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due to graphene’s exceptional electrical, plasmonic, and nonlinear optical properties, along with its 

graphene’s elec

Building on this framework, the ISFET model is extended to the detection of β₂ microglobulin (β₂M), 

surface. β₂M adsorption, driven by its size, orientation, and heterogeneous surface charge distribution, 
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and a measurable increase in the quality factor for β₂M detection, underscoring the critical role of 

Finally, the thesis explores graphene’s strong nonlinear optical response in the terahertz regime for 

absorption, reflection, and THG intensity responses confirm the feasibility of detecting β₂M through 
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ato elettrico all’interfaccia grafene–

–

utilizzando gli ioni sodio come caso di studio. L’effetto della capacità quantistica del grafene è 

β₂

β₂M), un biomarcatore proteico di rilevanza clinica. Le simulazioni di dinamica 

del grafene. L’adsorbimento della β₂M, determinato dalle sue dimensioni, dall’orientazione e dalla 

elettrostatico locale e dell’energia di Fermi del grafene, dando luogo a una risposta elettrica stabile e 

rilevabile. Questi risultati evidenziano l’importanza delle interazioni elettrosta
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(SPR) in grafene con gate elettrolitico. L’inclusione della capacità quantistica del grafene nel quadro 

computazionali dimostrano un miglioramento dell’accuratezza e un aumento misurabile del fattore di 

β₂M, sottolineando il ruolo cruciale degli effetti quantistico

dell’energia di Fermi del grafene viene sfruttata per il biosensing, mediante una modulazione 

β₂M tramite 

o per ottenere un’elevata sensibilità e una rilevazione 

β₂
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Figure 1-1. Schematic representation of an amperometric biosensor showing the three-electrode configuration, 

consisting of a working electrode modified with a biorecognition element, a reference electrode for stable 

potential control, and a counter electrode to complete the electrochemical circuit. The figure illustrates the 

generation of an amperometric signal resulting from the redox reaction between the target analyte and the 

immobilized biomolecule. 3

figure 1-2. Schematic of a potentiometric fet-based biosensor showing the p-type silicon substrate with n-type source 

and drain, a gate region covered by ion-selective and h⁺-sensitive membranes, and a reference electrode. Changes 

in ion concentration at the gate modulate the surface potential, enabling potentiometric sensing. 4

figure 1-3. Schematic diagram of a calorimetric biosensor showing a packed-bed bioreactor integrated with a heat 

exchanger inside an insulated aluminum block. The sensor employs reference and counter thermistors to measure 

temperature changes generated by the biochemical reaction as the sample flows through the system, enabling 

calorimetric detection 6

figure 1-4. Schematic representation of a piezoelectric (mass-sensitive) biosensor based on a quartz crystal 

microbalance (qcm). Antibodies immobilized on gold electrodes capture target analytes from the flowing sample, 

causing a mass change on the piezoelectric crystal. This mass variation leads to a shift in oscillation frequency, 

which is measured by the oscillator and frequency counter for biosensing. 7

figure 1-5. Schematic illustration of the dna biosensor showing probe immobilization, target hybridization, and signal 

transduction mechanism 8

figure 1-6. Schematic graph illustrating the principle of surface plasmon resonance (spr) sensing based on refractive 

index changes at the metal–dielectric interface 9

figure 1-7. Schematic illustration of a chemiluminescence-based biosensor showing target recognition, enzyme-

catalyzed luminescent reaction, and signal detection. 10

figure 1-8. Diagram of a fluorescence-based biosensor depicting target binding, fluorophore activation, and resulting 

fluorescence signal for detection. 11

figure 1-9. Diagram of a cell-based biosensor depicting target analyte interaction with living cells, cellular signal 

generation, and readout detection. 12

figure 1-10. Schematic representation of the hexagonal lattice structure of graphene, illustrating its decomposition into 

two interpenetrating triangular sublattices, labeled a and b. This bipartite arrangement is fundamental to 

understanding graphene’s distinctive electronic behavior, including the emergence of dirac cones, high charge 

carrier mobility, and its unusual band structure. 20

figure 1-11. Portion of graphene’s reciprocal lattice highlighting the first brillouin zone, the fundamental region in 

momentum space that contains all unique wavevectors and key symmetry points relevant for band structure 

analysis. 20

figure 1-12. Electronic dispersion in the graphene honeycomb lattice. Left: full energy spectrum. Right: zoomed-in view 

of the energy bands near one of the dirac points, highlighting the linear dispersion characteristic of massless dirac 

fermions. 21

figure 1-13. Linear dispersion relation of graphene shown as a contour plot of the band structure near the dirac points, 

illustrating the cone-like energy spectrum characteristic of massless dirac fermions. 22
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figure 2-1. Structure of the graphene field-effect transistor (gfet) employed in the simulations (left), with a zoomed-in 

view highlighting the graphene channel layer and surrounding device interfaces (right). The enlarged view 

emphasizes the atomically thin graphene sheet that forms the conductive channel between the source and drain 

electrodes, illustrating its placement within the gate dielectric stack used in the device model. 37

figure 2 2. Meshing features employed in the simulations, with different level of refinement. (left) overall view of the 

computational mesh for the graphene field-effect transistor; (right) zoomed-in view highlighting the finer mesh 

applied in the graphene layer and the adjacent region to improve numerical accuracy 38

figure 2 -3. Electric potential distribution in the graphene field-effect transistor (gfet) under an applied back-gate bias of 

10 v, illustrating the electrostatic potential profile across the device and the modulation of the graphene channel 

induced by the back-gate field 40

figure 2-4 (a–d). Electron concentration distribution in the gfet channel under different back-gate voltages. (a) electron 

concentration at a back-gate voltage of 10 v. (b) zoomed-in view highlighting the electron concentration in the 

graphene layer for 10 v. (c) electron concentration at a back-gate voltage of 60 v. (d) zoomed-in view showing the 

electron concentration in the graphene channel at 60 v. 41

figure 2-5 (a–d). Hole concentration distribution in the gfet channel under different back-gate voltages. (a) hole 

concentration at a back-gate voltage of 10 v. (b) zoomed-in view highlighting the hole concentration in the 

graphene layer for 10 v. (c) hole concentration at a back-gate voltage of 60 v. (d) zoomed-in view showing the 

hole concentration in the graphene channel at 60 v. 42

figure 2-6 (a-b). Show the resistance of the graphene channel versus back gate voltage for different lengths and widths, 

respectively 43

figure 3-1. (left) schematic diagram of a graphene field-effect transistor (gfet) gated by an electrolyte. (right) cross 

sectional view of the device. Red, yellow, black, light-blue and violet color is used for the silicon substrate, the 
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model of edl 56

figure 3-6. Electricla potential inside the electrolyte as a function of the distance from the electrolyte-graphene 

interface,  for different concentations of na+ (the computation uses the stern model of the electric double layer 

(edl). 57

figure 3-7. A) charge concentration and  b) resistance of graphene channel as function of back gate voltage calculatred 

according to the gouy-chapman model of edl; (c) position of the resistance peak and its full width at half 

maximum (fwhm) as functions of the concentration. 58
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figure 3-8. A) charge concentration and b) resistance of graphene channel as function gate voltage calculated according 

to the stern model of edl; (c) position of the resistance peak and its full width at half maximum (fwhm) as 
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figure 4- 2. Simulation of (a) electric field and (b) electrical potential at the interface between graphene and an 

electrolyte containing 0.01 g/l β2-microglobulin. The electrical double layer (edl) is modeled using the stern 
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graphene interface ( concentration .01g/l). 76
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Chapter one

Biosensors: Classification, 
Mechanisms, and the 

Significance of Graphene in 
Electrical and Optical 

Detection
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1.1- Introduction to Sensors and Biosensors:

Biosensors are commonly categorized using three different criteria. First, based on the type of 

biological identification element, they can be classified into biocatalytic biosensors (such as those 

using enzymes), immunosensors (which rely on antibodies), and nucleic acid-based biosensors (like 

DNA sensors). Next, classification can be made according to the transduction method, which includes 

electrochemical, optical, piezoelectric, and thermal (or calorimetric) biosensors. Third, biosensors 

can also be sorted by purpose-examples include clinical and medical biosensors, environmental 

monitoring devices, and wearable technologies. Additionally, from a commercial standpoint, they are 

often distinguished by their form factor, performed under lab conditions-based systems or portable 

devices. Despite their type or application, all biosensors require a stable and efficient interface to 

ensure accurate and reliable sensing performance [7].

1.2- Types of Biosensors:
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1.2.1- Amperometric Biosensor:

Figure 1-1. Schematic representation of an Amperometric biosensor showing the three-electrode configuration, 
consisting of a working electrode modified with a biorecognition element, a reference electrode for stable 
potential control, and a counter electrode to complete the electrochemical circuit. The figure illustrates the 
generation of an Amperometric signal resulting from the redox reaction between the target analyte and the 

immobilized biomolecule. The schematic is taken from reference [9].
.
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1.2.2- Potentiometric biosensor:

Figure 1-2. Schematic of a potentiometric FET-based biosensor showing the p-type silicon substrate with n-type source 
and drain, a gate region covered by ion-selective and H⁺-sensitive membranes, and a reference electrode. Changes 
in ion concentration at the gate modulate the surface potential, enabling potentiometric sensing. The schematic is 

taken from reference [10].

1.2.3- Optical Biosensor:
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1.2.4- Conductometric Biosensor:

1.2.5- Calorimetric Biosensor:
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Figure 1-3. Schematic diagram of a calorimetric biosensor showing a packed-bed bioreactor integrated with a heat 
exchanger inside an insulated aluminum block. The sensor employs reference and counter thermistors to measure 

temperature changes generated by the biochemical reaction as the sample flows through the system, enabling 
calorimetric detection. The schematic is taken from reference [14].

1.2.6- Piezoelectric biosensor:
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Figure 1-4. Schematic representation of a piezoelectric (mass-sensitive) biosensor based on a quartz crystal 
microbalance (QCM). Antibodies immobilized on gold electrodes capture target analytes from the flowing 

sample, causing a mass change on the piezoelectric crystal. This mass variation leads to a shift in oscillation 
frequency, which is measured by the oscillator and frequency counter for biosensing. The schematic is taken from 

reference [15].

1.2.7- DNA Biosensor:
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Figure 1-5. Schematic illustration of the DNA biosensor showing probe immobilization, target hybridization, and signal 
transduction mechanism. The schematic is taken from reference [16].

1.2.8- Surface Plasmon Biosensor:
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Figure 1-6. Schematic graph illustrating the principle of surface plasmon resonance (SPR) sensing based on refractive 
index changes at the metal–dielectric interface. The schematic is taken from reference [17].

1.2.9- Chemiluminescence based biosensor:
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Figure 1-7. Schematic illustration of a chemiluminescence-based biosensor showing target recognition, enzyme-
catalyzed luminescent reaction, and signal detection. The schematic is taken from reference [18].

1.2.10- Fluorescence based Biosensor:
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Figure 1-8. Diagram of a fluorescence-based biosensor depicting target binding, fluorophore activation, and resulting 
fluorescence signal for detection. The schematic is taken from reference [19].

1.2.11- Cell based Biosensor:
Cell-based biosensors are a kind of biosensor that employ living cells as the biorecognition element. 

These sensors leverage the natural ability of living cells to detect alters in both intracellular and 

extracellular environments, including variations in physiological conditions. The interaction between 

the cells and external stimuli generates a measurable response, which forms the basis of detection. 

Microorganisms such as bacteria and fungi can be used in these biosensors to identify specific 

molecules or evaluate the overall condition of the surrounding environment. Furthermore, cellular 

proteins can act as bioreceptors to recognize analytes. Unlike other biosensors that depend on isolated 

biological molecules or synthetic materials, cell-based biosensors use intact, living cells, making them 

unique. The sensitivity and performance of these biosensors are largely influenced by the cells' natural 

ability to survive and function over extended periods, which rely on carefully controlled physical and 

chemical conditions. However, a significant limitation of cell-based biosensors is maintaining cell 

viability and stability, which can be affected by various environmental factors [20].



12

Figure 1-9. Diagram of a cell-based biosensor depicting target analyte interaction with living cells, cellular signal 
generation, and readout detection. The schematic is taken from reference [20].

1.3- Application of Biosensor:
Recently, biosensors have become increasingly vital across diverse sectors, such as healthcare, food 

safety, water quality monitoring, and environmental protection [21], [22], [23],[24]. These innovative 

devices are used to detect a wide range of analytes with high specificity and sensitivity. Since their 

initial development, biosensors have continuously advanced, integrating cutting-edge technologies to 

enhance their performance. Progress in materials science, nanotechnology, and biotechnology have 

played a vital role in increasing their speed, accuracy, and reliability. As a result, research and 

development in the field of biosensors have grown significantly, driving to the creation of more 

adaptable and efficient systems that meet the growing demand for rapid and precise analytical tools 

[25].

1.3.1- Medical applications:
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1.3.2- Food and water safety:

1.3.3- Environmental applications:
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metals such as mercury (Hg²⁺), lead (Pb²⁺), cadmium (Cd), and chromium (Cr) are of 

1.4- Future perspectives: 
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1.5- Impact of nanomaterial on biosensing
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1.6- Classification of Nanomaterials
Nanomaterials can be categorised as per the size and dimensions. There are four kinds of 

nanomaterials like zero-dimension, one dimension, two dimensions, and three dimensions.

A) Zero-dimensional: In zero-dimensional (0D) nanomaterials, all three dimensions of materials 

occur in nanoscale, e.g., nano particles such as gold, palladium, platinum, silver, or quantum dots. 

Nano particles can be spherical in size with a diameter of 1-50 nm. 

b) One-dimensional: These nanomaterials having one dimension are in the scope of 1-100 nm and 

the other two dimensions can be in macroscale. Nanowires, nanofibers, nanorods, and nanotubes are 

examples of one-dimensional (1D) nanomaterials. Some metals (Au, Ag, Si, etc.), metal oxides (ZnO, ܱܶ݅2, 2ܱ݁ܥ, etc.), quantum dots, and others can provide 1D nanostructures.

c) Two-dimensional: In this category of nanomaterials, two dimensions are in nanoscale, and one 

dimension is in macroscale. Nano thin-films, thin-film multilayers, nanosheets, or nano walls are two-

dimensional (2D) nanomaterials. The domain of 2D nanomaterials can be several square micrometres 

keeping thickness always in the nanoscale range.
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D) Three-dimensional: In three-dimensional (3D) nanomaterials, there are no dimensions in 

nanoscale, and all dimensions are in macroscale. Bulk materials are 3D nanomaterials that are formed 

of distinct blocks which may be in nanometre scale (1-100 nm) or more [37].

1.7- Application of carbon nanomaterials in biosensing: 
The last two decades have been critical in the understanding of nanotechnologies for the synthesis of 

nanomaterials and their basic characteristic. Carbon nano materials, such as carbon nano tube (CNTs), 

Graphene, reduced Graphene, carbon nanowires, graphene nanoribbon, and graphene quantum dots 

(GQDs), have caught the eye due to their exceptional physical, chemical, and electrical properties for 

tiny biosensors. Their geometry results in a large surface-to-volume ratio, ensuring the exposure of 

most of the surface atoms, which can then bind a significant number of sensing elements. furthermore, 

the excellent surface-to-volume ratio and the 2݌ݏ hybridization structure confirm the surface 

modification by the sensing elements and the transformation of the sensing signals. For example, 

CNTs graphene are often utilized as electrical channels in transistor-type sensors or as the sensitive 

elements in chemiresistor-type sensors, meanwhile particular sensing probes are inserted on their 

surface for sensitive and selective detections. Moreover, carbon nanomaterials fill a nonnegligible 

position in the biosensing field. Additionally, by applying suitable fabrication techniques, such as 

photolithography, microprinting, and electro spinning, carbon nanomaterials can be easily organized 

and combined with advanced microelectronics to generate devices on a large scale [38].

1.8- Functionalization mechanisms of Carbon Nanomaterials:
The sensing-element immobilization approach with carbon nanomaterials is vital and has two types: 

covalent and noncovalent. Covalent functionalization combines the sensing elements with carbon 

nanomaterials using covalent bonds. One method is to build active sites, such as with carbonyl groups 

and hydroxyl groups on carbon based nano substances, since they can be further modified using 

variety chemicals based on the condensation reaction, electrophilic/nucleophilic substitution, and 

additional reactions. Thus, different chemical or biological groups, such as antibodies, can be 

presented for particular detection. In contrast, this strategy depended on the chemical reactions 

between sensing probes and nanomaterials, which may need complicated reaction circumstances and 

cause alters in the transducers’ features.

 consequently, the noncovalent functionalization strategy was suggested to decrease the side effects 

on transducers. The noncovalent interaction is primarily based on four strong interactions, namely, 

hydrogen bonds, van der Waals interactions, electrostatic interactions, and ߨ −  2݌ݏ  .stacking ߨ

hybridization presences in most carbon nanomaterials and functionalizing their surface with some 

aromatic groups is common [39]. 
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Compared to other carbon material materials, graphene shows major responses to weak surface charge 

perturbations induced by Dirac points, enabling highly sensitive detection of target molecules.  From 

this viewpoint, Graphene Field Effect Transistor (GFET)-based sensor technology presents specific 

potential in getting highly sensitive detection of biomarkers [40].

1.9-Structure and working principle of GFET Biosensor:
 The fundamental structure of the Graphene Field Effect Transistor (GFET) is analogous to that of 

traditional Field Effect Transistor (FET). It includes a source (S), a drain (D), a gate (G), a graphene 

channel, a dielectric layer, and a substrate. The source and drain are connected through the graphene 

channel, meanwhile the gate is isolated from the graphene by the dielectric layer

The back-gate set up is normally beneficial when the sensor acts in air or other gaseous environments. 

Back-gated GFETs use a graphene channel to connect the source and drain, with a gate placed at the 

bottom to provide gate voltage. In a back-gate configuration, the gate capacitance is controlled by 

that of the insulating layer separating graphene from the planar gate electrode, typically an oxide with 

a thickness t varying from ∼10 nm to a few micrometre. Impacting the gate voltage enables control 

over the Fermi level of charge carriers in the graphene channel. This drive to a seamless shift of carrier 

type from holes to electrons. This shift causes the widely recognized phenomenon known as “bipolar 

behaviour”. 

In the transition region between electron and hole states, the current is minimized, and this point is 

also known as the charge neutrality point (CNP). Alters in the electric field can be induced either by 

modifying the back-gate voltage or by physical or chemical adsorption of target molecules. Hence, 

when the back-gate voltage remains constant, alteration in current between the source and drain 

electrodes can be contributed to molecules adhering to the graphene surface [41].

 In biosensing applications, GFETs typically act in electrolyte solutions, needing a liquid-gate setup. 

Liquid-gate GFETs apply gate voltage to the electrolyte solution by utilize a reference electrode 

positioned on top of the device. When GFET is used as a biosensor, analytes could change one or 

diverse parameters of the graphene channel under the electric field, which in turn produces alteration 

in the current or potential signal. Distinctly, biorecognition elements are immobilized on the channel 

via Varity linkers. These elements will concentrate the targets at the solution/graphene interface.

Follow adsorption of positively(negatively) charged analytes onto the graphene surface, build-up of 

electrons (holes) at the graphene surface because of the electrostatic gate modulation process drive to 
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a negative(positive)shift in the transfer curve, due to the N(P) doping impact. Oppositely, in the charge 

transfer mechanism, induction charges move directly from the charged analyte to the graphene 

surface. Thus, upon adsorption of positively charged analytes, VCNP shifts toward positive potential, 

revealing p-type doping effect, and in reverse [42].

1.10- The electronic properties of graphene
The most explored component of graphene physics concerns its electronic properties, which are 

unique and different from those of any other known material because of multiple notable 

characteristics. Initially, due to the band structure of graphene, electrons traveling through the 

honeycomb lattice completely lose their effective mass, leading to relativistic quasi-particles that are 

well described by a Dirac-like equation. This makes graphene a suitable table-top platform for 

probing quantum electrodynamics (QED) phenomena. Secondly, electron waves in graphene 

propagate within a one-atom thick layer, which makes them accessible to different scanning probes, 

as well as sensitive to the vicinity of other materials such as superconductors and ferromagnets. 

Finally, graphene has an exceptional electronic quality, as its charge carriers can travel for sub-

micrometer distances without scattering even at room temperature. Owing to the massless carriers 

and of the reduced scattering, quantum effects in graphene are strong and can survive even at room 

temperature [49].

1.11- Graphene band structure:
The specific electronic features of graphene become from its band structure. Due to graphene 2D 

conjugated honeycomb-shaped lattice, each carbon atom has four valence electrons: three of them 

occupy the planar ܵ ܲ2 hybrid orbital to form covalent in-plane bonds, while the rest electron occupies 

a ௭ܲ orbital (the z-axis being perpendicular to the graphene plane). Overlap between the ௭ܲ orbitals 

result in free electrons which can contribute to the electrical conductivity. The honeycomb lattice of 

graphene (see Figure 1-10) includes two interpenetrating triangular sublattices: the sites of one 

sublattice (yellow) are at the centers of triangles defined by the other (blue). The graphene lattice thus 

has two carbon atoms (denoted by A and B) per unit cell and is fixed under 120° rotations around any 

lattice site [50].    
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Figure 1-10. Schematic representation of the hexagonal lattice structure of graphene, illustrating its decomposition into 
two interpenetrating triangular sublattices, labeled A and B. This bipartite arrangement is fundamental to 

understanding graphene’s distinctive electronic behavior, including the emergence of Dirac cones, high charge 
carrier mobility, and its unusual band structure.

ܽ1 = ܽ(√32 , 12)                                    ܽ2 = ܽ(√32 , − 12)                                     (1-1)           

Where a 142 ̇ܣ is the side of the hexagons. This structure results in a hexagonal first Brillouin zone 

in the reciprocal space (see Figure 1-11) [50]:

Figure 1-11. Portion of graphene’s reciprocal lattice highlighting the first Brillouin zone, the fundamental region in 
momentum space that contains all unique wavevectors and key symmetry points relevant for band structure 

analysis.
with basis vectors: ܾ1 = 2గ3௔ (1, √3)                     ܾ1 = 2గ3௔ (1, −√3)                                                    (1-2) 

The band structure of graphene can be computed from the following tight-binding Hamiltonian, 

which consider that electron scan hops to both nearest and next-to-nearest-neighbor atoms [50]:ܪ = ݐ− ∑ (ܽఙ,௜ϯ ܾఙ,௝ + ܾఙ,௝ϯ ܽఙ,௜⟨௜,௝⟩ఙ − ݐ́ ∑ (ܽఙ,௜ϯ ܽఙ,௝ + ܽఙ,௝ϯ ܽఙ,௜ + ܾఙ,௜ϯ ܽఙ,௝ + ܾఙ,௝ϯ ܽఙ,௜)〈⟨௜,௝⟩〉ఙ       (1-3)
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where the plus sign is used to the conduction band (anti-bonding solution) and the minus sign to the 

valence band (bonding solution), meanwhile ݂(݇) is a periodic function given by [50]:

݂(݇) = 2 cos(√3݇௬ܽ) + 4cos (√32 ݇௬ܽ) cos (32 ݇௫ܽ)                                         (1-4)

The resulting valence and conduction bands touch at six points that coincide with the corners of the 

first hexagonal Brillouin zone (see Figure 1-12):

Figure 1-12. Electronic dispersion in the graphene honeycomb lattice. Left: full energy spectrum. Right: zoomed-in 
view of the energy bands near one of the Dirac points, highlighting the linear dispersion characteristic of massless 

Dirac fermions. The schematic is taken from reference [50].
Because there are two valence electrons per unit cell, the Fermi surface decreases to just the se six 

points, which are referred to as K or Dirac points. Considering that the electronic properties of a 

conductor are defined by the charge carriers near Fermi energy, the shape and position of the bands 

near the K points are of cardinal importance to understand electronic transport in graphene. The two 

K points at the corners of the graphene Brillouin zone (indicated as ܭ and ܭ´) have the following 

coordinates in the momentum space:ܭ = (2గ3௔ , 2గ3√3௔)                                                 ܭ´ = (2గ3௔ , − 2గ3√3௔)                    (1-5)

The dispersion around the Dirac points can be computed by extending the full band structure applying ܭ = ܭ + |ݍ| ݀݊ܽ ݍ ≪   :(q being the momentum measured relatively to the Dirac points)  |ܭ|

(ݍ)±ܧ ≈ |ݍ|ிݒ± + ܱ[(௤௞)2]                                                                           (1-6)

where ݒ௙ = 3௧௔2 = 1 ∗ 106 ௠௦  is the Fermi velocity [50].
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1.12-Transport properties of Graphene:
As a result of its peculiar electronic features, graphene exhibits a pronounced ambipolar electric field 

effect (see Figure 1-13) [51]:

Figure 1-13. Linear dispersion relation of graphene shown as a contour plot of the band structure near the Dirac points, 
illustrating the cone-like energy spectrum characteristic of massless Dirac fermions. The schematic is taken from 

reference [51].

Under applied voltage, the charge carriers can be continuously tuned between electrons and holes 

with concentrations ݊ as high as 1013ܿ݉−2 and mobilities that can attain 2.5 ∗  even 1−ݏ105ܿ݉2ܸ−1

under ambient conditions . (for the highest-quality graphene samples), where they are limited by 

impurity and phonon scattering. Such high values of (that have been shown to increase by one order 

of magnitude at 4[86]ܭ) translate into ballistic transport on the sub-μm scale. Without external 

voltage the level of  fermi energy of graphene positioned in Dirac point that means conductivity of 

that material is a low meanwhile applying positive back gate voltage changed that position toward up 

so, result of that enhance of density of carrier, here this duty carried by electron so our graphene will 

be n-doped(electron-doped) in contrast if we apply negative back gate voltage the level of fermi 

energy reduced from Dirac point so in this condition also carrier density it will be enhanced but our 

carrier it will be hole, so our graphene in this mode named as p-doped(hole-doped). 
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1.13- Performance assessment: 
The experiments and theory considered in the scope of this research in purpose developing GFET for 

the detection or measuring of molecules relevant in biology. In this section, we discuss the criteria 

used to assess the performance of GFETs as biosensors. In this context, performance include two 

aspects: quality and reliability. Quality criteria are established by the performance of the sensor itself 

with respect to several detection metrics. In the following, we investigate five of these metrics: spatial 

range of detection, sensitivity to target concentration, selectivity, response time and recovery time.

1.13.1- Spatial range of detection:
For electrolyte-gated GFETs, it is important to consider charge screening by mobile ions in the 

medium. Based on the Debye–Hückel model, charged molecules in solution are screened by mobile 

counter-ions such that their electric potential is dampen exponentially with distance, with s a diminish 

constant ߣ஽ called the Debye length. This constant represents the screening length and is given by:

஽ߣ = √ ఢ௄ಳ்2ேಲ௘2ூ                                                                                             (1-7)

where ε is the permittivity of the medium, ܭ஻ the Boltzmann constant, T the temperature, ஺ܰ the 

Avogadro’s number, e the electron charge and I the ionic strength of the solution. ionic strength is 

given by ܫ = ∑  ௜ are respectively the density and valence of ion species i. Theݖ ௜ andߩ ௜ whereݖ௜ߩ

Debye length represents the distance at which charges are screened; thus, charges located farther than 

the Debye length are usually considered out of range for electrostatic detection by a FET sensor [52].

1.13.2- Sensitivity:

 Sensitivity is an important performance metric for measurement applications, specifically when it’s 

required to recognising analyte concentration with great accuracy. Sensitivity can be determined from 

the calibration curve of the sensor, i.e. the evolution of a chosen electrical metric (ex. CNP voltage, 

current) as role of analyte concentration. For that aim we describe 

ܵ = ∇௏ವ೔ೝೌ೎∇஼                                                                                                    (1-8)
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1.13.3- Selectivity:

 Selectivity is the feature of a biosensor to distinguish the target analyte from other molecules and 

produce a signal output versus the target analyte only. Specificity and selectivity are two important 

parameters often used utilize alternately in biosensor literature. Specificity is the ideal circumstance, 

where the biosensors using aptamers, antibody, or biotin-avidin such as conjugation pairs. Selectivity 

is the property to detect a closely related group of molecules recognize only a single target analyte 

even in a complex solution. Specificity can be obtained by utilizing aptamers, antibody, or biotin-

avidin such as conjugation pairs. Selectivity is the property to detect a vicinity related group of 

molecules.

1.13.4-Response time:

 The time required for a biosensor to produce a signal against an analyte concentration, or the time 

taken by sensor to capture a detectable number of analyte molecules on its surface. Microfluidics, 

analyte capture by beads distributed in solution, nano/micromotors are some of the approaches used 

to decrease the response time of a biosensor.

1.13.5- Recovery time:

 The time required by a biosensor to be ready for the second sensing cycle after completing the first 

one is called recovery time. An ideal biosensor has a wide LDR, low LOD, high sensitivity, high 

selectivity, fast response time and low recovery time. 

1.14- Thesis outline:
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Effect Transistor (ISGFET) for the detection of sodium ions (Na⁺). The 

β₂

β₂

ed for selective and sensitive detection of β₂
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utilized as a novel detection mechanism for β₂
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Chapter two

Simulation of Graphene-Based 
Field Effect Transistors 

(GFETs) Using COMSOL: 
Modelling, Setup, and Analysis
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2.1- The importance of simulation in knowledge acquisition:

effective than passive forms of learning. Dale’s Cone of Experience 
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2.2- Importance of simulation in biosensing:
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the sensor’s sensitivity and response time. 

2.3- Why COMSOL:

.
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 COMSOL also components modern solvers that permit for in-prefund computations, and it provides 

numerous high-resolution meshing choices to improve the validity of complex simulations. In 

addition, the software includes a comprehensive mathematics and differential equation package, 

permitting researcher to manually input equations and parameters for conventional simulations.
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In this case, the Semiconductor module is being utilized because of the widely research COMSOL 

has carried on theory, meshes, and complex solvers. This module combined the drift-diffusion 

equations, enhanced electrostatics modelling capabilities, and an electrical circuit interface to solve 

for numerous transistor parameters, embodying the concept of "Multiphysics." For ease of geometry 

creation, models can be builded in AutoCAD (Computer-Aided Design) and imported directly into 

COMSOL. On the other hand, as much as possible, a simpler structure is preferred to decrease 

computational challenges. When using the Semiconductor module, researcher will recognize that a 

variety of parameters are calculated, such as electron concentration, hole concentration, electric 

potential, current concentration, terminal current, and space charge density, among others. COMSOL 

can compute a wide list of important parameters in zero, one, two, and three dimensions, making it 

perfect for this kind of analysis.

To sum up, 

2.4- COMSOL setup:
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Figure 2-1. Structure of the Graphene Field-Effect Transistor (GFET) employed in the simulations (left), with a 
zoomed-in view highlighting the graphene channel layer and surrounding device interfaces (right). The enlarged 
view emphasizes the atomically thin graphene sheet that forms the conductive channel between the source and 

drain electrodes, illustrating its placement within the gate dielectric stack used in the device model.

2.4.1- COMSOL mesh:
COMSOL includes variety meshing choices, such as triangular, quadrilateral (quad), and mapped 

meshes. For 2-dimensional analyses, COMSOL suggested utilizing a triangular mesh, as it generally 

provides swifter convergence and more precise results. The mesh is a sensitive parameter in 

COMSOL, and unsuitable use can drive to considerable inaccuracies. In the transistor design, using 

a coarse mesh is undesirable because the mesh points may be too large, causing the individual 

triangles to become visible in surface plots.

For more reliable results, a uniform thick mesh is recommended, as it improves the precision of the 

simulation. On the other hand, this comes at the cost of enhanced calculation time because of the 

higher number of mesh points. The main disadvantage of using a denser mesh is the require for 

computational resources, specifically when dealing with very fine meshes. In extreme cases, where 

the mesh size is remarkably small, simulation times can extend up to 24 hours.

The biggest obstacle in simulating the characteristics of a transistor is figuring out a suitable mesh 

size. For the most correct results, each mesh triangle would require to be the same size as an electron. 

However, the computational time for such a small mesh point is incalculable, making it impractical 

to determine how long COMSOL would take to produce a result. To decrease computational time, an 

approach is too different the mesh size across different portions of the transistor, where a dense mesh 

may not be as important in specific areas. For example, a dense mesh can be applied in the graphene 



38

layer, while a coarser mesh in other components can still provide equivalent or even better accuracy, 

all while reducing computation time. The substrate is another area where a thick mesh is less 

important, permitting for a lower dense mesh to save on resources. Finding an optimal mesh size is 

an iterative process, where simulations are run until there is no considerable alter in the results (see 

figure 2-2).

                          

Figure 2 2. Meshing features employed in the simulations, with different level of refinement. (left) overall view of the 
computational mesh for the graphene field-effect transistor; (right) zoomed-in view highlighting the finer mesh applied 

in the graphene layer and the adjacent region to improve numerical accuracy.

2.5- Theory of GFET
For visualize charge distribution and voltage on the surface of graphene which induced by gate 

voltage we solve below equation in semiconductor model by COMSOL Multiphysics [1]:2߮ߘ = −ఘ(௥)ఌ0ఌೝ                                                                                                (2-1)

The dielectric constant or relative permittivity, ߝ௥, is defined as the ratio of the permittivity in the 

dielectric,ߝ, to the permittivity in vacuumߝ.0ߝ௥ = ఌఌ0                                                                                                       (2-2)

Sheet carrier concentrations (electrons or holes) in the source and drain regions can be approximated 

by [1]:

݊ ≅ √݊02 + (௖್ೌ೎ೖ(௏್ೌ೎ೖ೒ೌ೟೐−௏೏೔ೝೌ೎ ೛೚೔೙೟0 )௘ )2                                                 (2-3)
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The back-gate capacitance (࢈ࢉ𝒂࢑ࢉ) which computed by equation (2-4) [2]:ܥ௕௔௖௞ = ఌೝఌ0௧೚ೣ                                                                                                 (2-4)

The plot below shows the quantity used to compute the current in the graphene channel. [3].

expersion value Discription

 ݊0 1.75e11[ 1௖௠2] Intrinsic charge carrier 
density of graphene

ࢋ𝒂࢚ࢍ࢑ࢉ𝒂࢈ࢂ  40-60[V] Back gate voltage

ࢉ𝒂࢘࢏ࢊࢂ  ૙࢚࢔࢏࢕࢖ 50.3[V] Gate voltage at the 
charge neutrality

௢௫ݐ  300[nm] Thickness of ܱܵ݅2
]1.24e-4  ࢑ࢉ𝒂࢈ࢉ  ி௠2] Back-gate capacitance

 e 1.6e-19[C] Electron charge

With this consideration, the current in the channel is expressed by below equation [4]:ܫௗ = ௐ௅ ݁ ∗ ߤ ∗ ஽ܸௌ ∗ ݊                                                                                                       (2-5)

elementary charge, μ is the carrier mobility. The source ௌܸ஽ 
2.6- Result of computation GFET by COMSOL
Using this simplified model, the electron, hole concentration and potential distribution over transistor 

can be observed to determine if COMSOL is performing the accurate simulations. In this analysis, 
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the potential that’s applied to the source and drain are kept constant at 1mV for consistency and a 

sweep is performed at the back gate. 

In Figure 2-3, this plot displays the electric potential across the structure with equal potential of 10 V 

applied at the back gate. Observe the potential is greater at the gate due to the doping profile and the 

electron affinity of the gate in comparison to that of the graphene layer. This is caused by the different 

electron affinity which for silicon is 4.05 V and for graphene is 4.55 V.

Figure 2 -3. Electric potential distribution in the Graphene Field-Effect Transistor (GFET) under an applied back-gate 
bias of 10 V, illustrating the electrostatic potential profile across the device and the modulation of the graphene channel 

induced by the back-gate field.

Figure 2-4(a-b) shows the behaviour of electron concentration in the structure under the same 

conditions as described earlier. As expected, the electron concentration is less dense near the middle 

of the graphene layer around the Dirac point. However, when a voltage is applied far from the Dirac 

point, the electron concentration increases and becomes denser at the centre of the graphene layer.



41

                             

         

Figure 2-4 (a–d). Electron concentration distribution in the GFET channel under different back-gate voltages. (a) 
Electron concentration at a back-gate voltage of 10 V. (b) Zoomed-in view highlighting the electron concentration 

in the graphene layer for 10 V. (c) Electron concentration at a back-gate voltage of 60 V. (d) Zoomed-in view 
showing the electron concentration in the graphene channel at 60 V.

Electrons according to the basic theory are attracted to a higher potential, and holes are attracted to 

lower potential. This is displayed in the next analysis that is performed with a 10 V and 60 V potentials 

applied to the back gate. See Figure 2-5(a-b). These figures depict a smaller hole concentration and a 

greater electron concentration inside the graphene layer. There should be no electron or hole 

concentration inside of the oxide layer because it is an insulator which means it has no carrier 

mobility.

a b

c d



42

             

        

Figure 2-5 (a–d). Hole concentration distribution in the GFET channel under different back-gate voltages. (a) Hole 
concentration at a back-gate voltage of 10 V. (b) Zoomed-in view highlighting the hole concentration in the 

graphene layer for 10 V. (c) Hole concentration at a back-gate voltage of 60 V. (d) Zoomed-in view showing the 
hole concentration in the graphene channel at 60 V.

Finally, to test the performance of our model for the GFET, we computed its resistance at different 

widths and lengths. The results of the computation showed that the transistor's behavior corresponded 

well with low resistance, which is described by Equation (2-6)ܴ = ߩ ௅஺                                                                                                             (2-6)

a b
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Graph 2-6(a-b) describe this performance:

      

Figure 2-6 (a-b). show the resistance of the graphene channel versus back gate voltage for different lengths and widths, 
respectively.

For computations with different channel lengths, a width of 1 µm is used, while for different channel 

widths, the length is kept at 30 µm.

a b
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Chapter three

Graphene-based chemical field 
effect transistors: impact of 
electric double layer models 
and quantum capacitance on 𝑵𝒂+ detection capabilities
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3.1- Electrical Detection Mechanisms in Graphene Field-Effect Biosensors:
Ultrasensitive biosensors are opening new opportunities for “personalized medicine” tailored to the 

specific biochemistry and diagnostic of individual patients. While versatile detection strategies exist, 

the main requirement for a biosensor is that the detection is sensitive (identification of clinically 

relevant concentrations of biomarkers in biological samples) and selective (availability of a suitable 

biological recognition element). Since the experimental preparation and observation of the electric 

field effect in graphene by the Manchester group in 2004, biochemical sensing using graphene 

electronic devices has been actively pursued [1]. 

The sensing principal roots on a change of the electrical conductance of the graphene channel upon 

adsorption of a molecule on the sensor surface. The uniqueness of graphene among other solid-state 

materials is that all carbon atoms are located on the surface, making the graphene surface potentially 

highly sensitive to any changes of its surrounding environment. Along with the excellent electrical 

properties of graphene, extraordinary high Graphene nanoelectronics provide a versatile platform for 

a wide spectrum of biochemical sensing applications [2]. 

Detection can be realized through various mechanisms, including charge transfer, charge scattering, 

capacitive effect and field effect. The field effect (i.e., the modulation of the electrical conductivity 

of a material upon the application of an external electric field, for example, induced by a charged 

bio molecule) has been widely regarded as the most reliable sensing mechanism. This effect has 

been harvested to design the first graphene field-effect transistor (GFET), which has inspired 

considerable experimental and theoretical work relating to the application of GFETs for high 

performance label-free chemical and biological sensors [3]. 

ctric film (red), the bulk substrate (black) and the droplet of Na⁺ ions
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Figure 3-1. (left) Schematic diagram of a graphene field-effect transistor (GFET) gated by an electrolyte. (right) cross 
sectional view of the device. Red, yellow, black, light-blue and violet color is used for the silicon substrate, the 
silicon oxide dielectric, the graphene layer, the electrolyte with Na+ and Cl- ions and the metallic electrodes, 

respectively.
A change in the electric field can either be achieved using the back-gate voltage or be induced by 

physisorption or chemisorption of the target molecules. When the back gate is held at a fixed voltage 

the change in current between the drain and source thus can be ascribed to molecules adsorbed on the 

graphene surface. When the physiological molecule reaches graphene surface, the electrical double 

layer of the electrolyte (EDL) appears. The EDL is a virtual capacitor formed by the separated charges 

located at the solid side and the solution side of the interface [4].

3.2- Models and Mechanisms of the Electric Double Layer:
To understand the operation of graphene electrolyte-gated field-effect transistors (EGFETs), it's 

essential to first explore the concept of the Electric Double Layer (EDL). The electric double layer 

(EDL) is the most important part of any electrochemical system because it is the region in space 

where the electrochemical reaction takes place. It was always understood that the composition and 

conformation of this interfacial region are important to the electrochemical reaction. The 

composition, thickness, conformation, and other parameters are already expected to be dependent on 

the electrode material, the electrolyte chemistry, and the interaction between these two phases. Near 

the electrode surface, ions in the electrolyte are influenced by the unscreened excess charge on the 

electrode, resulting in attraction and repulsion. At the interface, where the electrode meets the 

solution, an EDL forms, adding complexity to the development of the interfacial potential difference. 

Therefore, understanding the EDL is crucial for electrochemical research. The concepts used to 

understand the structure of an EDL were developed over 100 years ago. Over time, multiple 
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theoretical frameworks have been introduced to describe this phenomenon. Among the most 

recognized are the Helmholtz model, the Gouy-Chapman model, and the Gouy-Chapman-Stern 

model. 

3.2.1- Helmholtz model for EDL:
The earliest and most straightforward of these, the Helmholtz model, was introduced in 1879. This 

model describes the potential distribution within the Helmholtz layer using the one-dimensional 

Poisson equation, which links electric potential to the spatial distribution of charge [5,6,7,8]:

Figure 3-2. Schematic illustration of the Helmholtz layer, showing the compact layer of ions adsorbed at the charged 
surface, forming part of the electrical double layer at the electrode–electrolyte interface. The schematic is taken 

from reference [7].

The electrode holds a charge density (ߪெ) arising from either an excess (−ߪெ) or deficiency (+ߪெ) 

of electrons at the electrode surface. The charge on the electrode is balanced by redistribution of the 

ions in the solution by an equal but oppositely charged number of ions. The result is two layers of 

opposite charge separated by some distance ݈ = ௗ2 limited to the radius d/2 of the attracted ions and a 

single layer of solvation around each ion (see figure 3-2).[9]

The potential in the Helmholtz layer is described by the Poisson’s equation in 1D, which relates the 

potential with the charge distribution:
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ௗ2ఝௗ௫2 = − ఘ(௫)ఌೝఌ0                                                                                                      (3-1)

Where ߮  is the electric potential, ߩ  is the charge density, ݔ is the distance from the electrode, 0ߝ  is 

the permittivity of vacuum, ߝ௥ is the relative permittivity of the medium.

The approach treats the ions as point charges, and this allows us to rewrite equation (3-1) between 

the two layers to [9]:

ௗ2ఝௗ௫2 = 0                                                                                                             (3-2)

To quantitatively understand the Helmholtz capacitance, we follow the traditional model regarding 

Helmholtz layer as a parallel-plate capacitor, and its capacitance is written as [10]ܥு = ఌೝఌ0௟                                                                                                            (3-3)

According to the traditional Helmholtz model, ݈ is defined as the distance from the nuclei of surface 

counter ions to surface charges [10].

Where ݈  is the thickness of the double layer. For 0ߝ = 8.85 ∗ 10−12 ி௠ , ߝ௥ = 78.5 and ݈ = .3݊݉, we 

get ܥு = 231.41 ఓி௖௠2 .

The model does not account for the dependence of the measured capacity on potential or electrolyte 

concentration. Another drawback is the neglect of interactions that occur away from OHP, also The 

Helmholtz model did not consider the thermic motion of the ions in the solution, such as that 

considered for the ion–ion interaction in the Debye–Hückel model [5].

3.2.2- Gouy-Chapman Model:

Gouy and Chapman were the first to consider the thermal motion of ions near a charged surface. They 

envisioned a diffuse double layer (DDL) composed of counterions (ions with opposite charge to the 

surface) that are attracted to the surface, and co-ions, which are repelled. These ions are embedded in 

a dielectric continuum described by the Poisson-Boltzmann (PB) differential equation [11].
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Figure 3-3. Schematic illustration of the Gouy–Chapman model showing the diffuse electrical double layer near a 
charged surface, where mobile ions redistribute and the electric potential gradually decays with distance into the 

electrolyte. The schematic is taken from reference [11]. 

The distribution of ions is described by the Boltzmann distribution [11]:݊௜ = ݊±∞exp (−௓±௘ఝ௄ಳ் )                                                                                            (3-4) 

where ݊+is related to the cation population,  ݊−  to the anion,  ݊±∞ to the bulk ion population, and ܼ± 

to the ion charge number ݁ is the unit charge, ܭ஻ Boltzmann constant, ܶ absolute temperature.

The total charge density per unit volume for all ionic species is the sum over all ions [11]:(ݔ)ߩ = ∑ ݊±ܼ±݁௜ = ∑ ܼ݁±݊±∞exp (−௓±௘ఝ௄் )௜                                                       (3-5)

Combining Eq. (1) and Eq. (3-5) leads to the Poisson-Boltzmann equation [11]:

ௗ2ఝௗ௫2 = − ௘ఌೝఌ0 ∑ ܼ±݊±∞exp (−௓±௘ఝ௄ಳ் )௜                                                                     (3-6)

The thermal motion is the reason for the ions’ kinetic energy, and if this quantity is higher than the 

expected for the electric potential energy, or in mathematical terms ,if  ܭ஻ܶ>>|z݁߮ |,then the 

exponent term in Equation (3-6)can be expended in a polynomial form and trunked in the second 

term, linearizing the equation:

ௗ2ఝௗ௫2 = − ∑ ௓±௡±∞௘ఌೝఌ0 + ௘ఌೝఌ0 ∑ ܼ±݊±∞ (−௓±௘ఝ௄ಳ் )௜                                                          (3-7)
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The first term at the right side of Equation (3-7) is related to the total charge of the electrolyte bulk, 

which is known to be zero since electroneutrality is observed. In this way, it is possible to reduce 

Equations (3-7) to the below equation:

ௗ2ఝௗ௫2 = ௘2ఝఌೝఌ0௄ಳ் ∑ ܼ±∞݊±∞ ௜                                                                                      (3-8)

 A solution for the differential equation (3-8) is:

߮ = ߮0exp ( ௫௘2ఌೝఌ0௄ಳ் ∑ ܼ±2݊±∞                                                                              (3-9)

The phrase ܫ = ߤ = 1/2 ∑ ݊௜0 ܼ2  which defined by Lewis and Randall to reflect the effect of 

charges and interionic interactions on electrolyte activities, and hence on ionic activity coefficients 

called bulk ionic strength [12].

The Debye length, ߣ஽ , is defined as the thickness of the ionic cloud around the center ion, in the 

Debye–Hückel theory. The total charge of this cloud has the same modulus as the central ion 

charge, but the signal is the opposite, which guarantees electroneutrality. This quantity is presented 

in Equation (3-10).

஽ߣ  = √ ఌೝఌ0்௄ಳ௘2 ∑ ௓±2௡±∞                                                                                                   (3-10)

 If it is substituted in (3-9), Equation (3-10) is obtained:߮(ݔ) =                    exp (−௫ఒವ)                                                                                          (3-11)(ݔ)0߮

For a symmetrical (Z_Z) electrolyte, Eq. (3-11) has the form [13]:

డఝడ௫ = (8௄ಳ்௡±∞ఌೝఌ0 )12 sinh (௓±௘ఝ2௄ಳ்)                                                                                  (3-12)

The charge density of the diffuse layer is used as [14]:

ெߪ = ௫(ௗఝௗ௫)0ߝ௥ߝ = 12sinh (௓±௘ఝ2௄்(0ߝ௥ߝ∞±݊ܶܭ8) )                                                      (3-13)

By differentiating, the differential capacitance is obtained as [13]:

஼ீܥ = ௗఝಾௗఝ = (2௘2௡±∞ఌೝఌ0௓2௄் )12cosh (2௘ఝ2௄்)                                                                 (3-14)

By replacing equation number (3-11) in equation number (3-14) the capacitance in Gouy-Chapman 

it will be in below form.
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௖ீܥ = ఌೝఌ0ఒವ  cosh (2௘ఝ2௄்)                                                                                             (3-15)          

3.2.3- Stern model:
In 1924, Stern advanced the double-layer theory by proposing a more realistic approach to describing 

the physical situation at the interface. He combined the two earlier models, adapting Helmholtz's 

compact ion layer and incorporating the diffuse layer of Gouy-Chapman extending into the bulk 

solution. Stern also accounted for the finite size of ions, which meant that the closest approach of the 

outer Helmholtz plane (OHP) to the electrode would depend on the ionic radius [8]. The outer edge 

of the Stern layer is called the outer Helmholtz plane (OHP); the potential is denoted ߮ைு௉[14].

 

Figure 3-4. Schematic illustration of the Stern model of the electrical double layer (EDL), showing the compact 
Helmholtz layer near the charged surface and the adjacent diffuse layer where ion concentration gradually 

decreases into the electrolyte. The schematic is taken from reference [14].

In mathematical terms the differential capacitance of the double layer ܥா஽௅is equivalent to two 

capacitors in series or:

1஼ಶವಽ = 1஼ಹ + 1஼ಸ೎                                                                                                 (3-16)

where ܥு is the capacitance of the charges held inside the OHP and ீܥ௖ is the capacitance of the 

diffuse layer [15]. 
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3.3- Graphene Charge Distribution and Back-Gate Modulation Modelling:
As already discussed in chapter two to visualize the charge distribution and voltage on the surface of 

graphene induced by the gate voltage as already discussed in chapter two, we solve the following 

equation using the semiconductor model in COMSOL Multiphysics [16]:2߮ߘ = −ఘ(௥)ఌ0ఌೝ                                                                                                        (3-17)

The dielectric constant or relative permittivity, ߝ௥, is defined as the ratio of the permittivity in the 

dielectric,ߝ, to the permittivity in vacuum[17] 0ߝ.
௥ߝ = ఌఌ0                                                                                                               (3-18)

Sheet carrier concentrations (electrons or holes) in the source and drain regions can be approximated 

by [17]:

݊ ≅ √݊02 + (௖್ೌ೎ೖ(௏್ೌ೎ೖ೒ೌ೟೐−௏೏೔ೝೌ೎ ೛೚೔೙೟0 )௘ )2                                                          (3-19)

The back-gate capacitance (࢈ࢉ𝒂࢑ࢉ) which computed by below equation [18,19]:

௕௔௖௞ܥ = ఌೝఌ0௧೚ೣ                                                                                                        (3-20)

.௢௫ is the thickness of graphene which equal .33nmݐ

The source-current modulation is expressed as a function of the change in the carrier density (n) in 

the graphene channel, which is proportional to the number of targets attached on the graphene surface 

[20,21]:

ௗܫ = ௐ௅ ݁ ∗ ߤ ∗ ஽ܸௌ ∗ ݊                                                                                          (3-21)

Here, W and L represent the width and length of the graphene channel, respectively. The symbol e 

denotes the elementary charge, μ is the carrier mobility, and the source-drain voltage ௌܸ஽ is set to 1 

mV.
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3.4- Influence of Top and Back Gates on Graphene Charge Distribution:
When both the top gate and back gate are applied with an electrolyte gate as a top gate, each of them 

independently connected to the same graphene channel. As a result, the capacitances are in parallel, 

and the total capacitance is calculated using the following equation [16]:

௧௢௧௔௟ܥ = ௕௔௖௞−௚௔௧௘ܥ + ௧௢௣−௚௔௧௘                                                                       (3-22)ܥ

Under these conditions, the carrier concentrations are influenced by both the top and back gate effects. 

Therefore, equation (3-19) is modified to the following equation [16]:

 ݊ ≅ √݊02 + (௖್ೌ೎ೖ(௏್ೌ೎ೖ೒ೌ೟೐−௏೏೔ೝೌ೎ ೛೚೔೙೟0  ௕௔௖௞)௘ ) + (௖೟೚೛(௏೟೚೛೒ೌ೟೐−௏೏೔ೝೌ೎ ೛೚೔೙೟ ೟೚೛0 )௘ )2
     (3-23)

where ܿ௧௢௣ is the effective top-gate capacitance per unit area and ௗܸ௜௥௔௖ ௣௢௜௡௧ ௧௢௣0  is potential of Dirac 

point of Graphene due to existence of top gate.

Equation (25) is modified to the following form when one gate is variable, and the other is fixed. In 

our computation, we applied different back gate voltages while the electrolyte gate, with a specific 

concentration, is kept at a fixed value [15,16]:

݊( ௕ܸ௔௖௞−௚௔௧௘) ≅ √݊02 + (௖್ೌ೎ೖ(௏್ೌ೎ೖ೒ೌ೟೐−௏(௫)−௏0)௘ )2                                              (3-24)

 is the potential along the channel, 0ܸ represents the potential at the Dirac point which computed (ݔ)ܸ

by below equation [15,16]:

 0ܸ = ௕ܸ௔௖௞−௚௔௧௘0 + ஼೟೚೛஼್ೌ೎ೖ ( ௧ܸ௢௣−௚௔௧௘0 − ௧ܸ௢௣−௚௔௧௘)                                                 (3-25)

3.5- Modelling Electrostatics and Ion Migration in the Electric Double Layer:

After computing the designed structure, various plots and graphs were generated to compare key 

parameters and evaluate the impact of applying different electric double layer (EDL) models. To 

achieve this, we first simulated the migration of cations and anions within the EDL. For the electric 
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field and mass transport analysis, an electrostatic problem governed by the Poisson equation, 

(ε0ߝ∇߮) = 0, was solved in the compact layer. In the diffuse layer, a coupled Nernst–Planck and 

electrostatic model was employed to capture the transport phenomena more accurately [21,22]

   ௖೔
t = (ܦ௜ܿ௜ + ∇௜ܿ௜ܦܨ௜ݖ ఝோ்)                                                                        (3-26)

and ∇(0ߝߝ∇߮) = ߩ where ,ߩ = ∑  ௜ܿ௜, is solved in the electrolytic domain outside of the compactݖ

layer. Hereܦ௜ , ݖ௜, andܿ௜ are respectively the diffusivity, the charge valence and the concentration of 

the ionic species i, t is time, F is the Faraday constant, R is the gas constant, T is the absolute 

temperature, ߮  is potential, ε is the dielectric constant, 0ߝ is the vacuum permittivity, and ρ is charge 

density.

3.6- Results and discussion:

 Figure 3-5(a-d) illustrates the migration of cations and anions, as well as the distribution of electric 

potential and electric field within the electric double layer (EDL) [21,22]. 

                               

a b
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Figure 3-5.  Panels a–d show the migration of cations (a) and anions (b), as well as the electric potential (c) and electric 
field (d) in the electrolyte, including the region near the electric double layer (EDL). The simulation uses the 

Stern model of EDL.

Because the electrode is polarized negatively against bulk solutions, it is negatively charged and 

attracts cation while repelling anion. The direction of the cation and anion confirm that the cation in 

the electrolyte is accumulated at the surface, while the anion is depleted.

Next step is a calculation of the potential within the layer at different Na⁺ concentrations and varying 

c d
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Figure 3-6. Electricla potential inside the electrolyte as a function of the distance from the electrolyte-graphene 
interface,  for different concentations of Na+ (The computation uses the Stern model of the electric double layer 

(EDL).

The charge density of graphene and the resistance of the graphene channel under varying Na⁺ 

concentrations were analysed. The analysis initially employed the Gouy-Chapman model and was 

subsequently refined using the more accurate Stern model for enhanced precision. Gouy-Chapman 

model is effective for analysing the influence of ion concentration on the charge density of graphene. 

Specifically, increasing the concentration of Na⁺ ions near the graphene surface results in a shift of 

the Dirac point toward the negative (left) side. This shift arises because the presence of positively 

charged Na⁺ ions induce electron accumulation in the graphene as a compensatory mechanism to 

maintain charge neutrality. Given that the graphene channel in our setup exhibits p-type behaviours 

(i.e., a positive Dirac point), this electron accumulation drives the system toward n-type 

characteristics. As indicated in Equation (23), the current between the drain and source is linearly 

related to the charge concentration in the graphene channel.  this interaction can influence the current 

that f lows between drain and source electrodes. The current variation, resulting from this interaction, 

can be used to detect the analyte’s presence and measure its concentration. Consequently, the 
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resistance of the channel is altered due to this shift in carrier concentration. Figures 3-7(a-b) illustrate 

the charge density and resistivity of the graphene channel under varying concentrations of Na⁺ ions.

           

Figure 3-7. a) Charge concentration and  b) resistance of graphene channel as function of back gate voltage calculatred 
according to the Gouy-chapman model of EDL; (c) Position of the resistance peak and its full width at half 

maximum (FWHM) as functions of the concentration.

On the other hand, the Stern model is employed to compute the aforementioned parameters of 

graphene, as previously discussed. This model accounts for both the capacitance of the diffusion 

layer—which is primarily influenced by ion concentration—and the Helmholtz layer, which depends 

on the ionic radius. Incorporating these factors enhances the precision of the calculations and 

increases the selectivity of the sensor. Figures 3-8(a-b) present the previously computed parameters; 

by contrast, the Stern model is utilized here to provide a more comprehensive and accurate analysis.

a b

c
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Figure 3-8. a) Charge concentration and b) resistance of graphene channel as function gate voltage calculated according 
to the Stern model of EDL; (c) Position of the resistance peak and its full width at half maximum (FWHM) as functions 

of the concentration

3.6.1- Quantum Capacitance of 2D Graphene: Theory and Electrolyte Effects:

 The electron transport properties of graphene devices are critical to many applications, but our 

understanding of these properties is still incomplete, despite rapid advances in recent years. One 

unsolved puzzle is the minimum in the conductivity at the Dirac point, which has stimulated many 

recent theoretical and experimental efforts. It has been proposed that this minimum is due to charged 

impurities that induce puddles of electrons and holes in the graphene. To fully understand the transport 

properties, it is important to investigate the scattering of the carriers by the impurities, and the density 

of carriers at and near the Dirac point (which is related to the quantum capacitance).

a b

c



60

Electron transport in graphene has been studied using the field-effect transistor (FET) configuration, 

in which a graphene sample is placed on an oxidized silicon substrate and connected to source and 

drain electrodes, and the current through the graphene controlled with a back gate. The capacitance 

in these devices is dominated by the capacitance of the oxide layer, which makes it difficult to 

determine the quantum capacitance [23].

However, to decrease the operation voltage, it is expected that the oxide layers in future devices will 

be much thinner and have higher values of dielectric constant k, which means that the quantum 

capacitance will eventually be the dominant source of capacitance. To establish a theoretical 

prediction of quantum capacitance for ideal graphene, we use free-electron gas model taking the form 

of to compute quantum capacitance of graphene based on two-dimensional. The dispersion of mobile 

electrons in graphene in the first Brillouin zone (BZ) is given by [24]:(ܭ)ܧ = ܵħ|(27-3)                                                                                                  |ܭ

where ܵ = 1 is the conduction band CB and ܵ = −1  is the valence band VB, ħ is the reduced Planck’s 

constant and  ܭ = ௫2ܭ + .௬2 2 is the wave vector of carriers in the 2D x−y plane of the graphene sheetܭ

The point k=0, referred to as the “Dirac point,” is a convenient choice for the reference of energy; 

thus, (ܭ)ܧ = 0 ܸ݁. Each k point is twofold spin degenerate ݃௦ = 2, and there are two valleys in the 

first BZ the K and K valleys, ݃௩ = 2.

In an undoped layer of graphene in thermal equilibrium, there are mobile electrons in the CB and 

holes in the VB, like the intrinsic carriers in a pure bulk semiconductor. To find the 2D sheet density 

of such intrinsic carriers in graphene, the linear density of states DOS [25],ߩ௚௥(ܧ) = ௚ೞ௚ೡ2௣(ħ௩೑)2 (28-3)                                                                                          |ܧ|

is used to write the 2D electron gas sheet density in graphene as [25]:݊ = ∫ 0∞(ܧ)௚௥ߩܧ݀ (29-3)                                                                                        (ܧ)݂

Where ݂(ܧ)  is the Fermi-Dirac distribution function given by [24]:݂(ܧ) = (1 + exp [ா−ாಷ௄ಳ் ])−1                                                                                   (3-30)
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Where ܭ஻ the Boltzmann constant, T the absolute temperature, and ܧி the Fermi level. With the aid 

of the dimensionless variables ߤ = ா௄ಳ் and ߜ = ா೑௄ಳ், the electron density may be rewritten as [24]:

݊ = 2గ (௄ಳ்ħ௩೑ )2 ᵹ1(+ߜ)                                                                                              (3-31)

and the hole density is symmetric, given by:

݌ = 2గ (௄ಳ்ħ௩೑ )2 ᵹ1(−ߜ)                                                                                              (3-32)

Were 

ᵹ1(ߜ) = 1௰(௝+1) ∫ ௗ௨௨ೕ(1+௘ೠ−ഃ)∞0                                                                                         (3-33)

is the Fermi-Dirac integral with ݆ = 1 and ߁(… ) is the gamma function.

Under thermal equilibrium and under no external perturbation no applied bias, no optical illumination, 

the Fermi level is unique, and moreover, it is exactly at the Dirac point ܧ௙ = 0 ܸ݁. Then, the intrinsic 

carrier concentration in 2D graphene is given by [24]:݊ = ݌ = ݊௜ = గ6 (௄ಳ்ħ௩೑ )2                                                                                              (3-34)

which is dependent on only one material parameter—the Fermi velocity. The point to note is that the 

intrinsic sheet density of electrons/holes does not depend on temperature exponentially; it has a ܶ2 

dependence, due to the absence of a band gap, and the linear energy dispersion.

Writing the total charge in a graphene sheet with a local channel electrostatic potential ௖ܸℎas ܳ ݌)ݍ= − ݊) where  q  is the electron  charge ,and  using the definition of quantum capacitance ܥொ =డொడ௏೎ℎ one obtain for 2D graphene[24]:

ொܥ = 2௤2௄ಳ்గ(ħ௩೑)2 2]݊ܮ (1 + ℎݏ݋ܿ ௤௏೎ℎ௄ಳ் )]                                                                            (3-35)

ݍ ௖ܸℎ = ௙                                                                                                                     (3-36)ܧ

where ħ is the Planck constant, ݁ the electron charge, ܭ஻ the Boltzmann constant, ݒ௙ = ஼300 the Fermi 

velocity of the Dirac electron (The symbol c represents the speed of light in a vacuum), and ௖ܸℎ = ா೑௘  
is the potential of graphene. When ݁ ௖ܸℎ ≫  ஻ܶ equation number (37) reduced to below equationܭ
[23]:
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ொܥ = 2௘2ħ௩೑√గ √݊                                                                                                                        (3-37)

To gain a clearer understanding of the behaviour of this component, calculations were performed for 

both pristine graphene and graphene with an electrolyte gate at varying Na⁺ concentrations. As 

expected, the presence of the aforementioned cation influences the Dirac point of graphene. 

Consequently, the minimum value of the capacitance, as shown in Figure 3-9, shifts toward lower 

voltages.

Figure 3-9. Quantum capacitance of graphene for different concentration of Na⁺ versus gate voltage.

This capacitance is connected in series with the electric double layer (EDL) capacitance. Therefore, 

the top gate capacitance can be calculated using the following equation [26]:

1஼೟೚೛ = 1஼ಶವಽ + 1஼ೂ                                                                                             (3-38)

Considering quantum capacitance, as illustrated in Figures 3-10(a-b), enhances the sensor's 

performance, particularly in terms of sensitivity. The Dirac point shift in this case is approximately 

7.5 V, compared to 6 V and 4.75 V for the Stern model and the Gouy-Chapman model, respectively.
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Figure 3-10- a) Charge concentration and  5-b) resistance of graphene channel as function  gate voltage, calculated 
using the Stern model of EDL by considering impact of quantum capacitance of Graphene; (c) Position of the 

resistance peak and its full width at half maximum (FWHM) as functions of gate voltage.

3.6.2- Evaluation performance of GFET biosensor:

The performance of a biosensor can be evaluated using key parameters such as sensitivity, detection 

accuracy, and quality factor. For optimal biosensor performance, these parameters should be 

maximized. In this study, these metrics are derived from the resistance versus gate voltage (transfer) 

characteristics. Sensitivity (S) is defined as the shift in the Dirac point position of the graphene 

channel in response to a change in ion concentration. Mathematically, it is expressed as [27]:

ܵ = ∇௏ವ೔ೝೌ೎∇஼                                                                                                      (3-39)

a b

c
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Another key performance parameter of a biosensor is the Figure of Merit (FOM), which is closely 

related to the sensitivity (S) and the full width at half maximum (FWHM) of the resistance curve. The 

FWHM is defined as the voltage range between the points on the resistance curve where the resistance 

reaches half of its maximum value. It represents the effective bandwidth of the sensor's response. The 

Figure of Merit is typically expressed as [28]:        

ܯܱܨ = ௌிௐுெ                                                                                             (3-40)

      

Figure 3-11. Sensor sensitivity and FOM as function of analyte concentration: a) Gouy-Chapman model of EDL b) 
Stern model of the EDL, and c) Stern model of EDL including the effect of graphene quantum capacitance.

a b

c
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3-7 Conclusion:

In this work, we investigated the correlation between different models of the EDL in electrolytes and 

the sensitivity of graphene field-effect transistors, demonstrating the potential to tune their electronic 

properties by varying the concentration of Na⁺ ions in the electrolyte gate.  Furthermore, we included 

the quantum capacitance of graphene in a series configuration with the electric double layer, which 

allowed us to achieve higher sensitivity compared to using only the Gouy-Chapman and Stern models. 

More specifically, we showed that the resistance and charge carrier density of the graphene channel 

in Dirac point shifted from higher Dirac point potential to lower, this shift depended on concentration 

of ܰܽ+ no surface of graphene channel and type of model which applied for EDL, that means 

increasing concentration of cation mentioned enhance this shit , meanwhile using proper model 

increase this parameter, proving that it is possible to predict the device behaviour in experiment 

approach by considering more realistic model for device. More specifically, we demonstrated that the 

resistance and charge carrier density at the Dirac point of the graphene channel shifted from a higher 

to a lower Dirac point potential. This shift depended on the concentration of Na⁺ ions near the 

graphene surface and the specific electric double layer (EDL) model applied. An increase in Na⁺ 

concentration enhanced this shift, and the use of more accurate EDL models further amplified the 

effect. These findings suggest that incorporating realistic models enables more accurate prediction of 

device behaviour in experimental settings.

Finally, we note that this model can be extended to different types of ions, as each ion possesses a 

specific ionic radius, which determines the Helmholtz capacitance, and a unique Debye length, which 

defines the Gouy-Chapman capacitance. Consequently, each ion type induces a distinct shift in the 

Dirac point of the graphene channel. 
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Detection of β2-Microglobulin 
Using Graphene Field-Effect 

Transistors: Structural 
Insights and Electrical 

Response
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4-1- Introduction:
Over the past few decades, progress in medical diagnostics and therapeutic approaches have 

considerably extended average human lifespan. In contrast, even with substantial advancement in 

treating variety diseases, some disorders continue to be strongly associated with aging. The 

worldwide prevalence of dementia and related neurodegenerative conditions is increasing 

continuously, and projections indicate that the number of affected individuals could two-fold every 

two decades, potentially increasing to 115 million by 2050[1].

Alzheimer’s disease, Parkinson’s disease, Creutzfeldt–Jakob disease, type II diabetes, and dialysis 

connected to amyloidosis are between the most common and serious disorders that are extensively 

observed, almost epidemic behave and usually absence curative therapies. These illnesses are 

related to a phenomenon called protein misfolding, in which proteins adopt incorrect conformations 

or lose the stable structures required to function correctly. Obtaining deeper knowledge of the 

molecular mechanisms that lead these structural abnormalities is crucial for designing effective 

treatments for this group of conditions, broadly classified as protein misfolding disorders [2].

β2 microglobulin (β2

recognised in 1964 during studies of urine samples from individuals with Wilson’s disease [3]. 

Considering its molecular structure, β2

binding of β2

and consisting of a molecular mass of approximately 11.4 kDa, β2

seven antiparallel β strands organized into a β

by a disulfide bridge between cysteine residues at positions 25 and 80. Beyond it’s a connection 

I, β2

Disruptions in these molecular interactions are mainly related to kidney-related conditions on the 

other hand may also have an impact in systemic disorders. In healthy individuals, β2-m is 

efficiently removed by the kidneys following its release from MHC-I. Meanwhile, patients with 

reduced renal function, specifically those on long-term hemodialysis, may exhibit a 60-fold 

enhancement in serum β2-m levels [5]. This high accumulation increases the formation of fibrillar 

deposits in osteoarticular tissues, leading to dialysis-associated amyloidosis (DRA), a disease 

defined by joint degeneration and bone fractures [6]. In patient, amyloid deposits in DRA 



71

predominantly includes wild-type β2-m (approximately 70%), with the remaining 30% comprising 

a truncated form referred to as ΔN6 β2-m [7,8].

The adsorption of proteins onto surfaces is a fundamental phenomenon over various biomedical 

applications, such as design of implants, tissue engineering, and strategies for immobilizing proteins 

on solid supports-like lab-on-a-chip devices and diagnostic biosensors [9,10,11]. This function is 

extremely complicated, needing an in-profound understanding of molecular-level interactions. 

Parameters in the surrounding environment, such as temperature, pH, and ionic strength, can 

extremely impact adsorption behave. Proteins themselves may also undergo conformational alters 

upon interacting with a surface. Moreover, the characteristics of the surface-whether inorganic or 

chemically modified-are vital, with associated including surface energy, charge, polarity, and 

topography all affecting the adsorption process.

When a protein approaches a surface, it commonly assumes a specific orientation, which shows 

which parts of the molecule interact with the surface and which remain exposed to the surrounding 

solution [11]. This orientation is affected by the biomolecule’s size and structural complexity. In 

environments with extreme molecular density, adsorption becomes more competitive, with both 

interactions between the protein and the surface and between neighbouring proteins shaping the 

final configuration.

Amyloid-forming proteins and peptides have been widely studied for their interactions with 

numerous nanoparticles (NPs) and surfaces [12,13]. Factors include the material type, particle size, 

and the sequence and properties of the protein or peptide can considerably affect the results, driving 

to either a considerable boost [15,16] or complete inhibition of fibril formation [17–18]. The 

pathological aggregation of β2-microglobulin (β2-m) depended on dialysis-related amyloidosis 

(DRA), a disorder generally recognised in patients receiving long-term hemodialysis. For this 

circumstance, insoluble fibrils predominantly accumulate in bones, ligaments, and joints. While β2-

m acts as an extensively implemented model for amyloid formation, the early stages of its 

aggregation are still unexplored. Specifically, the process, which β2-m interacts with surfaces and 

nanoparticles require further investigation. Notably, Linse et al. [19] demonstrated that exposure of 

β2-m to different NPs can significantly accelerate its fibrillation.

In a similar context of material–protein interactions, graphite-an allotrope of carbon consisting of 

sp²-hybridized atoms-presents desirable physicochemical properties for interfacing with 

biomolecules, in contrast its use is restricted by limited biocompatibility and low water solubility 

[20]. The extensive conjugation within graphite’s two-dimensional graphene layers, which stack to 
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form its three-dimensional structure, creates a highly reactive surface with unique electronic and 

structural properties. These characteristics allow graphite to interact with proteins in a way that can 

alter both the speed of fibril formation and the architecture of the resulting amyloid fibrils.

Raffaini and Ganazzoli investigated the interaction between graphite and different globular 

proteins-such as albumin [21, 22], fibronectin [23], and lysozyme [24]-each with unique structural 

characteristics. Applying simulations that employed a Morse potential to model the carbon-protein 

interactions on graphite, they recognised that these proteins communally show a high tendency to 

adsorb onto the graphitic surface. This adsorption often drives to partial unfolding or complete 

adherence of the proteins to the hydrophobic layer.

In this study, COMSOL Multiphysics is employed to model the detection of β2-microglobulin (β2-

m) using a graphene-based field-effect transistor (GFET). The focus is on the wild-type 

conformation of β2-microglobulin, which represents the most prevalent structural form found in 

nature. The primary objective is to investigate the initial stages of interaction between β2-m and the 

graphene surface, with particular attention to the conformational changes that occur in the 

monomeric unit upon adsorption.

β₂ microglobulin (β₂M)

detection (e.g., Na⁺), but with specificity toward the protein’s unique charge distribution and 

Graphene’s large surface area, excellent carrier mobility, and high sensitivity to local electrostatic 

changes make it a highly demanded platform for biosensing applications. As β₂

(β₂M) molecules approach the graphene surface, their net char

, it is more complex due to the protein’s size, shape, and 

β₂M is a 12 kDa protein with an approximate diameter of 3–4 nanometres. However, unlike small 

ions, the protein may interact with the surface through more complex mechanisms, such as partial 

unfolding or specific binding, which can partially impact the local dielectric environment and 

capacitance. Molecular dynamics simulations conducted by G. Brancolini et al. exhibit that the 
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radius of a β₂-microglobulin (β2M)  is approximately 14.23 Å in water and 14.13 Å on a graphite 

surface. Experimentally, the folded monomer of β2M has a radius in the range of 12–15 Å, related 

on its conformation and the measurement method. At physiological ionic strength (e.g., 50 mM), the 

protein’s net negative charge significantly perturbs the Helmholtz potential near the graphene 

surface. Under these conditions, wild-type β₂M carries a net charge of -2, which further supports its 

detectability using graphene field-effect transistor (GFET)-based sensing platforms. [26].

Atomistic molecular dynamics simulations indicate that β₂ microglobulin (β₂M) adopts a horizontal 

patch comprising the C strand (Ile35, Val37, Leu39), the C′ 

Among the proteins of clinical interest, β₂-microglobulin (β₂M) represents an important biomarker in 

several pathological conditions. β₂M is a small (≈11.8 kDa) non-glycosylated protein that forms the 

light chain of major histocompatibility complex class I (MHC-I) molecules present on the surface of 

nearly all nucleated cells.[27] It is continuously released into the bloodstream during normal cellular 

turnover and is primarily cleared through glomerular filtration followed by tubular reabsorption in 

the kidneys.[28] As a consequence, circulating β₂M levels are strongly correlated with renal function. 

In healthy individuals, serum β₂M concentrations typically range between 1 and 3 mg/L, whereas 

significantly elevated levels are observed in patients with renal impairment, inflammatory disorders, 

and hematological diseases.[26] In individuals undergoing long-term hemodialysis, β₂M 

concentrations may increase dramatically, often reaching 20–60 mg/L or higher, which can lead to 

protein aggregation and the development of dialysis-related amyloidosis [29]. Moreover, β₂M is 

widely used as a prognostic biomarker in diseases such as multiple myeloma and lymphoma, where 

its serum concentration correlates with disease stage and tumor burden.[30] Due to its strong clinical 

relevance and the need for sensitive and rapid detection methods, β₂M represents a valuable target for 

biosensing technologies. To date, previous studies have examined the behavior of this amyloidogenic 

proteins in the presence of different surfaces [31,33].

adsorption of β₂ microglobulin (β₂M) onto the graphene surface. Upon adsorption, the protein 

induces a localized change in the graphene’s surface potential, produ

effect transistor (GFET)’s conductivity or threshold voltage, 
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highlighting β₂M as a promising target for sensitive, label

                            

Figure 4-1. a) Schematic diagram of a graphene field-effect transistor (GFET) gated by an electrolyte. (b) cross 
sectional view of the device

4-2- Theory:
In this chapter, we adapted the theoretical framework previously developed in Chapter Three for 

Na⁺ ion detection to the detection of β2-microglobulin protein using a graphene-based electrolyte-

gated field-effect transistor (EGFET). The approach models how protein adsorption at the 

graphene–electrolyte interface modifies the local electric potential, leading to changes in the charge 

density of the graphene channel through the formation of an electric double layer (EDL). The EDL 

is described using the Stern model, which combines a compact Helmholtz layer and a diffuse 

Gouy–Chapman layer to capture both the immediate and spatially distributed ionic effects. In 

addition, the unique quantum capacitance of graphene is considered, as it significantly influences 

the total capacitance in two-dimensional materials and impacts the device’s response to target 

molecules. Numerical simulations account for the combined effects of top-gate and back-gate 

voltages, the EDL structure, and graphene’s quantum capacitance to estimate carrier concentrations 

and surface potential changes in response to protein adsorption. Finally, key sensor performance 

metrics, including sensitivity, figure of merit, signal-to-noise ratio, and detection accuracy, are 

evaluated based on the shifts in the Dirac point induced by the presence of β2-microglobulin, 

enabling a quantitative assessment of the biosensor’s functionality.
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4-3- Results and discussion:
As an initial step in our numerical investigation, we examined the electric potential profile across 

the electrical double layer by considering variety β₂-microglobulin concentrations and varying 

distance from the graphene-electrolyte interface. Since this potential it has significant role in the 

overall framework approach and examined how the potential changes with distance from the 

electrode–electrolyte boundary and different concentrations. The corresponding simulation results, 

shown in Figure 2, follow the pattern predicted by Equation (1).߮(ݔ) = exp (−௫ఒವ)                                                                                           (4-1)(ݔ)0߮

According to Debye–Hückel theory, the Debye length ߣ஽ , characterizes the typical extent of the 

ionic atmosphere around a central ion and can be expressed by using the following relation

஽ߣ = √ ఌೝఌ0்௄ಳ௘2 ∑ ௓±2௖±∞

ܫ = ߤ = 1/2 ∑ ܿ௜± ܼ2

                                        

                                                                                                   

a b
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Figure 4- 2. Simulation of (a) electric field and (b) electrical potential at the interface between graphene and an 
electrolyte containing 0.01 g/L β2-microglobulin. The electrical double layer (EDL) is modeled using the Stern 

model. Electrolyte potential profiles in the Stern model of the EDL for β2-microglobulin: (c) at different β2-
microglobulin concentrations (distance from graphene surface 1nm); and (d) at varying distances from the 

graphene interface (concentration .01g/L).

Increasing β2-microglobulin concentration reduces the Debye length, which in turn decreases the 

electrostatic potential, as described by Eq. (1). Additionally, moving farther from the graphene-

electrolyte interface leads to a progressive decay of the potential, consistent with the exponential 

behavior predicted by the same equation. According to this equation, the trends in both graphs 4-

2(c) and 4-2(d) are expected to exhibit exponential decay. However, this pattern is not observed at 

certain distances. This deviation arises from computations performed near the graphene-electrolyte 

interface, where the potential exhibits a predominantly linear behavior rather than the expected 

exponential decay.

In the next step, we calculate the current between o of the graphene channel between drain and 

source for different concentrations of β2-microglobulin adsorbed on its surface. The concentration 

range was selected from 0.001 g/L to 0.4 g/L, as it is clinically relevant for medical diagnostics. 

Figures 4-3(a) and 4-3(b) illustrate the variations in current  and position of Dirac point and full 

width half maximum, respectively, as a function of β2-microglobulin concentration.

a b
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Figure 4-3. (a) Drain–source current of the graphene channel as a function of back-gate voltage, calculated using the 
Stern model of the electrical double layer (EDL). (b) Dirac point position and its full width at half maximum 

(FWHM) as functions of concentration. (c) Colour map of the drain–source current as a function of gate voltage

Because β₂ microglobulin (β₂M) carries a net charge of approximately 

c
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Furthermore, increasing the concentration of β₂

modulation of graphene’s electronic properties. This relationship suggests that the sensor response is 

dielectrics, for example 300 nm thermally grown SiO₂, the overall gate capacitance is dominated by 

κ dielectric materials, leading to enhanced gate capacitance and 
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Figure 4-4. Simulated electrostatic characteristics at the graphene/electrolyte interface in the presence of 0.01 g/L β₂-
microglobulin. (a) Electric field distribution and (b) electric potential profile calculated using the Stern model of 

the electrical double layer (EDL), incorporating graphene quantum capacitance in a series configuration. (c) 
Electrolyte potential profiles at varying β₂-microglobulin concentrations (evaluated at 1 nm from the graphene 

surface). (d) Electrolyte potential as a function of distance from the graphene interface at a fixed concentration of 
0.01 g/L.

b

c d
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Figure 4-5. (a) Drain–source current of the graphene channel as a function of back-gate voltage, calculated using the 
Stern model of the electrical double layer (EDL) by considering impact of quantum capacitance. (b) Dirac point 

c
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position and its full width at half maximum (FWHM) as functions of concentration. (c) Colour map of the drain–
source current as a function of gate voltage

The key performance metrics used to evaluate sensor effectiveness are summarized in Table 1. The 

results demonstrate that incorporating quantum capacitance into the electrical double layer (EDL) 

framework of the Stern model significantly enhances sensor sensitivity, which is one of the most 

critical performance parameters. For example, at a concentration of 0.001 g/L, the sensitivity 

increases to 200 V·L·g⁻¹ when quantum capacitance is taken into account. These findings further 

emphasize the importance of including quantum capacitance effects for accurate performance 

assessment of graphene-based sensors.

Sensor 
parameters 
performance

C=.4 g/L C=.001g/L

EDL in 
Stern 
model

EDL + 
quantom 
capacitance

EDL in 
Stern model

EDL + 
quantom 
capacitance

 S (V*L/g)

FOM (L/g)

SNR

DA (1/V)

different electrical double layer (EDL) models at two concentrations of β₂

4-4- Conclusions:

β2 microglobulin (β2M) at different concentrations. The target protein was considered as a charged 
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alteration in β2

sensor’s figure of merit (FOM). For instance, at a concentration of 0.001 g/L, the FOM increases 

of graphene’s intrinsic ele
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Chapter five

Fabrication, Characterization, 
and Electrical Measurements 

of Graphene Field-Effect 
Transistor for Albumin 

Detection and pH Sensing
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5-1 Graphene Synthesis Techniques for Sensing Applications:

scaling up production without sacrificing the material’s exceptional properties

5.2- Mechanical Exfoliation Process for the Preparation of Graphene:
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 Schematic illustration of graphene fabrication through the micromechanical exfoliation (mechanical 
cleavage) method, where thin graphene layers are obtained by repeatedly peeling graphite using adhesive tape. [2]

—

doped silicon wafer coated with a 300 nm layer of thermally grown silicon dioxide (SiO₂). The 

Graphene flakes are subsequently deposited onto the cleaned Si/SiO₂ substrate using the scotch tape 

–
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5.3- chemical vapor deposition (CVD) Process for the Preparation of Graphene:

–
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5.3.1- CVD process:

5.3.1.1- CVD Growth of Graphene on nickel (Ni):

argon (Ar) and hydrogen (H₂)

hydrogen (H₂) methane (CH₄)

–



91

with graphene’s hexagonal structure. Both materials have nearly 

5.3.1.2- CVD Growth of Graphene on Copper (Cu):

—
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(H₂) 

hane (CH₄) gas mixture was introduced into the 

Unlike nickel, copper’s extremely low carbon solubility means that carbon atoms do not diffuse into 

such as SiO₂/Si wafers, glass, or flexible
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Figure 5-2. Schematic of the chemical vapor deposition (CVD) process used for graphene synthesis on copper (Cu), 
where hydrocarbon precursors decompose at high temperature and carbon atoms assemble into a graphene layer 

on the metal catalyst surface. [12].

5.3.2- Graphene Film Transfer Process:
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include glass slides, silicon/silicon dioxide (Si/SiO₂) wafers, or flexible polyethylene terephthalate 

 

Simplified schematic of the wet transfer process for graphene onto substrates, illustrating the steps for 
transferring both freestanding and flat graphene layers while preserving their structural integrity [13]

5.4- Fabrication and Characterization Techniques:

material’s structural, morphological, and electrical properties. This included Raman spectroscopy, 
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– –

5.4.1- Optical microscope:

The Optical Microscope was used for an optical identification of graphene flakes and in general for 

a qualitatively control of the samples/devices. It has six objectives with different magnification and 

working distance (5X, 10X, 20X, 50X, 100X). A LED illumination is integrated within the 

microscope, as well a motorized aperture diaphragm, filters and different contrast modes: Bright Field 

(BF), Dark Field (DF). It is coupled to a camera and with the Leica LAS software. In this way the 

optical images can be treated.

Figure 5-4. Leica DM8000 Optical Microscope- High-resolution optical microscope used for imaging and 
characterization of materials at the micro- and nanoscale.
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5.4.2- Raman spectroscopy:
Raman spectroscopy is a rapid, non-destructive technique used to analyse a material's structural, 

electronic, and vibrational properties. It relies on the inelastic scattering of monochromatic light-

typically from a laser-where most light is scattered without energy change (Rayleigh scattering), but 

a small portion undergoes an energy shift (Raman effect), first discovered by C.V. Raman and K.S. 

Krishnan in 1928. When the scattered photon loses energy, it's known as Stokes scattering; if it gains 

energy, it's Anti-Stokes scattering. These shifts occur due to interactions between the light and 

molecular vibrations [14].

 Since each material has a unique vibrational signature, Raman spectra can be used for identifying 

and characterizing substances. An important indicator of the crystalline quality of graphene is the 

intensity ratio between the 2D peak and the G peak in its Raman spectrum. This ratio provides insights 

into the number of layers and the level of disorder or defects in the graphene structure. For graphene 

deposited on SiO₂ substrates, the 2D/G ratio typically ranges from around 1, which is characteristic 

of defective or disordered graphene, to values of 3 or higher, which indicate high-quality, monolayer 

graphene with minimal defects. 

Figure 5-5.  Raman spectroscopy used to assess the quality of graphene, providing information on layer number, 
structural defects, and crystallinity through characteristic vibrational modes.

5.4.3- Fabrication of electrode for electrical measurement: 
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Figure 5-6. Layout of the CAD design used for fabricating graphene devices obtained via mechanical exfoliation, 
showing the patterning and electrode arrangement for experimental characterization.

5.4.4- Electron-Beam Lithography (EBL):

Electron-beam lithography (EBL) is an advanced nanofabrication method that enables the creation of 

highly precise and customized patterns at the nanoscale. It is particularly valued for its exceptional 

spatial resolution, which surpasses the limitations of conventional optical lithography. In this 

technique, a finely focused beam of electrons is directed onto the surface of a substrate that has been 

coated with an electron-sensitive polymer layer known as a resist. The electron beam is scanned in a 

pre-defined pattern that corresponds to the desired geometry of nano electronic or nanophotonic 

devices. When the resist is exposed to the energetic electrons, localized chemical and structural 

modifications occur within the polymer, altering its solubility in specific developers. Subsequent 

development removes either the exposed or unexposed regions-depending on whether a positive or 

negative resist is used-thus transferring the desired nanoscale pattern onto the resist layer. This 
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patterned resist can then serve as a mask for subsequent processes such as etching, metal deposition, 

or lift-off, allowing for precise material structuring at resolutions below 10 nanometers. Owing to its 

flexibility and high precision, EBL is widely utilized in research and prototype fabrication of 

graphene-based devices, quantum dots, photonic crystals, and other nanoscale systems.

—

Prior to electron-beam exposure, the resist material is prepared by dissolving a polymer in an 

appropriate solvent to produce a homogeneous solution. This resist solution is then applied to the 

surface of the substrate using the spin-coating technique, where the substrate is rapidly rotated to 

spread the liquid evenly across its surface. The rotation speed, polymer concentration, and solution 

viscosity are key factors that determine the resulting film thickness, which can be accurately 

controlled-often with nano meter-level precision. After spin coating, the coated substrate is subjected 

to a soft-baking process, typically carried out at temperatures between 100°C and 200°C. This heating 

step removes residual solvent from the resist film and enhances both its adhesion to the substrate and 

its overall surface uniformity, ensuring the resist is well-prepared for the subsequent patterning stage.

Following electron-beam exposure, the patterned sample is subjected to a development process, 

during which it is immersed in a developer solution that selectively dissolves specific regions of the 

resist according to their exposure to the electron beam. For positive-tone resists, the irradiated areas 

become more soluble and are removed during development, while in negative-tone resists, the 

unexposed portions are dissolved, leaving behind the cross-linked exposed regions. Once the desired 

pattern has been revealed, the development reaction is quenched by rinsing the sample-typically with 

isopropyl alcohol (IPA) or another suitable solvent-to remove any residual developer and prevent 

overdevelopment. This step ensures that the nanoscale features remain well-defined and free from 

chemical contamination.
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5.4.5- Reactive Ion Etching (RIE):
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Schematic of the etching system employed for patterning graphene produced by mechanical exfoliation, 
illustrating the setup and tools used to selectively remove graphene regions while preserving the desired device 

structures.

5.4.6- Atomic Layer Deposition (ADL):
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5.4.7- Fabrication of Metallic Contacts:

Once the graphene flakes were identified under optical microscopy and Raman Spectroscopy, metal 

electrodes were fabricated using a two-stage electron-beam lithography (EBL) procedure in 

combination with metal deposition. This multi-step approach ensured precise alignment and reliable 

electrical contact formation on the selected graphene regions.

5.4.7.1-First EBL Step: Marker Fabrication:

To ensure accurate positioning and pattern registration in subsequent lithography stages, alignment 

markers were initially fabricated. These markers serve as crucial reference points during later 

processing steps, enabling precise overlay and alignment between multiple electron-beam lithography 

(EBL) patterns. The fabrication of these markers was carried out using the following procedure:

The coated substrate was then soft baked at 115 °C for 15 minutes. This step facilitated the 

beam lithography with a 30 μm beam aperture 

and an exposure dose of 240 μC/cm².

5.4.7.2- Second EBL Step: Fabrication of Metal Electrodes:

A second electron-beam lithography process was carried out to pattern the metallic electrodes on the 

preselected graphene flakes. Alignment for this step was achieved using the marker array created 

during the initial lithography stage. The fabrication of the electrical contacts proceeded through the 

following steps:
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7.5 μm 

120 μC/cm² 

310 μC/cm² 290 μC/cm² 

Metal deposition was performed via thermal evaporation. Initially, a 10 nm layer of chromium 

(Cr) was applied to enhance adhesion to the SiO₂ substrate, followed by a 50 nm layer of gold 

The final shape of the fabricated device, as shown in Figure 5-8, was characterized using optical 

microscopy.

Figure 5-8. Optical microscopy image of the fabricated device, highlighting the final shape and structural features after 
graphene patterning and device fabrication.
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5.5- Probe station:

Electrical measurements of the graphene junctions were performed at room temperature under both 

ambient and vacuum conditions (pressure ≈10⁻⁶ mbar) using a Lakeshore TTPX probe station, as 

shown in Figure 4.4. This versatile setup enables a variety of non-destructive, low-noise electrical 

characterizations of devices. It includes six micromanipulated stages, each fitted with a probe arm 

capable of precise three-axis movement, ensuring accurate positioning of tungsten tips on the test 

samples. The system’s top optical access and high-magnification microscope facilitate efficient 

contacting and characterization of multiple devices, which is especially beneficial for electroburning 

measurements.

The probe station can function over a broad temperature range, spanning from 4.2 K to 475 K, using 

a continuous-flow liquid helium system for cooling. A radiation shield is incorporated to minimize 

thermal losses, while thermal links between the probe tips and the sample stage help reduce unwanted 

heat transfer to the devices. Nonetheless, even though the system supports variable-temperature 

operation, all measurements presented in this study were conducted at room temperature.

Figure 5-9. Probe station setup used for performing electrical measurements on the fabricated graphene device, showing 
the arrangement of probes, contacts, and instrumentation for accurate characterization of device performance.

5.6- Electrical Characterization of GFET produced by mechanical exfoliation 
approch Using Albumin as the Electrolyte Gate:
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a b
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Figure 5-10. Resistance of the graphene channel: (a) in an electrolyte droplet containing different concentrations of 
albumin, (b) after drying of the droplet, and (c) resistivity of the graphene channel as a function of albumin 

concentration.

5.7- Electrical Performance of CVD-Grown Graphene FETs Under Electrolytes 
with Different pH Levels: 

c
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Figure 5-11. (a) Layout of the graphene chip fabricated by Graphenea using the chemical vapor deposition (CVD) 
method. (b) Cross-sectional schematic of the device structure, illustrating the graphene layer, electrodes, and 

supporting substrate.

b

a
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Figure 5-12. Characterization techniques used to analyze the quality and structure of graphene: (a) Optical microscopy 
image, (b) Scanning Electron Microscopy (SEM) micrograph, (c) High-Resolution Transmission Electron 

Microscopy (HRTEM) image, and (d) Raman spectroscopy spectrum highlighting structural and defect 
information.

5.8- Results and discussion:

Optical microscopy

Raman spectroscopy

SEM image

HRTEM image

a b

c d
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(NaCl), 2.7 mM potassium chloride (KCl), 10 mM disodium hydrogen phosphate (Na₂HPO₄), and 

1.8 mM potassium dihydrogen phosphate (KH₂PO₄). The pH of the solutions was adjusted to values 

       

Figure 5-13. Resistance of graphene versus back-gate voltage, pH=5: (a) Experiment result, (b) Simulation results. 
Concentration is .01x PBS.

a b
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Figure 5-14. Resistance of graphene versus back-gate voltage, pH=6: (a) experiment result, (b) simulation results. 
Concentration is .01x PBS.

                  

Figure 5-15. Resistance of graphene versus back-gate voltage, pH=7: (a) experiment result, (b) simulation results 
Concentration is .01x PBS.

a b
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Figure 5-16. Resistance of graphene versus back-gate voltage, pH=8: (a) experiment result, (b) simulation results
. Concentration is .01x PBS.

To investigate the key parameters that indicate the performance of the sensor at different pH levels, 

we analysed the resistance intensity, the charge neutrality points position of graphene, and the full 

width at half maximum (FWHM). Figure 5-17 shows the results of this experiment.

Figure 5-17. Representation of (a) graphene resistance intensity, (b) charge neutrality point position, and (c) full width 
at half maximum (FWHM). Concentration is .01x PBS.

Finally, we repeated the same experiment, but in this case, we varied the concentration of the 

phosphate-buffered saline (PBS) solution. In this experiment, the PBS concentration was set to 1x. 

This allowed us to examine the effect of PBS concentration on the sensor’s performance, including 

its resistance response, charge neutrality point, and overall stability. The results provide insights into 

how electrolyte concentration influences the behaviour of graphene-based sensors.

a

b

c

a b
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Figure 5-18. Resistance of graphene versus back-gate voltage, pH=5: (a) experiment result, (b) simulation results
. Concentration is 1x PBS.

                          

Figure 5-19. Resistance of graphene versus back-gate voltage, pH=6: (a) experiment result, (b) simulation results
. Concentration is 1x PBS.

  

                   

Figure 5-20. Resistance of graphene versus back-gate voltage, pH=7: (a) experiment result, (b) simulation results
. Concentration is 1x PBS.
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Figure 5-21. Resistance of graphene versus back-gate voltage, pH=8: (a) experiment result, (b) simulation results
. Concentration is 1x PBS.

Figure 5-22. Representation of (a) graphene resistance intensity, (b) charge neutrality point position, and (c) full width 
at half maximum (FWHM). Concentration is 1x PBS.
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6-1. Ultrasensitive Optical Biosensing Using Surface Plasmon Resonance:

Ultrasensitive biosensors with emerging micro/nano technologies attract attentions due to potentials 

of early detection, emergence of precision medicine, genetic diagnosis, and gene sequencing. A 

biosensor, defined by International Union of Pure and Applied Chemistry (IUPAC), is a device that 

uses specific biochemical reactions mediated by isolated enzymes, immune systems, tissues, or whole 

cells to detect chemical compounds by electrical, thermal or optical signals. In other words, a 

biosensor is an analytical tool to monitor dynamics and interactions of biological activities, e.g. DNA 

hybridization and cell activities [1,2]. 
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The first commercially available surface plasmon resonance (SPR) instrument was introduced in 1990 

by Biacore AB, a Swedish company. Since then, numerous manufacturers have developed and 

released various SPR systems to meet growing demand across different research and industrial 

sectors. Typically, an SPR instrument consists of three main integrated components: (i) an optical 

system featuring a high-refractive-index prism, (ii) a sensor chip coated with a thin metallic layer 

optimized for plasmon excitation, and (iii) a microfluidic flow channel that delivers the analyte or 

sample to the sensor surface for analysis. Surface plasmons are basically the charge density 

oscillations that propagate along the metal–dielectric interface with electric field decaying 

exponentially in both the medium. [18] 

6.2-Optical properties of Graphene:
Among the variety of nanostructured materials, graphene has recently emerged as a unique option for 

enhancing the sensitivity of various types of biosensors due to its exceptional optical and electrical 

properties. Graphene, discovered recently, is a single layer of graphite and one atom thick two-

dimensional plane of 2݌ݏ bonded carbon atoms arranged in honeycomb lattice [19]. The properties 

include zero band gap, high electron mobility, the same mobility for charge carriers (i.e. electrons and 

holes) and 2D structure. Due to these properties and relatively low cost, graphene may be used in 

fabrication of excellent sensors [20]. 

For pristine graphene (Fermi level ܧ௙ is equal to the energy at Dirac point), there is only one kind of 

electron–hole excitation (interband transition) at low electron hopping energy because of the empty ߨ band (conduction band) and the completely filled ߨ* band (valence band). While for n/p-doped 

graphene, ܧ௙ will be away from the Dirac point, which may cause the other kind of electron–hole 

excitation: intraband transition [21]. In graphene, interband transitions occur when electrons are 

excited from the valence band to the conduction band, crossing the Dirac point. These transitions 

become prominent in undoped or lightly doped graphene at higher photon energies-typically in the 

infrared to visible range-when the photon energy exceeds twice the Fermi energy [22,23]. In contrast, 

intraband transitions involve electronic excitations within the same energy band, either the conduction 

or valence band. In graphene, intraband transitions are primarily associated with low-energy 

(terahertz to far-infrared) absorption and are more significant in doped graphene where free carriers 

are present Taking the n-doped case as an example, as shown in Fig. 6-1, ܧ௙ is higher than the Dirac 

point, where ߨ band is completely filled and electrons can also be found in the ߨ* band. The electrons 

both at the bottom of the conduction band and at the top of the valence band can be excited after 

absorbing a certain amount of energy and momentum [22,23]. Figure 1 illustrate this type of transition 

in n-doped graphene.
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Figure 6-1. Interband and intraband transitions in n-doped graphene, illustrating electronic excitations between valence 
and conduction bands as well as within the conduction band, governed by the position of the Fermi level and 

relevant for optical and transport properties. The schematic is taken from reference [23]. 

Among graphene’s many exceptional

– —
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graphene’s atomic thinness and mechanical flexibility make it well

6.3- Plasmonic theory:

primarily concerning the interaction of light with free electrons in a metal. Following J. J. Thomson’s 

—

—

߬−1 ߬ —

ܧ = ௜ఠ௧−0݁ܧ
ௗ௣(௧)ௗ(௧) = − ௣(௧)ఛ + (1-6)                                                                               (ݐ)ܧ݁
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Where ݁ > 0  is the elementary charge. To find a steady-state solution that mirrors the harmonic time 

variation of the applied field, we apply a Fourier transform to equation (6-1), which results in [31]:−݅߱ܲ(߱) = − ௉(ఠ)ఛ − (2-6)                                                                            (߱)ܧ݁

Whose solution is:ܲ(߱) = ௘ா(ఠ)௜ఠ−ఛ−1                                                                                                    (6-3)

Moreover, notice that the current density due to ݊௘ electrons per unit volume, travelling with net 

velocity ݒ, is ܬ = ݁݊௘ݒ. Hence, one can write [32]:

(߱)ܬ  = ௘௡೐௉(ఠ)௠೐ = − ௘2௡೐௠೐ 1ఛ−௜ఠ (4-6)                                                                  (߱)ܧ

Where ݉௘ is the mass of the electron. By comparing the result (6-4) with the relation ܬ =  an ,ܧߪ

expression for the optical conductivity can be determined [32]:

(߱)ߪ = ೐2೙೐೘೐ఛ−1−௜ఠ                                                                                                    (6-5)

It will be useful for what follows to note that the conductivity and the dielectric function are linked 

through the following relationship [33]:ߝ(߱) = 1 + ݅ ఙ(ఠ)ఌ0ఠ                                                                                                (6-6)

Allowing us to write:

(߱)ߝ  = 1 − ఠ೛2ఠ2+௜ఛ−1ఠ                                                                                        (6-7)

Where ߱௣2 = ௘2௡೐௠೐ఌ0 denotes the plasma frequency of the free electron gas [31].

We now use the previously introduced formalism to explore how an interface between two materials 

with distinct optical characteristics can give rise to surface-bound modes with spatial confinement 

smaller than the wavelength of light. These particular solutions to Maxwell’s equations are known as 

surface plasmon-polaritons (SPP). To start, we examine the most basic configuration that supports 

SPPs: a flat interface separating a dielectric and a metal. For simplicity, we assume that both materials 

are isotropic and extend infinitely in their respective regions, with the dielectric occupying the region ݖ < 0, as illustrated in Fig. 6-2 [6].
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Figure 6-2. Schematic illustration of a surface plasmon–polariton propagating along the interface between a metal and a 
dielectric, showing the coupled oscillations of electromagnetic waves and surface charge density confined near 

the boundary
The dielectric medium is characterized by a positive real dielectric constant, ߳1, whereas the 

electromagnetic properties of the metal will be taken into account by a complex, frequency-

dependent, dielectric function, ߳2(߱), of the form (equation 6-7) [34]:

߳2(߱) = 1 − ఠ೛2ఠ2+௜ఛ−1ఠ                                                                                    (6-8)

As shown in what follows, in the spectral region where ܴ݁{߳2(߱)} < 0, the dielectric-metal interface 

supports longitudinal waves that are tightly confined to the interface between the two media (see, for 

instance, Fig. 6-2). These surface waves are Surface Plasmon-Polaritons (SPP) modes. By 

considering Transverse Magnetic (TM) the solution can be as follow [31]:ܧ௝(ݎ, (ݐ = ݔ௝,௫̂ܧ) + ,ݎ)௝ܤ௞ೕ|௭|݁௜(௤௫−ఠ௧)                                                             (6-9)−݁(ݖ௝,௭̂ܧ (ݐ = ௞ೕ|௭|݁௜(௤௫−ఠ௧)                                                                           (6-10)−݁ݕ௝,௬̂ܧ

where the index j = 1,2 identifies the medium as in Fig.6-2. Inserting equations (6-9) and (6-10) into 

Maxwell’s equations (while assuming that the materials are non-magnetic, µj = µ0) [31]:∇ × ௝ܧ = − డ஻ೕడ௧                                                                                                      (6-11)

∇ × ௝ܤ = − ఢೕ஼2 డாೕడ௧                                                                                                  (6-12)

 Yields:ܤ௝,௬ = − ఠఢೕ஼2௤ ௝,௭                                                                                                   (6-13)ܧ

௝,௬ܤ = (ݖ)݊݃ݏ݅− ఠఢೕ஼2௞ೕ ௝,௫                                                                                   (6-14)ܧ

௝,௫ܧ = (ݖ)݊݃ݏ݅− ௞ೕ௤ ௝,௭                                                                                        (6-15)ܧ
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௝݇ = 2ݍ√ − ఢೕఠ2஼2                                                                                                   (6-16)

 Maxwell’s equations require the continuity of the tangential components (relative to the interface) of 

the electric and magnetic fields across the interface (at z = 0) [31], 1ܧ,௫ = ௬,1ܤ௫                                                                                                           (6-17),2ܧ = ௬                                                                                                          (6-18),2ܤ

Making use of equation 6-(14) to eliminate the magnetic field amplitudes in the boundary conditions 

(6-17) and (6-18), we arrive at the following pair of equations [31]:1ܧ,௫ = ௫                                                                                                            (6-19),2ܧ

ఢ1௞1 ௫,1ܧ = − ఢ2௞2 ௫                                                                                                (6-20),2ܧ

The linear system composed by equations (6-19) and (6-20) has a non-trivial solution ifఢ1௞1(௤,ఠ) + ఢ2௞2(௤,ఠ) = 0                                                                                              (6-21)

Note that in equation (6-21) we emphasize the fact that ݇1,2 depends on the frequency as well as on 

the wavevector in accordance with equation (6-16). Moreover, in order to have an electromagnetic 

wave confined to the interface which follow equation (6-21), if ߳1 > 0, then we must have ܴ݁{߳2(߱)} < 0 . This means that SPP can only exist at interfaces between materials whose (real parts 

of the) dielectric permittivities have opposite signs, such as an interface between an insulator and a 

metal [31].

We can write a more explicit relation for the SPP wavevector, ݍௌ௉௉ , as a function of the frequency, 

by substituting equation (6-16) into equation (6-21), obtaining [31]:

ௌ௉௉ݍ = ఠ஼ √ ఢ1ఢ2(ఠ)ఢ1+ఢ2(ఠ)                                                                                           (6-22)

6.4- Plasmonic in monolayer of Graphene:
We begin our study of surface plasmon in graphene by considering a system consisting in a single 

graphene sheet cladded between two semi-infinite dielectric media, characterized by the real 

dielectric constants (relative permittivity) ϵ1 and ϵ2, referring respectively to the top and bottom 

dielectrics, as depicted in Fig.6-3.
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Figure 6-3. Illustration of a single graphene sheet sandwiched between two semi-infinite insulators with dielectric 
constants ϵ1 and ϵ2. Medium 1 occupies the z <0 half-space and the z > 0 half-space is occupied by medium 2. 

The graphene sheet is located at the z = 0 plane.
Let us assume a solution of Maxwell’s equations, in the form of a p-polarized electromagnetic wave 

(TM wave). As already discussed, we use the ansatz [31,35,36]ܧ௝ = ݔ௝,௫̂ܧ) + ௝ܤ௞ೕ|௭|݁௜௤௫                                                                        (6-23)−݁(ݖ௝,௭̂ܧ =                                                         ௞ೕ|௭|݁௜௤௫                                                                                       (6-24)−݁ݕ௝,௬̂ܧ

where j = 1,2 refers to the dielectric media with relative permittivity ϵ1, ϵ2. Equations (6-23) and (6-

24) describe an electromagnetic surface wave which is confined to the neighbourhood of the graphene 

sheet and propagates along the  ̂ݔ-direction. Using eqation (6-23) and (6-24) into Maxwell’s equations 

(6-11) and (6-12) for dielectric media [31,35,36]:−(ݖ)݊݃ݏ ௝݇ܧ௝,௫ − ௝,௭ܧݍ݅ = ௝,௬                                                                      (6-25)ܤ߱݅

(ݖ)݊݃ݏ ௝݇ܤ௝,௫ = − ௜ఠఢೕ஼2 ௝,௫                                                                                (6-26)ܧ

௝,௬ܤݍ݅ = − ௜ఠఢೕ஼2 ௝,௭                                                                                             (6-27)ܧ

which can be rewritten with respect to the magnetic field amplitudes, while also obtaining an 

expression for ௝݇(ݍ, ߱):

௝,௫ܧ = (ݖ)݊݃ݏ݅ ஼2௞ೕఠఢೕ ௝,௬                                                                                         (6-28)ܤ

௝,௭ܧ = − ஼2௤ఠఢೕ ௝,௬                                                                                                    (6-29)ܤ

݇2 = 2ݍ − ఠ2ఢೕ஼2                                                                                                        (6-30)

The boundary conditions linking the electromagnetic fields at z = 0 read:
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,ݔ)௫,1ܧ (ݖ = ,ݔ)௫,2ܧ ,ݔ)௬,1ܤ(31-6)                                                                                             (ݖ ,ݔ)௬,2ܤ−(ݖ (ݖ = (ݔ)0݆௫ߤ = ,ݔ)௫,2ܧ௫௫ߪ0ߤ (32-6)                                              (ݖ

which assures the continuity of the tangential component of the electric field and the discontinuity of 

the tangential component of the magnetic field across the interface. Additionally, we further assume 

that graphene is a truly two-dimensional material, whose entire electromagnetic properties are 

accounted in its frequency dependent conductivity, σ(ω). Letting ߪ(߱) ≡ ௫௫ߪ =  ௬௬, meaning thatߪ

graphene’s conductivity is isotropic (which is true for unstrained graphene) and substituting the fields 

into the boundary conditions (6-31) and (6-32), we arrive to:

ఢ1௞1(௤,ఠ) + ఢ2௞2(௤,ఠ) + ࢏ ૙࣓ࢿ(࣓)࣌ = 0                                                                                  (6-33)

which describes the dispersion relation, ω(q), of graphene TM surface plasmon. Meanwhile, the 

simple geometry of the system, the dispersion relation (6-33) does not have an analytical solution and 

must be solved by numerical means. In addition, it is clear that Eq. (6-33) only has real solutions 

when the imaginary part of the conductivity is positive, and its real part vanishes [31,35,36]. 

6.5- Theory of perfect absorber metamaterial:

–
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௦ߪ = ′௦ߪ + ௦̋                                                                                                (6-34)ߪ݅

݊1 ݊1

Fig. 6-4. The conductive interface (for example, graphene layer) between two dielectrics is equivalent to a load attached 
to the junction between two transmission lines.

To prevent any transmission through the structure and enhance the light absorption in the 

infrared/terahertz frequency range, a perfect electric conductor (PEC) is employed as the back 

reflector. This configuration effectively blocks transmission and result in near-zero reflection. The 

absorption rate is determined by the equation A(ω) = 1 − R(ω) − T(ω), where R(ω) and T(ω) represent 

the reflectance and transmittance, respectively. Due to the complete absence of transmission through 

the perfect electric conductor layer, the absorption relation is simplified as A(ω) = 1 − R(ω) [39,40].

૚࢔

૛࢔
Graphene-based 
structure perfect 

absorber
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࢘ = ૙                                                                                                                (6-35)ࢆ࢙࣌+૛࢔+૚࢔૙ࢆ࢙࣌−૛࢔−૚࢔

࢚ = ૛࢔૚࢔૚+࢔૛+࢙࣌ࢆ૙                                                                                                                (6-36)

ܼ0 = ࢙࣌  Ohm is the free-space impedance. In the case of infinite surface conductivity ߨ120 = ∞ 

the wave will be fully reflected (r = −1). Surface conductivity equal to 0 plays no effect and the 

formulas become standard Fresnel formulas for the interface between two dielectrics [38].

6.5.1- Effective conductivity of graphene metamaterials:
Along with its linear dispersion, graphene’s optical conductivity is the key ingredient in graphene 

optics and plasmonic, since it contains all the relevant information on the physics governing the 

electromagnetic interactions between graphene and external stimuli such as electromagnetic radiation 

or fast electrons. To better characterize the conductivity, it is useful to split this physical quantity into 

two distinct contributions: one describing intraband transitions (transitions within the conduction (or 

valence) band where the momentum is not conserved), and another accounting for interband 

transitions (vertical transitions from the valence to the conduction band, in which case there is 

momentum conservation), namelyߪ௚௥ = (߱)௜௡௧௥௔ߪ + ௜௡௧௘௥(߱)                                                                                    (6-37)ߪ

  It can be derived with the random phase approximation (RPA) theory:

(߱)௜௡௧௥௔ߪ = 2௜௄ಳ்௘2గħ2(ఠ+௜ఛ−1) ) 2cosh)݊ܮ ா೑2௄ಳ்)                                                                (6-38)

(߱)௜௡௧௘௥ߪ = ௘24ħ [12 + 1గ + arctan (ħఠ−ா೑2௄ಳ் ) − ௜2గ ݊ܮ (ħఠ+ா೑)2(ħఠ−ா೑)2+(2௄ಳ்)2                          (6-39)

where e is the electron charge, ܭ஻ is the Boltzmann’s constant, ħ is the reduced Planck’s constant, ܶ 

is the temperature, and ߱ is the angular frequency of incident light. τ is the relaxation and ܧ௙ is the 

Fermi level [40,41,42,43].

In this study, a graphene-based perfect absorber sensor utilizing surface plasmon resonance was 

simulated for the detection of β2-microglobulin protein. The simulation was conducted using 

COMSOL Multiphysics software. Fig. 6-5 illustrates the structure of the proposed sensor along with 

its geometric dimensions.
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Figure 6–5. Schematic representation of the surface plasmon resonance (SPR) structure, showing (a) a three-
dimensional view of the full configuration and (b) a two-dimensional cross-sectional view highlighting the layer 

arrangement and plasmon excitation at the metal–dielectric interface.

6-6- Theory of electro gating:
Electrostatic gating using electrolytes is a powerful approach for controlling the electronic properties 

of atomically thin two-dimensional materials such as graphene. The linear dispersion relationship 

between the energy and momentum of the charge carriers centred around the Dirac point makes 

graphene a zero-gap semiconductor with a linear dependence of the density of electronic states 

(DOS)on the Fermi level (ܧ௙) [44]. During nearly two decades of research, it has become apparent 

that gating using ionic electrolytes, including organic/aqueous solutions, ionic liquids, and solid 

polymer electrolytes, is among the most efficient ways to induce large densities of charge carriers in 

graphene [45]. Regardless of the type of gate employed, the mechanism of electrostatic doping 

remains the same: buildup of the charge upon application of a voltage between graphene and the gate 

electrode leads to a change in the charge carrier density in graphene and therefore a change in ܧ௙. The 

operating principle of electrostatic gating involves the creation of a capacitor between graphene and 

the gate electrode. Application of the gate voltage creates an electrostatic difference between 

graphene and the gate electrode (߮), which polarizes the graphene/electrolyte interface. This leads to 

charge accumulation and formation of an electrical double layer (EDL)of ions and counterions at the 

electrolyte side of the interface. The emergence of EDL induces accumulation of the opposite-sign 

charge carriers on the graphene side of the interface, which in turn shifts the graphene ܧ௙ [46]. The 

gating process can be described by the following relationship [21]:ܧ௚ = ா೑௘ + ߮                                                                                                           (6-40)



128

The Fermi energy in graphene changes as ܧ௙(݊) = ħݒ௙√݊ߨ  , where  ݒ௙ = 1.1 ∗ 106 ௠௦   is the Fermi 

velocity and  the top gate ߮ = ௡௘஼ಶವಽ. From equation (40) we get and ܧ௚ is fermi energy of graphene 

after applying electro gating [44].

௚ܸ = ħ௩೑√గ௡௘ + ௡௘஼ಶವಽ                                                                                                     (6-41)

By using constant parameters, the final equation which allows us to estimate the doping concentration 

at each top-gate voltage become as below:

௚ܸ = 1.16 ∗ 10−7√݊ + ௡௘஼ಶವಽ                                                                                        (6-42)

The first and simplest model introducing the concept of the formation of a double layer at the 

electrochemical interface and thus describing the structure of the EDL, was formulated by Helmholtz. 

Helmholtz envisaged that the total charge on the electrode is balanced by a monolayer of ions of 

opposite charge located adjacent to the surface, referred to as the Helmholtz layer. so, the Helmholtz 

layer capacitance computed through below equation [47,48,49, 50,51]:ܥு = ఌ0ఌಹௗಹ                                                                                                                       (6-43)

where 0ߝ is the permittivity of free space, ߝு  the relative permittivity of the electrolyte inside the 

Helmholtz layer and ݀ு size of the solvated ions. In more detail, Helmholtz model, it does not 

consider three important physical factors, which are the applied potential, the interplay between the 

randomized thermal motion of the ions and that imposed by the polarity of the electrode as well as 

the interaction between solvent molecules’ dipole moments and the electrode [48].

Gouy and Chapman postulated that even though the charge at the electrode is strictly located at the 

surface, this might not be the case for the solution side. In dilute electrolytes, one must consider the 

low density of charge carriers in the solution phase. Under such conditions, the excess charge required 

to counterbalance that confined to the surface of the electrode will be distributed within a larger region 

in the solution. This newly introduced layer will have a composition different from the bulk and it 

will exhibit characteristics of a diffuse layer. The potential within the diffuse layer is expected to drop 

smoothly from the surface of the electrode to the bulk, with a decreasing gradient across the layer. 

Adopting this approach for the case of a symmetrical electrolyte, the expression for the Gouy–

Chapman differential capacitance per unit area is derived to be [48, 7, 51]:ீܥ௖ = ఌೝఌ0ఒವ  cosh ( 2௘ఝ2௄ಳ்)                                                                                                (6-44)
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Where ߣ஽  is a Debye length which given by ߣ஽ = ( 2௖௘2ఌೝఌ0௄ಳ்)−12  for a monovalent electrolyte, where ܿ is the concentration of the electrolyte, ݁ is the electric charge and ܭ஻ܶ is the thermal energy [52] .

The next step towards the establishment of a solid theory for the structure of the EDL, was made by 

Stern.His suggestion was to combine the approaches of Helmholtz and Gouy Chapman and thus 

consider the electrochemical interface as consisting of two layers. In the first compact layer, the 

charge on the solution side is located close to the electrode surface, the Helmholtz layer, and the rest 

of it is distributed in the solution within the limits defined by the compact layer and the bulk solution, 

the Gouy–Chapman diffuse layer. Hence, as would be expected for two electrical capacitors 

connected in series, we can write the reciprocal of the total capacitance of the EDL as [53]: 

1஼ಶವಽ = 1஼ಹ + 1஼ಸ೎                                                                                                             (6-45)

While extensive research on graphene has emphasized its exceptional electrical and structural 

characteristics, an equally important parameter-quantum capacitance-has received comparatively 

limited attention. In the present study, direct measurements of the quantum capacitance of graphene 

were performed under varying protein concentrations to explore its sensitivity to biomolecular 

interactions. The results show that the quantum capacitance exhibits a nonzero minimum at the Dirac 

point. These findings align with prior studies, including those by Jilian Xia et al., which suggest that 

charged impurities in the graphene environment play a significant role in modulating quantum 

capacitance by altering the local carrier density. Such deviations from ideal theoretical behaviour 

underscore the impact of disorder and environmental factors on graphene’s electronic response [54].

To carry out the theoretical computation, a minimal model was employed in which the impurity 

concentration serves as the sole adjustable parameter. For ideal, impurity-free graphene, the quantum 

capacitance can be analytically derived based on the density of states arising from its linear energy–

momentum dispersion relation [54]:

ொܥ = 2௘2௄ಳ்గ(ħ௩೑)2 2]݊ܮ (1 + ℎݏ݋ܿ ௘௏೎ℎ௄ಳ் )]
ħ ݁ ஻ܭ ௙ݒ = ஼300 ௖ܸℎ = ா೑௘݁ ௖ܸℎ ≫ ஻ܶܭ

ொܥ = 2௘2ħ௩೑√గ √݊
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௧ܥ–
1஼೟ = 1஼ಶವಽ + 1஼ೂ                                                                                              (6-48)

In this research we use electrolyte contain 2ߚ- macroglobulin (β₂M) with different concentration as 

sample to affect charge density of graphene consequently the fermi energy of graphene will be 

changed. Result of the Molecular Dynamics (MD) which conducted by Professor Georgia Brancolini 

showed that the EDL near the graphene surface is affected not only by ions but also by large 

biomolecules like β₂M. Because β₂M has a distinct size, shape, and surface charge distribution, it 

influences the local potential differently than small ions. β₂M is a protein of 12 kDa in terms of 

molecular mass and it has a diameter of around 3-nanometers. When β₂M is in proximity (e.g., at 50 

mM), it will alter the Helmholtz potential in a manner specific to its total charge. In this calculations, 

β₂M at a given ionic strength, such as 50 mM, will generally carry a net negative charge, resulting in 

a net charge of −2 for the Wild Type protein.  During atomistic Molecular Dynamics simulations, they 

observed that the protein lies horizontally on the graphene surface with a patch that involves C strand 

(Ile35, Val37, Leu39), C’ strand (Glu44, Arg45) and CD loop (Ile46, Lys48). Glu44 is a negatively 

charged residues, Arg45 and Lys48 are positively charged residues, Ile35, Val37, Leu39 and Ile46 are 

neutral residues. Since β₂M can adsorbs directly, it will generate a stable and distinct signal due to its 

size and charge. This adsorption alters the graphene's surface potential, detectable by changes in the 

sensor response [55].

6-7- Result and discussion:

To calculate the electric field and electrostatic potential within the Electric Double Layer (EDL) 

caused by the presence of a protein near the graphene surface, we begin with the Poisson equation. 

After designing the computational model, we generated a series of plots and graphs to visualize and 

compare key parameters. These visualizations allowed for a comprehensive evaluation of how 

incorporating quantum capacitance influences both the electric field and potential. The electric field 

distribution and mass transport behaviour were analysed by solving an electrostatic problem governed 

by the Poisson equation (ε0ߝ∇߮) = 0
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–

௖೔
t = (ܦ௜ܿ௜ + ∇௜ܿ௜ܦܨ௜ݖ ఝோ்)

(߮∇0ߝߝ)∇ = ߩ ߩ = ∑ ௜ܦ௜ܿ௜ݖ ௜ݖ ܿ௜
߮ is potential, ε is the dielectric constant, 0ߝ is the vacuum permittivity, and ρ is charge 

                                 

Figure 6-6. (a) Electric field, (b) electric potential in the Stern model of the electrical double layer (EDL); incorporating 
quantum capacitance

a b
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Figure 6-7. (a) Electric field, (b) electric potential in the Stern model of the electrical double layer (EDL); incorporating 
quantum capacitance. 2ߚ ݈ܾ݊݁݅݋݈݃݋ݎܿ݅݉− Due to the pivotal 

influence of the electrolyte potential within the broader computational model, this parameter was first 

assessed at two distinct concentrations while systematically altering the separation from the 

electrode–electrolyte boundary. The outcomes of these simulations are illustrated in Figures 8 and 

align well with the trends predicted by Equation (6-50) [52].߮(ݔ) = exp (−௫ఒವ)                                                                                           (6-50)(ݔ)0߮

                                                                                                   

Figure. 6-8. Electrolyte Potential for (a) the Stern Model of the EDL and (b) the Stern Model of the EDL Considering 
the Effect of Quantum Capacitance

a
b
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To investigate the broadband absorption properties of the graphene-based structure, a frequency-

domain solver utilizing the finite element method (FEM) is adopted. In order to suppress transmission 

and maximize electromagnetic wave absorption within the infrared to terahertz frequency range, a 

perfect electric conductor (PEC) is strategically placed as a back reflector. This setup serves to 

eliminate transmitted waves while simultaneously minimizing reflection, thereby enabling highly 

efficient light absorption across the targeted spectrum. Figure 9 illustrates the band spectrum of the 

proposed structure. Since the primary objective of this study is to investigate the influence of 

electrostatic gating on the absorption and reflection performance-specifically, the effect of varying 

the Fermi energy of graphene-we evaluate the absorption and reflection characteristics at different 

Fermi energy levels. After identifying the Fermi energy value at which maximum absorption and 

minimum reflection occur, that optimal value is selected for further analysis and implementation.

        

Figure.6-9. Optical response of graphene at different Fermi energy levels. (a) Absorption spectra and (b) reflectance 
spectra of graphene for Fermi energy values ranging from 0.1 to 0.9 eV (step of 0.1 eV), illustrating the tunability 

of graphene’s optical properties through Fermi level modulation.

The graphene-based structure exhibits its highest absorption performance at a Fermi energy level of 

0.3 eV. At this specific value, the absorption reaches approximately 99.211%, while the corresponding 

reflection is minimized to an exceptionally low value of 0.00789. These results indicate that the 

structure is capable of near-perfect absorption and negligible reflection under the given conditions. 

Owing to this optimal performance, all subsequent simulations and analyses are carried out using a 

Fermi energy of 0.3 eV, as it ensures the most efficient interaction between the incident 

electromagnetic waves and the graphene layer.

In the following section, we investigate the effect of specific concentrations of β2

a b
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and the delocalized π

illustrates the quantitative effects of different concentrations of β2

Figure. 6-10. Quantum capacitance and Fermi energy shift at different concentrations of β₂-microglobulin.

varying concentrations of β2

As the concentration of β2

protein molecules and graphene’s surface, which effectively dopes the graphene and increases its 
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the progressive movement of the absorption peak and reflectance minimum to the right as the β2

and the spectral shift of graphene’s optical features.

For this research, physiologically relevant concentrations of β2

a b

c

d
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Figure 6-11- . Optical response of graphene in the presence of different concentrations of β₂-microglobulin within the 
Stern model of the electrical double layer (EDL), including the effect of quantum capacitance. (a) Absorption 

spectra of graphene for varying β₂-microglobulin concentrations. (b) Reflectance spectra of graphene for different 
β₂-microglobulin concentrations. (c) Corresponding resonance peak position and full width at half maximum 

(FWHM) as a function of analyte concentration, illustrating the impact of quantum capacitance on the 
concentration-dependent optical response. (d) Enlarged view of the absorption spectra highlighting the shift in the 
resonance peak (region indicated by the red dashed box). (e) Enlarged view of the reflectance spectra showing the 

corresponding resonance peak shift.

a b

e



137

Figure 6- 12- . Optical response of graphene in the presence of different concentrations of β₂-microglobulin within the 
Stern model of the electrical double layer (EDL), including the effect of quantum capacitance. (a) Absorption 

spectra of graphene for varying β₂-microglobulin concentrations. (b) Reflectance spectra of graphene for different 
β₂-microglobulin concentrations. (c) Corresponding resonance peak position and full width at half maximum 

(FWHM) as a function of analyte concentration, illustrating the impact of quantum capacitance on the 
concentration-dependent optical response. (d) Enlarged view of the absorption spectra highlighting the shift in the 
resonance peak (region indicated by the red dashed box). (e) Enlarged view of the reflectance spectra showing the 

corresponding resonance peak shift

6.7.1-Performance Evaluation Metrics:
Sensor functionality is affected by multiple variables, making it essential to consider these factors 

when assessing overall performance. The accuracy and reliability of sensor measurements can be 

impacted by a range of influences. Key performance metrics used to evaluate sensor effectiveness 

are outlined below [60]:ܵ = ∆௙∆஼                                                                                                           (6-51)

ܯܱܨ = ௌிௐுெ                                                                                               (6-52)

ܳ =  ௙ೝிௐுெ                                                                                                    (6-53)

c
d

e
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ܴܵܰ = ∆௙ிௐுெ                                                                                                (6-54)

ܣܦ =  1ிௐுெ                                                                                                 (6-55)

In this context, f denotes the frequency, c represents the protein concentration, ௥݂ is the peak position 

of absorption, S indicates the sensitivity, FWHM refers to the full width at half maximum, Q is the 

quality factor, FOM stands for the figure of merit, SNR denotes the signal-to-noise ratio, and DA 

represents detection accuracy. Table.6-1 illustrates the sensor's performance at two protein 

concentrations, representing the highest and lowest concentrations used in this study. 

(EDL) at two concentrations of β₂

Sensor 
parameters 

performance

C=1.18 [g/L] C=.00118 [g/L]

EDL in 
Stern 
model

EDL + 
quantom 
capacitance

EDL in 
Stern 
model

EDL + 
quantom 
capacitance

 
S (THz L/g) .169 .254 33.9 84.74

FOM (L/g)
.097 .141 20.42 51

Q 1.38 1.39 1.35 1.38

SNR
.115 .166 .023 .06

DA (1/THz)
.58 .55 .574 .602
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6.8- Conclusion:

To explore biosensing applications, we introduced an electrolyte containing the protein β2

eak is observed, confirming the sensor’s 

—

—
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Chapter seven

Nonlinear Optical Detection of 
β2-Microglobulin Using 

Graphene-Enhanced Third-
Harmonic Generation
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7.1- Introduction to Nonlinear Optics:

when a material’s response to an 

electromagnetic field no longer scales proportionally with the field’s strength. A common example is 

(ݐ)ܧ̃(ݐ)̃ܲ
(ݐ)̃ܲ = (1-7)                                                                                      (ݐ)ܧ̃(1)0߯߳

where the constant of proportionality ߯(1)  is known as the linear susceptibility and ߳0 is the 

permittivity of free space [8]. 

In nonlinear optics, the optical response can often be described as a generalization of Eq. (7-1) by 

expressing the polarization ܲ̃(ݐ) as a power series in the field strength ̃(ݐ)ܧ as:
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(ݐ)̃ܲ = (ݐ)ܧ̃(1)߯]0߳ + 2(ݐ)ܧ̃(2)߯ + 3(ݐ)ܧ̃(3)߯] + ⋯ ]                                 (7-2)

 ≡ (ݐ)(1)̃ܲ + (ݐ)(2)̃ܲ + …+(ݐ)(3)̃ܲ

The quantities ߯(2) and ߯(3) are known as the second- and third-order nonlinear optical      

susceptibilities, respectively.

We shall refer to ܲ̃(2)(ݐ) = (ݐ)as the second-order nonlinear polarization and ܲ̃(3) 2(ݐ)ܧ̃(2)߯  to as the third-order nonlinear polarization, and so on for higher-order terms. In the present 3(ݐ)ܧ̃(3)߯=

section, we present brief qualitative descriptions of second Harmonic Generation and Third Harmonic 

Generation nonlinear optical processes [8].

7.2- Second-Harmonic Generation:
As a representative example of a nonlinear optical process, we can examine second-harmonic 

generation, shown schematically in Fig. 1, the electric field of the beam can be expressed as:̃(ݐ)ܧ = ௜ఠ௧−݁ܧ + ܿ. ܿ                                                                                         (7-3)

Figure 7.1- (a) Geometry of second-harmonic generation, illustrating the nonlinear optical interaction that produces 
radiation at twice the fundamental frequency. (b) Corresponding energy-level diagram describing the frequency-

doubling process through virtual states and photon coupling

The nonlinear polarization created in such a crystal is given according to Eq. (7-2) by

(ݐ)(2)̃ܲ  = (4-7)                                                                                           2(ݐ)ܧ̃(2)߯

or explicitly by:

(ݐ)(2)̃ܲ  = .+௜2ఠ௧−2݁ܧ(2)0߯߳)+∗ܧܧ(2)2߳0߯ ܿ)                                                (7-5)                         

We see that the second-order polarization consists of a contribution at zero frequency (the first term) 

and a contribution at frequency 2߱ (the second term) [9]. 
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When the experimental conditions are optimized, second-harmonic generation can become highly 

efficient-so efficient that almost all the incident optical power at frequency ߱ is transformed into light 

at the doubled frequency 2߱. This mechanism is widely employed to shift the output of fixed-

frequency lasers into other spectral regions. A well-known example is the Nd:YAG laser, which 

naturally emits in the near-infrared at 1.06 µm. By applying second-harmonic conversion, this 

wavelength can be halved to approximately 0.53 µm, placing the resulting radiation squarely within 

the visible range [10].

Second-harmonic generation can also be interpreted by viewing the interaction as a redistribution of 

photons among the different frequency components of the electromagnetic field. In this photon-based 

picture-shown in Fig. 7-1(b)-two photons at frequency ߱ are absorbed, and a single photon at 

frequency 2߱ is produced in the same quantum event. In the diagram, the solid line corresponds to 

the atomic ground state, while the dashed lines indicate virtual states. These virtual states are not true 

energy eigenstates of the isolated atom; instead, they represent intermediate energy configurations 

formed by combining an atomic energy level with the energy carried by one or more photons of the 

field [8].

7.3- Third-Order Nonlinear Optical Processes:
In next step we consider the third-order contribution to the nonlinear polarization:

(ݐ)(3)̃ܲ  = (6-7)                                                                                       3(ݐ)ܧ̃(3)0߯߳

For the general case in which the field ̃(ݐ)ܧ is made up of several different frequency components, 

the expression for ܲ̃(3)(ݐ) is very complicated. For this reason, we first consider the simple case in 

which the applied field is monochromatic and is given by:̃(ݐ)ܧ = (7 -7)                                                                                                   ݐ߱ݏ݋ܿ ߝ

Then, through use of the identity ܿݐ3߱ݏ݋ = 14 cos ݐ3߱ + 34 cos  we can express the nonlinear , ݐ߱

polarization as below [8]:

(ݐ)(3)̃ܲ  = 14 ݐ3߱ݏ݋3ܿߝ(3)0߯߳ + 34 (8-7)                                                ݐ߱ݏ݋3ܿߝ(3)0߯߳

7.4- Third-Harmonic Generation:
The first term in Eq. (7-8) describes a response at frequency 3߱ that is created by an applied field at 

frequency ߱. This term leads to the process of third-harmonic generation, which is illustrated in Fig. 

7-2. According to the photon description of this process, shown in part (b) of the figure, three photons 

of frequency ߱ are destroyed and one photon of frequency 3߱ is created in this process [11,12,13,14].
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Figure7.2- Third-harmonic generation. (a) Geometry of the nonlinear interaction producing radiation at three times the 
fundamental frequency. (b) Corresponding energy-level diagram illustrating the frequency-tripling process via 

virtual states and photon coupling.

7.5- Influence of Inversion Symmetry on the Second-Order Nonlinear Response:
One of the symmetry properties that some but not all crystals possess is centrosymmetry, also known 

as inversion symmetry. For a material system that is centrosymmetric (i.e., possesses a center of 

inversion) the ߯(2) nonlinear susceptibility must vanish identically. We assume that the nonlinear 

polarization is given by ܲ̃(ݐ) = (ݐ)ܧand the applied field is given bỹ ,(ݐ)2ܧ̃(2)0߯߳ =  the sign of the induced ,(ݐ)ܧ̃ If we now change the sign of the applied electric field , ݐ߱ݏ݋ܿ߳

polarization  ܲ̃(ݐ) must also change, because we have assumed that the medium possesses inversion 

symmetry. Hence the polarisation must be replaced by [8]:

(ݐ)̃ܲ−  = (9-7)                                                                                       2[(ݐ)ܧ̃−](2)0߯߳

Which show that:

(ݐ)̃ܲ−  = (10-7)                                                                                              (ݐ)2ܧ̃(2)0߯߳

By comparison of this result, we see that ܲ̃(ݐ) must equal  −ܲ̃(ݐ), which can occur only if  ܲ̃(ݐ) 

vanishes identically. This result shows that:߯(2) = 0                                                                                                                      (7-11)

In other words, in centrosymmetric materials, the second-order nonlinear susceptibility, ߯(2) , is zero, 

in contrast, third-order nonlinear interactions are not subject to this limitation and can occur in all 

materials, regardless of their symmetry [8]. 

a b
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conduction bands meet at the Dirac points (K and K′) in the first Brillouin zone

effective “speed of light” reduced to about ܿ ௣ܧ300/ = ݌௙ݒ ௙ݒ ௣ܧ = ∗݉(∗݉)/2݌±

7.6- Linear and nonlinear Optical Conductivity of Graphene:
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strongly influence graphene’s response at terahertz and microwave frequencies and are responsible 

processes give rise to graphene’s nearly constant universal optical absorption (~2.3%), its broadband 

Together, the interplay between intraband and interband transitions shapes graphene’s wideband 

௅ߪ  ≈ −௜஽గ(ఠ−೔ഓ)                                                                                                          (7-12)

Were  

ܦ = ௘2ா೑ħ2                                                                                                                  (7-13)߬ is the electron relaxation time that accounts to the optical loss, e is the electron charge, is the ߱ 

radial frequency, and ħ is the reduced Planck constant [21]. 

The linear conductivity of graphene is a function of the wave frequency, electron relaxation time, and 

the Fermi energy. The electron relaxation time can be affected by many factors, such as temperature, 

Fermi energy, external field, graphene sample quality, and substrate material. Generally, the electron 

relaxation time is described by:

 ߬ = ఓா೑௘௩೑2                                                                                                                                         (7-14)
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Where ߤ is the DC mobility of the graphene sample and ݒ௙ is the Fermi velocity 1 ∗  It has .1−ݏ106݉

been reported that the mobility of graphene can exceed 20 ݉2ܸ−11−ݏ at room temperature and the 

value of ߬ is in the picosecond range [13]. 

Due to its 2D nature, graphene has a sub-nanometre thickness, which can be neglected in numerical 

modelling and treated as a surface current. The linear component of this surface current is expressed 

as:

 ݆(߱) = (15-7)                                                                                                (߱)ܧ(߱)௚௥ߪ

Where ܧ(߱) is the electric field along the x-direction on the surface [13].

Graphene’s crystal lattice belongs to the 6ܦℎ 
– ߯(2)

–

The nonlinear optical response of 2D materials, in general, can be described in terms of the nonlinear 

surface conductivity tensor (ߪ௦(3)). It reads as follows [11,13,18]:

௚௥(3)ߪ =  ௜ఙ0(ħ௩೑௘)248గ(ħఠ)4 ܶ( ħఠ2ா೑)                                                                                     (7-16)

(ݔ)ܶ = (ݔ)ܩ17 − (ݔ2)ܩ64 + (17-7)                                                                          (ݔ3)45

And  
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(ݔ)ܩ  = |(1+௫1−௫)| + |ݔ|)ߠߨ݅ − 1)                                                                                          (7-18)

With (ݖ)ߠ being the Heaviside step function. The real part of the third-order conductivity is 

negligible, and its primary behavior is governed by the imaginary part. In deriving Eq. 16, the 

electron-electron and electron phonon scattering as well as thermal effects have been excluded 

[11,18,18,24].

Third-harmonic generation is the simultaneous creation of a new photon with an angular frequency ்߱ு and the absorption of three photons with the same fundamental angular frequencies, ߱ிி . The 

connection ்߱ு = 3߱ிி is the outcome of this procedure, which complies with the energy 

conservation principle [11,13].

The surface current contributing to the nonlinear third-harmonic generation process is described by 

[11,13,18]:݆(߱) = ு்ܧ(߱)௚௥ߪܰ + ;௚௥(3)(்߱ுߪ ߱ிி , ߱ிி , ߱ிி)ܧிி3                                              (7-19)

7.7- Theory and Design:
Figure 7-3 depicts the geometry of the proposed nonlinear graphene metasurface. An array of 

graphene micro-ribbons is placed over a thin dielectric spacer layer that is terminated by a metallic 

substrate. The spacer layer between graphene micro-ribbons and metal termination is filled with a 

Kerr nonlinear dielectric material. The linear and nonlinear 2 responses of the metasurface are 

computed using the electromagnetic solver of COMSOL Multiphysics. Assuming that the length of 

the graphene micro-ribbons is much larger than their width, the proposed metasurface is uniform 

along the direction of z-axis and 2D simulations are used to calculate its linear and nonlinear 

responses. The simulation domain is terminated by periodic boundary conditions normal to the x-axis 

with an optimized periodicity of a 3.88 = μm.

To minimize reflection and absorption of scattered waves at the boundaries, perfectly matched layers 

(PMLs) are implemented at both the top and bottom of the structure. The overall schematic of this 

setup is shown in Figure 7-3. The computational domain is discretized using a highly refined mesh, 

with the maximum element size set to 0.25 nm.
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Figure7.3- Schematic representation of the Surface Plasmon Resonance (SPR) structure: (a) 3D view and (b) 2D cross-
sectional view.

Third-order nonlinear effects in ultra-thin materials, such as graphene, are inherently weak, which 

requires high input intensities to generate noticeable nonlinear responses. Despite these high inputs, 

the resulting nonlinear signals are often small, limiting the overall efficiency of nanoscale optical 

devices [25]. At the nanoscale, enhancing nonlinear effects relies critically on the strong 

confinement of the optical field and its spatial overlap with the material. Plasmonic and metasurface 

structures can provide this confinement by concentrating light into deep subwavelength volumes, 

thereby boosting light–matter interactions. Consequently, both theoretical and experimental efforts 

in nonlinear nanophotonics have focused on designing structures that maximize near-field 

enhancement and mode overlap, enabling more efficient third-order nonlinear processes in ultra-

thin materials [26].

Plasmonics is the study and manipulation of light at the nanoscale, focusing on how electromagnetic 

waves interact with collective electron oscillations in metals, referred to as surface plasmons [27]. In 

practical optical devices, metallic plasmons are often constrained by ohmic losses and the inherently 

fixed properties of metals, which lead to energy dissipation as heat and limit the propagation length 

of plasmonic waves. Furthermore, the shallow penetration of electromagnetic waves into metals 

means that the optical response of bulk metals is largely dominated by weak light–matter interactions 

near the metal–dielectric interface. At the nanoscale, however, surface plasmon polaritons (SPPs) can 

significantly strengthen light–matter interactions, enabling enhanced nonlinear optical phenomena 

[28].

a b
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Graphene plasmonics has attracted considerable attention due to its ability to confine electromagnetic 

energy at scales below the wavelength of light. A key feature of graphene is its strong near-field 

confinement enabled by surface plasmon polaritons (SPPs). Unlike metals, graphene’s optical 

response can be actively tuned through gate voltage or chemical doping, making it a highly adaptable 

material for optoelectronic applications. Its two-dimensional structure allows SPP-induced field 

enhancement to surpass what is typically achievable in conventional metallic systems. Additionally, 

graphene exhibits relatively low losses at high carrier densities, further increasing its appeal for 

photonic and optical devices. These properties make graphene a promising platform for advanced 

applications such as optical sensing, photonic switching, and communication technologies [29].

Surface plasmons (SPs) are collective oscillations of free electrons in a metal’s conduction band that 

occur at the boundary between a metal and a dielectric. These oscillations can propagate along the 

interface as electromagnetic waves, producing strongly enhanced optical fields in the vicinity of the 

surface. The behavior of surface plasmon resonance (SPR) is described by the following dispersion 

relation:

௦௣ܭ = √0ܭ ఌ೏ఌ೘ఌ೏+ఌ೘                                                                                                       (7-20)                                        

Where 0ܭ is the free-space wavevector, ߝௗ is the permittivity of the dielectric medium, and ߝ௠ is the 

permittivity of the metal [18]. 

To achieve our purpose, we apply incident wave with an intensity of 30ܹ݇ܿ݉−2 is incident vertically 

from the top with transverse magnetic (TM) polarization from the first port, while the second port is 

located at the bottom of the structure. Photons with frequency ω are extinguished, and third-order 

harmonic (TH) radiation with a frequency of 3ω is generated.

The thickness of the backside metal, assumed to be gold, is chosen to be much larger than its THz 

skin depth. As a result, the metallic layer functions as a perfect reflecting mirror, achieving zero 

transmission. The optical constants of gold in the terahertz range are described using the Drude model 

as follows:

௅,஽௜ߝ = ∞ߝ − ఠ೛2ఠ2−௜ఊఠ                                                                                                     (7-21)

Where ߱௣ = ߨ2 ∗ 2069 ௥௔ௗ௦  is the plasma frequency, ߛ = ߨ2 ∗ 17.65 ௥௔ௗ௦   is the damping frequency, 

and ߝ∞ = 1.53 is the dielectric constant at in finite frequency [30,31].
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It should be noted that gold exhibits a third-order nonlinear susceptibility of ߯Au
(3) =2.45 × 10−19 m2V−2in the near-infrared region. However, its nonlinear behavior at low THz 

frequencies has not been reported in the literature. At these frequencies, gold possesses extremely 

high conductivity and can be effectively treated as a perfect electric conductor. Consequently, 

electromagnetic fields do not penetrate the gold, preventing any interaction with its nonlinear 

properties. Therefore, the contribution of gold to the nonlinear response of the metasurface at low 

THz frequencies can be considered negligible.

This design leverages the unique properties of Graphene, such as its strong nonlinear optical response 

and tunable bandgap, to enhance third harmonic generation (THG) and other nonlinear effects in the 

far-infrared and THz frequency ranges. By combining localized plasmon-polaritons resonances, and 

electrical tunability, the proposed metasurface offers significant potential for advanced nonlinear 

optical applications.

The conversion efficiency (CE) of third-harmonic generation is defined as:

ܧܥ    = ௉ೀ,೅ಹ௉೔,ಷಷ                                                                                                                               (7-22)

Where ைܲ,்ு is the output power at the third-order harmonic frequency, and ௜ܲ,ிி is the input power 

at the fundamental frequency [32]. The output radiation is calculated via

ைܲ,்ு = ∫(ܵ. ݊)݀ܽ                                                                                                (7-23)

Where ܵ is the Poynting vector passing through the boundary curve and ݊ is the normal vector to the 

boundary surface. By normalizing the computed power values, which are given in Watts, this 

assumption enables us to analyze the results on a consistent and physically reasonable scale [33].

concentrations of biomolecules such as β2

2 and a molecular diameter of approximately 14 Å. The presence of such charged 

r the sensor’s operation. To enhance the sensitivity of graphene to these 
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௙ܧ

By carefully modelling the contributions of both the EDL and graphene’s quantum capacitance, the 

The model, already introduced in the previous chapter, describes how the adsorption of target 

molecules modifies the Fermi energy of graphene through the electrostatic potential they generate at 

its surface. This shift depends on the carrier concentration and the applied top-gate voltage, linking 

the electronic properties of graphene to molecular doping. To accurately capture this behavior in an 

electrolyte environment, the electric double layer (EDL) is modeled using the Stern approach, where 

the total capacitance arises from the series combination of the compact Helmholtz layer and the 

diffuse Gouy–Chapman layer. The Helmholtz contribution depends on the permittivity and effective 

thickness of the interfacial layer, while the Gouy–Chapman term accounts for the spatial distribution 

of ions in the diffuse region and its dependence on temperature and electrolyte concentration. In 
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addition, the quantum capacitance of graphene is included to reflect its finite density of states, which 

becomes especially significant at low carrier densities. The overall capacitance of the system is 

therefore determined by the series combination of the EDL capacitance and the graphene quantum 

capacitance, enabling a more precise estimation of the carrier concentration and electrostatic response 

under varying gating conditions.                

7-8. Result and discussion: 
The proposed structure employs a carefully engineered multilayer configuration optimized to enhance 

third-order harmonic generation (THG). In this design, the interplay between material dispersion, 

plasmonic response, and field confinement is tuned to maximize nonlinear interaction within the 

active region. A comprehensive analysis is conducted to evaluate the absorption and reflection spectra 

and power outflow characteristics. These optical and electromagnetic responses are examined under 

varying Fermi energy levels, dielectric layer thicknesses, and carrier relaxation times. The 

performance of the system is studied across a broad frequency range from 1.5 to 3.5 THz, enabling a 

detailed assessment of how tunable material parameters influence the nonlinear conversion process. 

This investigation provides valuable insights into optimizing multilayer photonic platforms for high-

efficiency THz harmonic generation.

–
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Figure 7-4(a-c). Absorption, reflection, and Third Harmonic Generation (THG) power outflow spectra for different 
dielectric thicknesses (H) across the frequency range of 1.5–3.5 THz. In all simulations, the graphene relaxation 

time, Fermi energy of graphene and irritated wave are taken as 0.5 ps, 0.3 eV and 30 ࢓ࢉࢃ࢑૛ respectively.

As shown in Figure 7-4, increasing the dielectric height shifts the resonance peak toward lower 

frequencies. This shift indicates a transition of the resonant frequency to lower energy. The behavior 

can be attributed to the decreased vertical confinement of the plasmonic modes and the redistribution 

of the local electromagnetic field, which effectively increases the optical mode volume and reduces 

the resonance energy.

–

a

b

c
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Figure 7-5 (a–d). Normalized spatial distribution of the electric field (V/m) for the fundamental signal wave at the 
plasmon resonance frequency of 1.5 THz for different dielectric heights ࡴ: (a) ࡴ = ૚ ࣆm, (b) ࡴ = ૜ ࣆm, (c) ࡴ = ૟ ࣆm, and (d) ࡴ = ૡ ࣆm. In all simulations, the graphene relaxation time and Fermi energy are taken as 0.5 

ps and 0.3 eV, respectively.

c d

a b
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Figure 7-6(a-d)- Normalized spatial distribution of the electric field (V/m) for the Third Harmonic Generation wave at 
the plasmon resonance frequency of 1.5 THz for different dielectric heights ࡴ: (a) ࡴ = ૚ ࣆm, (b) ࡴ = ૜ ࣆm, (c) ࡴ = ૟ ࣆm, and (d) ࡴ = ૡ ࣆm. In all simulations, the graphene relaxation time and Fermi energy are taken as 0.5 

ps and 0.3 eV, respectively.
The absorption, reflectance, and TH power outflow spectra of the structure are analysed for various 

Fermi energies-Ef = 0.2, 0.3, 0.4, 0.46, and 0.5 eV across the same frequency range, with the 

corresponding results presented in Figures 7-7(a-c). It is evident that each Fermi energy level 

produces a distinct resonance associated with the excitation of surface plasmon polaritons. This 

pattern demonstrates that graphene absorbs light at specific frequencies, thereby reducing the 

transmission of the fundamental field. As the Fermi energy increases, the electron population in higher 

energy states also increases, resulting in a shift of both the resonance frequency and the transmission 

minimum toward higher values. In these simulations, Fermi energies of 0.2 eV, 0.3 eV, 0.4 eV, and 

0.5 eV were used, while the relaxation time was fixed at 0.5 ps and the dielectric thickness at 8 µm. 

Figures 7-7(a-c) illustrate the absorption, reflectance, and TH power outflow of graphene at different 

Fermi energies, respectively.

c d
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Figure 7-7(a-c). Absorption, reflection, and Third Harmonic Generation (THG) power outflow spectra for different 
Fermi energy of Graphene (ࢌࡱ) across the frequency range of 1.5–3.5 THz. In all simulations, the graphene 

relaxation time, thickness of dielectric and irritated wave are taken as 0.5 ps, 8um and 30 ࢓ࢉࢃ࢑૛ respectively.

– –

approximately 2.85. This increase is attributed to the tuning of graphene’s surface conductivity, which 

a

b

c
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Figure 7-8(a-d)- Normalized spatial distribution of the electric field (V/m) for the fundamental signal wave at the 
plasmon resonance frequency of 1.5 THz for different Femi energy of Graphene micro ribbon ࢌࡱ: (a) ࢌࡱ =. ૛ ࢂࢋ, 

(b) ࢌࡱ =. ૜ ࢂࢋ, (c) ࢌࡱ =. ૝ ࢂࢋ, and (d)- ࢌࡱ =. ૞ ࢂࢋ . In all simulations, the graphene relaxation time and 
dielectric high are taken as 0.5 ps andૡ ࣆm, respectively.

c
d

a b
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Figure 7-9 (a-d)- Normalized spatial distribution of the electric field (V/m) for the Third harmonic Generation wave at 
the plasmon resonance frequency of 1.5 THz for different Femi energy of Graphene micro ribbon ࢌࡱ: (a) ࢌࡱ =. ૛ ࢂࢋ, (b) ࢌࡱ =. ૜ ࢂࢋ, (c) ࢌࡱ =. ૝ ࢂࢋ, and (d)- ࢌࡱ =. ૞ ࢂࢋ . In all simulations, the graphene relaxation time and 

dielectric high are taken as 0.5 ps andૡ ࣆm, respectively.
In the next step of our optimization, we investigate the optical performance of the sensor under 

different carrier mobilities. To achieve this, we use the relationship between the relaxation time and 

the carrier mobility of graphene, as described by Equation (7-14). This equation indicates a direct 

correlation between these parameters. Accordingly, in this computation we apply three different 

relaxation times: 0.3 ps, 0.5 ps, and 0.7 ps. Throughout this analysis, the Fermi energy is fixed at 0.3 

eV, and the dielectric thickness is maintained at 8 µm.

   

c d

a

b
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Figure 7-10 (a-c). Absorption, reflection, and Third Harmonic Generation (THG) power outflow spectra for different 
relaxation time (࣎) of Graphene micro ribbon  across the frequency range of 1.5–3.5 THz. In all simulations, the 

thickness of dielectric, Fermi energy of graphene and irritated wave are taken as 8um, 0.3 eV and 30 ࢓ࢉࢃ࢑૛ 
respectively.

– –

frequency of 1.5 THz for different graphene relaxation times (τ). As the relaxation time 

Physically, increasing the relaxation time enhances graphene’s surface conductivity by lowering 

c
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Figure 7-11(a-c)- Normalized spatial distribution of the electric field (V/m) for the fundamental signal wave at the 
plasmon resonance frequency of 1.5 THz for different relaxation time (࣎) in Graphene micro ribbon: (a)࣎ = . ૜ ࢙࢖, (b) ࣎ = . ૞ ࢙࢖ and  (c) ࣎ = . ૠ ࢙࢖ . In all simulations, the Fermi energy of graphene and dielectric high are 

taken as .3 eV and ૡ ࣆm, respectively.

a b

c
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Figure 7-12 (a-c)-  Normalized spatial distribution of the electric field (V/m) for the Third Harmonic Generation wave 
at the plasmon resonance frequency of 1.5 THz for different relaxation time (࣎) in Graphene micro ribbon: 

(a) ࣎ = . ૜ ࢙࢖, (b) ࣎ = . ૞ ࢙࢖ and  (c) ࣎ = . ૠ ࢙࢖ . In all simulations, the Fermi energy of graphene and dielectric 
high are taken as .3 eV and ૡ ࣆm, respectively.

⁻

a b

c
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ω

3ω. Interestingly, the THG conversion efficiency can reach relatively high values (−65 dB) 

Figure 7-13. Computed THG conversion efficiency as functions of the incident FF wave intensity at fundamental 
frequency of 3 THz. In all simulations, the graphene relaxation time, Fermi energy of graphene and thickness of 

dielectric are taken as 0.5 ps, 0.3 eV and 8um respectively.

– –

resonance frequency of 1.5 THz for different incident wave intensities (I₀) applied to the graphene 

–

–
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highlights graphene’s exceptional potential for high

a b
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Figure 7-14(a-d)- Normalized spatial distribution of the electric field (V/m) for the fundamental signal wave at the 
plasmon resonance frequency of 1.5 THz for different intensity of irritated (ࡵ૙)wave in Graphene micro ribbon: 

(a) ࡵ૙ =. ૚ ૙ࡵ ૛ , (b)࢓ࢉࢃ࢑ = ૚ ૙ࡵ૛  ,  (c)࢓ࢉࢃ࢑ = ૚૙ ૙ࡵ ૛   and (d)࢓ࢉࢃ࢑ = ૚૙૙  ૛  . In all simulations, the Fermi energy of࢓ࢉࢃ࢑
graphene, dielectric high and relaxation time are taken as .3 eV, ૡ ࣆm and .5 ps respectively.

c d

a b
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Figure 7-15(a-d)- Normalized spatial distribution of the electric field (V/m) for the Third Harmonic Generation wave at 
the plasmon resonance frequency of 1.5 THz for different intensity of irritated (ࡵ૙)wave in Graphene micro 

ribbon: (a) ࡵ૙ =. ૚ ૙ࡵ ૛ , (b)࢓ࢉࢃ࢑ = ૚ ૙ࡵ૛  ,  (c)࢓ࢉࢃ࢑ = ૚૙ ૙ࡵ ૛   and (d)࢓ࢉࢃ࢑ = ૚૙૙  ૛  . In all simulations, the Fermi࢓ࢉࢃ࢑
energy of graphene, dielectric high and relaxation time are taken as .3 eV, ૡ ࣆm and .5 ps respectively.

   (ε0ߝ∇߮) = 0 –

–

௖೔
t = (ܦ௜ܿ௜ + ∇௜ܿ௜ܦܨ௜ݖ ఝோ்)

c d
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(߮∇0ߝߝ)∇ = ߩ
௜ܦ ௜ݖ ܿ௜ ݅ ܨݐ ܴ ܶ ߝ߮ 0ߝ ߩ

–

        

 Panels a–b shows the electric potential (a), electric field (b) in the electrolyte, including the region near the 
electric double layer (EDL). The simulation uses the Stern model of EDL integrated with quantum capacitance of 

Graphene.

concentrations of β2

type form carries a net charge of −2. Th

a b
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β2-M 

energy of graphene in the presence of different β2

illustrates this pattern clearly, where increasing the concentration of β2

tflow. These results highlight the sensitivity of graphene’s 

        

a

b
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Figure 7-17(a-d)- (a) Absorption, (b) reflection, (c) Third Harmonic Generation (THG) power outflow spectra and (d) 
FWHM for different protein concentration across the frequency range of 1.5–3.5. In all simulations, the graphene 
relaxation time, Fermi energy of graphene, irritated wave intensity and thickness of dielectric are taken as 0.5 ps, 

0.3 eV, 30 ࢓ࢉࢃ࢑૛  and 8um respectively.

– –

– –

c

d
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Figure 7-18 (a-f)- Normalized spatial distribution of the electric field (V/m) for the fundamental signal wave at the 
plasmon resonance frequency of 1.5 THz for different concentration (C)of β2-M  on top of surface of  Graphene 

micro ribbon: (a) C=0, (b) C=.0001g/L  ,  (c)C=.001g/L, (d) C=.01g/L    and (f) ۱ =. ૚ۺ/܏  . In all simulations, the 
Fermi energy of graphene, dielectric high and relaxation time and intensity of irradiated wave are taken as .3 

eV, ૡ ࣆm, .5 ps and 30 ࢓ࢉࢃ࢑૛ respectively.

c d

f
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Figure 7-18 (a-f)- Normalized spatial distribution of the electric field (V/m) for the fundamental signal wave at the 
plasmon resonance frequency of 1.5 THz for different concentration (C)of β2-M  on top of surface of  Graphene 

micro ribbon: (a) C=0, (b) C=.0001g/L  ,  (c)C=.001g/L, (d) C=.01g/L    and (f) ۱ =. ૚ۺ/܏  . In all simulations, the 
Fermi energy of graphene, dielectric high and relaxation time and intensity of irradiated wave are taken as .3 

eV, ૡ ࣆm, .5 ps and 30 ࢓ࢉࢃ࢑૛ respectively.
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Figure 7-20. Effect of incident intensity on (a) conversion efficiency and (b) third harmonic generation power outflow 
as functions of the incident wave intensity at fundamental frequency of 3 THz with different concentration of 

protein. In all simulations, the graphene relaxation time, Fermi energy of graphene and thickness of dielectric are 
taken as 0.5 ps, 0.3 eV and 8um respectively.

7-9. Conclusion:

–

THz frequencies with relatively low incident intensities (~0.1 MW·cm⁻²). This low

b
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concentrations of β2

charge of the protein (−2), which increases the effective Fermi energy of graphene upon adsorption 

The application of third-harmonic generation (THG) for the detection of physiological tissue 

demonstrates significantly higher sensitivity compared with conventional linear sensing techniques. 
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