfacial electric field established at the graphene—

electrolyte interface.
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The concentration-dependent evolution of the transfer characteristics indicates increasing
electrostatic coupling between the adsorbed biomolecular layer and the graphene channel. Since
albumin contains multiple ionizable surface residues, adsorption modifies the local potential
distribution within the electric double layer and influences the charge neutrality condition of the
transistor. The gradual displacement of the transfer response with increasing concentration
therefore, reflects progressive modulation of the interfacial electrostatic environment during

protein adsorption.

The sensing behaviour is additionally influenced by ionic screening within the electrolyte.
Although deionized water was employed to minimize screening effects, residual ions present in
the sensing environment partially attenuate the electric field generated by adsorbed proteins.
Consequently, the effective electrostatic interaction depends strongly on the proximity of the
adsorbed molecules to the graphene surface. Proteins located closer to the graphene channel
contribute more effectively to modulation of the interfacial electric field than molecules positioned

farther from the effective screening region.

As surface coverage increases during concentration-dependent adsorption, the collective
electrostatic influence of the adsorbed protein layer becomes progressively more significant. This
behaviour is reflected experimentally through systematic evolution of the transfer characteristics
and concentration-dependent displacement of the charge neutrality region. The observed response
therefore indicates that albumin sensing in electrolyte-gated GFETs is governed by interfacial

electrostatic coupling occurring within the electric double-layer environment.

5.5 Adsorption-Induced Disorder and Transport Evolution

5.5.1 Transconductance Evolution during Albumin Adsorption

The evolution of transconductance was analyzed in order to evaluate the influence of albumin
adsorption on gate modulation efficiency within the electrolyte-gated GFET. Figure 5.6 presents
the transconductance response extracted from the transfer characteristics measured over the

investigated concentration range.

143



200 -
m—— (.01 mg/ml
= 0.05 mg/ml
= 0.1 mg/ml
= 0.5 mg/ml
= 1007 —— 1.0 mg/ml
g_ 5.0 mg/ml
et 10.0 mg/ml
—
£ 30.0 mg/ml
2 oL ST
o
%)
c
©
el
(o)
= =100~
©
c
o
v
Z
© —200-
o
=
—-300 -

-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75
Gate Voltage Offset (V; — Vpirac) [V]

Figure 5.6: Evolution of transconductance as a function of gate voltage relative to the Dirac voltage under
increasing Human Serum Albumin concentration, showing progressive broadening and reduction of gate
modulation efficiency during adsorption

The transconductance exhibits systematic variation with increasing albumin concentration. At
lower concentrations, the device maintains comparatively sharp transconductance behaviour near
the charge neutrality region, indicating efficient electrostatic modulation of the graphene channel.
As the concentration increases, progressive broadening and reduction of the transconductance

peaks are observed.

The reduction in transconductance suggests that adsorption-induced perturbations influence the
ability of the gate field to effectively modulate carrier transport within the graphene channel. Since
transconductance is directly related to the sensitivity of the drain current to gate voltage variation,
the observed decrease indicates reduced modulation efficiency arising from increasing

electrostatic disorder at the graphene interface.
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The broadening of the transconductance response further suggests the development of spatially
non-uniform carrier transport conditions within the graphene layer. Adsorbed albumin molecules
generate localized perturbations in the interfacial potential landscape, producing variations in
carrier concentration and transport pathways across the graphene channel. Under these conditions,
the electrical response becomes increasingly governed by heterogeneous interfacial interactions

rather than by uniform electrostatic gating alone.

The concentration-dependent evolution of transconductance therefore indicates that albumin
adsorption modifies both the electrostatic environment and the transport uniformity of the

graphene channel during sensing.
5.5.2 Broadening of the Charge Neutrality Region

To further investigate adsorption-induced transport perturbation, the evolution of the charge
neutrality region was analyzed through the variation of AVpp and full-width at half-maximum
(FWHM) extracted from the transfer characteristics. Figure 5.7 presents the concentration

dependence of the extracted broadening parameters.
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Figure 5.7: Concentration-dependent broadening of the charge neutrality region during albumin
adsorption. Evolution of peak-to-peak voltage separation (AV,p) and full width at half maximum (FWHM)
extracted from the transfer characteristics as a function of Human Serum Albumin concentration
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As the albumin concentration increases, progressive broadening of the transfer characteristics is
observed together with an increase in the width of the charge neutrality region. The increase in
AVpp and FWHM indicates that the transition between hole-dominated and electron-dominated

transport becomes less abrupt during protein adsorption.

This broadening behaviour is consistent with the development of electrostatic inhomogeneity
across the graphene surface. Adsorption of albumin molecules with different orientations and
interaction distances generates spatially varying perturbations in the local electrostatic potential.
As aresult, different regions of the graphene channel experience non-uniform carrier modulation,

producing broadened transport characteristics near the charge neutrality condition.

The broadening of the transfer response additionally suggests the presence of increased carrier
scattering and disorder-mediated transport effects. Localized electrostatic fluctuations generated
by adsorbed proteins can modify carrier trajectories within the graphene layer and reduce transport
uniformity across the channel. These effects become progressively stronger as surface coverage

increases during concentration-dependent adsorption.

The evolution of AVpp and FWHM therefore provides experimental evidence that albumin sensing
in electrolyte-gated GFETSs involves substantial transport perturbation associated with adsorption-

induced electrostatic disorder at the graphene—electrolyte interface.

5.5.3 Mobility Suppression and Disorder-Mediated Scattering

Carrier mobility was subsequently analyzed to evaluate the influence of albumin adsorption on
transport dynamics within the graphene channel. Figure 5.8 presents the extracted mobility values

as a function of albumin concentration.

The measured mobility decreases progressively with increasing concentration, indicating that
adsorption-induced perturbations increasingly influence carrier transport within the graphene
layer. At low albumin concentrations, the graphene channel maintains comparatively high
mobility, consistent with relatively limited interfacial perturbation. As the concentration increases,
the growing population of adsorbed molecules contributes to enhanced carrier scattering and

reduced transport efficiency.
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Figure 5.8: Concentration-dependent suppression of hole mobility during Human Serum Albumin
adsorption, indicating progressive transport perturbation and adsorption-induced carrier scattering within
the graphene channel.

The observed mobility suppression is associated with disorder-mediated scattering arising from
heterogeneous electrostatic perturbations near the graphene interface. Because albumin molecules
adsorb with variable orientations and charge distributions, localized fluctuations in interfacial
potential develop across the graphene surface. These fluctuations act as scattering centres that

perturb carrier transport pathways and reduce effective mobility within the channel.

The mobility evolution additionally supports the interpretation that the sensing response cannot be
fully described through electrostatic carrier-density modulation alone. While Dirac voltage shifts
reflect changes in the charge neutrality condition, mobility suppression indicates that biomolecular
adsorption also modifies the transport landscape of the graphene channel through adsorption-

induced disorder.

The concentration dependence of mobility therefore provides important evidence that protein
adsorption affects both electrostatic gating and carrier transport dynamics within electrolyte-gated

GFET systems.
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5.5.4 Charge Puddles and Local Electrostatic Fluctuations

The adsorption of albumin molecules near the graphene interface produced substantial spatial
variation in the local electrostatic environment. Because the adsorbed biomolecules exhibited
heterogeneous charge distributions and orientation-dependent interactions, the resulting interfacial
field became highly non-uniform across the graphene surface. These local electrostatic fluctuations
promoted the formation of carrier-density inhomogeneities commonly associated with charge

puddles in graphene systems.

The emergence of these localized charge regions introduced additional transport instability within
the graphene channel. Spatial fluctuations in carrier concentration generated variations in local
conductivity, thereby enhancing carrier scattering and disrupting uniform charge transport along
the sensing interface. The effect became increasingly significant as adsorption density increased
and intermolecular electrostatic interactions became more spatially correlated near the graphene

surface.

Such transport inhomogeneity is expected to contribute directly to the experimentally observed
broadening of the transfer characteristics at elevated albumin concentrations. Rather than arising
solely from uniform electrostatic gating, the sensing response reflects the combined influence of
interfacial charge redistribution, conductivity fluctuation, and adsorption-induced transport

disorder within the graphene channel.
5.6 Analytical Calibration and Ultra-Trace Albumin Detection

5.6.1 Concentration-Dependent Sensing Response

The concentration-dependent sensing behaviour of the electrolyte-gated GFET was evaluated
using the transport parameters extracted from the transfer characteristics. Particular attention was
devoted to the extraction of Responsivity as a function of albumin concentration, since adsorption-

induced disorder was found to strongly influence carrier transport within the graphene channel.
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Figure 5.9: Concentration-dependent sensing response of the electrolyte-gated GFET measured at the
charge neutrality region during Human Serum Albumin adsorption.

Figure 5.9 presents the variation of the extracted sensing response across the investigated
concentration range. A systematic increase in the sensing signal is observed with increasing
albumin concentration, indicating progressive modulation of the graphene transport environment

during biomolecular adsorption.

At low concentrations, relatively small changes in albumin coverage produce measurable variation
in the electrical response of the device. This behaviour reflects the high sensitivity of the
electrolyte-gated graphene channel to localized electrostatic perturbations occurring near the
graphene surface. Because graphene exhibits strong transport sensitivity near the charge neutrality
region, isolated adsorption events can generate detectable modulation of carrier transport even

under ultra-trace concentration conditions.

As the concentration increases, the sensing response evolves progressively due to the growing
population of adsorbed proteins at the graphene interface. The increasing surface coverage

contributes to enhanced electrostatic disorder and stronger perturbation of carrier transport
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pathways within the graphene channel. Under these conditions, the measured response reflects the
combined influence of electrostatic gating, adsorption-induced scattering, and transport

broadening effects.

The concentration-dependent behaviour additionally indicates that the sensing mechanism is not
governed solely by uniform surface charge accumulation. Instead, heterogeneous adsorption and
localized electrostatic fluctuations contribute significantly to the evolution of the transport

response during albumin adsorption.

5.6.2 Inverse Mobility as a Sensing Metric

To quantify the adsorption-induced transport perturbation, the inverse mobility parameter was
employed as the primary sensing metric for albumin detection. In contrast to conventional GFET
biosensing approaches based primarily on Dirac voltage shifts, the inverse mobility framework
directly reflects modifications in carrier transport arising from adsorption-induced disorder within

the graphene channel.
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Figure 5.10: Evolution of inverse mobility as a function of Human Serum Albumin concentration,
demonstrating adsorption-induced transport perturbation and carrier scattering within the graphene
channel.
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Figure 5.10 presents the variation of inverse mobility as a function of albumin concentration. The
inverse mobility increases systematically with concentration, indicating progressive degradation

of carrier transport associated with increasing protein adsorption at the graphene interface.

The use of inverse mobility provides enhanced sensitivity to local electrostatic fluctuations
generated by heterogeneous adsorption behaviour. Since adsorbed albumin molecules introduce
localized perturbations in the interfacial potential landscape, carrier scattering within the graphene
channel becomes increasingly sensitive to surface disorder as concentration increases. Under these
conditions, mobility degradation becomes a more direct indicator of adsorption-induced transport

perturbation than simple Dirac voltage displacement alone.

The inverse mobility response additionally exhibits comparatively stable monotonic behaviour
across the investigated concentration range. This behaviour suggests that transport-based sensing
metrics may provide improved robustness for biosensing analysis under conditions where

electrostatic gating effects alone do not fully describe the device response.

The results therefore indicate that adsorption-induced disorder plays a central role in determining

the sensing behaviour of electrolyte-gated GFETs during albumin detection.

5.6.3 Calibration Behaviour and Detection Sensitivity

The analytical calibration behaviour of the device was evaluated using the extracted sensing
response over the investigated concentration interval. Figure 5.11 presents the calibration curve

obtained from the concentration-dependent transport analysis.
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Figure 5.11: Evolution of inverse mobility as a function of Human Serum Albumin concentration,
demonstrating transport-sensitive detection of adsorption-induced disorder and carrier scattering effects
within the graphene channel

The measured response exhibits a monotonic concentration dependence over a broad dynamic
range, demonstrating the capability of the electrolyte-gated GFET platform for quantitative
albumin detection. At lower concentrations, the sensing response evolves rapidly due to the strong
influence of isolated adsorption events on the graphene transport environment. As the
concentration increases, the response gradually approaches a reduced-slope regime associated with

increasing surface coverage and adsorption saturation effects.

The nonlinear behaviour of the calibration response is consistent with heterogeneous adsorption
processes occurring at the graphene interface. Since albumin molecules adsorb with varying
orientations and interaction strengths, the resulting transport perturbation does not evolve linearly
with concentration. Instead, the sensing behaviour reflects the collective influence of adsorption

statistics, electrostatic screening, and disorder-mediated scattering within the graphene channel.

The sensitivity of the device remains sufficiently high to enable detection within the ultra-trace

concentration regime. This behaviour is primarily associated with the strong electrostatic coupling
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established through electrolyte gating together with the high transport sensitivity of graphene to

local interfacial perturbations.

The calibration analysis therefore demonstrates that electrolyte-gated GFETs can provide stable

concentration-dependent albumin detection through transport-based sensing mechanisms

governed by adsorption-induced electrostatic disorder.

5.6.4 Freundlich Adsorption Analysis

To further investigate the adsorption behaviour associated with the sensing response, the

concentration-dependent data were analyzed using the Freundlich adsorption model. The

Freundlich framework is commonly employed to describe heterogeneous adsorption processes

occurring on non-uniform surfaces where adsorption energies vary across different interaction

sites.
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Figure 5.12: Freundlich fitting of the experimentally measured sensing response showing nonlinear
concentration-dependent adsorption behaviour associated with heterogeneous albumin adsorption at the

graphene interface.
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Figure 5.12 presents the Freundlich fitting obtained from the experimental sensing response. The
measured behaviour exhibits good agreement with the heterogeneous adsorption model, indicating
that albumin adsorption on graphene occurs through a distribution of interaction strengths rather

than through uniform monolayer adsorption.

The applicability of the Freundlich model is consistent with the atomistic adsorption behaviour
observed in the Brownian Dynamics simulations. Since albumin molecules adsorb with variable
orientations and localized interaction geometries, the resulting adsorption landscape at the
graphene interface becomes spatially heterogeneous. Different adsorption configurations therefore

contribute differently to the overall transport perturbation observed experimentally.

The heterogeneous adsorption behaviour additionally supports the experimentally observed
broadening of the transfer characteristics and mobility suppression discussed in the previous
section. Because different regions of the graphene surface experience distinct electrostatic
perturbations during adsorption, the resulting carrier transport behaviour becomes increasingly

non-uniform as concentration increases.

The combined calibration and adsorption analysis therefore indicates that albumin sensing in
electrolyte-gated GFETs is governed by coupled electrostatic and disorder-mediated transport

mechanisms associated with heterogeneous biomolecular adsorption at the graphene interface.

5.7 Discussion

5.7.1 Electrostatic Origin of the Sensing Response

The sensing behaviour of the electrolyte-gated GFET originates from electrostatic coupling
established at the graphene-electrolyte interface through the electric double layer. When a gate
potential is applied, redistribution of ions within the electrolyte forms an interfacial capacitive
region consisting of the Stern layer and the surrounding diffuse layer. The resulting electric field

modulates the Fermi level of graphene and controls the carrier population within the channel [31].
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Figure 5.13: Schematic illustration of electrostatic coupling and electric double-layer modulation during
Human Serum Albumin adsorption at the electrolyte-gated graphene interface. Heterogeneous albumin
surface charge distributions perturb the interfacial ionic environment within the Debye screening region,
producing electrostatic modulation of the graphene channel under electrolyte-gated sensing conditions.

Because the effective thickness of the electric double layer is on the nanometer scale, electrolyte-
gated graphene transistors exhibit substantially higher interfacial capacitance than conventional
dielectric gated devices. Under these conditions, relatively small variations in interfacial charge
distribution can produce measurable changes in the electrical characteristics of the graphene
channel. This strong capacitive coupling is responsible for the high sensitivity of electrolyte-gated

GFETs to surface-bound biomolecular interactions.

During albumin adsorption, charged and Polar Regions of the protein modify the local electric
field within the interfacial region near the graphene surface. These adsorption-induced variations
alter the electrostatic boundary conditions experienced by the graphene channel and shift the
charge neutrality condition of the transistor. The experimentally observed evolution of the transfer
characteristics and Dirac voltage therefore reflects modulation of the interfacial electric field

during protein adsorption.

The sensing response is additionally influenced by the spatial proximity of the adsorbed proteins
to the graphene surface. Since electrostatic coupling occurs primarily within the effective electric

double-layer region, proteins located closer to the graphene interface contribute more strongly to
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modulation of the local gating environment. The measured electrical response, therefore, depends
on the interaction between the adsorbed biomolecular layer and the interfacial electric field

established within the electrolyte-gated structure.

The observed sensing behaviour demonstrates that electrolyte-gated GFET biosensors operate
through direct modulation of the interfacial electrostatic environment at the graphene—electrolyte
interface. Under these conditions, biomolecular adsorption influences the electrical response of the
device through electric double-layer coupling and local field redistribution near the graphene

channel.

5.7.2 Tonic Screening and Interfacial Coupling

The sensing response of electrolyte-gated GFETsS is strongly influenced by ionic screening within
the electrolyte environment. In liquid-gated systems, mobile ions present in the solution partially
attenuate the electric field generated by adsorbed biomolecules, thereby reducing the effective
electrostatic coupling between the protein layer and the graphene channel [32]. The extent of this
attenuation is governed by the Debye screening length, which defines the characteristic distance

over which electrostatic fields decay within the electrolyte.

The Debye screening length depends primarily on the ionic strength of the sensing medium. As
ionic concentration increases, the population of mobile ions near the graphene interface also
increases, leading to stronger electrostatic screening and shorter effective field penetration
distance. Under highly concentrated electrolyte conditions, the electric field generated by adsorbed
biomolecules becomes rapidly attenuated, reducing the effective interaction between the

biomolecular layer and the graphene surface.

In the present work, deionized water was employed as the sensing medium in order to minimize
ionic screening effects and increase the effective Debye length within the interfacial region. The
reduced ionic concentration allows electrostatic fields generated by adsorbed albumin molecules
to extend farther toward the graphene channel, thereby improving interfacial coupling during

sensing measurements.
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The effectiveness of electrostatic coupling additionally depends on the spatial separation between
the adsorbed proteins and the graphene surface. Biomolecules positioned within the effective
screening distance contribute more significantly to modulation of the interfacial electric field than
molecules located farther from the graphene interface. Consequently, adsorption geometry and
interaction distance play important roles in determining the magnitude of the electrical response

observed during sensing.

Hydration layers and interfacial electrolyte structure further influence the effective coupling
distance within the electric double-layer region. Even when proteins are adsorbed near the
graphene surface, the presence of solvated ions and structured water layers partially separates the
biomolecular charge distribution from the graphene channel. This interfacial separation contributes

to attenuation of the electric field reaching the graphene surface during sensing.

The experimental behaviour observed in the present work indicates that electrolyte screening and
interfacial coupling represent critical factors governing biomolecular detection in electrolyte-gated
graphene transistors. The measured sensing response therefore reflects the balance between
adsorption-induced electric field generation and electrolyte-mediated field attenuation within the

interfacial region.

5.7.3 Adsorption-Induced Disorder and Transport Perturbation

Adsorption-induced transport perturbation originates from the heterogeneous distribution of
albumin molecules near the graphene surface. Since the adsorbed biomolecules possess non-
uniform surface charge distributions and variable adsorption orientations, the resulting interfacial

environment becomes electrostatically disordered at the nanoscale.
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Figure 5.14: Conceptual framework illustrating disorder-mediated electrostatic sensing in electrolyte-gated
graphene biosensors. Biomolecular adsorption within the Debye screening region produces localized
electrostatic perturbations and transport disorder, leading to carrier mobility suppression and amplified
transport-sensitive electrical response.

This spatial disorder modifies the local carrier landscape within the graphene channel. Variations
in interfacial charge density generate localized fluctuations in carrier concentration, producing
enhanced scattering regions and disrupting the uniformity of charge transport across the sensing
surface. The effect becomes increasingly pronounced at higher adsorption densities where

intermolecular electrostatic interactions contribute to additional carrier inhomogeneity.

The resulting transport perturbation contributes directly to degradation of carrier mobility and
broadening of the transfer characteristics observed experimentally. Under these conditions, the
sensing response no longer reflects purely ideal electrostatic gating behaviour, but instead

incorporates the influence of adsorption-induced disorder on channel conductivity.

Consequently, the GFET sensing mechanism should be interpreted as a coupled electrostatic—
transport process in which biomolecular adsorption simultaneously modifies interfacial electric
fields and perturbs carrier transport within the graphene layer. This combined behaviour provides
a physically consistent explanation for the nonlinear response evolution observed during albumin

sensing.
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5.7.4 Correlation between Atomistic Adsorption and Electrical Response

The combined experimental and atomistic analysis reveals strong correlation between the
adsorption behaviour observed in the Brownian Dynamics simulations and the transport
perturbations measured experimentally. The simulations demonstrate that albumin adsorption
occurs through dynamically distributed molecular orientations rather than through a single
preferred adsorption geometry. Different adsorption configurations therefore, generate distinct

local electrostatic perturbations near the graphene surface.

This heterogeneous adsorption behaviour is consistent with the experimentally observed
broadening of the transfer characteristics and concentration-dependent mobility degradation. As
the population of adsorbed proteins increases, the interfacial electrostatic landscape becomes
progressively more non-uniform, leading to enhanced carrier scattering and disorder-mediated

transport modulation within the graphene channel.

The atomistic analysis additionally explains the nonlinear calibration behaviour observed
experimentally. Since different adsorption configurations contribute differently to the interfacial
electrostatic perturbation, the electrical response evolves through collective statistical adsorption
behaviour rather than through simple linear surface charge accumulation. The applicability of the
Freundlich adsorption model further supports the presence of heterogeneous adsorption

interactions at the graphene interface.

The agreement between simulation and experiment therefore indicates that the sensing response
of electrolyte-gated GFETs is governed by coupled multiscale processes involving molecular
adsorption dynamics, electrostatic perturbation, and carrier transport evolution within the graphene

channel.

5.7.5 Implications for Electrolyte Gated Graphene Biosensing

The results presented in this chapter demonstrate that electrolyte-gated GFET biosensors can
achieve highly sensitive label-free detection of biomolecules through transport-based sensing
mechanisms governed by interfacial electrostatic interactions. In contrast to conventional sensing

approaches that primarily focus on Dirac voltage displacement, the present work shows that
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adsorption-induced disorder and transport perturbation provide additional information regarding

biomolecular interactions occurring at the graphene surface.

The combined electrostatic and transport interpretation developed here may therefore provide a
broader framework for understanding sensing behaviour in electrolyte-gated graphene devices
operating under biologically relevant conditions. Because many biomolecules exhibit
heterogeneous charge distributions and orientation-dependent adsorption behaviour, transport
perturbation effects are expected to play an important role in a wide range of graphene biosensing

applications.

The integration of atomistic simulation with experimental transport analysis additionally provides
a useful multiscale approach for investigating biomolecular interactions in graphene-based sensing
platforms. By correlating adsorption dynamics with experimentally observed transport evolution,
the sensing response can be interpreted in terms of physically meaningful interfacial mechanisms

rather than through empirical signal variation alone.

The results therefore indicate that adsorption-induced electrostatic disorder represents an
important component of the sensing behaviour of electrolyte-gated graphene transistors and may

provide a useful basis for the development of future ultra-sensitive graphene biosensing platforms.

5.8 Summary of the Chapter

This chapter investigated the label-free detection of Human Serum Albumin using electrolyte-
gated graphene field-effect transistors through a combined experimental and atomistic analysis
framework. The sensing response of the devices was examined in terms of electrostatic
modulation, adsorption-induced transport perturbation, and concentration-dependent evolution of

the graphene channel characteristics under liquid-gated operating conditions.

The electrical measurements demonstrated that albumin adsorption systematically modifies both
the output and transfer characteristics of the electrolyte-gated GFET. Progressive evolution of the
Dirac voltage, transconductance, and transport broadening was observed with increasing protein
concentration, indicating that adsorption of albumin molecules perturbs the local electrostatic

environment at the graphene-electrolyte interface. The experimental results additionally showed
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that the sensing response extends beyond simple carrier-density modulation and involves

substantial modification of carrier transport within the graphene channel.

Analysis of the transport parameters revealed progressive suppression of carrier mobility together
with broadening of the charge neutrality region during albumin adsorption. These observations
indicate the development of adsorption-induced electrostatic disorder within the graphene channel
arising from heterogeneous protein adsorption behaviour. The inverse mobility sensing framework
demonstrated strong sensitivity to concentration-dependent transport perturbation and provided an
effective metric for ultra-trace albumin detection. The electrolyte-gated GFET platform
demonstrated concentration-dependent albumin detection over the range of 0.01-30 mg mL ™, with

a calculated limit of detection of 0.0087 mg mL™" under low ionic-strength conditions.

Brownian Dynamics simulations were employed to investigate the adsorption behaviour of
albumin molecules near the graphene surface. The simulations demonstrated that adsorption
occurs through heterogeneous molecular orientations rather than through a single preferred
adsorption configuration. Because albumin possesses a non-uniform surface charge distribution,
different adsorption geometries generate distinct local electrostatic perturbations at the graphene
interface. The atomistic analysis therefore supports the experimentally observed transport

broadening and mobility degradation associated with adsorption-induced scattering effects.

The combined experimental and atomistic analysis presented in this chapter demonstrates that
albumin detection in electrolyte-gated GFETSs is governed by coupled interfacial mechanisms
involving electric double-layer modulation, adsorption heterogeneity, ionic screening, and
transport perturbation within the graphene channel. Rather than behaving as a purely electrostatic
gating system, the sensing response evolves through spatially distributed adsorption-induced
variations in the local carrier environment near the graphene surface. The results further indicate
that transport-sensitive analysis provides a physically meaningful framework for interpreting
biomolecular interactions in electrolyte-gated graphene biosensors, particularly under conditions

where heterogeneous adsorption and interfacial screening dominate the sensing behaviour.
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This thesis investigated electrolyte-gated graphene field-effect transistors as label-free biosensing
platforms through a combination of continuum electrostatic modelling, experimental transport
analysis, and atomistic adsorption interpretation. The work focused on understanding how
interfacial electrostatic interactions, 1ionic screening, and adsorption-induced transport
perturbations collectively govern the sensing behaviour of graphene biosensors operating under

electrolyte-gated conditions.

A multiscale framework was developed to analyze the coupled physical mechanisms involved in
electrolyte-gated GFET sensing. Continuum electrostatic simulations based on the Poisson-
Nernst-Planck formalism were employed to investigate electric double-layer formation, ion
redistribution, and electrostatic modulation near the graphene interface. The analysis demonstrated
that electrolyte-gated graphene devices exhibit strong sensitivity to small interfacial perturbations

because of the large capacitance associated with the nanometer-scale electric double layer.

The experimental and computational investigation of pH sensing demonstrated that variations in
proton concentration systematically modify the interfacial electrostatic environment near the
graphene surface. The finite element simulations showed that the sensing response strongly
depends on electric double-layer coupling and ionic screening behaviour within the electrolyte
region. These results established the importance of electrostatic modulation in governing the

electrical response of electrolyte-gated graphene transistors.

The label-free detection of Human Serum Albumin was subsequently investigated through
combined experimental characterization and atomistic adsorption analysis. The experimental
results demonstrated systematic evolution of the transfer characteristics, transconductance, charge
neutrality region, and carrier mobility with increasing albumin concentration. The observed

response indicated that protein adsorption modifies not only the carrier density of the graphene
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channel, but also the transport uniformity of the device through adsorption-induced disorder and

scattering effects.

Brownian Dynamics simulations further demonstrated that albumin adsorption occurs through
heterogeneous molecular orientations and dynamically distributed adsorption configurations near
the graphene surface. Because albumin possesses a non-uniform molecular charge distribution,
different adsorption geometries generated distinct local electrostatic perturbations within the
interfacial region. The atomistic analysis therefore provided physical insight into the

experimentally observed transport broadening and mobility suppression measured during sensing.

The combined results of this thesis indicate that electrolyte-gated GFET biosensors operate
through coupled electrostatic and transport-mediated interfacial mechanisms spanning continuum
and atomistic scales. The sensing response therefore emerges from the interaction between electric
double-layer modulation, ionic screening, heterogeneous adsorption behaviour, and carrier

transport perturbation within the graphene channel.

One of the principal findings of this work is that electrolyte-gated graphene biosensors cannot be
interpreted solely through conventional electrostatic carrier-density modulation models based only
on Dirac voltage shifts. Although interfacial electrostatic coupling remains the dominant gating
mechanism in electrolyte-gated GFETs, the experimental and atomistic analyses presented in this
thesis demonstrate that adsorption-induced transport perturbation also plays a major role in

determining the sensing response.

The finite-element electrostatic analysis demonstrated that the electric double layer strongly
governs the interfacial modulation behaviour of electrolyte-gated graphene transistors. Because
the effective gate capacitance is dominated by the nanometer-scale electric double layer, relatively
small perturbations in interfacial charge distribution produce measurable changes in the electrical
response of the graphene channel. The simulations further showed that ionic screening
significantly influences the penetration of electrostatic fields toward the graphene surface and

therefore strongly affects sensing sensitivity under electrolyte conditions.

167



The experimental analysis of albumin sensing revealed systematic broadening of the transfer
characteristics together with concentration-dependent suppression of carrier mobility and
transconductance. These observations indicate that biomolecular adsorption progressively
modifies the local transport landscape of the graphene channel during sensing. Rather than
behaving as a uniformly gated conductor, the graphene surface develops spatially distributed
conductivity fluctuations associated with heterogeneous adsorption-induced electrostatic

perturbations.

The electrolyte-gated GFET platform demonstrated stable concentration-dependent electrical
modulation across the investigated albumin concentration range, with a calculated limit of
detection of 0.0087 mg.mL! under the experimental conditions employed in this work.
Progressive evolution of the transfer characteristics, systematic broadening of the charge neutrality
region, and concentration-dependent suppression of carrier mobility collectively indicated strong
sensitivity of the graphene channel to adsorption-induced interfacial perturbations.. The observed
transport behaviour further demonstrated that inverse mobility analysis provides enhanced
sensitivity to adsorption-induced disorder and conductivity fluctuation compared with sensing
interpretation based solely on Dirac voltage displacement. These results indicate that transport-
sensitive electrical analysis provides an effective framework for investigating heterogeneous

biomolecular interactions in electrolyte-gated graphene biosensors.

The Brownian Dynamics simulations additionally demonstrated that albumin adsorption occurs
through heterogeneous molecular configurations rather than through a single preferred adsorption
geometry. Different adsorption orientations generated spatially varying interfacial electrostatic
perturbations near the graphene surface, producing non-uniform modulation of the carrier
environment within the graphene channel. The atomistic interpretation therefore provided direct
physical support for the experimentally observed transport broadening and disorder-mediated

sensing behaviour.

The combined electrostatic, experimental, and atomistic analyses developed in this thesis therefore
suggest that electrolyte-gated GFET sensing is governed by coupled multiscale processes
involving electric double-layer modulation, ionic screening, adsorption heterogeneity, and

transport perturbation. These results demonstrate that transport-sensitive analysis provides a
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physically meaningful framework for interpreting biomolecular interactions in graphene

biosensors operating under electrolyte-gated conditions.

Although the present work provides insight into electrostatic and transport-mediated sensing
mechanisms in electrolyte-gated GFETS, several limitations remain that may be addressed in future
investigations. The experimental measurements were primarily performed under simplified low-
ionic-strength conditions in order to minimize electrolyte screening and isolate interfacial
electrostatic effects. Future studies performed under physiologically relevant electrolyte
environments may provide deeper understanding of sensing behaviour under realistic biological
conditions where strong ionic screening influences biomolecular coupling near the graphene

surface.

The atomistic analysis employed Brownian Dynamics simulations using rigid-body adsorption
behaviour and implicit solvent approximations. While this approach enabled efficient investigation
of adsorption statistics and orientation-dependent interactions, fully coupled Molecular Dynamics
simulations may provide additional insight into hydration effects, conformational flexibility, and
dynamic interfacial restructuring occurring during biomolecular adsorption near graphene

interfaces.

The present work additionally focused on Human Serum Albumin as a model biomolecular system
for investigating adsorption-induced transport perturbation in electrolyte-gated GFETs. Future
investigations involving multiple biomarkers with different molecular charge distributions and
adsorption geometries may further clarify the role of heterogeneous adsorption behaviour in

determining sensing performance in graphene biosensors.

Further development of coupled multiscale simulation frameworks integrating continuum
electrostatics with atomistic transport analysis may also improve understanding of the relationship
between molecular adsorption dynamics and experimentally observed carrier transport evolution
in graphene-based sensing platforms. Such approaches may contribute toward the development of
physically grounded biosensing models capable of describing complex electrolyte—biomolecule—

graphene interactions under realistic operating conditions.
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The integration of electrolyte-gated graphene biosensors with flexible and wearable electronic
platforms additionally represents an important future direction for portable and real-time
biochemical sensing technologies. Because graphene devices exhibit strong interfacial sensitivity
under low-voltage electrolyte gating conditions, such systems may provide promising

opportunities for future biomedical monitoring applications.

The present work demonstrates that electrolyte-gated graphene field-effect transistors provide a
highly sensitive platform for investigating biomolecular interactions through coupled electrostatic
and transport-mediated sensing mechanisms. The combined continuum, experimental, and
atomistic framework developed in this thesis establishes a physically grounded interpretation of
graphene biosensing behaviour spanning electric double-layer modulation, ionic screening,

heterogeneous adsorption, and carrier transport perturbation near the graphene interface.

The results further indicate that transport-sensitive analysis provides important insight into
adsorption-induced disorder within graphene biosensors beyond conventional electrostatic gating
interpretation alone. The multiscale approach presented in this work, therefore, contributes toward
improved physical understanding of electrolyte-gated graphene sensing systems and may support
the future development of highly sensitive and physically interpretable graphene-based biosensing

technologies.
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