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Heavy Metal Ion Sensing in Water via TMD Functionalized 

Oxide HEMT  
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Supervisor: Prof. Shaibal Mukherjee  

Heavy metals like mercury (Hg²⁺), lead (Pb²⁺), arsenic (As³⁺), cadmium 

(Cd²⁺), and chromium (Cr³⁺) are pervasive in the environment, exposing 

humans to risks from these elements. Such exposure can lead to severe 

health problems, including neurological and respiratory issues, kidney 

disease, anemia, and various cancers. Diseases like minamata disease, 

arsenicosis, itai-itai, and lead poisoning are linked to these metals, 

affecting vital systems such as the nervous, cardiovascular, respiratory, 

and skeletal systems. Monitoring heavy metal levels in water pollution is 

essential, as it threatens ecological and human health across India. 

Traditional detection methods, such as GFAAS, ICP-OES, and ICP-MS, 

have limitations in portability and response time. Few recent approaches 

such as fluorescent, colorimetric, and electrochemical sensors have shown 

promise results but still face challenges like lack of portability, high cost, 

portable, and lack of user-friendly platform for rapid, real-time heavy 

metal analysis. Addressing these limitations is crucial for the widespread 

accessible use of heavy metal ion detectors. Electrochemical sensors are a 

viable solution for these issues, however one of the key elements for this 

solution is the sensing material, which affects the efficiency of detecting 

the targeted analyte and the performance of the electrochemical sensor 

based heavy metal ion detectors. Numerous nanomaterials, including 

boron nitrides, carbon-based materials (like graphene and its oxides), 
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MXenes, and layered double hydroxides, have been explored for HMI 

detection because of their distinctive properties. Nevertheless, these 

sensing materials face several drawbacks, such as lower stability, fewer 

adsorption sites, poor dispersibility, limited biocompatibility, reduced 

surface area, lower chemical reactivity, small particle size, and 

substandard durability. This thesis focusses on the synthesis of TMD 

materials as sensing layer and using these to functionalize the 

interdigitated device and MgZnO/CdZnO HEMT to enable the sensing of 

heavy metal ions. 

In the initial phase of the thesis, pristine and Ag-loaded tungsten disulfide 

(WS2) with 1, 2, and 4 wt% of Ag were synthesized using a hydrothermal 

method. The synthesized WS2 was characterized using scanning electron 

microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron 

spectroscopy (XPS). The WS2 layer was then deposited onto an 

interdigitated device via drop casting. The fabricated device was 

evaluated for heavy metal ion sensing present in water and demonstrated 

excellent selectivity towards lead (Pb2+) ions. The sensor exhibited 

remarkable performance, achieving a high sensitivity of 819 µA/ppb, a 

detection limit of 75 ppt, and a rapid response time of less than 5 seconds. 

Further, molybdenum disulfide (MoS2) monolayer was synthesized on a 

SiO2/Si substrate using a chemical vapor deposition (CVD) system. The 

synthesized MoS2 was characterized through various techniques, 

including a digital microscope, atomic force microscopy (AFM), Raman 

spectroscopy, and X-ray photoelectron spectroscopy (XPS). These 

characterizations confirmed the successful synthesis of a monolayer 

MoS2. Subsequently, the monolayer was transferred onto an interdigitated 

device using a surface energy-assisted wet transfer method. The 

fabricated device was evaluated for its heavy metal ion sensing 

capabilities, demonstrating excellent selectivity towards mercury (Hg2+) 

ions. This high selectivity is attributed to the high reduction potential of 

Hg2+ ions compared to other heavy metals, leading to the formation of Hg-

S complexes and their reduction at the MoS2 surface. The sensor 

showcased exceptional performance, with a sensitivity of 957 µA/ppb, a 
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detection limit of 27.5 ppt, and an impressive response time of under 4 

seconds. 

In the final part of this thesis, the stability and detection limit for Hg²⁺ 

ions were enhanced by functionalizing the gate region of an oxide HEMT 

with MoS2, enabling effective mercury ion sensing. Prior to fabricating 

the oxide HEMT, various device structures were simulated using Silvaco 

TCAD. The initial MgZnO/ZnO (MZO) HEMT was simulated and 

validated against experimental results from the literature. In this structure, 

a 1 nm MgO layer was sandwiched between the MgZnO and ZnO layers 

and further the ZnO layer was replaced with CdZnO, leading to the 

simulation of the MgZnO/CdZnO (MCO) HEMT. This modification 

enhanced the confinement of the two-dimensional electron gas (2DEG), 

crucial for sensing applications. The MCO HEMT exhibited superior 

performance, achieving a saturation drain current of IDS = 281 mA/mm at 

VGS = 1 V and VDS = 5 V, and a maximum transconductance (gm,max) of 

103 mS/mm, due to the increased electron density in the channel because 

of enhanced polarization charge with the introduction of Cd in ZnO. 

Based on its improved performance and higher 2DEG density, the MCO 

HEMT was selected for further heavy metal ion sensing studies. The 

MCO HEMT was fabricated using optical lithography and a dual ion 

beam sputtering (DIBS) system, with Si3N4 passivating the source and 

drain contacts. To enable Hg2+ ion sensing, a MoS2 layer was transferred 

onto the gate region via an energy-assisted wet transfer method. The 

fabricated sensor demonstrated exceptional performance, achieving a 

sensitivity of 9.55 µA/ppb, a detection limit of 6.5 ppt, and a rapid 

response time of under 4 seconds, enabled by the multilayer sensing 

mechanism for Hg2+ ions. 

In conclusion, this thesis presents the successful synthesis and 

characterization of WS2 and MoS2 using hydrothermal and CVD methods, 

respectively, which were utilized as sensing layers on interdigitated 

devices and MCO HEMTs for Pb2+ and Hg2+ ions in water. The MCO 

HEMT-based sensor exhibited exceptional performance, establishing it as 

a promising candidate for real-world applications in environmental 

monitoring and the detection of toxic metals in water. 
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Chapter 1  

Introduction and Fundamental Concepts 

1.1. Motivation 

In many parts of the world, water, which is vital to human existence, is 

already becoming limited. 2.6 billion people lack proper sanitation, and 

1.1 billion people worldwide lack access to safe drinking water 

(UNICEF/WHO JMP 2004). The water waste released from residential 

and industrial sources, both organic pollutants (e.g., pathogens, 

bacteria, toxic and non-toxic organisms) and inorganic pollutants (e.g., 

heavy metals). Among these, the most harmful substances that can 

cause cancer and other health issues for people are heavy metal ions 

(HMIs). This water waste is released mostly without any treatment into 

the natural water bodies; subsequently, this water is used for irrigation 

of crops by farmers, which results in the heavy metal build-up in the 

soil, making it unfit for farming. Soil contamination is a hidden danger 

that is affecting the ecosystem worldwide.  

 

Figure 1.1: The heavy metals that are transferred from water to plants 

and organisms' food to humans. 
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The heavy metals are then transferred to the crop from the soil, and 

heavy metals enter the food chain, and are finally consumed by 

humans, as shown in figure 1.1. The problem of water shortage will get 

worse as the amount of pollutants in natural water bodies increases. 

The issue with hazardous contaminations in water bodies is that they 

are typically only discovered after they begin to negatively impact the 

health of a region's broader population. Water pollution is the most 

dangerous form of pollution affecting our entire ecological system. 

Water bodies at various parts of India are observed to contain mercury 

(Hg2+), lead (Pb2+), cadmium (Cd2+), arsenic (As3+), zinc (Zn2+), etc. 

beyond permissible limits. Excess of these impurities affects humans in 

various ways. So, there is an urgent need for the sensors which can 

detect these HMIs at a trace amount in water.  

1.2. HMI Pollution and its Damage 

Although there isn't a universally recognized definition of heavy 

metals, density is typically used to identify them. A metal is 

categorized as heavy if its density is more than 5 g/cm3 [1]. These 

metals have the potential to endanger human health and pollute the 

environment. Table 1.1 [2, 3] provides a summary of the types of 

HMIs, and their impact on human health, as well as the acceptable 

levels of HMIs in water provided by Word Health Organization 

(WHO) and Bureau of Indian Standards (BIS). 

Table 1.1: The effects of HMIs on human health and the acceptable 

thresholds for them. 

HMIs 
Effect on human 

health 

Major 

Sources 

Permissible 

level (ppm) 

   WHO BIS 

Lead 
Acute or chronic 

nervous system 

Burning of 

coal, paint, 
0.01 0.01 
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damage, epilepsy, 

liver, renal, and 

gastrointestinal 

damage, congenital 

paralysis, sensor 

neural deafness, 

developmental delay, 

fatal newborn 

encephalopathy, and 

mental retardation in 

children 

smoking, 

pesticide, 

emission, 

automobile 

mining,  

Mercury 

The nerve system, 

impaired development 

of the nervous system, 

impacts on the lungs, 

kidneys, skin, eyes, 

immunological 

system, and digestive 

system, Acrodynia, 

minamata, increased 

salivation, hypotonia, 

hypertension, and 

renal issues 

Batteries, 

fisheries, 

Pesticides,  

Volcanic 

emissions, pa

per industries 
0.001 0.001 

Arsenic 

Dermatitis, bronchitis, 

poisoning, brown 

pigmentation, anorexi

a,   

Fungicides, 

pesticides,  

metal 

smelters, 

industrial 

wastes 

0.01 0.01 

Chromium 
Reproductive toxicity, 

teratogenicity, 

Mines, 

electroplating
0.05 0.05 



4 

 

 

 

 

embryotoxicity, 

carcinogenicity, 

mutagenicity, 

dermatitis, skin ulcers, 

lung cancer. 

, mineral 

sources 

leather 

industry, 

tanning, 

Copper 

kidney and Liver 

damage, anaemia, 

intestinal and stomach 

irritation 

Mining, 

pesticide 

production,  

metal piping 

2 0.05 

Cadmium 

Lung cancer, renal 

dysfunction, bone 

defects, bronchitis. 

Cd and Ni 

batteries, 

nuclear 

fission plant  

0.003 0.003 

 

Human health is seriously endangered by heavy metal exposure. It is 

well recognized that mercury is extremely poisonous and that its 

buildup in the body can result in deadly conditions such cyanosis 

syndrome, nephrotic syndrome, minamata disease, and pulmonary 

edema [4]. In addition to harming the gastrointestinal and neurological 

systems, it may cause renal and respiratory failure [4]. To regulate the 

usage of mercury ions, several rules have been created. Nonetheless, it 

continues to be widely utilized in several commercial and residential 

applications, including as mining and power plants, insecticides, 

architecture, cosmetics, and thermometers. They will thus result in the 

burning of coal at high temperatures, the processing of chlorine alkali 

for the power plant, and the incineration of garbage containing items 

connected to mercury. In addition to these human-related sources of 

mercury, there are also natural sources, such as naturally occurring 

mercury deposits, volcanic eruption-related leaks, and ocean 

volatilization [5]. Mercury will enter the atmosphere and/or water 

sources from all of these sources. The fish will become polluted after 

the water has been tainted. Therefore, drinking contaminated water or 



5 

 

 

 

 

eating infected fish will pose a threat to human life safety, particularly 

for young children, babies, and fetus. 

In addition to mercury, lead are another well-known heavy metals that 

is extremely harmful to human health. Numerous complaints have 

surfaced recently regarding lead contamination of water, which seeps 

from water pipe systems into tap and drinking water [6, 7]. Lead ions 

from chrome-plated or soldered brass faucets and fittings are the most 

frequently reported source of lead contamination because water with a 

high acidity or low mineral content can corrode lead-containing pipes 

or fixtures. Then, significant amounts of lead could end up in the 

water, especially hot water [4]. Additionally, homes constructed prior 

to 1986 are more likely to include lead pipes, fixtures, and solder. Lead 

poisoning is now a health risk, particularly for young children and 

newborns. Throughout history, cases of lead poisoning have been 

documented in ancient Greece, Rome, and India. In animals, excessive 

lead causes blood and brain issues and harms the central nervous 

system [8]. Because of the covalent interaction between the Pb2+ 6s 

and filled ligand orbitals (like O 2p), Lead can combine with biological 

matter ligands that contain oxygen, sulfur, and nitrogen to create 

complexes. Consequently, bonding and antibonding molecular orbitals 

(MOs) can be formed by empty 6p orbitals [9]. Moreover, the 

combination results in hydrogen bond breakage, enzyme inhibition, 

and modifications to the molecular structure of proteins. 

1.3. HMI Sensor 

Sensors designed to detect HMIs are a subset of chemical sensors. 

These sensors translate information about specific HMIs into analytical 

signals suitable for subsequent processing. As seen in Figure 1.2, the 

three fundamental components of the HMIs sensor are the transducer, 

receptor, and signal processing unit.  
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Receptor  

Receptors can also be called functionalizing or recognizing 

components. It refers to a layer which has the ability to interact with 

certain ions of heavy metals. Furthermore, it can enhance selectivity 

for specific HMIs or a group of them. As illustrated in Figure 1.2, 

various receptors carry out distinct interactions with HMIs, such as 

redox processes, ion exchange, reduction, oxidation, adsorption, and 

liquid-solid or liquid-liquid interactions to detect specific HMIs at the 

receptor/ion interface. The functionalizing element interacts with the 

heavy metal in the majority of HMI sensing applications to provide the 

transducer with sufficient information to produce the desired signal. 

 

Figure 1.2: Schematic of a HMI sensor. 

Transducer  

The transducer in the HMI sensor converts the acquired data, such as 

heat or charge, into the desired signal, which could be electrical, 

mechanical, magnetic, optical or auditory. For HMI sensing 

applications, an electrical transducer is commonly employed, 

generating signals in the form of current, resistance, or voltage. This is 

because the signal produced by the transducer is now used for both 

signal processing and data storage. 
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Signal Processing 

The apparatus or sensing system used to evaluate, store, and contrast 

the data obtained from the transducer is referred to as the signal 

processing system. It may also stand in for the electronic circuits or 

systems that handle the signal processing of the received signal and 

carry out various tasks including signal amplification and conversion 

from analogue to digital, among many others. 

1.4.  Types of HMI Sensor 

Various techniques have been developed to create HMI sensors 

capable of detecting HMIs at trace and sub-trace concentrations. The 

wide categorization of several HMI sensor types, including 

electrochemical, colorimetric, biological, and semiconductor-based, is 

depicted in Figure 1.3. These sensors have been categorized according 

to the functionalizing elements, materials, and methodologies that have 

been applied. Furthermore, a number of spectroscopic methods are 

used to detect HMIs in aqueous solutions, including inductively 

coupled plasma mass spectroscopy (ICP-MS), atomic absorption 

spectroscopy (AAS), and inductively coupled plasma-optical emission 

spectrometry (ICP-OES). However, these approaches are quite 

expensive and need skilled personnel to operate their sophisticated 

machinery. Furthermore, these techniques have a significant risk of 

error while handling, altering, and storing samples, and they 

necessitate a complex analytical procedure for sample preparation [10]. 

To address the requirement for detecting HMIs in aqueous solutions, 

the sensors listed above and in Figure 1.3 are therefore crucial. The 

following provides a thorough explanation of various heavy metal 

sensors: 

1.4.1. Electrochemical HMI Sensors 

Electrochemical HMI sensors are chemical sensors that utilize 

electrochemical methods to detect HMIs in aqueous solutions. These 
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sensors are classified based on the various electrical signals—such as 

current, voltage, impedance, resistance, charge, and 

electrochemiluminescence—that are generated by the HMIs in the 

solution. Based on these electrical signals, electrochemical processes 

such as electro chemiluminescent, amperometry, resistive, voltametric, 

impedance measurement, and ion sensors can be used for HMI 

detection [10]. These techniques use either voltage or current as a 

controlling parameter to see how one changes. Two or three electrodes 

were employed in the electrochemical sensor to detect HMIs.   

 

Figure 1.3: Types of HMI sensors. 

Amperometry  

The electrochemical technique known as amperometry measures the 

current at a given applied voltage at the working electrode. In this case, 

a set voltage is supplied between the HMI solution's working and 

reference electrodes. The change in the measured current reflects the 

concentration of HMIs in the solution, which is linked to the reaction 

mechanism taking place at the working electrode. Time is used to 

measure the reaction in the form of current. 

Voltammetry  

Due to its great sensitivity and accuracy, voltametric methods are 

widely used in HMI detection. In contrast to the fixed potential in the 

amperometry analysis, it is utilized to measure current at different 

potentials in an I-V. 
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Resistive Sensor 

Semi-conductive materials, primarily metal oxides like WO3, SnO2, 

TiO2, and MoO3, as well as two-dimensional transition metal 

dichalcogenides (TMDs) like MoS2, WS2, MoSe2, and WSe2, are 

commonly used in the construction of semiconductor HMI sensors. 

Numerous heavy metals, such as Pb, Hg, Cr, Cd, etc. can be detected 

by these sensors. When these semiconducting materials are exposed to 

test heavy metals, their resistance changes, which is how the sensing 

mechanism works. These test heavy metal molecules usually react with 

the deposited material layer. The sensing layer resistance either rises or 

falls depending on the test heavy metals molecule's nature (oxidizing 

or reducing) and the sensing layer's semiconducting type (n-type or p-

type). In order to monitor electrical resistance, these sensors are made 

by inserting the sensing layer between or on top of two metal 

electrodes (such as Au or Pt) on an insulating substrate, as shown in 

Figure 1.4. 

 

Figure 1.4: Interdigitated electrode device based resistive HMI sensor. 

1.4.2. Colorimetric HMI Sensors: 

Colorimetry is another widely used method for HMI sensing, which 

identifies color changes resulting from a chemical interaction between 

the functionalizing element and the HMIs. One advantage of 

colorimetry-based HMI sensors is their ability to detect multiple HMIs 

simultaneously in an array [11]. Nowadays, colloidal nanoparticles 

(NPs) of various HMIs, such as silver and gold, are frequently used for 
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colorimetric detection. Colorimetry based HMI sensors can typically 

be used only once for detection, as most reactions in colorimetric 

analysis are irreversible. Consequently, such sensors are unsuitable for 

consistent and reliable HMI detection. 

 

1.4.3. Optical Sensors for HMI Sensor: 

The kind of sensor that recognizes element interaction and identifies 

optical variations in the stimulus caused by the HMI is called an 

optical HMI sensor. The amount of HMIs in the water is determined by 

these changes. Optical HMI sensors offer several advantages, including 

the need for compact equipment, sensitivity to electromagnetic 

interference, and straightforward construction. Based on the underlying 

mechanism, these sensors are divided into three categories: 

luminescence-based, fluorescence-based, and absorption-based ion 

sensors [12]. 

1.4.4. Biosensors for HMI Detection 

A simple, quick, and accurate method of identifying various HMIs in 

water is to use biosensors. Small and capable of in-situ applications, 

these devices are preferable to costly and time-consuming laboratory 

studies. Biosensors indicate the biological impacts of HMIs, such as 

toxicity, and identify their presence and precise quantities in water. 

Generally speaking, biosensors use biological components like 

enzymes and DNA (deoxyribonucleic acid) to detect HMIs [13]. 

1.4.5. Semiconductor based HMI Sensors 

Ion-selective field-effect transistors (ISFETs) are a specialized sensor 

that integrates electronic devices with electrochemical principles for 

detecting HMIs. In these sensors, the gate terminal's surface is 

functionalized to detect target molecules. Field-effect transistors 

(FETs) are commonly used in semiconductor-based HMI sensors for 

sensing applications. An external electric field supplied to the gate 
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terminal of a field-effect transistor (FET) controls the current flow 

between the source and drain terminals. ISFET sensors are widely 

employed in a variety of chemical and environmental sensing 

applications due to its electrical and chemical properties. 

Contemporary ISFET sensors have reduced the size of the entire 

sensor, creating the possibility of integration into the electronic world 

[14]. Due to their compact size, these devices are well-suited for 

portable sensing applications. In the initial phases, ISFETs garnered 

considerable research interest, as reflected in the volume of 

publications [15]. Si-FETs have matured in terms of ISFETs, which are 

utilized in biological and other environmental applications in addition 

to HMI sensing applications. Moreover, Si-ISFETs have enhanced the 

affordable large-scale production of HMI sensors; however, they 

require proper insulation and face challenges with long-term chemical 

stability in aqueous solutions [16]. 

As was already noted, cutting-edge devices like HEMT are used in the 

development of ISFETs today for next-generation sensing applications. 

Because of their special characteristics, these HEMT-based HMI 

sensors offer improved stability in addition to quick and accurate ion 

detection. 

1.5. HMI Sensing Terminology 

Numerous parameters, such as selectivity, sensitivity, response and 

recovery time, repeatability and reproducibility, limit of detection, and 

long-term stability as shown in Figure 1.5 are used to characterize and 

evaluate the performance of HMI sensors. The sensor's distinctiveness 

and usefulness for various applications are also determined by these 

parameters. 

Sensitivity 

One important HMI sensor statistic is sensitivity, which is the 

proportionate change in the recorded signal for each unit concentration 
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of the HMIs. Stated differently, it can also be referred to as a 

calibration curve's slope. To detect HMIs, a sensor has to have a high 

sensitivity. 

Limit of Detection 

The limit of detection (LoD) refers to the smallest concentration of 

HMIs in a solution that a sensor can detect using a specific analytical 

technique. "The limit of detection, expressed as a concentration, is 

derived from the smallest measure that can be detected with reasonable 

certainty for a given analytical procedure," according to a 1975 

definition of the term by the International Union of Pure and Applied 

Chemistry (IUPAC) [17]. 

 

Figure 1.5: Characteristics of HMI sensor.  

Selectivity 

The capacity of a sensor to distinguish one HMI from a mixture of 

HMIs is known as selectivity. By comparing the measured sensor 

response for every test HMI, it may be ascertained.  

Response and Recovery Time 

A HMI sensor's response time is the amount of time needed to increase 

the sensor's response from 10% to 90% following a concertation 

modification. One important metric that demonstrates the sensor's 
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efficacy in terms of quick detection is response time. Recovery time 

refers to the duration it takes for the sensor to return to its baseline 

response (measured in the blank solution) after administering the 

solution, typically ranging from 90% to 10%. A highly effective HMI 

sensor should have the shortest response and recovery time feasible. 

Long-term Stability 

Long-term stability is the capacity of a sensor to sustain a constant 

response or other sensing properties over a prolonged duration. 

Repeatability and Reproducibility 

Reproducibility and repeatability are ways to assess an ion sensor's 

accuracy. By doing the sensing operation under identical operating 

circumstances, the sensor's repeatability was noticed. Reproducibility, 

on the other hand, is the consistency of the sensing responses recorded 

on several samples and under various operating situations. 

1.6. Transition Metal Dichalcogenides (TMD) 

The performance and efficiency of electrochemical sensors in 

accumulating target analytes largely depend on the selection of 

appropriate sensing materials. Several nanomaterials, including 

carbon-based materials (e.g., graphene oxide), boron nitride materials 

(BNMs), layered double hydroxides (LDHs), and MXenes, have been 

investigated for HMI sensing due to their distinct properties. However, 

these materials face challenges such as low colloidal stability, limited 

adsorption sites, poor dispersibility, low chemical reactivity, low 

surface area, small particle size, poor durability, and limited 

biocompatibility [18-23]. As a result, there is a pressing need for the 

development of an effective electrochemical sensing interface capable 

of detecting HMIs with high sensitivity. 

Recent research has shown considerable interest in transition metal 

dichalcogenides (TMDs), owing to their exceptional properties, 
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including a high surface-to-volume ratio, tunable bandgap, and 

excellent catalytic behavior [24, 25]. These layered materials, with a 

structure denoted as MX2, consist of transition metals such as Ti, Mo, 

and W ("M") and chalcogen elements from group VI-A, such as S, Se, 

and Te ("X") [26, 27]. The range of properties these materials offer 

spans from insulating to metallic characteristics. Within the layers, 

strong covalent bonds hold the structure together, while relatively 

weak Van der Waals forces between layers allow for easy transitions 

[24, 25]. Among semiconducting TMDs, MoS2 and WS2 have garnered 

significant attention due to their high surface area, exceptional 

electronic properties, superior catalytic behaviour, and enhanced 

stability [27-29]. Consequently, this thesis uses MoS2 and WS2 as 

sensing layers for detecting Hg2+ and Pb2+ ions in water. 

1.7. Oxide HEMT 

Mimura et al. demonstrated the first HEMT ever fabricated using a 

GaAs material system in 1979, and it became commercially accessible 

in 1985 [30, 31]. This HEMT seems intriguing for high-power high-

frequency applications because of its larger bandgap (1.4 eV) and 

electron mobility (5000 cm2/Vs) in comparison to Si MOSFETs, which 

had a bandgap of 1.1 eV and an electron mobility of 1400 cm2/Vs. 

First created by Khan et al. [32] in 1993, GaN material system-based 

HEMTs have higher bandgaps (3.4 eV), breakdown voltages (3 

MV/cm), and electron saturation velocities (2 ×107 cm/s) than GaAs. 

However, the lack of native GaN substrates drives up manufacturing 

costs, rendering them unsuitable for large-scale HEMT manufacture. 

ZnO provides a more cost-effective and efficient material system than 

GaN. ZnO-based HFETs can tolerate high radio frequency (RF) power 

because of their broad bandgap (3.43 eV), strong breakdown field (3 

MV/cm), considerable conduction band offset, and high saturation 

velocity (3× 107 cm/s) [33, 34]. Koike et al. demonstrated the first 
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MgZnO/ZnO-based HFET via MBE in 2005 [35], while the first 

2DEG demonstration in a MgZnO/ZnO heterostructure was 

documented in 2004 [36]. In 2010, Chin et al. [37] reported the first 

2DEG for the first time in a MgZnO/ZnO heterostructure by using 

sputtering. Singh et al. [38], reported 2DEG in a MgZnO/ZnO 

heterostructure using dual ion beam sputtering (DIBS). It should be 

noted that sputtering is a low-cost, large-area compatible growth 

technique that allowed for the production of low-cost HEMTs. 

MgZnO/ZnO heterostructures may create high two-dimensional 

electron gas (2DEG) sheet density (ns) (~1013 cm-2) at ambient 

temperature, as demonstrated by Tampo et al. [39]. In order to achieve 

such high ns, up to 0.6, barrier layer MgZnO needs a high Mg 

concentration and is difficult to build without phase separation [40]. 

This implies that with lower Mg content in the barrier layer, it is very 

difficult to attain a greater 2DEG density in a MgZnO/ZnO 

heterostructure. In order to overcome this limitation, Benharrats et al. 

[41] have shown that 2DEG may be increased by using a CdZnO/ZnO 

heterostructure. Although employing a CdZnO/ZnO heterostructure is 

beneficial for increasing 2DEG density compared to that in 

MgZnO/ZnO, the primary drawback of all these structures is that the 

polarization in ZnO buffer does not significantly increase. 

Consequently, the polarization of the barrier layer is the only element 

affecting any increase in 2DEG density. In 2018, Khan et al. [41] 

addressed this restriction by substituting the ZnO with the CdZnO as 

buffer layer. This makes it possible to get increased ns, which was 

previously only possible with the barrier layer, by altering the 

polarization components of the barrier and buffer layers. Therefore, in 

this work MgZnO/CdZnO HEMT has been fabricated and used for 

HMI detection due to its high 2DEG density which plays an important 

role in sensing. 
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1.7.1. Heterostructure 

A heterostructure is produced when two different materials are stacked 

on top of each other while maintaining their own characteristics. When 

a large band gap difference is present, the energy band spectrum at the 

interface of such heterostructures produces an energy discontinuity. In 

centrally band aligned heterostructures with either undoped or n-type 

doped material, the energy discontinuity causes the energy band to 

bend, creating a valley in the valence band and a notch in the 

conduction band at the interface. These features are both produced in 

the smaller band gap material. Figure 1.6 displays a band diagram 

illustrating the band gap discontinuities in heterostructure materials 

both before and during junction formation. In the case when the notch 

formation in the conduction band is situated below the fermi energy 

level, the energy levels below the fermi energy level can absorb 

electrons without the influence of the lattice atoms of either material, 

creating a quantum potential well. These energy levels are called two-

dimensional energy states (2DES) because of their capacity to take in 

two-dimensional electron gas (2DEG). Therefore, the heterostructure's 

tolerance to 2DEG is determined by the depth of this notch. The depth 

of the notch is determined by the conduction band discontinuity (ΔEc) 

or conduction band offset, which is based on the bandgap discontinuity 

(ΔEg), which is the difference in the band gaps of two materials. 

An example is a ZnO-based heterostructure in which ZnO is the low 

band gap material (buffer layer) and MgZnO is the high band gap 

material (barrier layer). The quantity of magnesium in the barrier layer 

determines the bandgap of MgZnO. The formula for determining ΔEc 

in the context of the MgZnO/ZnO heterostructure is ΔEc = 0.9× ΔEg. 

1.7.2. Polarization in Heterostructures for 2DEG Formation 

In compound materials with asymmetric lattice structures that have 

covalent bonding (like GaN and GaAs) or borderline iconicity between 
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covalent and ionic (like ZnO), the electronegativity of the different 

elements in the lattice results in a dipole-like electron cloud 

distribution at every bonding pair. The vector summing of all such 

dipoles over the unit lattice structure generates spontaneous 

polarization (Ps) in the compound when there is no external electric 

field present. The relative locations of the lattice's constituent parts are 

altered when such lattices are mechanically stretched or compressed. 

The shift between two polarities of the dipole moment at the bonding 

pairs alters the compound's polarization. The mechanical stress-

induced polarization is referred to as piezoelectric polarization (Pz). 

 

Figure 1.6: Energy Band diagram of heterostructure, (a) before 

junction formation and (b) after junction formation at thermo-dynamic 

equilibrium. 

In a heterostructure with polarization in both layers, a polarization 

difference may occur at the interface between the heterostructures if 

the polarization in one layer is greater than the polarization of the other 

layer. This causes this heterostructure stack's net electric neutrality to 

fall out of balance. An electric field created by this net polarization 

difference at the heterostructure's interface has the ability to sweep free 

charges with opposing polarities within the heterostructure. The 

electrostatic attraction of the localized net polarization difference 

causes these free charges to accumulate at the interface of the 

heterostructure. The overall electric field is zero near the interface 

because the opposite polarity free charge carriers accumulate and 

balance out the net polarization difference. These free charge carriers 

gathered at the interface can be either holes or electrons, depending on 
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the polarity (positive or negative) of the net polarization formed at the 

heterostructure stack interface, as shown in figure 1.7. The polarity of 

polarization of the material at the contact is usually determined by the 

growth face of the crystal. In ZnO-based devices, the direction of Ps is 

determined by the growing face of the crystal (Zn or O at the surface). 

The Pz component in ZnO buffer is negligible because the ZnO buffer 

layer is usually strain-relaxed due to its thickness of 1 μm [37, 42]. 

However, strain is always present because of the thickness of the 

MgZnO barrier layer. Consequently, in addition to Ps, the MgZnO 

barrier layer also contains Pz. At the interface of a MgZnO/ZnO 

heterostructure, a net polarization difference charge forms, the polarity 

of which is determined by the face of the crystal growth. Any positive 

charge polarization difference at the MgZnO/ZnO heterostructure 

interface is balanced by the equal negative charge (free electrons swept 

by electric field).  

 

Figure 1.7: Polarization charge in 2DEG at heterointerface, (a) 

Polarization charge in barrier layer (𝜎𝑏𝑎𝑟𝑟𝑖𝑒𝑟) and buffer layer 

(𝜎𝑏𝑢𝑓𝑓𝑒𝑟), (b) A net positive charge (𝜎𝑛𝑒𝑡) is produced at the contact 

when all the polarizations are added together. 

When these electrons congregate at the interface under the electrostatic 

force of positive net polarization difference, a 2DEG is created because 

of the conduction band notch below the fermi energy level at the 

MgZnO/ZnO heterojunction. 
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1.7.3. Alloys of ZnO: CdZnO and MgZnO 

Structural Properties: 

Under typical ambient conditions, the two lattice forms of ZnO that are 

most thermodynamically stable are the hexagonal wurtzite lattice [43] 

and the cubic zinc blende lattice [44]. Its iconicity, which lies between 

covalent and ionic materials, is the cause of this. At room temperature 

(RT), the lattice parameters of the hexagonal wurtzite ZnO are a = 3.25 

and c = 5.20 [45]. On the other hand, the rocksalt structure of MgO and 

CdO is thermodynamically stable, with lattice parameters a = 4.216 

and 4.689, respectively. Figure 1.8 illustrates how alloying MgO and 

CdO over 35% in ZnO causes phase segregation in MgZnO and 

CdZnO [46, 47]. 

 

Figure 1.8: Schematic illustration of ZnO, MgO, and CdO lattice 

structures with CdxZn1-xO and MgxZn1-xO phase segregation limits. 

The alloying of MgO and CdO in ZnO results in an increase in the 

lattice constant of the alloyed MgxZn1-xO (a = 3.248 (at x = 0.05) to 

3.261 (at x = 0.3)) [47, 48] and CdxZn1-xO (a = 3.271 (at x = 0.05) to 

3.378 (at x = 0.3)) [41, 47]. Because the lattice parameter of CdZnO 

rises more quickly than that of MgZnO, the straining of the MgZnO 

barrier layer in the MgZnO/CdZnO heterostructure is tensile rather 

than compressive, as in the MgZnO/ZnO heterostructure. This 

phenomenon increases the net polarization in the MgZnO barrier layer 

by causing the orientation of the Ps of the MgZnO layer to add up with 

the Pz due to tensile straining. As a result, the MgZnO/CdZnO 

heterointerface's 2DEG density rises in comparison to the 
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MgZnO/ZnO heterostructure's, increasing the net polarization 

difference. 

Electrical Properties: 

At room temperature, ZnO has a straight band gap of 3.43 eV [42], 

making it one of the materials with a large bandgap. High frequency 

and high-power applications are consequently allocated. ZnO's 

bandgap may be changed by alloying it with MgO and CdO. A 

reduction in the energy bandgap of the resulting CdxZn1-xO alloy (3.37 

- 2.28x + 0.95x2) [49] and an increase in the energy bandgap (Eg) of 

the resulting MgxZn1-xO alloy (3.37 + 2.145x) [50] are the results of 

alloying CdO in ZnO. After achieving the maximum Mg 

concentration, the buffer layer's CdZnO provides the ability to increase 

the ΔEc value without generating phase segregation in the barrier 

layers of MgZnO, as the ΔEc value is directly impacted by the 

difference between the energy bandgaps of the barrier and buffer 

layers. Compared to the MgZnO/ZnO heterostructure, the 

MgZnO/CdZnO heterostructure offers the possibility of achieving 

larger ns values since an increase in ΔEc is directly related to an 

increase in ns. 

1.7.4. MgZnO/CdZnO HEMT as HMI Sensors: 

The gate terminal voltage modulates the connection between the 

source and drain terminals of the 2DEG channel in MgZnO/CdZnO-

based HMI sensors. The gate is exposed to the analyte for sensing 

applications; that is, the reaction takes place at the gate area resulting 

in charges variation, which causes 2DEG to modulate. This method is 

simple, fast, and accurate for detecting HMIs. In contrast to the 

fluorescent sensing procedure, which requires human inspection and 

makes it difficult to accurately identify, store, or communicate the 

sensing data, the observed sensing response may also be readily 

measured, sent, and saved [51]. The lack of selectivity towards certain 
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HMIs is the sole disadvantage of MgZnO/CdZnO HEMT sensors; this 

may be addressed by functionalizing the target HMI to modify the 

surface at the gate area. 

1.8. Aim and Objectives 

The primary objective of this thesis research is to enhance the 

sensitivity and selectivity of pristine and metal-functionalized WS2 and 

CVD-grown 2D MoS2 materials towards Pb2+ and Hg2+ ions. To 

achieve this overarching goal, the following specific objectives are 

pursued in this thesis work: 

• Preparation of the active/sensing layer of the sensor, tailored 

materials consisting of hydrothermally grown WS2 and CVD-

grown MoS2. Subsequently, the fabrication of the interdigitated 

electrode device and material functionalization for sensing of 

HMIs using TMD material as the active layer. 

• Investigation of morphological and structural properties of the 

grown material/active layer using different characterization 

techniques such as field emission scanning electron microscopy 

(FESEM), energy dispersive X-ray (EDX), X-ray photoelectron 

spectroscopy (XPS), X-ray diffraction (XRD), Raman, atomic 

force microscopy (AFM), etc. 

• Study of the sensing characteristics using the indigenously 

developed sensing setup. The repeatability, selectivity, and long-

term stability study of the sensors are undertaken. 

• Simulation of the MgZnO/CdZnO (MCO) HEMT using Silvaco-

TCAD, and model validation against existing literature. The 

simulation used heterostructure parameters developed with a dual 

ion beam sputtering (DIBS) system. Subsequently, the fabrication 

of MCO HEMT using DIBS system will be performed. 

• Finally, to improve detection limits and stability, the 

functionalization of the gate region of the fabricated MCO HEMT 
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with a 2D-TMD material will be performed to enable sensing of 

HMIs and sensing performance will be evaluated. 

1.9. Organization of the Thesis 

Chapter 1 encompasses a concise review of the current literature, 

providing insights into the motivation behind the research and an 

exploration of existing HMI sensors along with their operational 

principles. Furthermore, this chapter delves into a detailed discussion 

of the inherent properties of WS2, MoS2 materials, and 

MgZnO/CdZnO HEMT assessing their applicability in HMI sensing 

applications. 

Chapter 2 describes an extensive discussion on sensor fabrication, 

characterization and the investigation of sensing performance. Starting 

with the substrate selection, this chapter provides a thorough 

discussion on the deposition techniques utilized for WS2, 2D MoS2 

sensing layer formation and to fabricate MCO HEMT. The chapter 

also discusses various characterization techniques, involving analyses 

of crystallinity, surface morphology, topology and other properties of 

the sensing layer. 

Chapter 3 presents a simple hydrothermal approach for synthesizing 

silver (Ag)-loaded WS2 nanorods. The WS2 nanorods were 

incorporated with varying weight percentages of Ag (1%, 2%, and 

4%). A detailed investigation is carried out on both pristine WS2 and 

Ag-loaded WS2 with different weight percentages to evaluate their 

performance in sensing Pb2+ ions. Additionally, comprehensive 

analyses are provided on the structural, morphological, and elemental 

properties of both pristine and Ag-loaded WS2 samples. 

Chapter 4 presented a method to synthesize the uniform, large-sized 

and highly crystalline MoS2 monolayer deposition via CVD on Si/SiO2 

substrate. In addition, this chapter also discusses the surface energy 

assisted wet transfer method which is suitable for 2D monolayer 
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transfer without any cracks and defects with ease in handling. 

Moreover, this chapter also elaborates on the ultrasensitive nature of 

MoS2 monolayer for Hg2+ ions.  

Chapter 5 discusses MCO HEMT simulation using Silvaco-TCAD and 

its validation against established literature. An oxide-based high 

electron mobility transistor sensor is fabricated using optical 

lithography and a dual ion beam sputtering (DIBS) system, designed to 

detect trace amount of Hg2+ ions in water. MoS2, synthesized via 

chemical vapor deposition, was transferred to the MCO HEMT gate 

using an energy-assisted wet transfer method, functionalizing the gate 

region specifically for Hg2+ ion detection. 

Chapter 6 encapsulates a concise summary of the research conducted 

in the thesis and outlines potential avenues, and suggesting directions 

for continued research in this field. 
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Chapter 2  

Synthesis, Fabrication and Characterization 

Techniques 

2.1. Introduction 

The requirement for thin films has gained a lot of attention as a result 

of the reduction in the size of semiconductor devices [1]. Additionally, 

thin films have a wide range of uses in solar cells, sensors, 

photodiodes, and memristors, among other fields [2]. In particular, the 

remarkable functional characteristics of nanostructured thin films—

which are closely related to their distinct morphology and surface 

chemistry—have made them significant. Both physical and chemical 

deposition techniques, each with unique benefits and drawbacks, can 

be widely used to manufacture nanostructured thin films. In this thesis, 

nanostructured sensing materials are deposited using chemical 

deposition methods (chemical vapor deposition and hydrothermal 

deposition), whereas metal electrodes and oxide deposition are 

deposited using physical deposition methods (DIBS and E-beam 

evaporation technique). In addition, this chapter also covers the various 

characterization tools employed for investigating sensing material 

surface morphology, crystal structure orientation, elemental analysis, 

porosity, and surface area calculation. Surface morphology analysis is 

conducted using optical microscopy, field emission scanning electron 

microscopy (FESEM), Crystal structural orientation is determined 

using techniques like X-ray diffraction (XRD), and elemental analysis 

is carried out through methods such as energy dispersive X-ray (EDX) 

or X-ray photoelectron spectroscopy (XPS) analysis. The 

hydrothermally and CVD-grown sensing layer is deposited onto 

interdigitated electrodes and gate region of oxide HEMT device 

employing a drop-casting and wet transfer method respectively. And 
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the MgZnO/CdZnO HEMT has been fabricated by DIBS system. 

Subsequently, the sensor's performance is assessed. The subsequent 

sections will provide a detailed discussion of substrate selection and 

preparation, deposition methods, characterization tools, the process of 

transferring the sensing layer, and the evaluation of sensor 

performance.  

2.2. Substrate Selection and Cleaning Process  

Although the deposition process has a significant influence on the 

quality of the deposited thin-film, the substrate surface's composition 

and state are crucial for achieving better thin-film growth [3, 4]. Low 

surface roughness, low chemical reactivity, and strong mechanical 

strength are among the desired characteristics of the substrate.  

A number of variables, including the type of application, cost, 

procedure, and device packaging, affect the substrate selection [5]. 

Silicon is employed for thin film deposition in this thesis. Before the 

film is deposited, the substrate must be thoroughly cleaned because 

contaminants on its surface can compromise the film's purity and 

adherence. The kind of substrate and the pollutants present determine 

the cleaning process. 

2.2.1. Silicon (Si) Substrate Cleaning Procedure 

The following steps outline the cleaning procedure for silicon 

substrates used in this thesis work: 

1. Use a pipette blower to remove surface dust before starting the 

cleaning process. 

2. Perform ultrasonic cleaning in diluted HF solution to eliminate 

native silicon dioxide from the wafer surface. 

3. Rinse thoroughly with DI water to remove residual HF. 

4. Conduct ultrasonic cleaning in diluted TCE solution to remove 

fingerprints or heavy residues from the wafer. 

5. Rinse with DI water to ensure no TCE residues remain. 
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6. Use ultrasonic cleaning in acetone to eliminate organic 

contaminants on the wafer surface. 

7. Rinse with DI water to wash away any acetone residues. 

8. Perform ultrasonic cleaning in diluted isopropanol solution to 

dissolve any non-polar contaminants left on the wafer. 

9. Rinse with DI water to remove isopropanol residues. 

10. Dry the substrate by purging with high-purity nitrogen gas to 

eliminate any remaining water. 

2.3. Synthesis and Deposition Tools 

In this thesis, chemical deposition methods, including hydrothermal 

and chemical vapor deposition (CVD), are used to deposit the sensing 

layer. The facile hydrothermal method is employed for the synthesis of 

WS2 nanostructures, while CVD technique is opted for the deposition 

of the MoS2 mono/multilayer. While physical vapor deposition means 

are employed for both thin film deposition and contact formation. A 

dual ion beam sputtering (DIBS) system is utilized for depositing the 

oxide thin films for MgZnO/CdZnO HEMT fabrication. The details of 

these deposition systems and processes are discussed in the following 

subsections.  

2.3.1. Hydrothermal Synthesis 

Sir Roderick Murchison coined the word "hydrothermal" in the 19th 

century to refer to the process of rocks and minerals forming beneath 

the Earth's crust under high pressure and temperature in an aqueous 

environment [6]. In 1946, a huge single crystal of quartz was 

successfully deposited using the hydrothermal technique for the first 

time [7].  Since then, the hydrothermal process has developed into a 

practical and affordable way to produce a variety of nanostructures 

with distinct functions.  

2.3.1.1. Principle  

The hydrothermal process is a physical-chemical reaction that 

crystallizes water at temperatures and pressures more than 100 °C and 
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0.1 MPa, respectively. The hydrothermal approach makes use of 

water's basic characteristics, which change with temperature and 

pressure, including conductivity, density, and dielectric constant. 

Consequently, this action also modifies the solvent characteristics of 

water. Water's dielectric constant of 78 under ambient settings enables 

it to dissolve polar and ionic molecules. Water's dielectric constant, on 

the other hand, drastically drops with temperature, changing its 

solubility properties toward organic and non-polar species. 

The two primary processes of the hydrothermal process are typically 

crystal nucleation and growth. The nucleation reaction rate is stronger 

at higher temperatures because supersaturated solutions occur, which 

encourages the creation of nuclei, according to the electrostatics 

theory. The degree of super-saturation in the solution has an inverse 

relationship with the nuclei's radius. The "Ostwald ripening" method 

provides a clear understanding of the crystal development process. 

High temperatures give the thermal energy or external energy needed 

to break beyond the nucleation barrier. 

2.3.1.2. Instrumentation 

High temperatures and pressures are critical factors in hydrothermal 

growth, requiring the reaction chamber or vessel to withstand these 

demanding conditions without experiencing structural or compositional 

changes. This specialized reaction vessel, commonly referred to as an 

"autoclave," operates under pressure levels determined by the 

temperature and degree of filling. Autoclaves are typically constructed 

from stainless steel due to their excellent mechanical strength and 

resistance to corrosion. Inside the stainless-steel autoclave, Teflon 

beakers are used to contain solvents and reagents, offering the 

advantage of a non-corrosive environment. 

An ideal autoclave should possess the following characteristics: 

• It must be chemically inert, resistant to acids, bases, and 

oxidizing agents. 
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• It should remain leak-proof during operation and withstand 

high temperatures and pressures. 

• It should allow for easy mechanical handling and 

straightforward operation. 

• It should have an appropriate shape and size, ensuring a 

uniform temperature gradient throughout. 

2.3.1.3. Operations 

In this thesis, a Teflon-lined stainless-steel autoclave was utilized for 

synthesizing various nanostructures via the hydrothermal method. The 

process begins by dissolving reagents and precursors in a specified 

amount of deionized (DI) water under continuous magnetic stirring. A 

measured quantity of either a salt solution or a surfactant is then added 

to the mixture. The prepared solution is transferred into the Teflon-

lined stainless-steel autoclave, which is carefully sealed to ensure no 

leakage. The autoclave is subsequently heated to temperatures of 

100°C or higher in a hot air oven for a predetermined duration, tailored 

to the specific application. After the reaction, the autoclave is allowed 

to cool naturally to room temperature. The resulting product is then 

centrifuged and thoroughly washed multiple times with DI water and 

ethanol to remove impurities and contaminants. Finally, the samples 

are calcined at a specific temperature for a set period to achieve the 

desired properties. 

2.3.1.4. Applications  

In recent years, the hydrothermal method has garnered significant 

attention for its versatility in synthesizing advanced materials with 

distinctive morphologies. Some notable applications include: 

• Growth of single crystals. 

• Fabrication of metal oxide nanostructures with tailored surface 

morphologies. 

• Synthesis of novel compounds and carbon-based 

nanostructures. 
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Figure 2.1: Camera Image of (a) parts and (b) assembled Teflon lined 

Autoclave.  

2.3.2. Chemical Vapor Deposition  

The Chemical Vapor Deposition (CVD) method originated in 1855 

when tungsten (W) was first deposited by decomposing WCl6 using H2 

as a carrier gas [8]. The first patent for the CVD process, designed to 

coat incandescent lamp filaments with carbon or metal for added 

strength, was filed in 1880. By 1890, the CVD method was utilized in 

the renowned Mond process to deposit pure nickel through the 

carbonyl process [9]. Today, the CVD process has evolved into a 

widely used technique for depositing industrial-grade thin films and 

finds extensive applications in electronics, optoelectronics, and 

biomedical fields.  

2.3.2.1. Principle  

The Chemical Vapor Deposition (CVD) process is a high-temperature 

synthesis technique in which chemical constituents react in the vapor 

phase. These reactions occur near or on a heated substrate within a 

quartz tube, leading to the deposition of a solid thin film. The 

fundamental steps of the CVD process include: 

• Evaporation or sublimation of solid reactants and precursors. 

• Transport of gaseous reactants to the heated substrate surface 

using an inert carrier gas. 
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• Adsorption of reactants onto the heated substrate surface at the 

gas-solid interface. 

• Nucleation and crystallization through surface chemical 

reactions. 

• Removal of gaseous byproducts via diffusion and convection. 

2.3.2.2. Instrumentation 

In this thesis, a QRYSTAL-1100-ATMOS chemical vapor deposition 

(CVD) system, procured from Quazar Technologies Pvt. Ltd., New 

Delhi, was used for depositing MoS2 monolayers, as shown in Figure 

2.2. This system operates on a single-phase power supply with 

specifications of 220 VAC, 40A, and 50 Hz. The outer framework, 

constructed from aluminium, provides the system with mechanical 

strength and rigidity. The furnace features a transparent quartz tube 

measuring 1160 mm in length, with outer and inner diameters of 48 

mm and 45 mm, respectively. The system is capable of achieving a 

maximum temperature of 1150 °C. It incorporates twelve 

independently controlled heating zones, each 75 mm long, ensuring 

precise temperature control. Kanthal-A1 is used as the heating element, 

while N-type thermocouples serve as temperature sensors. The 

temperature ramp rates during growth are as follows: 100 °C/min up to 

300 °C, 50 °C/min up to 600 °C, and 10 °C/min up to 900 °C. Cooling 

fans are installed at the back of the furnace to facilitate proper cooling. 

The system also includes a furnace stand and panel box, providing 

space for various controller assemblies and the CPU. The quartz tube 

can operate at a maximum temperature of 1100 °C, with a ramp rate of 

5 °C/min at peak temperature. Four mass flow controllers (MFCs) are 

integrated into the system to precisely control the flow of inert gases 

(nitrogen, argon, hydrogen, helium) and oxygen within a range of 0–

1000 sccm. These MFCs, regulated by pneumatic valves, ensure 

precise gas flow and system safety. A two-stage rotary pump is 

incorporated to create a vacuum inside the quartz tube, achieving a 
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range of 10-2 mbar. A Pirani gauge is used to measure vacuum levels 

within the quartz tube, covering a range of 10-3 to 0.5 mbar. The 

system includes multiple safety features, such as purge and manual 

valves, alarmed pop-ups, and an auto-shutdown mechanism for the 

temperature controller if the pressure within the quartz tube exceeds 

safe limits or the lid is open. The CVD system is equipped with 

embedded control software, offering precise control over zone 

temperatures, process tube pressure (measured by Pirani and gauge 

sensors), MFC inlet pressure, gas flow setpoints, and actual flow rates. 

Additional features include real-time plotting, flush and flow shut-off 

status, pump and purge control, as well as recipe management for 

loading, editing, saving, and executing processes. 

Figure 2.2: Camera Image of Crystal CVD 1100-4 System. 

2.3.2.3. Application 

Chemical vapor deposition (CVD) techniques offer several advantages, 

including: 

• CVD is an effective method for depositing high-quality 2D 

transition metal dichalcogenides (TMDs) with precise control 

over size and thickness. 

• It is also suitable for depositing various thin-film dielectrics, 

passivation layers, conductive oxides, and heat-resistant 

coatings. 
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• The CVD technique is utilized in the production of solar cells 

and high-temperature fiber composites. 

• CVD provides a controlled approach for sulfurizing pre-

deposited metals. 

• It is widely used in device fabrication at the wafer scale. 

2.3.3. Dual Ion Beam Sputtering (DIBS) System 

The Dual Ion Beam Sputtering (DIBS) system is used to deposit 

semiconductor thin film stacks for creating MgZnO/CdZnO 

heterostructures [10]. The actual image of DIBS is shown in Figure 2.3 

It is a physical vapor deposition technique commonly applied in the 

fabrication of electronic and optoelectronic devices, such as HEMT, 

LEDs, photodetectors, and photovoltaics, under ultrahigh vacuum 

conditions [10, 11]. The DIBS system is known for its ability to 

deposit high-quality thin films with precise elemental composition, 

strong adhesion to the substrate, reduced surface roughness, and the 

capacity to pre-clean substrates in situ before deposition. Additionally, 

it enables uniform deposition over large areas, making it ideal for 

large-scale photovoltaic cell production [12]. The DIBS system is 

equipped with two ion sources:  

1) a ‘primary ion’ source for deposition and  

2) a ‘secondary ion’ source for assisting.  

The primary ion source sputters material from a target onto the 

substrate, enabling thin film deposition. The system allows mounting 

up to four different targets on a rotating, water-cooled target assembly, 

providing flexibility in material selection. The secondary ion source is 

utilized for pre-cleaning the substrate surface and minimizing island 

formation during deposition. The target assembly and primary ion 

source are aligned at a 45° angle, while the substrate holder and assist 

ion source are positioned at a 60° angle. 
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The DIBS system comprises two chambers: the deposition chamber 

(DPC) and the load-lock chamber (LLC). Deposition takes place in the 

DPC, whereas the LLC facilitates sample loading and unloading 

without disrupting the vacuum in the DPC. A gate valve separates the 

chambers, with two turbo pumps, supported by rotary pumps, 

maintaining the vacuum in both. Vacuum gauges monitor the pressure, 

which is maintained at approximately ~10-8 mbar. The DPC is 

constructed from stainless steel or Pyrex glass, chosen for their non-

magnetic, corrosion-resistant, durable, and repairable properties. 

The substrate holder is situated beneath the heater assembly, enabling 

temperature control from room temperature to 1000°C during 

annealing and deposition processes. 

 

Figure 2.3: Actual image of Dual Ion Beam Sputtering (DIBS) system, 

for high crystalline-quality deposition of semiconductors and 

dielectrics.  
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A water chiller cools the deposition chamber, vacuum pumps, and 

target assembly to maintain optimal operating conditions. Deposition 

parameters, including gas pressure, composition, temperature, and RF 

(Radio Frequency) power, are automatically regulated for precision. In 

the DIBS system, plasma consisting of Ar+ ions and electrons is 

generated using Kauffman Robinson ion sources. The primary ion 

source comprises a discharge chamber, grids, and a hollow-cathode 

neutralizer. Argon gas is ionized through inductive coupling within an 

RF-powered alumina or quartz chamber. Voltages applied to the three 

grids expel and focus Ar+ ions, while the neutralizer ensures the ion 

beam remains neutral. 

The assist ion source features an auto controller, power supplies (for 

keeper, emission, and discharge), and a hollow-cathode neutralizer. 

The keeper power supply initiates and heats the hollow cathode, 

enabling thermionic electron emission. The emission voltage adjusts 

the electron current from the cathode, while the discharge power 

supply provides the necessary voltage and current to generate the Ar+ 

ion beam. 

2.4. Characterization Tools 

The instruments used for characterizing thin films and devices in this 

research are briefly defined in the subsequent sections. 

2.4.1. X-Ray Diffraction Instrument 

X-Ray diffraction (XRD) is a crucial technique for analysing the 

crystallinity, various phases, insights about strain, and preferred 

orientation of the crystal. In XRD, a parallelled beam of X-rays is 

directed at a sample which then diffracted by the crystalline phases 

within the sample according to Bragg’s Law, which is expressed as: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

here: 
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• 𝜆: The wavelength of the incident X-ray beam. 

• The interplanar spacing between atomic planes in the 

crystalline material. 

• θ: The angle between the atomic planes and the incident 

X-ray beam. 

• n: An integer denoting the order of interference. 

Figure 2.4: Camera image of Rigaku SmartLab automated 

multipurpose X-ray diffractometer. 

The intensity of the diffracted X-rays is measured as a function of the 

diffraction angle 2θ, and the resulting diffraction pattern is used to 

determine the crystal orientation of the sample. In a pure solid, atoms 

are arranged in a regular, periodic structure called a lattice. The 

specific interatomic distances and interactions within any crystalline 

lattice produce a characteristic XRD pattern, which can be used to 

identify the material's crystal structure [13]. These XRD patterns, 

comprising peak positions and diffracted beam intensities, offer 

detailed insights into the structural properties of the sample. 

 

 



41 

 

 

 

 

2.4.2. Field Emission Scanning Electron Microscopy (FESEM) and 

Energy Dispersive X-ray (EDX) Spectroscopy  

2.4.2.1 FESEM 

Field Emission Scanning Electron Microscopy (FESEM) is an 

advanced technique used to obtain highly detailed micrographs of a 

solid sample's surface by scanning it with high-energy electron beams 

[14]. The primary components of a FESEM system include a field 

emission electron gun, a lens system, electron detectors, and display 

systems such as cathode-ray tubes (CRTs). The electron gun generates 

electrons via field emission, which are then focused and accelerated 

toward the sample's surface using multiple electromagnetic lenses, all 

within a high-vacuum chamber. These energized electrons, typically 

ranging from 0.5 to 30 keV, interact with the sample surface, causing 

various electronic excitations. These interactions result in several 

signals, including backscattered electrons, secondary electrons, X-rays, 

photons, Auger electrons, cathodoluminescence, elastically and 

inelastically scattered electrons, unshattered electrons, and heat. Of 

these, secondary electrons and backscattered electrons are primarily 

used to create detailed FESEM images. 

 

Figure 2.5: Photographic image of ZEISS Supra55 field emission 

scanning electron microscope system. 
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Secondary Electrons are emitted from the near-surface region of the 

sample (within 0–10 nm) and have low binding energy to the nucleus. 

These electrons originate from the outer shell of the sample and escape 

due to energy transferred by the incident high-energy electrons. 

Typically, they possess energies ranging from 0–50 eV, with most 

falling between 3–5 eV. Secondary electrons are key to generating 

high-resolution images, offering detailed insights into the surface 

morphology and fine structural details of the sample. 

FESEM is widely employed for examining the morphological 

characteristics of samples and is regarded as a highly advanced 

microscopic technique, capable of magnifying images up to 100,000 

times. 

The key components of an FESEM system include: 

1. Electron Source (Electron Gun): Produces the electron beam. 

2. Electron Condenser Lens: Regulates the size and focus of the 

electron beam. 

3. XY Deflection Coils: Precisely directs the electron beam over 

the sample surface. 

4. Electron Detectors: Capture secondary and backscattered 

electrons to generate images. 

These components are enclosed in a chamber maintained under ultra-

high vacuum conditions. Unlike conventional electron sources, 

FESEM employs a Field Emission Gun (FEG) to achieve exceptionally 

high magnification.  

 

Figure 2.6: Representative camera image of ZEISS Supra55 Energy-

dispersive X-ray spectroscopy (EDX) panel. 
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The FEG uses a strong electric field, rather than thermal energy, to 

extract electrons from a sharp tungsten crystal or comparable material. 

In this study, a ZEISS Supra55 FESEM system was used to analyze the 

surface morphology of chalcogenide thin films. This system delivered 

high-resolution images that were essential for understanding the 

structural and morphological characteristics of the thin films, providing 

valuable insights for the research. 

2.4.2.2 Energy-Dispersive X-Ray Spectroscopy (EDX) 

Energy-dispersive X-ray spectroscopy (EDX), also known as Energy 

Dispersive X-ray Analysis (EDXA), is a powerful chemical 

microanalysis technique frequently used alongside Scanning Electron 

Microscopy (SEM). It enables the identification and quantification of 

the elemental composition in small regions of a sample, even as small 

as 1 micrometer (µm). The process works as follows: 

1. Electron Beam Bombardment: A focused high-energy 

electron beam from the SEM is directed at the sample’s 

surface. 

2. X-Ray Emission: When the electron beam interacts with the 

sample, it can eject electrons from the inner electron shells of 

the atoms. An outer-shell electron then fills the vacancy, 

emitting energy in the form of an X-ray. 

3. Characteristic X-rays: The energy of the emitted X-ray is 

specific to the element it originated from. Each element has a 

unique atomic structure that produces a distinct X-ray 

"fingerprint." 

4. X-ray Detection and Analysis: The EDX detector of the SEM 

system collects the X-rays and converts them into electrical 

signals. These signals are processed by a pulse processor and 

analyzer to determine the energy of each X-ray. 

The key components of an EDX system include: 
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• Electron Beam Source: Produces the electron beam that 

interacts with the sample. 

• X-ray Detector: Converts X-rays into electrical signals 

(commonly using a lithium-drifted silicon detector). 

• Pulse Processor: Amplifies and processes the electrical signals 

from the detector. 

• Analyzer: Analyzes the energy of each X-ray based on the 

processed signals. 

By examining the spectrum of X-ray energy and the number of X-rays 

detected (counts), EDX software can identify and calculate the 

elements present in the sample. The relative abundance of each 

element is determined by the number of X-rays detected at its specific 

energy level. This data offers valuable insights into the elemental 

composition of the sample, making EDX an essential tool for fields 

such as material science, chemistry, biology, and forensics. 

In this study, EDX (Zeiss Supra 55) was used to analyze the elemental 

composition of various elements within chalcogenide-based thin films. 

2.4.3. Raman Spectroscopy Instrument 

Raman spectroscopy is a commonly used technique for studying 

phonons, vibrational modes, low-frequency modes, and rotational 

modes. It is especially effective for molecular identification, as each 

molecule exhibits distinct chemical bonding and symmetry, producing 

unique Raman signatures. The technique is based on the phenomenon 

of Raman scattering.  

When a material is exposed to light, the photons from the incident light 

interact with the material's molecular vibrations, resulting in both 

elastic and inelastic scattering. These interactions involve the transfer 

of energy between the incident photons and the atomic vibrations. The 

basic operation of Raman spectroscopy involves directing a laser beam 

onto the sample. Both Rayleigh and Raman scattered light are then 
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collected from the illuminated area. The collected light is focused 

through an objective lens and passed through a monochromator to 

separate it into different wavelengths. A Notch filter is used to isolate 

the Raman scattered light and remove the elastic Rayleigh scattering. 

The Raman scattered light is carefully focused through a pinhole to 

ensure high signal quality and minimize background noise. The 

focused light is then sent into a spectrometer where the spectral 

components are optimized to enhance the signal, which is then 

detected by charge-coupled devices (CCD). 

 

Figure 2.7: Digital image of confocal raman microscope: LabRAM 

HR system. 

 

Raman spectroscopy is especially valuable for analyzing chalcogenide-

based thin films. These materials, due to their unique bonding and 

structural characteristics, produce distinct Raman signatures that can 

be used to identify and characterize their composition, crystallinity, 

and phase transitions. Raman spectroscopy provides valuable insights 

into the quality and uniformity of chalcogenide thin films, helps detect 

structural defects or impurities, and monitors material changes during 

processes like annealing or sulfurization. This makes Raman 

spectroscopy an essential tool for the development and optimization of 

chalcogenide-based electronic and optoelectronic devices. 
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2.4.4. Atomic Force Microscopy Instrument 

Atomic Force Microscopy (AFM) is an essential technique for 

characterizing chalcogenide-based thin films, providing crucial 

information about their morphology, thickness, and surface roughness. 

In this thesis, a Bruker Multimode 8-HR AFM was used to obtain 

high-resolution images of these thin films. 

An AFM system utilizes several key components: 

• Laser Source: Illuminates a microcantilever, with the reflected 

beam used for measurements. 

• Microcantilever: A spring-mounted miniature arm with a sharp tip 

that interacts with the sample surface. 

• Piezoelectric Scanner: Enables precise positioning of the 

cantilever in three dimensions (x, y, and z). 

• Photodetector: A four-section device that monitors the reflected 

laser beam and detects its deflection. 

AFM offers three primary operating modes, each suited for specific 

applications: 

1. Contact Mode: The tip physically touches the sample surface, 

providing high-resolution imaging but potentially damaging 

delicate chalcogenide films. 

Tapping Mode (Preferred for Chalcogenides): The 

microcantilever oscillates near its resonance frequency while 

intermittently contacting the surface. This minimizes tip-sample 

interaction, making it ideal for studying soft materials like 

chalcogenides (This was the mode used in the thesis work). 

2. Non-Contact Mode: The tip never physically touches the sample, 

but instead senses the short-range repulsive forces. This mode is 

suitable for ultra-soft materials. 

In tapping mode, the AFM monitors the oscillation amplitude of the 

tip. As the tip interacts with the chalcogenide film, energy dissipation 
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leads to a reduction in amplitude. To map the surface topography with 

minimal disturbance to the film, a feedback loop adjusts the tip-sample 

distance to maintain a consistent oscillation amplitude. 

 

Figure 2.8: Image of Park Systems NX10 atomic force microscopy. 

AFM's capabilities extend beyond just imaging. It allows researchers 

to probe various properties of chalcogenide thin films, including: 

• Surface Roughness: AFM quantifies the variations in height 

across the film's surface, crucial for understanding its optical and 

electrical properties. 

• Grain Size and Morphology: AFM images reveal the size and 

distribution of individual crystal grains within the film, influencing 

its overall performance. 
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• Step Heights and Thickness Variations: AFM measurements can 

determine the thickness of the entire film or identify variations in 

thickness across its surface. 

This information is vital for optimizing the growth process of 

chalcogenide thin films and tailoring their properties for specific 

applications in photonics, electronics, and photovoltaics. 

2.4.5. Optical Microscopy Instrument 

In this thesis, a Leica upright metallurgical microscope (DM2700M) is 

used to examine the surface morphology of the deposited MoS2 

triangles via CVD, both before and after their transfer onto the 

interdigitated electrode device. This microscope offers versatile 

functionality, allowing for easy switching between universal white 

light (4500 K) LED illumination, brightfield, darkfield, differential 

contrast, and polarized light modes. It also provides a range of 

magnification options, including 5x, 10x, 20x, 50x, and 100x. 

Additionally, it features a robust incident light axis with a 4-position 

reflector turret, enabling a variety of observations such as brightfield, 

darkfield, differential contrast, and polarized light. The camera image 

from the microscope is shown in Figure 2.4. 

 

Figure 2.9: Image of Leica upright metallurgical microscope 

(DM2700M). 
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2.4.6. X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique 

employed to determine the elemental composition, electronic, and 

chemical states of a material's surface, typically within a range of 1 to 

10 nanometers. The fundamental principle of XPS is based on the 

photoelectric effect. When a solid material is irradiated with photons, 

in the case of XPS, monochromatic X-rays, under high vacuum 

conditions, the material's surface emits electrons (in XPS, these are 

core electrons of atoms) with specific kinetic energies.  

The key components of XPS technology include a monochromatic X-

ray source, an electron analyzer, and a high vacuum chamber. Figure 

2.17 illustrates the fundamental operation of XPS. 

The operation of the XPS technique involves several major steps: 

• X-rays are generated by high-energy electrons colliding with a 

metal. These X-rays are then monochromatized through optics 

to produce photons with a consistent wavelength or energy.  

• When monochromatic X-rays irradiate the sample surface, core 

electrons are emitted. Only those core electrons are emitted 

whose binding energy is less than the energy of the incident 

photons. 

• The hemispherical energy analyzer comprises an outer sphere 

with a positive bias and an inner sphere with a negative bias. 

These are guided by two magnetic shields. This analyzer 

selectively allows photoelectrons with specific energy to pass 

through. 

• Lenses are used to guide the photoelectrons into the 

hemispherical energy analyzer and apply voltage to control 

their velocity, allowing them to be transported to the detector 

through the analyzer. 
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• The detector quantifies the quantity of electrons that traverse 

the hemispherical energy analyzer and captures their respective 

energies to generate a spectrum. 

 In this thesis work, the Thermo Scientific K-Alpha instrument is 

employed to conduct XPS analyses of the samples. 
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Chapter 3  

Ag-Loaded WS2-Based Pb2+ Ion Detection in 

Water 

3.1  Introduction 

Heavy metal ions (HMIs) such as mercury (Hg2+), lead (Pb2+), 

manganese (Mn2+), cobalt (Co2+), zinc (Zn2+), chromium (Cr3+), 

cadmium (Cd2+) contamination in water bodies has emerged as a 

severe environmental issue [1], as living organisms are exposed to 

these toxic elements in direct and indirect ways. The non-

biodegradability and toxic characteristics of HMIs give rise to 

significant risks, particularly concerning human wellbeing [2-4]. In 

order to mitigate the adverse impacts of HMIs, it is vital to 

continuously monitor their presence across different sources of 

exposure such as water pollution, soil contamination, packaged food, 

air pollution, etc. Among these sources, water pollution stands out as a 

major threat to our ecosystem. For instance, elevated concentrations of 

HMIs and halide (F-, Cl-, and I-) beyond permissible limits were 

reported in various underground and surface water bodies across 

different regions of India [5, 6]. Detecting and monitoring these toxic 

HMIs within water bodies are of utmost importance due to their swift 

accumulation and potential toxicity within the human body through 

drinking water and can cause severe diseases, such as carcinogenic 

effects, which can affect the central nervous system (CNS), kidneys, 

liver, skin, bones, and teeth [7-10]. Particularly, lead ion (Pb2+) can 

enter water bodies from reservoirs that contain HMIs [11], and it is 

important to note that internal sources (service lines or valves) within 

drinking water distribution systems could also be found in older 

buildings with outdated plumbing systems. This situation can lead to 

the gradual release of Pb2+ without users being aware of the 
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contamination [12]. Pb2+ is infamous for its adverse effects particularly 

on the children’s behavior, growth, and cognitive functions [13, 14] In 

addition, it also causes severe damage to the human brain, immune 

system, liver, kidneys, and CNS [15, 16]. In order to safeguard public 

health from Pb2+ exposure through drinking water, the Word Health 

Organization (WHO) and Environmental Protection Agency (EPA) 

have established maximum permissible limits of Pb2+ at 10 ppb and 15 

ppb, respectively [17]. 

Conventional techniques, such as atomic absorption spectroscopy 

(AAS) and inductively coupled plasma mass spectrometry (ICP-MS) 

[18, 19] are used to measure the Pb2+ concentration in the water bodies, 

which necessitate expensive laboratory procedures, utilizing sizable 

equipment and requiring extended processing durations. Therefore, 

demand for alternative, cost-effective, faster, and more readily 

available testing approaches is imperative to effectively tackle these 

aforementioned concerns. 

The efficiency of accumulating target analytes and the overall 

performance of electrochemical sensors depend significantly on the 

choice of sensing materials. Various nano- materials, such as carbon-

based materials (such as graphene oxides), boron nitride materials 

(BNMs), layered double hydroxides (LDHs), and MXenes, were 

explored for HMIs sensing applications due to their unique properties. 

However, these materials encountered various challenges, including 

low colloidal stability, limited sorption sites, poor dispensability, low 

chemical reactivity, low surface area, small particle size, inferior 

durability, and limited biocompatibility [20-25] Consequently, there is 

an urgent requirement for the development of an effective 

electrochemical sensing interface capable of detecting Pb2+ ions with 

high sensitivity.  
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The research community has recently displayed significant enthusiasm 

for transition metal dichalcogenides (TMDs) due to their extraordinary 

properties, which encompass a substantial surface-to-volume ratio, an 

adjustable bandgap, and exceptional catalytic behavior [26, 27]. These 

layered materials adopt a structure known as MX2, in which “M” 

stands for transition metals, such as Ti, Mo, and W, whereas “X” 

comprises chalcogen elements from group VI- A, which encompass S, 

Se, and Te [28, 29]. This results in a range of material properties, 

spanning from insulator to metal. Within the layers, robust covalent 

bonds maintain cohesion, while between layers relatively weak van der 

Waals (vdW) forces facilitate effortless transitions [26, 27]. Among 

semiconducting TMDs, WS2 captured notable interest due to its 

distinct properties. These encompass high surface area, remarkable 

electronic characteristics, excellent catalytic behavior, and enhanced 

stability [28-31]. 

In this chapter, we have employed a facile hydrothermal method to 

synthesize silver (Ag)-loaded WS2 nanorods. These WS2 nanorods 

were loaded with varying weight percentages (1%, 2%, and 4%) of Ag. 

Furthermore, we systematically investigated both pristine WS2 and Ag-

loaded WS2 with different weight percentages for their capability in 

sensing Pb2+ ions. Additionally, thorough analyses of the structural, 

morphological, and elemental characteristics of both pristine and Ag-

loaded WS2 samples were conducted. 

3.2. Experimental 

3.2.1. Materials 

All the chemicals and precursors are purchased from Sigma-Aldrich 

Chemical Pvt. Ltd., ensuring a purity level of 99.999%. These 

materials are used without further modification for the synthesis 

process. The materials employed in this study include sodium 

tungstate dihydrate (Na2WO4.2H2O) and thiourea (CH4N2S) for   the   
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hydrothermal   synthesis of WS2. Sodium dihydrogen phosphate 

(NaH2PO4) and disodium hydrogen phosphate (Na2HPO4) are used to 

prepare the phosphate buffer solution (PBS). Additionally, other 

reagents, such as Hg(NO3)2.H2O, Cr(NO3)3.9H2O, CuSO4, 

Cd(NO3)2.4H2O, Zn(NO3)2.6H2O, and Pb(NO3)2, are employed to 

prepare the ionic solutions containing respective metals for the 

purpose of sensing analysis. Moreover, silver chloride (AgCl2) is 

used as a precursor for Ag loading on WS2 nanostructures. 

3.2.2. Synthesis of Sensing Material 

The pristine and Ag-loaded WS2 are synthesized via a facile 

hydrothermal process, as depicted in figure 3.1. Initially, 2.79 g of 

Na2WO4.2H2O is dissolved in 50 mL deionized (DI) water with a 

resistivity of 18 MΩ.cm, and no additional surfactants are introduced 

during the synthesis. Subsequently, 2.54 g of CH4N2S is introduced 

under a constant stirring.  The resulting solution is then transferred into 

the teflon-lined stainless-steel autoclave (capacity, 100 mL). After 

sealing, the autoclave is placed inside a hot air oven and heated to 180 

ºC, for 24 h, followed by natural cooling to room temperature. 

Following this, the precipitate undergoes centrifugation and is 

repeatedly washed with DI water. The resultant material is then dried 

at 80 ºC for 10 h. The whole process is repeated three times by adding 

different weight percentage (1, 2 and 4%) of AgCl2. Finally, a small 

quantity of the acquired powder is mixed with 5 mL of ethanol. This 

blend is carefully deposited onto an interdigitated electrode (IDE). This 

entire procedure is replicated three times, with each iteration 

incorporating material fabricated at different weight percentage (1, 2 

and 4%) of AgCl2. 

3.2.3. Sensing Material Characterization 

Prior to investigating the structural, morphological, and elemental 

characteristics, the synthesized samples are preserved in a high 

vacuum desiccator containing silica gel. The crystalline phase 
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composition of pure and Ag-loaded WS2 is assessed through X-ray 

diffraction (XRD) analysis. This analysis employs a Rigaku Smart 

Lab Automated X-ray diffractometer, operated at 30 kV and 15 mA, 

utilizing Cu-Kα X-rays (λ = 1.54 Å) and a scanning rate of 2°/min. 

The morphology analysis is performed on a Sigma Supra 55 Carl 

Zeiss field emission scanning electron microscopy (FESEM) 

instrument. Furthermore, elemental analysis is conducted using X-ray 

photoelectron spectroscopy (XPS) with a ULVAC-PHI Quantra II 

system equipped with an AlKα source working at 1486.6 eV. 

 

Figure 3.1: Schematic of the hydrothermal synthesis process of the Ag-

loaded WS2 sensor. 

3.2.4. Device Fabrication and Water Sensing Measurement 

The device consists of a glass substrate with a dimension of (7 mm × 7 

mm × 2 mm) and a pair of interdigitated Ti/Pt (20/10 nm) electrodes 

on top of the glass substrate housing the sensing layer. The width of 

the electrodes and inter-electrode spacing are 50 and 25 µm, 

respectively. Each Pt electrode is connected to a contact pad (1 mm × 1 

mm). The contact pads of the fabricated device are connected to the 

Keithley 2450 source meter, which is directly interfaced with a 

computer system for monitoring the electrical current of the sensing 

layer. The fabricated pristine and (1%, 2%, and 4%) Ag-loaded WS2 

nano-materials are used as a sensing layer. To measure the sensor 

current, +5 V bias voltage is applied across the contact pad via 
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Keithley 2450. Sensor response is measured by monitoring the change 

in the current voltage (I–V) characteristics, after WS2 functionalization 

on the interdigitated electrodes by submerging the fabricated sensor in 

different heavy metal ion concentration solutions. To further validate 

the reproducibility of the sensor response, four samples were made for 

each sensing material, and the average response of these samples is 

reported in this work.  

3.3. Results and Discussion 

 

3.3.1. Surface Morphological Analysis 

FESEM micrographs of pristine and Ag-loaded WS2 reveal nanorods-

like morphologies, as depicted in figure 3.2 (a-d). Interestingly, no 

major alteration is observed in the surface morphology of pristine WS2 

and WS2 nanorods after Ag loading [33].  

 

Figure 3.2: FESEM image of (a) pristine and Ag-loaded WS2 

nanorods with varying Ag loading of (b) 1%, (c) 2%, and (d) 4%. 

3.3.2. XRD and Energy Dispersive X-ray (EDX) Analysis 

The XRD spectra of the pristine, and Ag-loaded WS2 are shown in 

figure 3.3 (a). The diffracted peaks of pristine WS2 spectra are well 
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matched with the expected crystalline hexagonal structure. All the 

diffraction peaks can be indexed to the WS2 (P63/mmc space group, 

JCPDS no. 08-0237, 2H-WS2) without any additional peaks which 

highlights the purity and crystallinity of the synthesized pristine and 

Ag-loaded WS2 nanostructures, as illustrated in figure 3.3 (a) [34]. The 

XRD spectra show no key difference between the XRD patterns of 

pure WS2 and Ag-doped WS2; however, the Ag-loaded WS2 samples 

exhibited reduced peak intensity compared to pristine WS2. The peak 

intensity decreased with the increase in the Ag loading concentration, 

and it indicates the Ag substitution in WS2 host lattice sites [35, 36].  

XPS spectra of 2% Ag-loaded WS2 nanorods are recorded for the 

investigation of the elemental composition and associated constituent 

element chemical states in the material. Figure 3.3 (b) shows the W 

4f7/2 and W 4f5/2 peaks at 33.2 eV, and 35.2 eV corresponding to the 

W4+
 oxidation state in WS2 [37]. The S 2p3/2 and S 2p1/2 components of 

S 2p doublet are observed at 162.5 and 163.7 eV, respectively, and 

they are attributed to S2- ions, as shown in figure 3.3 (c) [38, 39]. The 

binding energies of the element levels are consistent with W4+ and S2− 

determined in WS2 [37], further confirming the formation of the WS2 

phase. In addition, figure 3.3 (d) shows the Ag 3d5/2 and Ag 3d3/2 peaks 

at 366.2 and 373.2 eV, respectively, and it further confirms the Ag 

loading on the WS2 surface [40]. It is noteworthy to mention that XPS 

is suitable for detecting the presence of Ag atoms on the WS2 surface 

while it is challenging to predict the actual content of Ag atoms on the 

WS2 surface. 

3.3.3. Sensing Performance Analysis 

To enable the detection of Pb2+ ions at various concentrations, a 100 

parts per million (ppm) stock solution of Pb2+ ions was formulated 

by dissolving 2.39 mg of Pb(NO3)2 in 15 mL of PBS. The PBS is 

used, because it is non-toxic, has a pKa value of 7.19, so have a high 
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buffering capacity at 7 pH, and has very less variation with respect to 

temperature [41] compared to other buffers, such as N -(2-Acetamido)-

2-aminoethanesulfonic acid buffer (ACES), phosphate buffer, tris 

(hydroxymethyl) aminomethane buffer, acetate buffer, and citrate 

buffer. The pH of the solutions was kept constant at 7 during the 

measurement. 

 
Figure 3.3: (a) XRD spectra of pristine WS2 with varying Ag wt%. 

High-resolution XPS spectra of (b) W 4f, (c) S 2p, and (d) Ag 3d for 

the 2 wt% Ag-loaded WS2 nanorods. 

 

The subsequent solutions with lower Pb concentrations were obtained 

through dilution of the stock solution, following the solution dilution 

equation (1): 

M1V1= M2V2       ………………. (1) 

In this equation, M1 and V1 denote the concentration and volume of the 

stock solution, while M2 and V2 indicate the target concentration and 

volume of the solution needed. This formula helps calculate the 

volume of the stock solution or a higher concentration solution 

required to attain the desired Pb2+ ion concentration. By utilizing 
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equation 1, solutions with varying Pb2+ ion concentrations, spanning 

from 10 ppm down to 1 parts per trillion (ppt), are prepared for 

sensing. The heavy metal ion sensing performance of pristine WS2 and 

Ag-loaded WS2 toward a 10-ppb Pb2+ion concentration is examined. 

The sensing response of WS2 sensors to 10-ppb Pb2+ ion exposure at 

room temperature is presented in figure 3.4 (a-d). 

Notably, Ag-loaded WS2 sensors exhibit higher sensing response 

values (2.48, 3.76, and 1.87 mA) compared to that by the pristine 

WS2 (1.31 mA) due to the loading of Ag-adatoms on the WS2 

surface. The loaded Ag adatoms provide an additional active surface 

area on the WS2 sensor sur- face, which enhances sensing 

performance. Interestingly, for 1 and 2-wt% loading of Ag adatoms 

on the WS2 surface, the sensing response significantly increases from 

2.48 to 3.76 mA, as shown in figure 3.4(b, c). However, further 

enhancement of Ag loading on the WS2 surface reduces the sensing 

response to 1.87 mA, as it is evident in figure 3.4(d). This reduction 

may be due to a decrease in the catalytic efficiency of Ag atoms on 

the WS2 surface [33]. 

The real-time sensing response of Pb2+ ions on the WS2 

functionalized IDEs is shown in figure 3.5(a). During the sensing 

process, the Pb2+ ion solution is introduced to the WS2 functionalized 

surface, with the concentration of the ionic solution varying from 1 

ppt to 100 ppm. At different concentrations of Pb2+ ions, the 

sensing response is observed for 60 s for each Pb2+ ion 

concentration, and a noticeable change in current is observed, 

indicating the successful detection of Pb2+ ions. The current increases 

significantly when the Pb2+ concentration is increased. The enhanced 

current upon metal ion addition is attributed to charge transfer, 

occurring through two primary mechanisms. First, ligand-to-metal 

charge transfer involves WS2 as the ligand and heavy metal ions as 
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metals. Second, WS2 undergoes oxidation in the presence of a metal 

ion-containing solution. 

 
Figure 3.4: Sensing performance of (a) pristine WS2, (b) 1%, (c) 2% 

and (d) 4% Ag-loaded WS2 for 10 ppb Pb2+ ions exposure. 

Sulfur’s electronic configuration is 1s22s22p63s23p4, with valence 

electrons represented by 3s23p4. Figure 3.5 illustrates the energy 

representation of valence electrons, showing a lone pair (LP) in the 

first p orbital. Transition metal chalcogenides exhibit sp3 hybridization 

of chalcogens [42], and the electronic states post hybridization is 

shown in figure 3.5(b). In WS2, tungsten forms a sixfold coordination 

with sulfur, creating a trigonal prismatic molecular bonding geometry. 

The metal contributes four electrons to bonding states, while sp3 

hybridized chalcogen provides two unpaired electrons and one LP for 

bonding, as shown in figure 3.5(b).  

Consequently, formal charges of +4 and -2 are assigned to the 

transition metal and chalcogen, respectively [43]. Charge Density 

Difference (CDD) is surfaces, derived from DFT simulations [42], 

indicate that LP electrons extend toward the van der Waals (vdW) gap 

and terminate at the surface. Hence, upon drop-casting heavy metal 
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ions onto WS2 nanorods, WS2 acts as a Lewis base (due to LP 

presence), and metal ions act as Lewis acids, forming [Am+n(WS2)]B
-

mn complexes. Here, A denotes the metal ion with an oxidation 

number of m, B is the anion associated with the AB salt, and n 

represents the stoichiometry. The creation of these complexes results in 

an increase in the system's current, as previously documented by [43] 

for various Lewis’s acid-base complexes. 

To assess the selectivity of WS2 functionalized IDE towards Pb2+ ions 

and other heavy metal ions, the separate solution method is employed 

[44], and the results are shown in figure 3.5(c). In this method, the 

selectivity coefficient for separate solution approach (also termed as 

response ratio) RPb
2+

, j can be given by equation (2) [44]: 

𝑅𝑃𝑏2+,𝑗 =
(|𝐼𝑏−𝐼𝑗|)𝐶

𝑃𝑏2+

(|𝐼𝑏−𝐼𝑃𝑏2+|)𝐶𝑗
 ………. (2) 

where, Ib is the current when sensor is dipped in buffer solution, Ij is 

the current of interfering metal ions at concentration Cj, and IPb
2+ is the 

current at concentration CPb
2+.  

Here, the sensing responses to interfering heavy metal ions and Pb2+ 

ions are measured at an identical concentration of 100 ppm. The 

calculated response ratio from equation (2) at 100 ppm concentration is 

presented in figure 3.5(c). It should be noted that a lower value of 

RPb
2+

, j indicates higher selectivity and less interference of other ions. 

figure 3.5(c) confirms that the sensor exhibits very high selectivity 

towards Pb²⁺ ions. This high selectivity can be primarily attributed to 

the strong interactions between Pb2+ and sulphur ions, as Pb²⁺ ions 

have a stronger affinity for sulfur. There is only slight interference 

observed from Hg2+ ions and Cu2+ ions.  

The sensing parameters, such as the limit of detection (LoD) and 

sensitivity, are calculated by observing the current (I) vs. Pb2+ ion 

concentration plot, as presented in figure 3.6(a). The LoD is 

determined using the standard 3-sigma approach and calculated using 

the equation (3) [45]: 
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𝐿𝑜𝐷 =  
3𝜎

𝑚
………………… (3) 

 

where σ and m are the standard deviation (SD) of the least 

concentration of the Pb2+ ions and the sensitivity of the sensor, 

respectively. The sensitivity (m) of the sensor is calculated as the slope 

of the fitting curve, and it is equal to 819 μA/ppb.  

 

Figure 3.5: (a) Real-time Pb2+ ion sensing, (b) The energy 

representation of valence electrons and, electronic states after 

hybridization of sulfur in WS2, (c) Response ratio of the sensor for 

Pb2+ ions and other interfering heavy metal ions for selectivity 

analysis.  

The values of parameters such as σ and linear regression coefficient 

are derived from figure 3.6(a) as 0.0205 and 0.9997, respectively, and 

hence the LoD is determined from equation (3) as 75 ppt. The obtained 

LoD for Pb2+ ions on the WS2 functionalized sensor is significantly 
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lower than the standard limit set by WHO for drinking water standards 

for Pb2+ ions. 

 
Figure 3.6: (a) Sensor response and calibration curve for Pb2+ ion 

detection; and (b) response and recovery of the sensor. 
 

 

 

Figure 3.7: (a) Repeatability, (b) Reproducibility, and (c) Long term 

stability of Pb2+ sensor. 

 

Then, the response and recovery of the sensor are shown in figure 

3.6(b). In the sensing process, the Pb2+ ions are chemically adsorbed on 

the WS2 surface by strong Pb-S bonding. Thus, in order to remove 

adsorbed Pb2+ ions from the surface of WS2, more activation energy is 

required [46, 47]. Hence, the PBS is heated at 150 °C and applied to 
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the sensor for rinsing. The developed sensor is rinsed in a hot PBS 

buffer for 100 s to recover from the bounded Pb2+ ions. In this process, 

the recovery is achieved at as high level as 99.35%. 

Table 3.1: Comparison of different sensing techniques for Pb2+ ions. 

S. 

No 

Functionali

zed 

Material 

Process Sensitivity 

(µA/ppb) 

LoD 

(ppb) 

Respon

se time 

Ref. 

1. DMTD SV - 20.7 - [48, 

49] 

2. DMTD SFM, SPM - 0.5, 

20 

240 s [48, 

50] 

3. Bi/Graphite ASV 0.0354 0.084 

 

240 s 

 

[51] 

 

4. Cu/Nafion/

Bi 

 

DPV 

 

0.2031 

 

0.62 

 

300 s 

 

[52] 

 

5. Au NP 

 

Colorimetry 

 

- 30 

 

- [53] 

 

6. Hydrogel LC 

resonator 

- 0.020

7 

 

< 20 

min 

[54] 

7. 2 wt% Ag- 

WS2 

Electroche

mical 

819 0.075 < 5 s Our 

wor

k 

Glossary: SV- Stripping Voltammetry, ASV- Anodic Stripping 

Voltammetry, SFM - Spectrofluorometric, SPM – Spectrophotometry, 

DPV- Differential Pulse Voltammetry. 

Subsequently, the repeatability, reproducibility and, long term stability 

of the interdigitated Pb2+ sensor based on WS2 were also investigated. 

We observed a remarkably consistent sensing response from the 

sensors under identical operating conditions, as depicted in figure 
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3.7(a), The reproducibility of the developed sensor was further 

confirmed by creating an additional device, the sensing was performed 

under the same operating conditions, as shown in figure 3.7(b), The 

slight variation in response observed in the new sensor may be 

attributed to the internal resistance of the device. These results show 

that the sensor indicate excellent reproducibility. The long-term 

response of the fabricated sensor is extremely stable is shown in the 

figure 3.7(c), confirm that the sensor is an extremely promising 

candidate for a continuous real-time monitoring system. 

The performance of the proposed WS2-based sensor is compared with 

previously reported Pb2+ ion sensors and the results are shown in Table 

3.1. The comparative analysis is conducted in terms of LoD, sensitivity 

and response time for Pb2+ ion detection in the sensors. It was observed 

that the WS2 functionalized interdigitated sensor exhibited an excellent 

detection limit with high sensitivity and rapid response time compared 

to previously reported Pb2+ ion sensors. 

3.4.    Conclusion 

In this chapter, the fabrication of pristine WS2 and Ag-loaded WS2 

sensors using a facile hydrothermal method to enhance Pb2+ ion 

detection in water was carried out. The introduction of 2-wt% Ag 

adatoms on the WS2 nanorods surface substantially enhances the 

sensing response, achieving approximately 2.8 times greater 

sensitivity compared to pris- tine WS2. Notably, the device showed a 

rapid response time of <5 s and an excellent detection limit of 75 ppt. 

The proposed sensor demonstrates excellent selectivity toward Pb2+ 

ions. Moreover, the outstanding sensitivity observed in this sensor 

can be attributed to the formation of Pb–S complexes. The 

functionalization of WS2 with Ag proved to be a pivotal factor 

influencing the sensor’s performance, with an optimal loading 

percentage of 2% yielding the highest sensitivity and selectivity. 

Overall, the exceptional performance of the sensor makes it a 
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potential candidate for practical applications in environmental quality 

monitoring and toxic metal detection in water. 
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Chapter 4 

CVD-grown MoS2 Monolayer based 

Ultrasensitive Hg2+ Ion Sensing in Water 

4.1. Introduction 

Water is a fundamental necessity for human existence, and the 

ecological importance of freshwater is steadily growing due to its 

scarcity and ongoing pollution. Among the array of water pollutants, 

heavy metal ions emerge as potent carcinogens, posing significant 

health hazards to humans due to their extreme toxicity. The urgent 

need for the advancement of sensors which can detect heavy metal ions 

(HMIs) in environmental systems is undeniable. Notably, mercury 

(Hg) garners attention as one of the most notorious toxic metals, even 

in trace amounts [1]. It is infamous for its ability to cause both chronic 

and acute poisoning. Prolonged or excessive exposure to mercury can 

lead to serious health complications, including, but not limited to, 

irreversible neurological damage, cancer, and debilitating movement 

disorders, all of which can potentially be life-threatening [1, 2]. To 

mitigate the risks of Hg2+ ions, it is crucial to maintain their 

concentrations below the recommended thresholds established by the 

World Health Organization (1 ppb) and the Environmental Protection 

Agency (2 ppb) [3, 4].  

Substantial efforts have been made to detect trace levels of mercury 

using various analytical approaches. Among these approaches are 

optical analyses such as colorimetry and spectroscopy [3, 5], as well as 

electrochemical methods like voltammetry and amperometry [6, 7]. 

While these methods exhibit commendable sensitivity, they are often 

costly, time-consuming, complex, and dependent on laboratory 

settings, requiring specialized operators for analysis [8]. 
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The sensing material affects the efficiency of detecting the targeted 

analyte and the performance of the electrochemical sensor. Numerous 

nanomaterials, including boron nitrides, carbon-based materials (like 

graphene and its oxides), MXenes, and layered double hydroxides, 

have been explored for HMI detection because of their distinctive 

properties [9-12]. Nevertheless, these materials face several 

drawbacks, such as lower stability, fewer adsorption sites, poor 

dispersibility, limited biocompatibility, reduced surface area, lower 

chemical reactivity, small particle size, and substandard durability [9-

14]. Consequently, there is a pressing need for an effective 

electrochemical sensing device that can detect Hg2+ ions with excellent 

sensitivity. 

Recently, two-dimensional transition metal dichalcogenides (TMDs) 

have gained significant research attention due to their outstanding 

optical and electronic properties [15]. There are many MoS2-based 

mercury (Hg2+) ion sensors that have been reported in the literature 

[16, 17, 18, 19, 20]. Different research groups have synthesized MoS2 

using different techniques, such as the hydrothermal process, 

exfoliation method, and chemical vapor deposition (CVD), for various 

sensing applications. For instance, D. S. Rana et al. [16] reported 

flower like MoS2-rGO nanostructures with a limit of detection (LoD) 

of 320.94 ppb, and Mishra et al. [17] synthesized MoS2 submicron 

flowers, reporting an improved LoD of 40.12 ppb. Further, P. Maiti et 

al. [18] synthesized MoS2 nanoflakes and achieved a LoD of 0.126 

ppb. Furthermore, A. Nigam et al. [19] functionalized AlGaN/GaN 

HEMT by hydrothermally grown MoS2 to enhance the LoD up to 11.5 

ppt and a sensitivity of 0.64 µA/ppb. Additionally, other research 

groups have also reported Hg2+ ion sensing using exfoliated MoS2. For 

example, J. J. Luo et al. [20] and P. Li et al. [21] have demonstrated 

Hg2+ ion sensors using exfoliated MoS2 with LoDs of 0.254 ppb and 5 

ppb, respectively, with the later study reporting a response time of 8 

seconds. The sensors fabricated with exfoliated and hydrothermally 
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synthesized MoS2-based sensors offer a low LoD, poor sensitivity and 

has large response time as discussed. The MoS2 synthesized using both 

methods suffer from drawbacks such as low yield, inconsistent layer 

numbers, and small sized MoS2 films or flakes [22, 23]. Furthermore, 

impurities introduced during the exfoliation process can degrade sensor 

performance, and, as with the both methods, controlling the number of 

layers and size of flakes/layers is challenging, resulting in limited 

reproducibility [24]. To overcome these limitations, we developed a 

Hg2+ ion sensor based on CVD-grown monolayer MoS2. The CVD 

method provides significant advantages, including better uniformity, 

higher crystal quality, larger crystal sizes, controlled number of layers, 

and a greater surface-to-volume ratio [25]. The monolayer MoS2 

exposes a sulfur-rich surface with numerous active adsorption sites, 

making it highly sensitive for Hg2+ ion detection [26]. As a result, our 

fabricated sensor demonstrates exceptional sensitivity (957 µA/ppb), a 

fast response time of less than 4 seconds, and a remarkably low 

detection limit of 27.9 ppt, well below the WHO’s 1 ppb limit for 

drinking water. The device also shows excellent recovery, achieving 

99.25%. 

4.2. Experimental   

4.2.1. Materials 

All the precursors and chemicals were procured from Alfa Aesar, with 

a 99.999% purity. They were used directly in the synthesis process 

without any additional modifications. The materials utilized in this 

research include molybdenum trioxide (MoO3), ammonium hydroxide 

(NH4OH, 25% solution), and NaCl for the synthesis of MoS2. 

Na2HPO4 and NaH2PO4 were employed to prepare the phosphate 

buffer solution (PBS). Additionally, chemical precursors including 

Hg(NO3)2·H2O, Cr(NO3)3·9H2O, CuSO4, Cd(NO3)2·4H2O, 

Zn(NO3)2·6H2O, and Pb(NO3)2 were utilized to prepare ionic solutions 

containing the corresponding metal ions for sensing analysis. 
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4.2.2. Synthesis of Sensing Material 

Using an atmospheric pressure CVD system (Quazar Technologies 

Pvt. Ltd.) equipped with individually controlled heating zones, a large 

and uniform MoS2 layer is deposited onto SiO2/Si substrates. Before 

the MoS2 deposition, the SiO2/Si substrate is prepared by cleaning it 

using ultrasonication in acetone (CH 3) 2CO, isopropanol (C3H8O), and 

deionized water for 15 minutes. The substrate is then dried with 

nitrogen (N2) gas. To synthesize MoS2, a solution process is utilized 

wherein MoO3 powder is mixed in a 25% solution of ammonium 

hydroxide (NH4OH). Initially, 0.2 g of MoO3 precursor is dissolved in 

10 mL of NH4OH solvent. Subsequently, 0.05 g of NaCl is mixed into 

the NH4OH-MoO3 solution under constant magnetic stirring. To create 

a uniform layer of MoO3, 0.5 microliters of a 20 milligram/milliliter 

solution are spin-coated onto a 1 × 1.5 cm2 SiO2/Si substrate at 3000 

revolutions per minute for 1 minute. To remove any remaining solvent 

and ensure the MoO3 seeds are evenly spread, the MoO3-coated 

SiO2/Si sample is heated in an oxygen atmosphere at 250 °C for 15 

minutes. Additionally, the bare SiO2/Si substrate is placed at the top, 

and the MoO3-coated SiO2/Si substrate (1 × 1.5 cm2) is positioned in 

the bottom of the alumina boat, respectively, as shown in figure 4.1. In 

a separate alumina boat, 0.6 grams of sulfur is placed, also illustrated 

in figure 4.1. The alumina boat with sulfur is situated in upstream flow 

(i.e., the inlet side) of the Argon (Ar) carrier gas, while other boat 

containing both MoO3-coated and uncoated SiO2/Si sample is located 

in the downstream (i.e., the outlet side) flow of the Ar gas. After 

positioning the boats in different heating zones, the zone containing the 

SiO2/Si substrate is heated to 300°C at a ramp rate of 30 °C/min, and 

then held at this temperature for 15 minutes while Ar flow rate is 

maintained at 1000 sccm. Next, the temperature of this heating zone is 

gradually increased to 800°C at a reduced ramp rate of 15°C/min to 

mitigate temperature overshooting, while a carrier gas (Ar) flow rate of 

150 sccm is maintained. During the growth, oxygen gas is introduced 
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at a flow rate of 2 sccm for a 10-minute dwell time. The temperature of 

the zone containing boat with sulfur is maintained at 180 °C 

throughout the growth period.  

 
Figure 4.1: Schematic illustrating the process of synthesizing MoS2 by 

CVD system. 

 

4.2.3. Sensing Material Characterization 

Before examining the diverse characteristics of the synthesized MoS2, 

the samples are stored in glovebox having argon environment with 

silica gel to eliminate any moisture. The surface morphology of the 

MoS2 layer following synthesis is examined using a Leica upright 

metallurgical microscope (DM2700M). To quantify the number of 

layers of the deposited MoS2 sample, Raman spectroscopy (Horiba, 

LabRAM HR Evolution) was used. 

4.2.4. Device Fabrication and Transfer Process of the MoS2 

The device comprises a glass substrate with dimensions of 0.7 cm × 

0.7 cm × 0.2 cm and a set of IDEs consisting of a Ti/Pt (20/10 nm) 

stack positioned atop the glass substrate. The MoS2 layer is placed on 

top of the IDE. The electrodes have a width of 50 µm and a spacing of 

25 µm. The Pt electrode is connected to a contact pad measuring 0.1 

cm × 0.1 cm.  
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The successful synthesis of MoS2 is confirmed by optical microscopy 

and Raman spectra of the layer. Figure 4.2(a) shows the optical image 

of the MoS2 layer after deposition on the Si/SiO2 substrate, obtained 

with a Leica DM2700M upright metallurgical microscope. The 

deposited MoS2 features large-sized monolayer crystals. Figure 4.2(b) 

depicts the Raman spectra of the synthesized layer. From the spectra, it 

can be observed that the E1
2g (in-plane) and A1g (out-of-plane) peaks 

are at 383.5 and 404.4 cm–1, respectively. The variation in the position 

and intensity ratio of the E1
2g and A1g peaks is approximately 21 cm–1 

and about 1, respectively. This confirms that the deposited MoS2 is a 

monolayer with a exposed basal plane surface morphology, consistent 

with findings reported in the literature [27, 28]. 

Figure 4.2: (a) Optical microscopy Image of MoS2, (b) Raman spectra 

of MoS2, Optical microscopy image of IDE device (c) before and (d) 

after MoS2 transfer. 

Following the successful fabrication of the interdigitated device and 

MoS2, the energy-assisted wet transfer method is used to transfer the 

MoS2 layer onto the device. The transfer procedure for the deposited 

MoS2 monolayer begins by blending 10 grams of cubic polystyrene 

(PS) pellets in a 100 mL toluene solution. The blend undergoes 
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ultrasonication for 30 minutes and simultaneous manual stirring with a 

spatula until the PS pellets are fully dissolved. Subsequently, 600 μL 

of the resulting solution is coated onto MoS2/SiO2/Si for 60 s at 3000 

rpm using a spin coater. The coated substrate is then heated at 80 °C in 

a forced air circulating oven for 40 minutes to improve adhesion 

between the polymer coating and the MoS2 layer. Moreover, to 

enhance water diffusion between the PS–MoS2 layer and SiO2/Si 

substrate, gentle etching of the PS film occurs along the substrate 

edges. PDMS is placed atop the PS film for convenient handling. 

Repeatedly immersing the PDMS–PS–MoS2-coated SiO2/Si substrate 

in deionized water causes the PDMS–PS–MoS2 assembly to detach 

from the SiO2/Si substrate. Using tweezers, the separated assembly is 

carefully lifted and placed onto the IDE devices. To isolate the MoS2 

on the IDEs, the PDMS film is removed by heating at 80 °C, and the 

PS film is removed through repeated immersion in a toluene solution. 

This process leaves behind a clean, crack-free monolayer of MoS2 on 

the IDEs. The interdigitated device is shown in figure 4.2(c) before the 

MoS2 layer is transferred and in figure 4.2(d) after the transfer.  

4.3. Results and Discussion 

4.3.1. AFM and Energy Dispersive X-ray (EDX) Analysis 

Figure 4.3 (a) illustrates the topological features and thickness 

assessment of the MoS2 monolayer on the SiO2/Si substrate. The inset 

of figure 4.3 (a) presents a depth profile of the deposited MoS2 crystal, 

revealing a thickness of approximately 0.7 nm, which confirms the 

monolayer deposition of MoS2 [29]. Further, to confirm stoichiometric 

verification, X-ray photoelectron spectroscopy (XPS) analysis was 

conducted. The complete XPS spectrum of MoS2 is illustrated in figure 

4.3(b). The deconvoluted XPS spectra for Mo in MoS2 reveal peaks for 

Mo 3d5/2 and Mo 3d3/2 at binding energies of 229.68 eV and 232.88 eV, 

respectively, as shown in figure 4.3(c). The high-resolution spectrum 

of S, presented in figure 4.3(d), exhibits deconvoluted peaks at 161.38 
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eV and 162.48 eV, corresponding to the S 2p3/2 and S 2p1/2 

components, respectively, which align with reported binding energy 

values [29].  

 
Figure 4.3: (a) AFM, (b) XPS survey spectrum of MoS2 (c) 

deconvoluted S 2p peaks (d) Deconvoluted Mo 3d peaks. 

4.3.1. Sensing Performance Analysis 

To facilitate the Hg2+ ion detection across a range of concentrations, a 

100 ppm standard solution of mercury ions was made by dissolving 

2.56 mg of Hg(NO3)2·H2O in 15 mL of PBS solution. Throughout the 

measurement process, the pH of ion solution was maintained at a 

constant level of 7. To get lower concentrations of Hg, standard 

solution was diluted according to the equation M1V1= M2V2, in this 

formula, M1 represents the concentration and V1 represents the volume 

of the standard solution, whereas M2 and V2 specify the desired 

concentration and volume of the diluted solution. Using this equation, 

solutions with various Hg2+ ion concentrations ranging from 1 part per 

trillion (ppt) to 10 ppm were prepared for sensing performance 

analysis.  
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The performance of the developed interdigitated sensor as a potential 

candidate for monitoring Hg2+ ions was evaluated by observing the 

response when Hg2+ ions and other HMIs interact with the active 

region of the device. The corresponding changes in the current were 

detected for various HMIs at 10 ppb, as well as for the PBS solution, as 

illustrated in figure 4.4(a). The response was assessed for 1 minute for 

each ion by monitoring the device's current change at a constant 

voltage of +4 V. The current showed minimal change for different 

heavy metal ions except Hg2+ ions. The current decreased significantly 

when the active region (MoS2-functionalized region) is exposed to a 10 

ppb Hg2+ ion solution, as depicted in figure 4.4(a). 

 
Figure 4.4: (a) Sensor response to various heavy metal ions (b) Real-

time detection Hg2+ ions. 

Figure 4.4(b) illustrates the response of MoS2-functionalized IDEs 

when exposed to Hg2+ ions. During the sensing process, Hg2+ ion 

solutions with concentrations ranging from 1 ppt to 100 ppm are 

introduced to the MoS2-functionalized surface. The response is 
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monitored for 1 minute at each Hg2+ ion concentration, revealing a 

visible change in current, indicative of successful Hg2+ ion detection. 

The sensing mechanism of the MoS2-based Hg2+ sensor is shown in 

Fig. 5, illustrating interactions before and after exposure to Hg2+ ions. 

Upon exposure to an Hg2+ ion solution, S2- present in the MoS2 layer 

reduces Hg2+ to Hg0 on its surface. This phenomenon is intriguing and 

is believed to occur because of the strong oxidizing and electrophilic 

properties of Hg2+ ions at room temperature (RT), combined with the 

natural reducing properties of S2- present in MoS2. Consequently, the 

S2- group present in MoS2 transfers electrons to the adsorbed Hg2+ 

ions, forming Hg-S complexes, as depicted in Fig. 5.  

  

Figure 4.5: Mechanism of Hg2+ ion detection on the MoS2 

functionalized surface. 

As defined above, the sensing mechanism for Hg2+ involves its 

spontaneous reduction over MoS2 because Hg2+ ions have a greater 

reduction potential than S2- ions, which function as a natural reducing 

agent. This mechanism explains why the sensor is more sensitive to 

Hg2+ than to other ions like Pb2+ and Cu2+. When two heavy metal 

ions, such as Hg2+ and Pb2+, which exhibit an affinity for S2- ions, are 

present, Hg2+ is preferred for reduction by MoS2 due to the standard 

reduction potential of Hg2+ ions are higher (0.85 V) compared to Pb2+ 

(-0.13 V) [30]. Hence, the MoS2 shows higher selectivity towards Hg2+ 

because its reduction potential is greater in comparison to Pb2+. 

Therefore, thermodynamically, when Hg2+, Cu2+, and Pb2+ (and other 

HMIs with less reduction potential) are present, Hg2+ is favoured for 

reduction. 
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Separate solution method has been employed to evaluate the selectivity 

of MoS2 based IDE for Hg2+ ions and other HMIs. In this approach, the 

selectivity coefficient (response ratio) RHg
2+, j is determined by 

equation (1) [31]. 

𝑅𝐻𝑔2+,𝑗 =
(|𝐼𝑏−𝐼𝑗|)𝐶

𝐻𝑔2+

(|𝐼𝑏−𝐼𝐻𝑔2+|)𝐶𝑗
……………. (1) 

Here, Ib represents the response current when the MoS2 functionalized 

IDE device is immersed in a PBS solution, Ij represents the current 

corresponding to meddling ions at a concentration of Cj, and IHg
2+ 

denotes the current at a concentration of CHg
2+.  

 
Figure 4.6: (a) Response ratio for Hg2+ ions and other interfering 

HMIs for selectivity analysis, (b) calibration curve to calculate limit of 

detection and for Hg2+ ions and, (c) response-recovery characteristics. 

The sensing responses to Hg2+ ions and interfering HMIs are assessed 

at an equivalent concentration of 10 ppb. The response ratio at a 

concentration of 10 ppb is depicted in figure 4.6(a) based on equation 

(1). A lower RHg
2+

, j value signifies greater selectivity and reduced 

interference from other HMIs. Figure 4.6(a) shows that the sensor is 

highly selective for Hg2+ ions, mainly due to strong interactions 

between sulfur ions and Hg2+. There is little interference detected from 

Pb2+ ions and Cu2+ ions. 
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The sensitivity and detection limit (LoD), are determined by analyzing 

the relationship between current (I) and Hg2+ ion concentration, as 

shown in figure 4.6(b). Equation (2) is employed for the standard 3-

sigma method, which is used to calculate the LoD. (2) [32]: 

𝐿𝑜𝐷 =  
3𝜎

𝑚
………………… (2) 

The sensitivity (m) of the proposed sensor is computed as the slope of 

the calibration curve, which is determined to be 957 μA/ppb. 

The σ (standard deviation) and the linear regression coefficient, are 

extracted from figure 4.6(b) as 0.00894 and 0.9998, respectively. 

Consequently, the limit of detection is calculated as 27.96 ppt by using 

equation 2. The LoD of the sensor is lower than the WHO standard 

limit for Hg2+ ions in drinking water. 

Figure 4.6(c) displays the recovery and response of sensor. When the 

sensor is exposed to mercury ions, these ions bond strongly with the 

surface of the MoS2. This makes it difficult to remove the mercury ions 

from the surface, which requires a higher activation energy to detach 

mercury ions from the sensor surface [32, 19]. To achieve this, the 

sensor is dipped in heated PBS at 150 °C for 90 s to facilitate recovery 

from the bound Hg2+ ions. Remarkably, the recovery rate reaches as 

high as 99.25% during this process. 

The repeatability of the sensor is demonstrated in figure 4.7(a), where 

the sensor consistently produced the same response under identical 

conditions. Furthermore, the reproducibility of the sensor was verified 

by fabricating five devices and conducting sensing tests under the same 

conditions, as shown in figure 4.7(b). The slight difference in response 

between the two devices may be attributed to variations in their 

internal resistance [33]. These results confirm that the sensor is highly 

reproducible. Additionally, the sensor's response was monitored over 

60 days, with a response variation of less than 3%, as shown in figure 

4.7(c), indicating its suitability for long-term applications. 
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Figure 4.7: (a) Repeatability of the sensor, (b) sensor reproducibility, 

and (c) the Hg2+ sensor stability over time. 

The proposed MoS2-based sensor was compared with the existing Hg2+ 

ion sensors. The results of this comparison are presented in Table 4.1. 

The comparison focuses on metrics such as sensitivity, limit of 

detection (LoD), and response time for Hg2+ ion detection. It was 

found that the MoS2-functionalized IDE sensor exhibited superior 

LoD, higher sensitivity, and faster response times compared to 

previously reported Hg2+ ion sensors. 

Table 4.1: Performance comparison of Hg2+ ion sensors. 

S. 

N

o. 

Functionalize

d Material 

Process 
Sensitivi

ty 

(µA/pp

b) 

LoD 

(ppb) 

Respon

se time 

Ref. 

1. 
rGO/TGA-

AuNP 
ISFET 0.3 5 

< 10 s 

 
[34] 
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2. 
Glucose-

AgNP 

LSPR on 

Fibre ….. 2 …… [35] 

3. 
Au-

nanoparticles 
Colorimetry ….. 3.4 

…… 

 
[36] 

4. L-cysteine 
Electrochemi

cal 
0.2031 0.995 --- [37] 

5. TGA/Au 
AlGaN/GaN 

HEMT 
----- 27; 3 

5 s; 15-

20 s 

[38, 

39] 

6. 

AgNW/MoS2 

nanocomposit

e 

AlGaN/GaN 

HEMT 
1640 0.058 ----- [49] 

7. 
MoS2 nanosh

eets 
Colorimetry ----- 

100.2

5 
----- [41] 

8. MoS2-Au Colorimetry ----- 1.005 ----- [42] 

9. MoS2 
Electrochemi

cal 
957 

0.027

9 
< 4 s 

Our 

wor

k 

Glossary: LSPR- localized surface plasmon resonance, TGA-

Thioglycolic acid 

 

4.4 .  Conclusion 

In this chapter, we successfully synthesized a monolayer of MoS2 

using a CVD system. The MoS2 layer was then transferred to IDEs via 

a surface energy-assisted wet transfer method. The electrical response 

of the proposed sensor shows high selectivity toward Hg2+ ions across 

the entire test range. The device demonstrated remarkable 

performance, with a rapid response time of less than four seconds and 

an exceptional detection limit of 27.9 ppt for Hg2+ ions, exhibiting high 

selectivity. The exceptional sensing capabilities of the MoS2 sensor are 

attributed to the formation of multiple binding sites where Hg2+ ions 

form strong complexes with the sulfur atoms in MoS2. Moreover, the 

device demonstrated a high recovery rate of 99.25%, making it a 
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highly reusable and robust solution for detecting Hg2+ ions in water. 

Given its outstanding performance, the sensor holds great promise for 

real-world applications in detecting toxic metals in water. 
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Chapter 5 

Ultrasensitive Detection of Hg2+ Ions with 

CVD Grown MoS2-Functionalized 

MgZnO/CdZnO HEMT 

5.1. Introduction 

Heavy metals naturally occur in the crust of Earth and pose a risk to 

human health due to their tendency to accumulate in our bodies. 

Among various heavy metal ions (HMIs), the mercury (II) (Hg²⁺) ion is 

of particular interest from an environmental perspective. Its 

noxiousness has been acknowledged as a persistent environmental 

issue [1-3]. Mercury enters the in water and soil through various 

sources, including fossil fuel combustion, volcanic emissions, mining, 

and solid waste burning. Worldwide, there is growing concern about 

impact of mercury on human health and wildlife ecology. Certain 

bacteria transform inorganic Hg2+ ions into organic compounds that are 

neurotoxic, which subsequently accumulate in animals, plants, and 

enter in the food chain, impacting the whole ecosystem [4-6].  

Even trace amount of mercury ions accumulating in human body might 

result in hazardous conditions. Exposure of excessive mercury leads to 

severe chronic health conditions, including neurodegenerative diseases, 

cancer, nephrotic syndrome, pulmonary edema, and respiratory failure 

[7]. Despite these risks, mercury continues to be widely used in 

domestic commercial and applications. The WHO (World Health 

Organization) and the EPA (Environmental Protection Agency) set 

acceptable limits of 1 part per billion (ppb) and 2 ppb, respectively, for 

mercury ions in drinking water [3, 8]. Therefore, in order to address 

the health dangers, it is imperative that we identify these ions using a 

highly selective and sensitive technique. Various methods have been 
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explored for detecting Hg2+ ions, including electrochemical techniques, 

optical analysis, Fluorometry, inductively coupled plasma-atomic 

emission spectrometry (ICP-AES), and atomic absorption spectroscopy 

(AAS), [9-15]. Although these detecting approaches exhibit good 

sensitivity, their limitations include expensive laboratory setups, 

extended response times, and the need for well-trained manpower for 

the sophisticated instruments’ operation [16]. Ion-sensitive field-effect 

transistors based on silicon are commonly used for ion detection 

nevertheless, their viability for on-site HMI detection is limited by 

their dependency on reference electrodes and instability in harsh 

environmental conditions. 

The high-electron-mobility transistors (HEMTs) offer an appealing 

solution for detecting mercury (Hg2+) ions. To achieve high sensitivity 

and quick response times, these transistors have a high electron sheet 

carrier concentration channel, electrical and chemical stability in an 

ionic medium, and surface charges [16, 17]. The existing AlGaN/GaN 

HEMT-based biosensors suffer from gate-induced leakage current [18, 

19]. This leakage can lead to inaccuracies in the output device 

parameters, making it difficult to reliably predict the sensitivity. 

Therefore, suppressing this leakage is essential. Recent research has 

focused on ZnO-based nano electronic devices, with their favourable 

material features like bulk growth capability, higher energy bandgap, 

lower lattice mismatch, higher saturation velocity, and greater 

sensitivity. ZnO-based heterostructure exhibits strong piezoelectric and 

spontaneous polarization, which induces the two-dimensional electron 

gas (2DEG) at the heterointerface [20]. Devices with 2DEG channel is 

highly sensitive because the channel is near to the surface, so due to 

absorption of analytes the stress directly effects the conduction of 

current in the channel. which enhances their overall sensitivity. 

The sensing material effect the efficiency to detect the targeted analyte 

and the performance of electrochemical sensor. Numerous 

nanomaterials, like carbon-based materials (such as graphene oxides), 
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MXenes, BODIPY, and layered double hydroxides have been explored 

for HMIs detection due to their exclusive properties [21-24]. 

Nevertheless, these materials face several drawbacks, such as lower 

stability, fewer adsorption sites, poor dispersibility, limited 

biocompatibility, reduced surface area, lower chemical reactivity, 

small particle size, and substandard durability [21, 22]. Consequently, 

there is a pressing need for an effective electrochemical sensing device 

that can detect Hg2+ ions with excellent sensitivity. 

Recently, there has been a significant increase in the study of 

atomically thin two-dimensional transition metal dichalcogenides (2D-

TMDs) because of their intriguing electrical and optical characteristics, 

which make them promising contenders for several applications 

including sensors [25], optoelectronics, spintronics, and valleytronics 

[26]. Among the various options, molybdenum disulfide (MoS2) poses 

semiconductor characteristics with a tuneable band gap, making it the 

highlight of the existing TMDs. The bandgap depends on the thickness 

of the MoS2 with monolayer having a direct bandgap of 1.2 eV to a 

multilayer (bulk) having an indirect bandgap of 1.8 eV [27, 28]. The 

2D MoS2 has distinct advantage over its bulk equivalents owing to the 

large binding energy excitons and the absence of lattice inversion 

symmetry [29].  

This chapter discusses MgZnO/CdZnO (MCO) HEMT simulation 

using Silvaco-TCAD and its validation against established literature. 

An oxide-based high electron mobility transistor sensor is fabricated 

using optical lithography and a dual ion beam sputtering (DIBS) 

system, designed to detect trace amount of Hg2+ ions in water. MoS2, 

synthesized via chemical vapor deposition, was transferred to the MCO 

HEMT gate using an energy-assisted wet transfer method, 

functionalizing the gate region specifically for Hg2+ ion detection. 
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5.2. Simulation of Oxide HEMT 

Before fabricating MgZnO/CdZnO HEMT, the HEMT structure is 

simulated using Silvaco-TCAD. The ATLAS two-dimensional drift-

diffusion simulator [30] is used to model the device response. As 

shown in figure 5.1(a), the MZO HEMT structure consists of a 50 nm 

HfO2 dielectric layer at the gate terminal, 2 nm MgZnO barrier layer, 

10 nm ZnO channel layer, 200 nm MgZnO buffer layer, and a 15 nm 

thick ZnO nucleation layer on the substrate. The 1 μm gate length (Lg), 

50 μm channel width (Wg), 1 μm source-to-gate length (Lsg) and 1 μm 

gate-to-drain length (Lgd) have been used for the simulation. In the 

MZO-based HEMT, a 1 nm thin layer of MgO, as in figure 5.1(b), is 

sandwiched between MgZnO and ZnO layer, and as shown in figure 

5.1(c), the ZnO layer is replaced by CdZnO layer to simulate the 

MgZnO/CdZnO (MCO) HEMT to study the confinement of 2DEG, 

which plays an important role in the sensing application. The material 

parameters used in the simulation are shown in Table 5.1. The 

parameters for MgxZn1-xO and CdxZn1-xO are obtained from linear 

combinations of the parameters for ZnO, MgO and CdO [31]. 

Table 5.1: Parameters of MgZnO and CdZnO calculated from mole 

fraction (x) at room temperature 

  

Parameters Description MgxZn1-xO CdyZn1-yO References 

C
13

 Elastic 

stiffness 

constant 

(GPa) 

   84 + 4𝑥 105.1
+ 44.1𝑦 

[32], [33] 

C
33

 Elastic 

stiffness 

constant 

(GPa) 

176 − 9𝑥
+ 55𝑥2 

210.9
− 105.9𝑦 

[32], [33] 

E
31

 Piezoelectric 

constant 

(C/m
2
) 

−0.55
− 0.23𝑥 

−0.62
+ 0.14𝑦 

[32], [33] 

E
33

 Piezoelectric 

constant 

(C/m
2
) 

1.24 − 1.1𝑥 0.96
+ 0.71𝑦 

[32], [33] 
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a Lattice 

constant 

(nm) 

0.3246
+ 0.0016𝑥
+ 0.0109𝑥2 

0.3246
+ 0.428𝑦 

 [33] 

P
SP

 Spontaneous 

polarization 

(C/m
2
) 

−0.057
− 0.066𝑥 

−0.15𝑦  [33] 

 

 

Figure 5.1: Schematic of (a) MZO HEMT, (b)MZO HEMT with MgO 

layer, (c) MCO HEMT.  

The simulated transfer characteristics are in good agreement with the 

experimental results reported for MZO HEMT [34] as shown in figure 

5.2(a, b). Once, the appropriate model is determined, the simulations 

for the MZO HEMT with MgO spacer layer and MCO HEMT are 

carried out. The threshold voltage (Vth) for the MZO HEMT with MgO 

spacer layer is -2 V and -3.7 V for MCO HEMT, as shown in figure 

5.2(d, e). For MZO HEMT, the value of Vth is -1.7 V. The shift of Vth 

with the insertion of MgO interfacial layer and in MCO HEMT is due 

to the increase in the electron density of the channel induced by the 

enhanced polarization charge [35]. A maximum drain current (Ids,max) 

of 190 mA/mm, 284 mA/mm and a maximum transconductance 

(gm,max) of 91 mS/mm and 103 mS/mm is observed for MZO HEMT 

with MgO spacer layer and MCO HEMT, respectively, which are 

higher as compared to those for the conventional MZO HEMT (Ids,max 

= 162 mA/mm, gm,max = 73 mS/mm).  

Figure 5.2(c, d) shows the simulated output DC characteristics which 

are in good agreement with the experimentally reported results for 

MZO HEMT [36]. For the conventional MZO HEMT structure, and 

MZO HEMT with MgO layer the saturation drain current (IDS) is 181 
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mA/mm and 182 mA/mm at VGS = 1 V and VDS = 5 V.  While the 

MCO HEMT structure, the saturation drain current increases to IDS = 

281 mA/mm at VGS = 1 V and VDS = 5 V. This is due to the increment 

in the channel’s electron density induced by the enhanced polarization 

charge. The 2DEG density of MCO HEMT is high as compared to 

GaN HEMT but it has lower current density than GaN HEMT because 

of less mobility of MCO HEMT compared to GaN HEMT. 

 

Figure 5.2: Transfer characteristics and transconductance of (a) MZO 

HEMT and MZO HEMT with MgO layer (b) MZO HEMT and MCO 

HEMT at VDS = 4 V, Transfer characteristics of (c) MZO HEMT and 

MZO HEMT with MgO layer (d) MZO HEMT and MCO HEMT.  

The high performance of MCO HEMT seems to be attributed to their 

high 2DEG density and mobility. The room-temperature 2DEG 

electron density of MCO HEMT is 9.2×1013 cm-2 whereas that for the 

conventional MZO HEMT is 2.5×1013 cm-2 and for MZO HEMT with 

MgO layer is 7.2×1013 cm-2. The maximum transconductance is the 

ratio of the current change at the output port (IDS) to the voltage change 

at the input port (Vgs) and for the MCO HEMT the drain current is 
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increase significantly which results in improved transconductance. 

From above results, it can be concluded that the MCO HEMT has 

better performance. 

5.3. MgZnO/CdZnO HEMT based Hg2+ Ion Detection 

5.3.1. Materials 

The chemicals used in this work are obtained from Alfa Aesar, 

ensuring a 99.999% purity level, and are employed without alteration. 

In this work, the materials utilized include molybdenum trioxide 

(MoO3), ammonium hydroxide (NH4OH, 25% solution), and NaCl for 

the synthesis of MoS2. Disodium hydrogen phosphate (Na2HPO4) and 

sodium dihydrogen phosphate (NaH2PO4) are used to make the 

phosphate buffer solution (PBS). Further, chemicals like 

Hg(NO3)2.H2O, Cr(NO3)3.9H2O, CuSO4, Cd(NO3)2.4H2O, 

Zn(NO3)2.6H2O, and Pb(NO3)2, AgNO3, Fe(NO3)3.(H2O)9, Sn(NO3)2 

were utilized to prepare ionic solutions containing the corresponding 

metal ions for sensing analysis. 

5.3.2. MgZnO/CdZnO HEMT Fabriaction 

The heterostructure consists of a 30 nm Mg0.05Zn0.95O barrier layer on 

top of a 400 nm Cd0.15Zn0.85O buffer layer, which is placed over a 200 

nm Y2O3 spacer layer. These layers are deposited onto a silicon 

substrate utilizing the DIBS system, as shown in figure 5.3(a). Before 

depositing the heterostructure, the Si substrate undergoes a cleaning 

process as described in our earlier in chapter 2. Following the cleaning 

procedure of the Si substrate, the spacer layer of Y2O3 is deposited in 

pure Ar environment and a temperature of 100 °C. Subsequently, the 

MCO heterostructure is grown on top of Y2O3 using the DIBS system. 

This deposition carried out at an Ar:O2 ratio of 2:3, a beam voltage 

(800 V), ion beam power (44 W), temperature (300 °C),  and a 

working pressure (2.43 × 10−4 mbar). After the growth of the MCO 

heterostructure, the surface morphological analysis has been conducted 

with atomic force microscopy (AFM). AFM image of the MCO 
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heterostructure, measuring 5 μm x 5 μm, is displayed in figure 5.3(b). 

The surface levels are clearly observable regarding the surface 

morphology. For the sample, the root mean square roughness values 

are 0.70 nm. This indicates the quality growth of MCO heterostructure 

over the silicon substrate. 

The drain, source contacts of the MCO HEMT were fabricated using a 

metal stack comprising Al (150 nm), Cr (30 nm), and Au (200 nm), 

deposited via a thermal evaporation technique. This stack of metals 

was patterned using MJB4 mask aligner photolithography to define the 

drain and source mask of ~1.4 microns S1813 photoresist Following 

etching, rapid thermal annealing was performed at 850°C for 50 s 

under a constant nitrogen (N2) flow to delineate the source and drain 

metal connections.  

 

Figure. 5.3: Details of the of MoS2 functionalized MCO HEMT. (a) 

Diagram illustrating the sputtering deposition of MCO heterostructure 

on a silicon wafer. (b) AFM image of MCO heterostructure on silicon 

wafer. (c) Schematic representation of the constructed MCO HEMT 

(inset: optical microscopic picture of the completed device). (d) 

Schematic representation of the MoS2 functionalized MCO HEMT 

sensor following the transfer of MoS2. 
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The separation between these contacts is 100 μm. A 250 nm Si3N4 

layer was formed using sputtering to passivate the source and drain 

contacts, and subsequently patterned through lithography to expose the 

contact pads and gate area. A Ni (10 nm) and Au (50 nm) layer was 

deposited for gate contact fabrication using thermal evaporation and 

subsequently patterned using standard photolithography, yielding a 50 

μm long gate. Figure 5.3 (c) presents a schematic depiction of the 

MCO HEMT layered structure. 

5.3.3. MoS2 Functionalization of Gate Region 

The MoS2 layer of uniform and substantial size is synthesized onto 

SiO2/Si substrates is synthesized using an atmospheric pressure 

chemical vapor deposition (CVD) system (Quazar Technologies Pvt. 

Ltd.). Following the successful synthesis of the MoS2, the layer is 

transferred on the gate region of MCO HEMT using the energy-

assisted wet transfer method. 

The transfer procedure for the deposited MoS2 monolayer begins by 

blending 10 grams of cubic polystyrene (PS) pellets in a 100 mL 

toluene solution. The blend undergoes ultrasonication for 30 minutes 

and simultaneous manual stirring with a spatula until the PS pellets are 

fully dissolved. Subsequently, 600 μL of the resulting solution is 

coated onto MoS2/SiO2/Si for 60 s at 3000 rpm using a spin coater. The 

coated substrate is then heated at 80 °C in a forced air circulating oven 

for 40 minutes to enhance the adherence between the polymer coating 

and the MoS2 layer. Moreover, to enhance water diffusion between the 

PS–MoS2 layer and SiO2/Si substrate, gentle etching of the PS film 

occurs along the substrate edges. PDMS is placed atop the PS film for 

convenient handling. Repeatedly immersing the PDMS–PS–MoS2-

coated SiO2/Si substrate in deionized water causes the PDMS–PS–

MoS2 assembly to detach from the SiO2/Si substrate. Using tweezers, 

the separated assembly is carefully lifted and placed onto the gate of 

MCO HEMT. To isolate the MoS2 on gate of MCO HEMT, the PDMS 
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film is removed by heating at 80 °C, and the PS film is removed 

through repeated immersion in a toluene solution. This process leaves 

behind a clean, crack-free layer of MoS2 on the MCO HEMT as shown 

in figure 5.3(d). 

5.3.4. Device Measurements and Characterization 

The electrical characterization and analysis of the fabricated MCO 

HEMT based mercury ion sensor was conducted using the Keithley-

4200 semiconductor parameter analyzer (SPA). For this analysis, the 

gate area was left exposed to facilitate MoS2 functionalization and 

interaction with aqueous solution. For measurement, the SPA system 

was connected to the source and drain contacts. During the sensing 

analysis, a constant drain-to-source voltage (VDS) of 2 V was applied 

throughout. Additionally, for elemental analysis X-ray photoelectron 

spectroscopy (XPS) has been performed using AlKα source at 1486.6 

eV (ULVAC-PHI Quantra II system). 

5.4. Results and discussion 

To facilitate the Hg2+ ion detection across a range of concentrations, a 

100 ppm standard solution of mercury ions was made by dissolving 

2.56 mg of Hg(NO3)2·H2O in 15 mL of PBS solution. Throughout the 

measurement process, the pH of ion solution was maintained at a 

constant level of 7. To get lower concentrations of Hg, standard 

solution was diluted according to the equation M1V1= M2V2, in this 

formula, M1 represents the concentration and V1 represents the volume 

of the standard solution, whereas V2 and M2 specify the final volume 

and concentration of the diluted solution. Using this equation, solutions 

with various concentrations of Hg2+ ions spanning from 1 part per 

trillion (ppt) to 10 ppm were prepared for sensing performance 

analysis. 

Figure 5.4(a) illustrates the change in drain to source current (IDS) 

when the MoS2 functionalized gate region of the device is immerged in 

a solution without metal ions and in a 10 ppb Hg2+ ion solution. The 
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drain-source voltage (VDS) varies from 0 to 3V and IDS was measured 

for both the 10 ppb Hg2+ ion solution the and blank solution interacting 

with the gate region of MCO HEMT functionalized with MoS2. This 

illustrates the decrease in IDS resulting from the effect of Hg2+ ions on 

the functionalized MCO HEMT gate area. 

The selectivity of the MCO HEMT functionalized by MoS2 sensor is 

assessed by observing its response to solutions containing Hg2+ ions 

and other HMIs. The corresponding IDS changes are recorded for 

various HMIs at 10 ppb, as well as for a PBS solution, as illustrated in 

figure 5.4(b). The response of MCO HEMT sensor is observed for 

each over 60 s by measuring the variation in IDS at a constant VDS of 

+2 V. The current showed minimal variation for different HMIs, 

except for Hg2+ ions. A notable decrease in current was observed when 

the sensor's functionalized region interacted with a 10 ppb Hg2+ ion 

solution, as depicted in figure 5.4(b).  

 

Figure 5.4: (a) IDS-VDS characteristics of MCO HEMT sensor 

subjected to a 10-ppb Hg2+ ion concentration and to Hg2+ free water, 

respectively. (b) Sensing response of the device for different heavy 

metal ions. (c) Response ratio of the sensor for Hg2+ ions and other 

interfering HMIs for selectivity assessment. 
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Further, separate solution method has been employed to evaluate the 

selectivity of MCO HEMT based sensor for Hg2+ and other HMIs at 

different concentrations. In figure 5.4(c) results are displayed. In this 

approach, the response ratio (selectivity coefficient) RHg2+ , j is 

determined by equation (1) [37]. 

𝑅𝐻𝑔2+,𝑗 =
(|𝐼𝑏−𝐼𝑗|)𝐶

𝐻𝑔2+

(|𝐼𝑏−𝐼𝐻𝑔2+|)𝐶𝑗
……………. (1) 

Here, Ib represents the response current when the MoS2 functionalized 

MCO HEMT is immersed in a PBS solution, Ij represents the current 

corresponding to meddling ions at a concentration of Cj, and IHg2+  

denotes the current at concentration of  CHg2+.  

The sensing responses to Hg2+ ions and interfering HMIs are assessed 

at different concentrations of 10 ppm, 1 ppm, 100 ppb and 10 ppb. The 

response ratios are depicted in figure 5.4(c) based on equation (1). A 

lower  RHg2+,𝑗  value signifies greater selectivity and reduced 

interfering from other HMIs. The strong interaction between Hg2+ and 

S2- ions are the primary cause of the high selectivity for Hg2+ ions, as 

seen by figure 5.4(c). There is little interference detected from Pb2+ 

ions and Cu2+ ions. 

The MoS2 functionalized gate surface was exposed to varying 

concentrations of mercury ions, spanning from 1 ppt to 100 ppm, to 

assess real-time responsiveness of the proposed MCO HEMT based 

sensor.  Figure 5.5(a) shows the real-time sensing response of Hg2+ 

ions, where solution of each concentration is exposed for 60 seconds. 

The distinct level of IDS for each Hg2+ ion concentration indicates the 

efficient detection of Hg2+ ions. Interestingly, IDS initially increased as 

the Hg2+ ion concentration rose from buffer to 10 ppt but began to 

decrease when the concentration exceeded 100 ppt, continuing up to 10 

ppm. Figure 5.5(b) illustrates the sensor device in which the solutions 

interact with the MoS2 sensing layer. The initial rise in drain current 

can be attributed to transfer of electrons from MoS2 to mercury ions 

(Hg2+) as a result of chemical adsorption. Because Hg2+ ions have 
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strong affinity for sulfur, they are adsorbed onto the active sites of the 

MoS2 surface, creating Hg–S complexes. Mercury ions (Hg2+) bind to 

the MoS2 surface until all available sites are occupied. During this 

process, the sulfur atoms in MoS2 donate electrons to reduce the 

mercury ions, forming a Hg-S complex, this results from the strong 

oxidizing properties of Hg2+ ions and sulfur acting as a natural reducer 

[38, 39] as depicted in figure 5.5(c). This process reduces the negative 

surface charge, thereby increasing VG, which leads to the initial 

increase in IDS, as explained by the following equation: 

𝐼𝐷𝑆 =  
𝜀𝑛𝜇𝑊

2𝑑𝐿
[2(𝑉𝐺 − 𝑉𝑇)𝑉𝐷𝑆 − 𝑉𝐷𝑆

2 ] ----------- (2) 

where εn is the MgZnO barrier layer permittivity. μ is the mobility of 

electrons in the 2DEG channel, L is length and W is width of the gate, 

respectively, the distance, denoted by d, between the device's surface 

and the 2DEG and VT is the threshold voltage. Here, parameters εn, d, 

VT, W, and L are constant. 

   When exposed to higher Hg2+ ion concentration, the remaining 

binding sites of the top layer gets occupied by Hg2+ ions, potentially 

forming a second layer. This can be explained by the n-type behavior 

of MoS2 and retention of negative charge owing to the presence of high 

amount of sulfur, it results in further Hg2+ ion adsorption through 

electrostatic interactions, as shown in figure 5.5(d). These electrostatic 

interactions draw additional negative charges toward the MoS2 surface. 

Negative charges build up proportionately on MoS2 surface when 

additional Hg2+ ions are added, lowering the gate potential and, in turn, 

the IDS. Studies have indicated that the MoS2 layer maintains a 

negative charge during the sensing process, which changes based on 

the amount of mercury ions present [40, 41].  

The electronic transport capabilities and high surface-to-volume ratio 

of MoS2 layer in addition to the significant affinity of Hg2+ ions for 

sulfur ions in it, are responsible for electrostatic interaction 

enhancement at gate terminal. Which accelerates Hg-S complex 
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formation. Consequently, the MoS2 functionalized MCO HEMT offers 

a rapid response for detecting Hg2+ ions in water.  

 

Figure 5.5: (a) Real-time Hg2+ ion sensing. Sensing mechanism of 

MoS2 functionalized MCO HEMT for Hg2+ ion detection (b) MoS2 

functionalized MCO HEMT (c) At lower concentration of Hg2+ ions, 

Hg-S complex formation at gate (d) Hg2+ ion-MoS2 layer electrostatic 

interaction at high Hg2+ ion concentration. 

 

Further, to confirm the absorption of Hg2+ ions on the gate of MCO 

HEMT the X-ray photoelectron spectrometer (XPS) analysis has been 

performed before and after exposing the MoS2 functionalized gate 

region to solution containing Hg2+ ions. The XPS spectra of Mo in 

MoS2 have deconvoluted peaks of Mo 3d5/2 and Mo 3d3/2 at 229.68 and 

232.88 eV, respectively, which are shifted to 229.48 and 232.68 when 

exposed to Hg2+ as depicted in the figure 5.6(a, b). The high-resolution 

spectrum of S before exposure to Hg2+ solutions is shown in figure 
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5.6(c) have deconvoluted peaks at 161.38 and 162.48 eV which are 

corresponding to the S 2p3/2 and S 2p1/2 components, respectively, 

while after exposure to Hg2+ ion solution the peaks are shifted at higher 

binding energies (BE) at162.58 and 163.68 eV as shown in figure 

5.6(d). 

 
 

Figure 5.6: Deconvoluted Mo 3d peaks of MoS2 (a) before Hg2+ ion 

exposure, (b) After Hg2+ ion exposure. Deconvoluted S 2p peaks (c) 

before Hg2+ ion exposure, (d) After Hg2+ ion exposure. (e) Hg 4f in 

MoS2–Hg. (f) XPS survey spectrum of MoS2 before adsorption and 

after Hg2+ adsorption.  

Elevated BE levels indicate a higher oxidation number of sulfur 

species [26], the peaks above 163.2 eV corresponds to S0 while peaks 

below 163.2 eV attributed to S2− , so the peak of S 2p at 163.68 eV in 

MoS2-Hg is therefore ascribed to the presence of S0 species. [26, 42]. 
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These findings indicate that sulfur in MoS2-Hg has a higher oxidation 

state than in MoS2. The presence of Hg0 is also indicated by the 

distinctive Hg 4f peaks in the MoS2-Hg spectra, which are located at 

103.1 and 99.78 eV as shown in figure 5.6(e) and correspond to the Hg 

4f5/2 and 4f7/2, respectively [43]. The peaks of S, Hg, and Mo are shown 

in figure 5.6(f). The Hg peak corresponding to Hg 4f, which is absent 

from the MoS2 spectra prior to exposure to the Hg2+ ion solution 

confirms the absorption of Hg2+ ions. 

The sensitivity and detection limit (LoD), are determined by analyzing 

the relationship between current (I) and Hg2+ ion concentration, as 

shown in figure 5.7(a). Equation (3) is employed for the standard 3-

sigma method, which is used to calculate the LoD [37]: 

𝐿𝑜𝐷 =  
3𝜎

𝑚
………………… (3) 

Sensitivity (m) of the fabricated MCO HEMT based sensor is 

computed as the slope of the calibration curve, which is determined to 

be 9.55 μA/ppb. 

The σ (standard deviation) and the coefficient of linear regression, are 

extracted from figure 5.7(a) as 0.02078 and 0.9998, respectively. 

Consequently, the detection limit is calculated as 6.52 ppt by using 

equation 3. The LoD of the sensor is lower than the WHO guidelines 

for Hg2+ ions in drinkable water. The 10% and 90% IDS decrements 

were recorded at 300.41 and 304.17 seconds, respectively, according to 

computation of the response time at a 10-ppb concentration. As a 

result, the sensor response time at a concentration of 10 ppb is 

calculated to 3.76 (∼4) s. Furthermore, When the sensor is exposed to 

mercury ions, these ions bond strongly with the surface of the MoS2. 

This makes it difficult to remove the mercury ions from the surface, 

which requires a higher activation energy to detach mercury ions from 

the sensor surface [26]. To achieve this, the sensor is dipped in heated 

PBS at 150 °C for 90 s to facilitate recovery from the bound Hg2+ ions. 

Remarkably, the recovery rate reaches as high as 99.25% during this 

process.  
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The repeatability of the sensor is demonstrated in figure 5.7(b), where 

the MCO HEMT based sensor consistently produced the same 

response under identical conditions. Furthermore, the reproducibility 

of the sensor was verified by fabricating a 2nd device and conducting 

sensing tests in similar environment, as shown in figure 5.7(c). The 

small difference in response between two devices may be due to 

variations in their internal resistance [16]. These results confirm that 

the sensor is highly reproducible.  

 

Figure 5.7: (a) Calibration curve for Hg2+ ion sensing. (b) 

Repeatability, and (c) Reproducibility, of Hg2+ sensor. 

The proposed MCO HEMT based sensor functionalized with MoS2 is 

compared with the existing Hg2+ ion sensors. The results of this 

comparison are presented in Table 5.2. The comparison focuses on 

metrics such as sensitivity, LoD, and response time. It was found that 

the MCO HEMT based sensor exhibited superior LoD, good 

sensitivity, and faster response time compared to previously reported 

Hg2+ ion sensors. 
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Table 5.2: Performance comparison of Hg2+ ion sensors. 

S. 

N

o. 

Functionalize

d Material 

Process 
Sensitivi

ty 

(µA/pp

b) 

LoD 

(ppb) 

Respon

se time 

Ref. 

1. 
rGO/TGA-

AuNP 
ISFET 0.3 5 

< 10 s 

 
[44] 

2. 
Glucose-

AgNP 

LSPR on 

Fibre ----- 2 ----- [45] 

3. 
Au-

nanoparticles 
Colorimetry ----- 3.4 ----- [46] 

4. L-cysteine 
Electrochemi

cal 
0.2031 0.995 --- [47] 

5. TGA/Au 
AlGaN/GaN 

HEMT 
----- 27; 3 

5 s; 15-

20 s 

[48, 

49] 

6. 

AgNW/MoS2 

nanocomposit

e 

AlGaN/GaN 

HEMT 
1640 0.058 ----- [50] 

7. 
MoS2 nanosh

eets 
Colorimetry ----- 

100.2

5 
----- [51] 

8. MoS2-Au Colorimetry ----- 1.005 ----- [52] 

9. MoS2 
Electrochemi

cal 
957 

0.027

9 
< 4 s 

Our 

wor

k 

Glossary: LSPR- localized surface plasmon resonance, TGA-

Thioglycolic acid 

5.5. Conclusion 

In this chapter, first the TCAD simulation of oxide HEMT has been 

carried out, the MCO HEMT has high performance as compared to 

MZO and MZO HEMT with MgO layer because of high 2DEG density 

of MCO HEMT. Further, the MgZnO/CdZnO HEMT has been 
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fabricated via optical lithography and DIBS system. Then the 

synthesized MoS2 via CVD is transferred over gate region of 

MgZnO/CdZnO HEMT via the surface energy-assisted wet transfer 

method to functionalized the HEMT for heavy metal ion sensing. The 

electrical response demonstrates the selectivity of the MoS2 based 

MCO HEMT sensor toward the Hg2+ ions across the entire test range. 

Notably, the MCO HEMT sensor exhibited a rapid response time of 

less than 4 s and an exceptional detection limit of 6.5 ppt. The 

development of the Hg-S complex as a result of interactions among the 

S2- of MoS2 at lower concentrations of Hg2+ ions and the electrostatic 

interaction among MoS2 and Hg2+ ions at higher concentrations of 

Hg2+ ions were the potential causes of the exceptional sensitivity. 

Moreover, the proposed device demonstrated high sensitivity of 9.55 

µA/ppb and a recovery rate of 99.36 %, making it highly reusable and 

robust solution for detecting Hg2+ ions in water. Overall, The MCO 

HEMT based sensor have remarkable performance which renders it a 

plausible contender for real-world implementations in environmental 

quality surveillance and waterborne toxic metal identification. 
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Chapter 6  

Conclusion and Future Scope 

6.1.  Conclusions 

The principal achievement of this thesis lies in the advancement of 

sensing materials and the development of heavy metal ion detector 

using these material on different transducers like interdigitated 

electrode and MgZnO/CdZnO HEMT, for environmental monitoring 

and sustainability. The major outcomes of thesis are outlined below: 

1. A highly sensitive, selective, and fast sensor for detecting trace 

amounts of toxic Pb2+ ions was successfully developed using 

tungsten disulfide (WS2)-functionalized interdigitated electrodes 

(IDEs). Pristine and silver (Ag)-loaded WS2 were synthesized via a 

simple hydrothermal method. Comprehensive characterizations 

were conducted to analyze the crystal structure, surface 

morphology, and elemental composition of the synthesized 

materials. Upon exposure to a 10 ppb Pb2+ ion solution, pristine 

WS2 nanorods demonstrated a 1.31 mA current change, with further 

enhancements in sensitivity observed at 1% and 2% Ag loading. 

However, increasing the Ag loading to 4 wt% resulted in a 

diminished sensing response. The developed sensor exhibited 

outstanding sensitivity of 819 μA/ppb and an impressive detection 

limit of 75 ppt, along with a rapid response time of under 5 seconds, 

making it highly suitable for real-time heavy metal ion detection 

applications. 

2. This study introduces an interdigitated electrode-based sensor 

utilizing molybdenum disulfide (MoS2) as the sensing layer for 

detecting trace amounts of toxic Hg2+ ions. The MoS2 layer was 

synthesized via a chemical vapor deposition system and transferred 

onto the interdigitated device using an energy-assisted wet transfer 
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method. Extensive characterizations confirmed the successful 

synthesis and integration of MoS2 onto the IDE device. The 

fabricated sensor demonstrated outstanding performance, including 

excellent selectivity for Hg²⁺ ions, an impressive detection limit of 

27.9 ppt, exceptional sensitivity of 957 µA/ppb, and a rapid 

response time of under 4 seconds. 

3. TCAD simulations of oxide HEMTs were conducted, revealing that 

the MCO HEMT outperforms MZO and MZO HEMTs with an 

MgO layer due to its higher 2DEG density. Following this, the 

MgZnO/CdZnO HEMT was fabricated using optical lithography 

and a dual ion beam sputtering (DIBS) system. Additionally, 

molybdenum disulfide (MoS₂) was synthesized via a chemical 

vapor deposition system and transferred onto the gate of the 

MgZnO/CdZnO HEMT through an energy-assisted wet transfer 

method, functionalizing the gate for Hg²⁺ ion detection. The 

resulting sensor demonstrated outstanding performance, including 

excellent selectivity for Hg²⁺ ions, a remarkable detection limit of 

6.5 ppt, a rapid response time of under 4 seconds, and high 

sensitivity of 9.55 µA/ppb. 

6.2. Future Scope 

The research presented in this thesis provides insights for the 

development of heavy metal ion sensor using advanced TMD materials 

and MgZnO/CdZnO HEMT. However, there are still uncovered 

aspects that could be explored in the future. These are outlined below: 

• Doping of TMD materials via Noble metals and non-metals to 

improve the selectivity and sensitivity. 

• Functionalization of gate region of MgZnO/CdZnO HEMT 

with other materials for the sensing of other heavy metal ions. 

• Integration of developed sensor with current readout circuit to 

develop a portable sensor. 

 


