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Abstract 
 

 

 

In this study, hydrothermal synthesis was used to produce porous nitrogen doped reduced 

graphene oxide (N-rGO). Prior to that, the modified Hummer's method was used to prepare 

graphene oxide (GO). Using an XRD instrument, the crystallinity and phase have been 

confirmed. FESEM and HRTEM pictures have been used for morphological examination, 

which supports decreased graphene oxide's flake-like structure and porous nature (rGO). The 

degree of nitrogen doping and reduction of other functional groups of rGO have been validated 

by XPS using the results of the spectrometric study. Raman spectroscopy, on the other hand, 

evaluates the material's vibrational frequency and confirms the reduction procedure. 

Comparisons of the band gaps between silicon nanowire and rGO have been made from UV- 

vis, which ultimately aids in determining the optimum sample to create a photodetector. It is 

proven by the cyclic voltametric analysis that NORG-24h has the best gravimetric capacitance 

and areal capacitance at 5 mV/s, measuring 1113.4 F g-1 and 309.27 mF cm-2, respectively. A 

coplanar interdigitate supercapacitor device with gravimetric and areal capacitance of 302.44 

F g-1 and 79.84 mF cm-2, respectively, at a scan rate of 50 mV/s has been created with an eye 

toward industrial application. N-rGO has emerged from this research as a promising component 

for use as a photodetector material. Under IR conditions, it demonstrated reliable ON-OFF 

switching characteristics in reverse bias. Maximum stability and less noise is attained at lower 

reverse bias such as -0.05V and -0.25V. This material exhibits current even at 0V which is still 

under investigation. In summary, it can be clearly and significantly stated that nitrogen-doped 

reduced graphene oxide is an excellent nanomaterial that can be used in supercapacitor 

applications to achieve promising energy density, power density, and long cycles as well as 

being able to be used as an IR photodetector, which implies as IR sensors as well. 
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Introduction: 

From the dawn of human civilization, we, human beings are very much curious about 

energy. Starting from fire to electricity, we thrive for energy to survive in this beautiful world 

since our inception. Later from the law of conservation of energy we come to know that energy 

can not be created or destroyed, it only can be converted to one form to another, unknowingly 

our predecessors did the same. Unfortunately, they faced the biggest issue regarding the same 

– energy storage. Our ancestors could convert one form of energy to another for using it in their 

needs and daily life but they were unable to store it for later purposes. With time human race 

is evolved and broaden its technological arms towards some charismatic inventions. At this 

level somehow energy can be stored but in a sloppy and less efficient manner- electrochemical 

energy storage. Scientists had managed to store electrical energy while having chemical 

reactions which causes flow of electrons. However foremost type of electrochemical energy 

storage systems was non-rechargeable. In the next step this energy storage system became 

rechargeable and thus divided into two parts based on their energy and power density i.e., 

battery and capacitor. With time our concern regarding energy storage has been shifted from 

store to recharge and now it comes to how fast we can charge. Thus, nanotechnology has gifted 

us the supercapacitors. Now a days for our modern age electronics and electrical devices we 

need a robust and impactful energy storage system which can have huge capacity to store 

energy, fast charging time and lower operating voltage limits. All of these issues can be 

resolved with these supercapacitors. In fact, as we are moving towards electrical vehicles by 

abandoning fossil fuelled vehicles it will be very important to have speed charging for less 

power consumptions. Even in recent cell phones, hybrid supercapacitor-battery is being used 

to have fast charging facilities. The emerging field of nanoscience and technology is trying to 

provide best solutions to the issues and helps us to invent more efficient supercapacitors. 

Nanostructures such as layers of 2D materials, porous materials with different defect states and 

functional groups are being observed and used to form best of supercapacitors. It gives huge 

motivation to scientists all over the world to dig in more into these materials and structures. 

Maybe we can charge our EVs and cell phones instantly in near future! 

 

 
In practically every aspect of our life, nanoelectronics technology has had a significant impact, 

owing to the sophisticated disciplines employed by the semiconductor industry. All of those 

electronic devices are being made smaller and with better performance these days. Transistors, 



14 | P a g e  

 

diodes, and other modern integrated circuit components are built using both a top-down and 

bottom-up technique. As Moore predicted in 1965, the cost and size of the fundamental 

transistor continue to decrease by half every two years. In 2014–2015, the production 

technology alone is predicted to have improved, resulting in a reduction in transistor size from 

the current 28 nm to 14 nm. According to predictions, this manufacturing method will 

eventually be unable to produce smaller sizes due to fundamental physical constraints. For 

complementing opto-electrical purposes, a bottom-up method of circuit assembly using atomic, 

single-molecule, carbon nanotube, quantum dot, or nanowire building blocks can be useful. 

However, the same physical restrictions will apply. Another illustration is when the surface of 

a smaller object differs electrically from the interior. The increased surface-to-volume ratio 

also makes the nanostructure more sensitive to its environment, which may be advantageous 

(for sensors) or harmful (for other purposes) (electronic or photonic transport, light generation). 

They are potential not just for computation but also for connecting structures and chemical, 

biological, and medical detection. Nanostructures' properties can be incredibly sensitive to 

changes at their surface due to their large surface-to-volume ratio. It is obvious that the domains 

of nanoscience and technology are closely intertwined, and that frequently there is no way to 

tell them apart. Challenges have so far also emerged because future device shrinking calls for 

even superior precision technology, which will constrict traditional planar manufacturing 

technology. Materials with one-dimensional (1D) nanostructures have made it possible to find 

solutions to the problems. Excitement has been generated in numerous research labs across the 

world because of its potential for use in the electrical sector. 

 

 

• Reduced Graphene Oxide:

Reduced Graphene oxide is part of 2D materials family and a hot topic of nanoscience and 

technology because of its unique properties and efficient applications in various fields of our 

daily life. Since of its high conductivity and large surface area, single layer graphene is the 

carbonous substance that researchers are most interested in studying because it may be used to 

create any type of sensing device. Graphite restacks easily, making the chemical production of 

large-scale single-layer graphene sheets from raw graphite extremely difficult. To address this 

issue, graphite sheets are first chemically oxidized to create layered graphene oxide (GO), 

which is then reduced to create reduced graphene oxide (rGO), which has nearly identical 

properties to graphene but a larger surface area due to its porous structure. To date, different 
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reducing agents have been employed to create rGO from GO, including hydrazine, 

hydroxylamine, urea, dimethyl ketoxime, pyrrole, ammonia, and pyrrolidine. In addition, 

several oxygen-containing groups have been added, including ascorbic acid, gallic acid, 

hydroquinone, and metal particles like Fe powder and Zn/HCL. In particular, groups that 

contain oxygen and nitrogen have been chosen above other chemicals for reduction purposes 

because these functionalities on the carbon moiety can start the production of sp3 carbon and 

defect density, which ostensibly opens the door for various electrochemical features. By 

adjusting the reaction's temperature and duration, optimised rGO with the best electrochemical 

properties and surface area can be produced. Although forming doped (nitrogen, oxygen, 

sulphur, etc.) and undoped or pure rGO in room temperature hydrothermally, which implies a 

4-electron transfer pathway, is possible utilising non-toxic biological as a reducing agent, it is 

of great interest. The appropriate reduction of GO to rGO is thought to induce porosity in the 

rGO that increases the material's surface area. Good surface area results in a material's good 

and effective super-capacitive nature. 

 

 
Fig 1.1. Reduction of Graphene oxide into reduced graphene oxide using oxidation 

(collected from web page) 

 
 

• Properties of Reduced Graphene Oxide(rGO):

Reduced graphene oxide or rGO has lots of interesting properties those are not available in case 

of 3D materials or bulk materials. This type of 2D material is having a layered like structure, 

porous nature and great specific surface area. Due to these reasons, it offers various tuneable 

properties which can be used for various type of applications such as supercapacitors (energy 

storage system), photodetectors, bio-sensors, temperature sensors etc. Carbonaceous materials 
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usually have high conductive nature and stability but having less energy density. Thus, these 

types of materials are not in that much industrial use with compared to metal oxides/hydroxides 

and conducting polymers in terms of supercapacitance. Significantly, due to different defect 

states, functionalized groups and different dopants such as nitrogen, oxygen, boron etc., 

reduced graphene oxide overcomes most of its difficulties in order to become a good 

supercapacitor and photodetector materials. Due to well-engineered pores and great surface 

area of rGO, it is easy to get more contact with electrolytes which facilitates easier diffusion of 

ions throughout the system. 

The porous nature and different defect states of reduced graphene oxide layer brings indirect 

band gap of lower range which causes easier transportation of electrons through the bands 

(conduction band and valance band). Thus, it has a low work function which leads to a great 

photo-electric effect. Due to this it has a wide range of opto-electronic applications, such as 

photodetector, photodiode etc. The band gap of pure rGO can be tuned using different dopants 

which will cause multiple applications in different fields. 

• Supercapacitor:

In today’s energy-dependent world, electrochemical devices for energy storage and conversion 

such as batteries, fuel cells and electrochemical supercapacitors (ESs) have been recognized as 

the most important inventions among all energy storage and conversion technologies. The 

electrochemical supercapacitor, also known as a supercapacitor, ultracapacitor or 

electrochemical double-layer capacitor is a special type of capacitor that can store relatively 

high energy density compared to storage capabilities of conventional capacitors. ES devices 

posses several high impact characteristics such as fast charging capabilities, long charge- 

discharge cycles and broad operating temperature ranges. As a result, their use in hybrid and 

electrical vehicles, electronics, aircraft and smart grids is widespread. Although ES systems 

still face some challenges, such as relatively low energy density and high cost, further 

development will allow ES to work as power devices in tandem with batteries and fuel cells 

and also function as stand-alone high energy storage devices. For energy storage devices, 

energy density and power density are very important parameters for characterizing the 

performance of the devices. Energy density defines the amount of energy that can be stored in 

a given volume of weight of the material. Power density defines the total energy per unit time 

which can be stored into the device. So, the ideal storage device should have both high energy 

density and high-power density. To compare the energy and power capabilities a representation 
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known as the Ragone plot or diagram has been developed has been shown in the figure. 

Batteries have high energy density, but poor power density. Fuel cells have the highest energy 

density and lowest power density. By contrast with them, supercapacitors could posses high 

power density and notable increased high energy density. Supercapacitor is also known as 

electric double-layer capacitor (EDLC), super condenser, pseudo capacitor or ultracapacitor. 

Compared to conventional electrolytic capacitors the energy density is typically in the order of 

hundreds of times greater in supercapacitors. In comparison with conventional batteries or fuel 

cells, EDLCs also have much higher power density. The present energy crisis has created a 

growing demand for efficient, portable and high-power energy storage devices. Super 

capacitors are fast emerging as a promising potential solution to this problem. 

 

 

Fig1.2. Ragone plot of various energy storage devices (adopted from 
webpage) 

 
 

 
➢ Classification of Supercapacitors:

Based upon present scenarios, supercapacitors can be divided into three general classes: 

electrochemical double-layer capacitors, pseudo capacitors and hybrid capacitors. Each 

class is characterized by its unique mechanism for storing charge. These are 
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respectively, non-Faradaic, Faradaic and a combination of the two. Faradaic 

processes,such as oxidation-reduction reactions, involve the transfer of charge 

between electrode and electrolyte. A non-Faradaic mechanism, by contrast, does not 

use a chemical mechanism. Rather charges are distributed on surfaces by physical 

processes that do not involve the making or breaking of chemical bonds. A graphical 

taxonomy of the different classes and subclasses of supercapacitors is presented in the 

below figure. 

 
 

Fig 1.3. Classification of supercapacitors (adopted from webpage) 
 

 

  Electrochemical double-layer capacitors (EDLC): 

Electrochemical double-layer capacitors are constructed from two electrodes. An 

electrolyte and a separator. Below figure provides a schematic of a typical EDLC. Like 

conventional capacitors, EDLCs store charge electrostatically or non-faradaically and 

there is no transfer of charge in between electrode and electrolyte. EDLCs utilize an 

electrochemical double-layer of charge to store energy. As voltage is applied charge 

accumulates on the electrode surface. Following the natural attraction of unlike charges, 
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ions in the electrolyte solution diffuse across the separator into the pores of 

electrodeof opposite charge. However, the electrodes are engineered to prevent the 

recombination of the ions. Thus, a double layer of charge is produced at each electrode. 

These double layers allow EDLCs to achieve higher energy densities than conventional 

capacitors. Because there is no transfer of charge between electrolyte and electrode, 

there are no chemical or compositional changes associated with non-Faradaic process. 

For this reason, charge storage in EDLCs is highly reversible, which allows them to 

achieve very high cycling stabilities. EDLCs generally operate with stable performance 

characteristics for a great many charge-discharge cycles, sometimes as many as 100000 

cycles. On the other hand, electrochemical batteries are generally limited to only about 

103 cycles. Because of their cycling stability, EDLCs are well suited for application 

that involves non-user serviceable locations such as deep sea or mountain environments 

and automobiles. 

 

 

 

 

Fig 1.4. Schematic diagram of EDLC (adopted from webpage) 
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  Pseudo-capacitor: 

Pseudocapacitors store charge faradaically by transferring charge between the electrode 

and the electrolyte, in contrast to EDLCs, which do it electrostatically. This is 

accomplished through electrosorption, oxidation-reduction reactions and intercalation 

processes. These faradaic processes may allow pseudocapacitors to achieve greater 

capacitance and energy density than EDLCs. 

 
There are many electrode materials those are wont to store charge in 

pseudocapacitors like conducting polymers, metal oxides, chalcogenides nitrides etc. 

The charge transfer that takes place in these reactions is voltage dependent, so a 

capacitive phenomenon occurs. There are two styles of reactions that may involve a 

charge transfer that's voltage dependent. One is redox reaction and another is 

adsorption of ions. 

 

Fig 1.5. Schematic diagram of pseudocapacitors (collected from web page) 
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  Hybrid Capacitors: 

Hybrid capacitors attempt to exploit the relative advantages and mitigate the relative 

disadvantages of EDLCs and pseudocapacitors to realize better performance of the 

devices. Utilizing both Faradaic and non-Faradaic processes to store charge, hybrid 

capacitors have achieved energy and power densities greater than EDLCs without 

sacrificing the cycling stability and affordability that have limited the success of 

pseudocapacitors. Research has been focused on three different types of hybrid 

capacitors, distinguished by their electrode configuration: composite, asymmetric and 

battery-type respectively. 

 

• Application of Supercapacitor:

➢ Automobile:

One of the most important and widely industry-based application of supercapacitor is 

automobile vehicles. Due to the crisis of fossil fuel, the world is now directing towards 

electrical vehicles (EVs). Hybrid electric vehicles (HEV) and pure electrical vehicles 

(PEV) have become popular and near main stream automobile industry in recent years. 

Both of these vehicles contain an electrical machine for propulsion purpose. When the 

vehicle starts to move off, some initial power is required by the motor can be several 

times of average power demand. Because of this impulsive power, both input and output 

power capability should be higher. High powered Li-ion batteries are having great 

energy density but has limited output power capability. Supercapacitors come into the 

scene as a solution due to its good input and output power density or capability. 

Therefore, supercapacitors play a huge and important role in automobile industry. 

 
➢ Mobile Devices:

Supercapacitors can take on different physical forms so that it can be used in a smaller 

and thinner version of it. Some new generation mobile phones or devices use xenon 

flash which is inbuilt into the phone camera to enable good quality photo when light is 

dim. This flash requires huge power in an instant. If the mobile should be capable of 

dealing with this power consumption it would have to be unnecessarily bulk and heavy, 

failing to which leads to short battery life. To resolve this issue some of the brand in 

mobile industry use supercapacitors to supply the surged power using voltage from the 

existing battery which decrease the load of main battery and maintain the over all load 
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same as previous. For example, during the flash on situation, overall battery current can 

be suppressed at 0.2A while the flash may have current up to 4A. 

As a result, the battery does not have to be large to cater to temporal high-power 

demands. 

 
➢ Micro-Grid:

The micro-grid is called as a possible next generation energy network. It consists of 

electrical power generation units as well as electrical energy storage components. 

Popular electrical power generator includes photovoltaic cell, wind turbine, fuel cell 

and micro turbine while commonly used electrical energy storage units would be the 

supercapacitor and batteries. As the micro-grids can be inter-connected to the power 

grid, it is able to supply or demand power from the power grid. At times this 

configuration is known as the smart grid. The micro-grid has the capability of reducing 

carbon emission through green energy harnessing as well as having the capability of 

providing self-sustainable energy. Thus, it is regarded as a contender for the next 

generation energy network. 

 

 

• Nanowires:

One dimension of the order of a nanometer characterizes a nanowire (10-9 meters). 

Alternatively, structures with a lateral size limited to tens of nanometers or less and a 

limited to longitudinal size might be referred to as nanowires. Because of these scales, 

quantum 

 
The impacts of mechanics are crucial. Nanowires come in a variety of forms, including 

metallic (such as Ni, Pt, and Au), semiconducting (such as InP, Si, and GaN), insulating 

(such as SiO2, and TiO2), and molecular. Repeating molecules, either biological (like 

DNA) or inorganic (like atoms), make up molecular NW (e.g., Mo6S9-xIx). Typically, 

nanowires have an aspect ratio of 100 or higher. They are hence frequently referred to 

as 1-D materials. The interesting characteristics of NWs are not present in bulk or 3-D 

materials. Because they are quantum confined, electrons in NWs have energy levels 

that are distinct from the traditional continuum of energy levels or bands present in bulk 

materials. The NWs can be used as active devices or linkages in the construction of 
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fundamental components for upcoming nanoelectronics devices, and they have a great 

deal of potential to improve the functionality of the electronics. Due to its compact size 

and minimal power usage, it is currently the industry leader. 

 
 

Fig1.6: Schematic diagram of photoelectric effect of nanowires. 

(Collected from web page) 

 

• Semiconducting nanowires:

The most adaptable building blocks for optical and (opto-) electronic circuits at the 

nanoscale are likely semiconductor nanowires. In contrast to atoms, single molecules, 

and nanoparticles, nanowires are easily joined using standard tools and have been 

demonstrated to work with silicon- or germanium-based technology. Electronic 

properties of semiconductor nanowires can be altered by varying the semiconductor, 

doping, or diameter. The main obstacles to the practical use of semiconducting 

nanowires in (Opto-) electronic circuits are the handling, positioning, and processing 

of many semiconducting nanowires as well as precise control over the diameter and 

impurity doping level. It would be necessary to develop cost-effective and dependable 

methods of individually contacting enormous nanowires in order to take advantage of 

the lower size. There are numerous ways to create semiconductor nanowires, which can 

be divided into two categories: bottom-up and top-down approaches. Bottom-up 

procedures include chemical vapour deposition (CVD), molecular beam epitaxy 
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(MBE), the vapor-liquid-solid (VLS) process, the solution-liquid-solid (SLS) process, 

and others that build structures additively from their constituent parts. A larger piece of 

material is chopped into smaller pieces using sculpting or chemical etching in top-down 

manufacturing processes including lithography, electrophoresis, and others. 

 
using a subtractive method. These are quite simple to use, and the next chapter will 

explain them. Electronics (logic devices, diodes), photonics (lasers, photodetectors), 

biological (sensors, drug delivery), energy (batteries, solar cells, thermoelectric 

generators), and magnetic (spintronic, memory) devices. 

 

 

 

 

 

• Properties of Nanowires:

Numerous intriguing characteristics of nanowires can be observed that are uncommon 

in bulk or 3-D materials. Due to their quantum confinement, electrons in nanowires 

inhabit energy levels that differ from the traditional energy spectrum or bands seen in 

bulk materials. Certain NWs show unusual quantum confinement characteristics, which 

manifest in discrete electrical conductance values. These discrete values result from a 

quantum mechanical restriction on how many electrons can pass through the NWs at 

once. These discrete values, which are integer multiples of the quantum of conductance 

and are typically referred to as 

 
 

 

This is the opposite of the well-known resistance unit, known as the von-Klitzing 

constant RK, which is approximately equivalent to 25.81 Kn. 

 
A nanowire's conductivity is predicted to be significantly lower than that of the 

analogous bulk material for a number of physical reasons. There is significant scattering 

from the wire boundaries when the wire width is less than the bulk material's free- 

electron mean free path. For instance, copper has a mean free path of 40 nanometers. 

The mean free path will be shorter for copper nanowires with a wire width smaller than 
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40 nm. As a result, conductivity is defined as the sum of the transmission of various 

quantized energy levels through distinct channels. The number of channels accessible 

for the passage of electrons decreases as the wire becomes thinner. Due to their lower 

electron density and lower effective mass, semiconductors like Si or GaAs exhibit more 

dramatic conductivity quantization than metals. It causes a rise in threshold voltage and 

can be seen in silicon fins with a width of 25 nm. Practically speaking, this implies that 

a MOSFET with silicon fins of such nanoscale size will require a greater gate (control) 

voltage to turn on the transistor when employed in digital applications. 

 
Nanowires have additional unusual electrical characteristics as a result of their small 

size. Nanowire conductivity is heavily impacted by edge effects, unlike carbon 

nanotubes, where electron mobility can fall into the ballistic transport regime. The edge 

effects are caused by atoms that are not completely bound to nearby atoms at the 

nanowire surface, as opposed to atoms in the majority of the nanowire. Unbonded atoms 

are a common source of nanowire defects, and they may cause the nanowire to conduct 

electricity less well than the bulk material. Edge effects become more important when 

a nanowire reduces in size because the surface atoms become more abundant than the 

atoms within the nanowire. 

 

 

 

 

• Applications of Nanowires:

Silicon (Si) nanostructures have a wide range of uses and are well-documented as 

promising building blocks for devices in the fields of nanoelectronics, optoelectronics, 

energy conversion, and energy storage, as well as bio- and chemical sensors. Silicon 

(Si) is still the most important material for the current semiconductor industry. 

 

 

In order to apply nanowire technology in commercial settings, researchers created a 

technique for joining nanowires in 2008: a sacrificial metal nanowire is placed next to 

the ends of the components to be joined (using a SEM's manipulators), and then an 

electric current is applied, melting the wire ends. The process combines wires as tiny 

as 10 nm. Ballistic photon waveguide applications for nanowires in interconnects and 
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logic arrays are being researched. While electrons move along the outer shell of the 

tube, photons move inside the tube. In a molecular computer, connecting molecules- 

scale entities is made possible by conducting nanowires. Transparent electrodes for 

flexible flat-screen displays are being researched as conducting nanowire dispersions 

in a variety of polymers. Due to their high Young's modulus, their use in composite 

materials that improve mechanical properties is being investigated. Since they are 

available in bundles, nanowires can be used as tribological additions to enhance the 

friction properties and dependability of electronic transducers and actuators. 

Due to their high aspect ratio, nanowires are especially well suited to dielectrophoretic 

manipulation. 

➢ Photodetector:

As an optical receiver, photo detectors are typically employed to convert light into 

electricity. Photo detectors utilise the idea of the photoelectric effect, which is brought 

on by light and affects a circuit. When light signals contact a junction, a photodetector 

converts those signals into a voltage or current. In the depletion area, electron-hole pairs 

are produced as a result of photon absorption. Photodiodes and phototransistors are a 

few of examples of photodetectors. Solar cells, which also collect light and transform 

it into electricity, are other optical components that function similarly to photodetectors. 

The LED, which functions as the opposite of a photodiode and transforms voltage or 

current into light instead of light into a voltage or current, is a comparable but distinct 

optical device. The photodetectors have an illumination window, which allows the light 

as anexternal input. 

For use in high-speed optical communications, photodetectors with a quick enough 

response time, repeatability, and affordability that produces a detectable output for a 

small amount of light are worth looking into. The spectrum response, photosensitivity, 

quantum efficiency, dark current, temporal response (rising time and fall time), and 

other important factors help define photodetectors. The photocurrent ratio is used to 

define photosensitivity. 

 
 

to the amount of light energy that strikes the object (in watts). The ratio of incident 

photons to produced electron-hole pairs is known as the quantum efficiency. The 

quantum efficiency (η) and responsivity (R) are defined as follows: 
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and 
 

R and  are related through the relationship,  

e is electron charge,  is the efficiency, h is Plank’s constant and 𝖯 is light frequency. 
 

 

 

 

 

 

 

  Application of Photodetector: 

i) Photodetectors are utilized in a wide range of applications, including radiation 

detection, smoke detection, and flame detection, as well as to turn on street 

lighting relays. 

ii) Photodiodes are also used in modern oil-burning furnaces as a safety feature. 

iii) Street lights are another popular use. When the photodiode in the circuit fails to 

conduct, switch-on relays turn on the street lights, and when there is enough 

light, the lights are turned off. 

iv) AFM (Atomic Force Microscope) is another application in which a laser beam 

is directed from a laser diode onto the rear of the cantilever and then reflected 

by aphotodiode. As the probes of the cantilever scrape over the surface of the 

material, the light beam on the diode yields the (x, y, z) location of the material. 

This gives a three- dimensional representation of the surface being scanned. 

v) Photodiodes are also used with lasers to form a security system. When the light 

projected by a laser to the photodiode is broken, a security alarm is tripped. 

 

 

 

 

 

Semiconducting nanowires photodetectors have various optical properties. 

Optical polarization anisotropy is particularly important for fundamental 

studies of polarization-sensitive electronic states and potential applications in 

polarization-sensitive photodetectors. The main source of this process of 

anisotropy is the variation in the dielectric constant between the nanowire (ε) 

and its environment (εe). As a result, tuning of ε and εe directly controls the 
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optical polarization anisotropy. It has been predicted by theory and observed 

experimentally that there is a polarization memory effect present in ensembles 

of randomly oriented nanowires. Due to weighted ensemble averaging, the 

observed optical polarization anisotropy (which depends on both absorption and 

luminescence anisotropy) does not vanish in nanowire ensembles, but rather 

reduces when compared to the single nanowire value. 
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Chapter-2 

Instrumentation 
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• Characterization Techniques:

There are several different methods to characterize the sample to determine its phase, 

morphology, band gap, lattice vibration, crystallite size, interplanar distance, crystal plane 

etc. Here, in this work also these methods and machineries are being used to determine 

various properties of the prepared samples. There are mainly 3 types of characterization 

analysis that one sample can have, i.e., 

 
➢ Morphological characterization

➢ Phase or crystallographic characterization

➢ Spectroscopic characterization.

 
These three types of characterization techniques include a wide range of different apparatus 

and machineries. In this chapter major instruments and their basic working principle which 

were used in this project will be discussed briefly. 

 

 
➢ Morphological Characterization: 

 
Morphological characterization defines as the technique or method to get information about 

the morphology of the sample in micro and nano level. In nanotechnology, ordinary optical 

microscope can not be used due to their limited focus range which is not able to get the 

information in nano level. Hence, the need of electron microscopes has been emerged and 

resulting two types of very important electron microscope, i.e., Scanning Electron 

Microscope (SEM) and Transmission Electron Microscope (TEM). 

▪ Scanning Electron Microscope (SEM): 

One of the most adaptable tools for inspecting and deciphering the morphology of 

microstructures is the scanning electron microscope (SEM). The surface of the object 

is routinely scanned by a focused electron beam in a scanning electron microscope 

(SEM), yielding a significant number of signals. An image is produced from these 

electron impulses and displayed on a cathode ray tube (CRT). There are two techniques 

to produce the electron beam: 

 
 

a) Thermionic emission; b) Field emission. 
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Thermal energy is used to regulate the source's electron emission to produce thermionic 

emission. In modern electron microscopes, field emission electron guns (FEG) are a 

great replacement for thermionic electron guns. Very minute topographic 

characteristics on the surface of whole or fragmented objects can be observed with a 

FESEM. Researchers in the fields of biology, chemistry, and physics utilise this 

technique to examine structures as small as 1 nanometer, or billionths of a millimetre. 

Organelles and DNA material in cells, synthetic polymers, and microchip coatings can 

all be studied with the FESEM. 

 
• Sample preparation for FESEM: 

The specimens that can be analysed must be compatible with high vacuum (10-5 mbar), 

as the SEM is operated under high vacuum. This suggests that liquids and objects made 

of volatile substances, like water, cannot be directly studied. To prevent contaminating 

the SEM specimen chamber, fine powder samples must also be firmly connected to a 

specimen holder substrate. A thin conductive layer must be sprayed or evaporated onto 

non-conductive materials before they are attached to a conductive specimen container. 

Common coating materials include carbon, Au, Pt, Pd, and their alloys. 

 

 

• Components of FESEM: 

 
 

▪ Electron Guns: 

Modern FESEM systems require a constant electron beam from the electron cannon 

that has a high current, a small spot size, configurable energy, and minimal energy 

dispersion. A variety of electron guns are used in a FESEM system, and the quality of 

the electron beam produced by each differs greatly. The tungsten "hairpin" or 

lanthanum hexaboride (LaB6) cathodes used in the first FESEM systems have since 

been replaced by field emission sources, which provide more current and less energy 

dispersion. The longevity of the emitter is a crucial consideration when selecting 

electron sources. 
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▪ Electron Lenses: 

Electron beams can be concentrated by electrostatic or magnetic fields. The FESEM 

system, however, solely employs a magnetic field since an electron beam governed by 

one has less aberration. Electromagnets can be used to alter the electrons' routes. 

• Condenser Lenses: 

The electron beam will diverge after passing through an anode plate from the emission 

source. The electron beam is brought together and collimated by the condenser lens into 

a nearly parallel stream. Two rotationally symmetric iron pole pieces make form a 

magnetic lens, and a copper winding generates the magnetic field. The centre of each 

pole piece has a hole through which the electron beam can travel. Through a lens-gap 

between the two pole components, the magnetic field shapes (focuses) the electron 

beam. Condenser lens current can be changed to change the focus point's location. 

• Scan Coils: 

The scan coils cause the electron beam to be zigzagged as it passes over the object. The 

development of the image on the display and the scan movement are coordinated. The 

scan velocity controls both the screen's refresh rate and the amount of noise in the 

image. In scan coils, upper and lower coils are frequently utilized to avoid the formation 

of a circular shadow at low magnification. 

• Objective Lens: 

The electron beam will diverge below the condenser aperture. The electron beam is de- 

magnified further and focused into a probe point on the specimen surface using 

objective lenses. The diameter of the electron beam on the specimen surface (spot size), 

which affects image resolution, decreases as aperture size and fundamentals of 

Scanning Electron Microscopy increase. 

 

 
• Stigmator Coil: 

The stigmator coils are used to rectify inconsistencies in the beam's xand y deflection, 

resulting in a perfectly round beam. When the beam is ellipsoidal rather than circular, 

the picture seems fuzzy andstretched. 
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Fig 2.1. Schematic diagram of FESEM 
 

 
• Object Chamber: 

 
The object is coated with a conductive coating before being set on a particular holder. The 

object is anchored on a moveable stage and introduced into the high vacuum section of the 

microscope through an exchange chamber. The secondary electron emission detector 

(scintillator) is placed behind the object holder in the chamber. 
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▪ Image Information: 

Complex interactions take place when an electron beam impinges on a specimen 

surface in a FESEM and stimulates various signals for FESEM inspection. It is 

possible to collect and display secondary electrons, back scattered electrons (BSEs), 

 

Fig 2.2. FESEM (Hitachi S-4800) set up 
 
 
 

transmitted electrons, and specimen current on a monitor. To determine the 

specimen's composition, the excited x-ray or Auger electrons are analysed. This 

part will cover the interactions of the electron beam with the specimen surface as 

well as the idea behind making pictures out of different signals. 

▪ Transmission Electron Microscope (TEM): 

A beam of electrons is transmitted through a material to create a picture in the 

microscopy technique known as transmission electron microscopy (TEM). Most 

frequently, the specimen is a suspension on a grid or an ultrathin slice that is less than 

100 nm thick. As the beam passes through the specimen, a picture is created as a result 



40 | P a g e  

 

of the electrons' interactions with it. An imaging device, such as a fluorescent screen, a sheet 

of photographic film, or a sensor like a scintillator linked to a charge-coupled device, is then 

used to magnify and focus the image. 

The operating modes of TEM instruments include diffraction, spectroscopy, scanning TEM 

imaging (STEM), conventional imaging, and combinations of these. There are numerous 

fundamentally diverse ways that contrast is formed, or "image contrast processes," even within 

conventional imaging. Contrast can result from position-to-position variations in thickness or 

density (referred to as "mass-thickness contrast"), atomic number (referred to as "Z contrast" 

using the standard abbreviation for atomic number Z), crystal structure or orientation (referred 

to as "crystallographic contrast" or "diffraction contrast"), the slight quantum-mechanical 

phase shifts that individual atoms produce in electrons that pass through them (referred to as 

"phase contrast"), the energy lost by electrons. Depending on the contrast mechanism as well 

as how the microscope is used—the settings of the lenses, apertures, and detectors—each 

mechanism provides the operator with a different kind of information. This means that a TEM 

is capable of returning a remarkable array of nanometer- and atomic-resolution data, and in 

ideal instances reveals not only the locations of all atoms but also the kind of atoms they are 

and the types of bonds they form with one another. Because of this, TEM is recognized as a 

crucial technique for nanoscience in the disciplines of biology and materials. 

• Components of HRTEM: 

A HRTEM is made up of a number of parts, including an electron emission source for creating 

the electron stream, an electron vacuum system in which the electrons move, a number of 

electromagnetic lenses, and electrostatic plates. The last two let the user direct and control the 

beam anyway they see fit. A mechanism that enables the insertion, movement, and removal 

of specimens from the beam path is also necessary. The electrons that escape the system are 

then utilised to generate an image using imaging devices. 

• Vacuum System: 

A standard HRTEM is evacuated to low pressures, typically on the scale of 10-4 Pa, to 

lengthen the mean free path of the electron gas interaction. This is necessary in two ways: 

first, to allow for the voltage differential between the cathode and the ground without 

causing an arc; and second, to drastically lower the frequency of electron collisions with 

gas atoms, a phenomenon known as the mean free path. It is necessary to regularly insert 

or replace HRTEM components such film cartridges and specimen holders, hence the 

system must be able to re-evacuate. As a result, HRTEMs are not completely vacuum 

sealed and are furnished with several pumping systems and airlocks. There are various 
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stages in the vacuum system used to evacuate a HRTEM to a working pressure level. A 

turbo-molecular or diffusion pump is used to create the high vacuum level required for 

operations after first achieving a low or roughing vacuum with either a rotary vane pump 

or a diaphragm pump, which sets a low enough pressure to allow for its operation. The 

vacuum side of a low-pressure pump can be connected to chambers that hold the turbo- 

molecular pump's exhaust gases, allowing the low vacuum pump to run intermittently 

while the turbo-molecular pumps run continuously. Pressure-limiting apertures can be 

used to isolate different vacuum levels in separate parts of the HRTEM, such as a greater 

vacuum of 10-4 to 10-7 Pa or higher in the electron gun in high-resolution or field-emission 

HRTEMs. 

 
• Specimen Stage: 

In order to enter the specimen holder into the vacuum with the least amount of vacuum 

loss in other parts of the microscope, HRTEM specimen stage designs feature airlocks. 

The specimen holders can accommodate self-supporting specimens or sample grids of a 

standard size. 3.05 mm is the standard HRTEM grid size, with thickness and mesh sizes 

ranging from a few to 100 m. A meshed region with a diameter of roughly 2.5 mm receives 

the sample. Platinum, gold, molybdenum, and copper are the typical grid materials. The 

sample holder, which is connected to the specimen stage, receives this grid. Depending 

on the kind of experiment being run, a wide range of stage and holder designs are 

available. Aside from 3.05 mm grids, 2.3 mm grids are also occasionally, if infrequently, 

used. These grids were utilised mostly in the mineral sciences, where specimen material 

can be extremely uncommon and a significant amount of tilt might be necessary. The 

typical thickness of electron transparent specimens is less than 100 nm, while the exact 

value depends on the accelerating voltage. 

The sample must be moved after being placed within a HRTEM in order to position the 

region of interest to the beam, as in single grain diffraction, in a certain orientation. The 

HRTEM stage allows for sample movement in the XY plane, Z height adjustment, and 

frequently a single tilt direction parallel to the axis of side entrance holds to accommodate 

this. On specialised diffraction holders and stages, sample rotation might be possible. 

Some contemporary HRTEMs have double-tilt sample holders, which are specialised 

holder designs that allow for two orthogonal tilt angles of movement. Some stage designs 

may only have X-Y translation available, such as top-entry or vertical insertion stages that 

were once popular for high resolution TEM research. Due to the combined demands of 
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mechanical and electron-optical restrictions, the design criteria for HRTEM stages are 

complicated, and there are specific models available for various techniques. 

 
• Electron Guns: 

The filament, a biassing circuit, a Wehnelt cap, and an extraction anode are the main parts 

that make up an electron cannon. Electrons can be "pumped" from the electron cannon to 

the anode plate and the HRTEM column, completing the circuit, by connecting the 

filament to the negative component power supply. The gun's goal is to produce an electron 

beam that emerges from the assembly at a specific angle, or gun divergence semi-angle, 

or. Electrons that escape the filament in a divergent fashion are, under appropriate 

operation, forced into a converging pattern, the minimum size of which is the gun 

crossover diameter, by designing the Wehnelt cylinder such that it has a higher negative 

charge than the filament itself. 

 

 

 
 

• Electron Lens: 

By focusing parallel electrons at a fixed focal distance, electron lenses are intended to 

mimic the behaviour of an optical lens. Electron lenses can function magnetically or 

electrostatically. The majority of electron lenses for HRTEM produce a convex lens using 

electromagnetic coils. The magnetic lens's radial symmetry must be maintained for the 

lens's field to be radially symmetrical; otherwise, astigmatism and other aberrations like 

spherical and chromatic aberration would worsen. Iron, iron-cobalt, or nickel-cobalt 

alloys, such as permalloy, are used to make electron lenses. These are chosen based on 

their magnetic characteristics, including permeability, hysteresis, and magnetic saturation. 

The yoke, the magnetic coil, the poles, the polepiece, and the external control circuitry are 

among the components. The boundary conditions for the magnetic field that creates the 

lens depend on how symmetrically the pole piece is made. Serious deviations in the 

magnetic field's symmetry might result from flaws in the pole piece's construction, and 

these distortions will ultimately reduce the lenses' capacity to recreate the object plane. A 

finite element study of the magnetic field is frequently used to determine the precise 

dimensions of the gap, the internal diameter and taper of the pole piece, as well as the 

overall design of the lens, while taking the design's thermal and electrical constraints into 

account. 
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• Apertures: 

Apertures are annular metallic panels that allow electrons that are too far from the optic 

axis to pass through to be excluded. These are made of a thin metallic disc that allows 

axial electrons to flow through but prevents other electrons from doing so. Apertures 

reduce beam intensity as electrons are filtered out of the beam, which may be desired in 

the case of beam-sensitive samples. This permission of centre electrons in a HRTEM 

causes two effects concurrently. Second, this filtering eliminates electrons that are 

scattered at high angles for a variety of reasons, including chromatic or spherical 

aberration or diffraction from internal sample interactions. Condenser lenses, for example, 

have fixed apertures within the column. Other apertures, however, can be adjusted in the 

plane perpendicular to the beam path or inserted or removed from the beam path. Aperture 

assemblies are mechanical tools that enable the user to choose between various aperture 

sizes and trade off the intensity and filtering effect of the aperture. Micrometres are 

frequently included in aperture assemblies in order to change the aperture when optical 

calibration is necessary. 
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Fig 2.3. Schematic diagram of HRTEM 
 
 
 
 

• Image Contrast and interpretation: 

A high-resolution transmission electron microscopy image's contrast results from the 

electron wave's interference with itself in the image plane. Only the amplitude in the 

image plane is saved because we are unable to store an electron wave's phase. However, 

a significant portion of the sample's structural data is encoded in the electron wave's 

phase. It must be detected by tuning the microscope's aberrations (such defocus) so that 
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they translate the wave's phase at the specimen exit plane into amplitudes in the picture 

plane. Although the relationship between the electron wave and the sample's crystal 

structure is complicated, a qualitative understanding of the relationship can be quickly 

attained. The sample and each imaging electron interact separately. The wave of an 

electron above the sample can be roughly described as a plane wave incident on the 

sample surface. The positive atomic potentials of the atom cores attract it as it enters 

the sample, and it channels along the atom columns of the crystallographic lattice (s- 

state model). Bragg diffraction is caused simultaneously by the interaction of the 

electron waves in various atom columns. The holy grail of electron microscopy 

continues to be an accurate description of dynamical scattering of electrons in a sample 

not fitting the weak phase object approximation, which is practically all real samples. 

But there is enough knowledge about the physics of electron scattering and how 

electron microscope images are created to allow for accurate simulation of electron 

microscope images. 

 

 

Fig 2.4. FEI Tecnai TEM 
 

➢ Phase or crystallographic characterization: 

The main instrument involved in phase or crystallographic characterization is X-ray 

Diffraction. It operates with X-Ray to determine the phase of the sample. Apart from that, 

it is also possible to get information about the crystallographic planes, interplanar 

distance, crystal size and the lattice structure of the prepared sample. 

▪ X-Ray Diffraction (XRD): 

X-rays are a form of electromagnetic radiation that has high energies and short 

wavelengths on the order of the atomic spacing for solids. When a beam of x-rays 
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impinges on a solid material, a portion of this beam will be scattered in all directions 

by the electron associated with each atom or ion that lies within the beam’s pathway. 

Let us now examine the necessary conditions for diffraction of X-rays by a periodic 

arrangement of atoms. Diffraction occurs when a wave encounters a series of regularly 

spaced obstacles that are capable of scattering the wave and have spacing that are 

comparable in magnitude to the wavelength. Furthermore, diffraction is a consequence 

of specific phase relationships established between two or more waves that have been 

scattered by the obstacles. The phase relationship between the scattered waves, which 

will depend upon the difference in path length is important. One possibly results when 

its pathway length is an integral number of wavelengths. 

Bragg’s Law: 
 

 

Fig 2.5. Brag’s Law of diffraction 
 

Considering the two parallel planes of atoms, which have the same h, k and l 

Miller indices and are separated by the interplanar spacing d. Now assuming a 

parallel, monochromatic and coherent (in-phase) beam of x-rays of wavelength 

λ is incident on these two planes at an angle of ϴ. Two rays in this beam are 

scattered by atoms A and B. Constructive interference of the scattered waves 

occur also an angle of ϴ to the planes, if the path length difference (i.e. CB+BD) 

between these waves is equal to a whole number, n, of wavelengths. So, the 

condition for diffraction is 

nλ= CB+BD 

or, nλ= d sinϴ + d sinϴ 

or, nλ= 2d sinϴ 
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Production of X-ray: 

 
X-rays are produced by bombarding a metal target (e.g., Cu, Mo usually) with a 

beam of electrons emitted from a hot filament (often tungsten). The incident 

beam will ionize electrons from the K-shell (1s) of the target atom and X-rays 

are emitted as the resultant vacancies are filled by electrons dropping down from 

the L (2p) or M (3p) levels. This gives rise to Kα and Kβ lines. 
 

 

Fig 2.6. Production of X-Rays 
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Fig 2.7. X-Ray Diffraction (Bruker D8 advance) 
 
 

Particle Size determination by Scherrer’s formula: 

Experimentally obtained diffraction patterns of the sample are compared with the 

standard powder diffraction files published by the JCPDS. The average grain size of 

the samples was calculated using Scherrer’s formula: 

𝐷 = 
0.9𝜆 

𝛽 cos 𝜃 

Where, λ is the wavelength of x-rays, 

And β is the full width at half maximum intensity in radians. 

It is important to realize that the Scherrer’s formula provides a lower bound on the 

particle size. The reason behind this is that a variety of factors can contribute to the 

width of a diffraction peak; besides particle size, the most important of these are 

actually is dependent on the factors like inhomogeneous strain and instrumental errors. 

If all of these other factors contributing to the peak width were zero, then the peak width 
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would be determined solely by the particle size and the Scherrer’s formula would apply. 

If the other contributors to the peak width is non-zero, then the particle size can be 

larger than the predicted by this formula, with the “extra” peak width coming from the 

other facts. 

 

 

➢ Spectroscopic characterization: 

▪ UV-VIS near infrared Spectroscopy: 

The optical transmittance, absorbance, and reflectance in the ultraviolet-visible spectral 

area are measured using UV-Vis-NIR Spectrophotometers. Measurements of optical 

transmittance, absorbance, and reflectance in the ultraviolet visible spectral area are 

made using UV-Vis near Infrared (UV- Vis-NIR) Spectrophotometers. The amount of 

radiation that is absorbed, transmitted, or reflected at each wavelength is quantified 

using UV-Vis absorption spectroscopy. Typically, this is done by measuring the 

absorption while scanning the wavelength range. To determine the degree of multiple 

bond or aromatic conjugation within molecules, it is frequently employed in organic 

chemistry. The method can be expanded to include gases and solids as well as go 

beyond absorption to measure reflected light as opposed to transmitted light. 

Light absorption can be described by two fundamental laws as: 

• Lambert’s Law: 

The proportion of incident light absorbed by a transparentmedium is independent of the 

intensity of the light (provided that there is no otherphysical or chemical change to the 

medium). Therefore, successive layers of equal thickness will transmit an equal 

proportion of the incident energy. 

Lambert's law can be expressed by 
 

 

 

Where I is defined as the intensity of transmitted light, I0 is defined as intensity of 

incident light and T is the transmittance. 
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• Beer’s Law: 

The absorption of light is directly proportional to both the concentration of the 

absorbing medium and the thickness of the medium in the light path. 

A combination of the two laws (known jointly as the Beer-Lambert Law) defines the 

relationship between absorbance (A) and transmittance (T). 

 

 
 

Where, A is absorbance, ε is molar absorptivity, c is molar concentration and b is 

path length. 

 

Fig 2.8. Basic working principle of UV-Vis spectroscopy 
 
 

• LIGHT REFLECTION AND REFLECTANCE SPECTRA: 

The spectrometer beam is directed into the sample, where it is reflected, dispersed, and 

transmitted through the sample material, resulting in diffuse reflectance (shown on the 

right). The accessory collects the back reflected, diffusely dispersed light (part of which 

is absorbed by the sample) and directs it to the detector optics. Diffuse reflection refers 

to the portion of a beam that is dispersed within a sample and returns to the surface. 
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Fig 2.9. Diffuse and Specular Reflectance 

Particle size, refractive index, homogeneity, and packing are further parameters that 

contribute to excellent spectral quality in diffuse reflectance sampling. The raw diffuse 

reflectance spectra will seem different from its transmission counterpart despite all of 

these sample preparation techniques (stronger than expected absorption from weak IR 

bands). 

To correct for these discrepancies, a Kubelka-Munk conversion can be performed to a 

diffuse reflectance spectrum. 

 

 
Kubelka-Munk Function: 

 

 

 

 

 

R stands for the sampled layer's absolute reflectance, k for the molar absorption 

coefficient, and s for the scattering coefficient. 

This spectral conversion for ibuprofen obtained via diffuse reflectance is illustrated in 

thespectrum above. The Kubelka-Munk converted spectrum for ibuprofen compares 

well to the transmission spectrum and is easily recognised using a transmission spectral 

data baselibrary search. 
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• Components of UV-Vis: 

i) Spectrophotometer consists of the following components 

ii) A source of radiation of appropriate wavelength. 

iii) Monochromator and optical geometry. 

iv) Filter sample compartment. 

v) Detector, photomultiplier, measuring system and computer. 

 

 
The UV VIS spectra carried out by Shimadzu UV 3600 spectrophotometer. 

 

 

 

 

 

 

 

 

 

 

Fig 2.10. UV-VIS-NIS (SHIMADZU UV-3600) Spectrophotometer 
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▪ FOURIER TRANSFORM INFRA-RED SPECTROSCOPY 

(FTIR): 

 
For studying the vibrational properties of synthesised materials, FTIR spectroscopy is 

a very useful tool. The band positions and absorption peak of thin films are influenced 

not only by their chemical composition and structure, but also by their morphology. 

 
 

The preferred method of infrared spectroscopy is known as Fourier Transform InfraRed 

(FT-IR). Infrared spectroscopy involves passing IR radiation through a sample. The 

sample absorbs some of the infrared radiation and passes some of it through 

(transmitted). The resulting spectrum depicts the sample's molecular absorption and 

transmission, resulting in a molecular fingerprint. No two unique molecular structures 

produce the same infrared spectrum, just like a fingerprint. As a result, infrared 

spectroscopy can be used for a variety of purposes. 

 

 
 

 
 

Fig2.11. Spectrometer 
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So, what kind of information can FT-IR give you? 

• It can determine the quality or consistency of a sample 

• It can determine the number of components in a mixture 

• It can identify unknown materials 

 
 

WHY INFRARED SPECTROSCOPY? 

 
For over seventy years, infrared spectroscopy has been a workhorse technique in the 

laboratory for materials analysis. An infrared spectrum is a sample's fingerprint, with 

absorption peaks corresponding to the frequencies of vibrations between the bonds of 

the material's atoms. Because each material is made up of a different set of atoms, no 

two compounds have the same infrared spectrum. As a result, infrared spectroscopy can 

be used to positively identify (qualitatively analyse) any type of material. Furthermore, 

the size of the peaks in the spectrum indicates the amount of material present. Infrared 

is an excellent tool for quantitative analysis thanks to modern software algorithms. 

 

 
OLDER TECHNOLOGY: 

 

The first infrared instruments were dispersive in nature. Individual frequencies of 

energy emitted from the infrared source were separated using these instruments. A 

prism or grating was used to accomplish this. A visible prism separates visible light 

into its colours, and an infrared prism does the same (frequencies). A grating is a more 

modern dispersive element that separates infrared energy frequencies better. The 

detector counts the amount of energy that has passed through the sample at each 

frequency. As a result, a spectrum is created, which is a plot of intensity against 

frequency. 

For several reasons, Fourier transform infrared spectroscopy is preferred to dispersive 

or filter methods of infrared spectral analysis: 

• It is a non-destructive technique 

 
• It provides a precise measurement method that does not require external calibration 

 
• It can increase speed, collecting a scan every second 
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• It can increase sensitivity – one second scans can be co-added together to ratio out 

random noise 

• It has greater optical throughput. 

 

Why FT-IR? 

 
In order to overcome the limitations of dispersive instruments, Fourier Transform 

Infrared (FT-IR) spectrometry was developed. The slow scanning process was the main 

issue. It was necessary to develop a method for measuring all infrared frequencies 

simultaneously rather than individually. An interferometer, a very simple optical 

device, was used to develop a solution. The interferometer generates a unique signal 

that contains all of the infrared frequencies "encoded." The signal can be measured very 

quickly, usually in a fraction of a second. As a result, the time element per sample is 

reduced from several minutes to a few seconds. A beam splitter is used in most 

interferometers to divide the incoming infrared beam into two optical beams. 

 

 

Fig 2.12. An interferogram signal 
 
 
 

A flat mirror, which is fixed in place, reflects one beam. The other beam reflects off a 

flat mirror that moves a very short distance (typically a few millimetres) away from the 

beam splitter thanks to a mechanism. When the two beams meet again at the beam 

splitter, they reflect off their respective mirrors and are recombined. The signal that 

exits the interferometer is the result of these two beams "interfering" with each other 

because one beam's path is fixed and the other's is constantly changing as its mirror 

moves. 
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Fig 2.13. Process of generating an FTIR spectra 
 

The resulting signal is known as an interferogram, and it has the unique property of 

having information about each infrared frequency that comes from the source in every 

data point (a function of the moving mirror position) that makes up the signal. This 

means that all frequencies are measured simultaneously as the interferogram is 

measured. As a result of the interferometer's use, measurements are extremely quick. 

The measured interferogram signal cannot be interpreted directly because the analyst 

requires a frequency spectrum (a plot of the intensity at each individual frequency) in 

order to make an identification. It's necessary to have a way of "decoding" the 

individual frequencies. The Fourier transformation, a well-known mathematical 

technique, can be used to accomplish this. The computer performs this transformation 

and then presents the user with the desired spectral information for analysis. 

 
 

Fig 2.14. A simple spectrometer layout 
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THE SAMPLE ANALYSIS PROCESS: 

The standard instrumental procedure goes like this: 

1. The Source: A glowing black-body source emits infrared energy. This beam passes 

through an aperture that regulates how much energy is delivered to the sample (and, 

ultimately, to the detector). 

2. The Interferometer: The beam passes through the interferometer, which performs 

"spectral encoding." The interferogram signal is then output from the interferometer. 

3. The Sample: Depending on the type of analysis being performed, the beam enters 

the sample compartment and is transmitted through or reflected off the surface of the 

sample. This is where the sample's specific frequencies of energy, which are unique to 

it, are absorbed. 

4. The Detector: The beam finally reaches the detector, where it is measured. The 

detectors used were created specifically to measure the interferogram signal. 

5. The Computer: The measured signal is digitised and sent to the computer, which 

performs the Fourier transformation. The user is then presented with the final infrared 

spectrum for interpretation and any further manipulation. 

 

 

Fig 2.15. Internal components of FTIR instrument. 
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Fig 2.16. Internal Process for the formation of FTIR spectra 
 

Because the absorption intensity must be measured on a relative scale, a background 

spectrum must also be measured. Normally, this is a measurement without a sample in 

the beam. This can be compared to the "percent transmittance" measurement taken with 

the sample in the beam. This method yields a spectrum that is devoid of all instrumental 

characteristics. As a result, all spectral features present are solely due to the sample. 

Because the instrument's spectrum is characteristic, a single background measurement 

can be used for multiple sample measurements. 

 

 

 

 
▪ Raman Spectroscopy: 

 
Raman scattering was first observed by Dr. C.V. Raman in 1928 and was used to 

investigate the vibrational states of many molecules. 

▪ Raman System: 

 

A typical Raman system consists of the following basic components: (1) Excitation 

source, usually a laser; (2) Optics for sample illumination; (3) Double or triple 

monochromator and (4) Signal processing system consisting of a detector, an amplifier 

and an output device. A sample is mounted on the sample chamber and laser light is 

focused on it with help of a lens. The scattered light is collected using another lens and 

is focused at the entrance slit of the monochromator. The monochromator effectively 

rejects stray light and serves as a dispersing element for incoming radiation. The light 
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leaving the exit slit of the monochromator is collected and focused on the surface of a 

detector. The optical signal is converted to an electrical signal with in the detector and 

further manipulated using detector electronics. Such a signal is stored in computer 

memory for each predetermined frequency interval. In a conventional Raman system 

using photomultiplier tube (PMT) detector, light intensity at various frequencies is 

measured by scanning the monochromator. A plot of signal intensity against 

wavenumber constitutes it Raman spectrum. 

▪ Principle: 

 

When a sample is irradiated with an intense monochromatic light source (usually a 

laser), most of the radiation is scattered by the sample and the same wavelength as that 

of the incoming laser radiation is a process known as Rayleigh scattering. However, a 

small portion of the incoming light approximately one photon out of million is scattered 

at a wavelength that is shifted from the original laser wavelength. 

1. Laser light excites the sample. 

2. This light is scattered in all direction. 

3. Some of this scattered light directed to the detector, which records the Raman 

spectrum. 

4. This spectrum shows light at the original laser (Rayleigh) frequency and the Raman 

spectrum features unique to the sample. 

 

Fig 2.17. Different types of Scattering 
 

The same transition between molecular vibration states (M) and (M*) in the infrared 

absorption can also result in Raman scattering. A key difference between Raman and 

infrared process is that, in the former process, the photons involved are not absorbed or 
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emitted but rather shifted in frequency by an amount corresponding to the energy of the 

particular vibrational transition. In the Stokes process, which is the parallel absorption, 

the scattered photons are shifted to lower frequencies as the molecule’s abstract energy 

from the exciting photons; in the anti-stokes process, which is parallel to emission, the 

scattered photons are shifted to higher frequencies as they pick up the energy released 

by the molecules in the course of transitions to the ground state. Relaxation from the 

virtual state occurs almost instantaneously and is predominantly to the initial ground 

state. This process results in Rayleigh scattering, which is scattered light of the same 

wavelength as excitation laser. Relaxation to the first excited vibrational level results 

in a Stokes-Raman shift. Stokes-Raman shifted scattered light is of lower energy 

(longer wavelength) than that of the laser light. In addition, most systems have at least 

a small portion of molecules that are initially in an excited vibrational state. When the 

Raman scattering process starts from the excited vibrational level, relaxation to the 

ground state is possible, producing scatter of higher energy (shorter wavelength) than 

that of the laser light. This type of scatter is called anti-Stokes-Raman scattering. Two 

molecules can give exactly the same Raman spectrum and the intensity of the scattered 

light is proportional to the amount of material present. Thus, Raman spectrum provides 

both qualitive and quantitative information about the sample. The Raman spectrum 

carried out by WITEC alpha 300R-RAMAN spectroscopy. 

 

 

Fig 2.18. WITEC alpha 300R-RAMAN spectroscopy. 
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▪ X-ray Photoelectron Spectroscopy (XPS): 
 

A surface-sensitive quantitative spectroscopic method based on the photoelectric effect 

called X-ray photoelectron spectroscopy (XPS) can identify the elements present in a 

material (its elemental composition) or that are present on its surface, as well as their 

chemical state, general electronic structure, and density of the electronic states in the 

material. Because it reveals both the elements that are present and the other elements to 

which they are linked, XPS is a strong measurement technique. The method can be 

applied to depth profiling when combined with ion-beam etching or to line profiling of 

the elemental composition throughout the surface. It is frequently used to investigate 

chemical reactions in materials in their natural condition as well as those that have 

undergone cleavage, scraping, heating, exposure to reactive gases or solutions, 

ultraviolet radiation, or ion implantation. XPS is a type of photoemission spectroscopy 

in which an X-ray beam is used to irradiate a material in order to produce electron 

population spectra. 

By measuring the kinetic energy and the quantity of expelled electrons, chemical states 

can be deduced. Although ambient-pressure XPS, in which materials are evaluated at 

pressures of a few tens of millibar, is currently under development, it requires high 

vacuum (residual gas pressure p ~10-6 Pa) or ultra-high vacuum (p < 10-7 Pa). 

Except for hydrogen and helium, all elements are easily detected by XPS when using 

laboratory X-ray sources. The detection limit is in the parts per thousand range, 

however long collecting durations and concentration at the top surface can provide parts 

per million (ppm). 

Inorganic substances, metal alloys, semiconductors, polymers, elements, catalysts, 

glasses, ceramics, paints, papers, inks, woods, plant parts, make-up, teeth, bones, 

medical implants, bio-materials, coatings, viscous oils, glues, and many more materials 

are frequently analysed using XPS. By freezing them in their hydrated state in an 

ultrapure environment and enabling multiple layers of ice to sublime away before 

examination, XPS is used to study the hydrated forms of materials like hydrogels and 

biological samples, which is a little less frequently. 
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▪ Cyclic Voltammetry: 
 

Cyclic voltammetry is the most widely used technique for acquiring qualitive data and 

information about electrochemical reactions. It offers a rapid location of redox 

potentials of the electroactive species. A method for measuring the current response of 

a redox active solution to a linearly cycled potential sweep between two or more pre- 

set values is called cyclic voltammetry. It is a valuable technique for quickly obtaining 

details about the redox processes' thermodynamics, the analyte's energy levels, and the 

kinetics of electronic-transfer reactions. Cyclic voltammetry utilises a three-electrode 

setup, consisting of a working electrode, reference electrode, and counter electrode, 

similar to other methods of voltammetry. The electrolyte solution, a reference solution, 

and the three electrodes are initially introduced to an electrochemical cell in order to 

perform cyclic voltammetry. 

 

Fig 2.19. Cyclic Voltammetry (GAMRY-autolab) setup 
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▪ Operation: 

 
In cyclic voltammetry the voltage is swept between two values at a fixed rate, 

however now when the voltage reaches V2, the scan is reversed and the voltage is 

swept back to V1. A typical voltammogram recorded for a reversible single electrode 

transfer reaction is shown in below. Again, the solution contains only a single 

electrochemical reactant. For a reversible electrochemical reaction, the CV record has 

certain well-defined characteristics. 

1. The voltage separation between the current peak is cyclic. 

2. The positions of peak voltage do not alter as a function of voltage scan rate. 

3. The ratio of the peak currents is equal to one. 

4. The peak currents are proportional to the square root of the scan rate. 

 
The CV for cases where the electron transfer is not reversible show considerably 

different behaviour from their reversible counterparts. By analysing variation of peak 

position as a function of scan rates, it is possible to gain an estimate for the electron 

transfer rate constants. 

 

 

 

 
▪ I-V characterization: 

 
The techniques for the measurement of the electrical behavior of laminated composites 

are the two- probe method and four probe methods. The two-probe method is based 

on the definition of resistance when two electrodes are used to measure the electrical 

resistance. Figure below shows a specimen, on which a pair of contacts (probe 1 and 

probe 2) with conductive wires is attached. Two probes are used for the electrical 

current input, as well as for the voltage measure. The resistance of the segment 

between the voltage contacts can be calculated through Ohm's law: 

 
𝑉 = 𝐼 ∗ 𝑅 

where, V and I are the voltage and current from the voltage and current contacts, 

respectively. 



64 | P a g e  

 

 

 
 

Fig 2.20. Electrical resistivity measurement by two probe method 
 
 
 
 
 

(a) 
 

 

(b) 
 

Fig2.21. (a, b) Two probe device used in the project. 
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• Synthesis Techniques:

Carbonaceous materials such as graphite, graphene, graphene oxide (GO) and reduced 

graphene oxide (rGO) have a huge interest in new days industry due to their huge range of 

different applications in different fields of new technology. These materials are having a 

rich synthesis history of 150 years. With time the synthesis procedure indulging these 

materials upgraded itself with bulk production and less hazards. There are multiple 

synthesis processes to produce graphene oxide (GO) from graphite and then reducing it in 

to rGO. The past has revealed three main techniques for producing graphene oxides: 

Staudenmaier's (ST) method, which employs a chlorate oxidant in fuming nitric acid; 

Hofmann's (HO) version, which uses chlorate in sulfuric acid; and Hummers' (HU) 

technique which employs a permanganate oxidant. ST method and Hummer’s method for 

synthesis of GO are being discussed in this chapter. The rGO can be produced using this 

already produced GO by hydrothermal process. Brief description of hydrothermal process 

is also included in this chapter. 

Numerous methods have been developed to fabricate Si nanostructures as well using top- 

down or bottom-up approaches, such as vapor-liquid-solid (VLS) growth, reactive ion 

etching (RIE), electrochemical etching, solution-liquid-solid (SLS) process, chemical 

vapor deposition (CVD), molecular beam epitaxy (MBE) or metal-assisted chemical 

etching, all of which aim to control various parameters of the Si structures. In this chapter 

we have discussed about two techniques namely, Chemical Etching and VLS process, in 

details. 

▪ GO synthesis using Staudenmaier's (ST) method: 

 
Materials: Graphite, Sulphuric acid (H2SO4), Nitric acid (HNO3) and Potassium chlorate 

(KClO3). 

Process: 

 
1. At first sulphuric acid and nitric acid are added to a reaction flask containing magnetic 

bit for stirring. 

2. Then the solution is cooled at 00 C for 10 to 15 minutes. 

3. After cooling the solution, graphite is added to the mixture under vigorous stirring so 

that it cannot agglomerate itself and disperse homogenously into the acid mixture. 
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4. Once the graphite is dispersed into the acid mixture, potassium chlorate is poured into 

the solution very carefully and slowly at 00 C to avoid sudden increase in temperature 

and production of chlorine dioxide which is very much explosive at high concentration. 

5. After the potassium chlorate has completely dissolved, the reaction flask is loosely 

sealed to enable gas evolution, and the mixture is rapidly agitated for a lengthy amount 

of time (80 to 100 hours) at room temperature. 

6. The mixture is placed into ultra-pure water and then filtered when the reaction was 

finished. 

7. To remove sulphate ions, the GO is then redistributed and repeatedly rinsed with HCl 

solutions. 

8. Finally, the GO is cleaned with ultra-pure water until the filtrate's pH is neutral. Before 

usage, the slurry GO is then dried for five to seven days at 500 C in a vacuum oven. 

 

 
▪ GO synthesis using Hummers' (HU) method: 

 
Materials: Graphite, concentrated sulphuric acid (H2SO4), Sodium Nitrate (NaNO3), 

Hydrogen peroxide (H2O2) and Potassium Permanganate (KMnO4). 

Process: 

 

1. To start the reaction, at first graphite is stirred with H2SO4 in a reaction flask for 

few minutes at 00 C so that it can be dispersed into the solution. 

2. After that sodium nitrate is added to the mixture in some portions and kept it for 1 

hour under stirring. 

3. Then potassium permanganate is poured slowly into the solution at 350 C which 

eventually arise the temperature to 900 C. The temperature is maintained as the same 

for next 1 hour. 

4. Extra water is added to the solution followed by pouring of H2O2. 

5. Once the solution ends it reaction, it is washed multiple times with warm water. 

6. To separate the solid GO, the mixture was then centrifuged multiple time and the 

solid GO is collected. 

7. The solid GO then dried in vacuum oven for some days before use. 
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▪ Hydrothermal Process: 

 
The hydrothermal synthesis was defined in the literature [1] as a process in a closed 

system, in which chemical reactions take place exclusively in a water solvent at 

increased temperatures, at a pressure that is higher than atmospheric pressure (P > 

101,325 Pa). This definition is often modified by scholars, e.g., Byrappa and Yoshimura 

[2] proposed a definition of the “hydrothermal reaction” as any heterogeneous chemical 

reaction in the presence of a solvent (whether aqueous or non-aqueous) above the room 

temperature and at a pressure greater than 1 ATM in a closed system. For the purposes 

of this review, we assume that the “hydrothermal synthesis” is a process occurring in 

an aqueous environment (where mH2O > 50%), with the pressure equal to or higher 

than atmospheric pressure. In hydrothermal processes, reaction products are mainly 

oxides and salts due to the properties of water as a solvent. 

 
Solvothermal synthesis is a method for preparing a variety of materials such as metals, 

semiconductors, ceramics, and polymers. The process involves the use of a solvent 

under moderate to high pressure (typically between 1 ATM and 10,000 ATM) and 

temperature (typically between 100 °C and 1000 °C) that facilitates the interaction of 

precursors during synthesis. If water is used as the solvent, the method is called 

‘hydrothermal synthesis’. The synthesis under hydrothermal conditions is usually 

performed below the supercritical temperature of water (374 °C). The process can be 

used to prepare structures including various morphologies including thin films, bulk 

powders, single crystals, and nanocrystals. 

 
In addition, the morphology (sphere (3D), rod (2D), or wire (1D)) of the crystals formed 

is controlled by manipulating the solvent supersaturation, chemical of interest 

concentration, and kinetic control. The method can be used to prepare 

thermodynamically stable and metastable states including novel materials that cannot 

be easily formed from other synthetic routes [3]. 

• ADVANTAGES OF THE HYDROTHERMAL METHOD: 

i) Possible to precipitate powders directly from solution 

ii) Ability to synthesize crystals of substances which are unstable near melting point 

iii) Suitable when it is difficult to dissolve precursors at room or lower temperatures 

iv) Can be hybridised with other processes like microwave, ultrasound etc [10]. 
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• DISADVANTAGES OF THE HYDROTHERMAL METHOD: 

i) High cost of equipment e.g., the need of expensive autoclaves. 

ii) II. Inability to observe the crystals in the process of their growth [11, 12]. 

 
 

• REDUCTION OF GO TO rGO: 

 
The prepared GO can be more reduced to remove it’s most of the edge linked 

functionalization groups to form a pure layer of graphene oxide with less groups 

(eventually called as reduced graphene oxide) using hydrothermal method. As 

hydrothermal or solvothermal technique possess constant temperature and pressure, 

thus, effectively the reduction can be done easily in less time. The reduction can include 

doping as well which is an extra hand of using hydrothermal process. Different amide 

groups, sulphur groups etc. can be used as reduction agent. Nitrogen, sulphur, boron 

etc. can be doped by tuning the components of the reaction. 

In this project work, modified Hummer’s method is being used for producing good 

quality of graphene oxide (GO) and rGO is synthesised using hydrothermal process. 

 

 
 

▪





Among the various methods, metal-assisted chemical etching has attracted 

increasing attention in recent years for several reasons – 

 
 

1. Metal-assisted Chemical etching is a low-cost and easy approach for 

manufacturing a variety of Si nanostructures with the ability to regulate a 

number of factors (e.g., cross-sectional shape, diameter, length, 

orientation, doping type, and doping level) [23, 24, 25, 26]. Almost all 

processes may be completed without the need of pricey equipment in a 

chemical lab. 

2. Metal-assisted chemical etching enables control of the orientation of Si 

nanostructures (e.g., nanowire, pore) relative to the substrate. 

3. VLS-based techniques can only develop wires with circular cross- 

sections, but metal- assisted chemical etching is far more versatile and can 

Metal Assisted Chemical Etching Method: 
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be utilized to create structures witha greater surface-to-volume ratio. [14, 

17]. 

4. The crystalline quality of Si nanowires produced from single crystalline 

substrates using metal-assisted etching is typically good. Despite the fact 

that their surfaces are generally rougher than those of nanowires grown by 

VLS, the nanowires lack the apparent crystallographic flaws caused by 

solution-based etching, whereas dry etching (e.g., RIE) tends to create 

faults in an area near to the etched Si surfaces. [18]. 

5. The size of features produced via metal-assisted chemical etching has no 

evident limit. The technique may be used to create straight and well- 

defined holes or wires with sizes ranging from 5 nm to 1 μm. 

As a result, metal-assisted chemical etching has grown in importance during 

the previous decade. Various Si or Si/Ge nanostructures have been created 

using this approach. 

• Deposition of Noble Metal: 

In metal-assisted chemical etching, Ag, Au, are the most frequently used noble 

metals. They can be deposited on the Si substrate via various methods, which 

include thermal evaporation, sputtering, electron beam (e-beam) evaporation, 

electroless deposition-focused-ion- beam (FIB) deposition or spin coating of 

noble metal particles. Electroless deposition is a simple process for depositing 

noble metals that is typically used when the morphology of the resulting 

etched structures is not a strict requirement. Noble metals may be electroless- 

ly deposited onto a Si substrate using a variety of plating solutions containing 

noble metal ions. The plating is a typical galvanic process (reported by Ogata 

et al. [34] ). In a brief, the ions of the noble metal inject holes into the Si 

substrate's valence band. Metal ions are reduced and form nuclei on the 

surface of Si during this process. On the other hands, holes injected into the 

Si substrate oxidize the Si to SiO2. The plating solutions composed of HF and 

noble metal ions. Hence the plating under such solutions occurs 

simultaneously, with the chemical etching process. If we have immersed a Si 

substrate in a solution containing HF and M+ (M = Ag or Au) for a 

considerable span of time (e.g., longer than 30 seconds) then the dendrite 
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structures of the deposited metal forms. Because the electrochemical 

potential of Ag+ /Ag was more positive than the Fermienergy of the Si 

substrate, a galvanic cell was created by submerging a Si substrate in the 

HF/AgNO3 solution. Ag+ was used to introduce holes into the valence band of 

Si. The Ag+ was reduced to elemental Ag forming nuclei. The Ag nuclei 

developed into large particles as the etching time increased. Simultaneously, 

holes fed into Si's valence band through Ag particles aided local Si atom 

oxidation and disintegration beneath the Ag particles. The particles sunk into 

the Si substrate due to the breakdown of Si atoms beneath the Ag particles. 

The charge transfer took place at the etching front, the interface between Si 

and the deposited Ag particle, with the etching front being the preferred 

location. As a result, no new Ag nuclei formed on the etched pores' sidewalls, 

and the Ag+ was preferentially reduced, resulting in Ag particles developing 

at the bottom of the etched pores. Accordingly, the Ag nuclei grew into 

dendrite structures. By varying the concentration of AgNO3 and HF, the 

diameter of the Si nanowires could be roughly tuned. 

• Reactions: 

 
A Si substrate in contact with an isolated noble metal particle is etched 

in an etchantconsisting of HF and H2O2. It is investigated and reported that 

the chemical or electrochemical reactions occur preferentially near the noble 

metal. It is studied from various literatures that the H2O2 is reduced at the 

cathode (metal): 

H2O2 + 2H+ → 2H2O + 2h+ ......................................................... (1) 

 
Meanwhile, Li and Bohn [19] and Harade et al. [15] claimed that, in addition 

to reaction (1), another cathode reaction was the reduction of protons into 

hydrogen: 

2H+ → H2 ↑ + 2h + ........................................................ (2) 

 
Chartier et al. [20], on the other hand, ascribed the gas development during 

etching to an anode reaction. The conclusion of Chartier et al. came from the 

judgment that H2O2 instead of H+ was the principal reaction agent at cathodic 

sites, because in a H2O2 free HF solution, no etching occurred in a Pt-particle- 



74 | P a g e  

 

loaded Si substrate [21]. Meanwhile, the possibility that gas was generated 

from a decay of H2O2 was excluded because gas evolution did not occur on 

an Ag0 particle-loaded Si substrate in solution with high concentration of 

H2O2 in the absence of HF 

[20]. The Si substrate is oxidized and dissolved at the anode. There have been 

a variety of models developed for the dissolution of Si (anode reaction), 

which may be divided into three categories (1) In the tetravalent state, direct 

dissolution of Si is possible. [19] 

 
 

Si + 4h+ + 4HF → SiF4 + 4H+ ....................................................... (3) 

 

SiF4 + 2HF → H2SiF6 .................................... (4) 

 
(2) Direct dissolution of Si in divalent state [20] 

 

Si + 4HF−2 → SiF2 
−6 + 2HF + H2 ↑ +2e− ................... (5) 

(3) Si-dioxide formation followed by dissolution of oxide [20, 21] 

 

Si + 2H2O → SiO2 + 4H+ + 4e− ............................. (6) 

 

SiO2 + 6HF → H2SiF6 + 2H2O ................... (7) 

 

Chartier et al. [20] proposed a mixed reaction composed of divalent and 

tetravalent dissolution for the dissolution of Si in metal-assisted chemical 

etching: The overall reaction is: 

 

 

 

 
• The Overall Etching Process: 

 
Based on the various research results, a scenario describing the processes in 

metal-assisted chemical etching is tentatively suggested here: 

1. The noble metal functions as a tiny cathode on which the oxidant is 

reduced (cathode reaction) due to the noble metal's catalytic activity. The 

holes generated due to the reduction of the oxidant diffuse through the 
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noble metal and are injected into the Si substrate that is in contact with the 

noble metal. 

2. The implanted holes oxidise the Si atoms beneath the noble metal, which 

are thendissolved by HF (anode reaction). 

3. Along the contact between Si and the noble metal, the reactant (HF) and 

by-products disperse. The hole concentration is highest near the Si/metal 

contact. As a result, HF etch the Si that is in touch with the metal more 

quicker than a bare Si surface without metal covering. 

4. The metal particle sinks straight into the Si substrate and etches the Si 

substrate, forminga pore. Well-separated noble metal particles usually 

result in well-defined pores, while continuous films with a few holes lead 

to well-defined wires with more uniform cross- sectional shapes and 

spacing. The Si substrate will be etched into an array of Si nanowires with 

similar cross-sectional shapes and spacing if the metal film includes 

ordered dispersed pores with uniform diameters and cross-section shapes. 

 
 

▪ Catalyst Assisted VLS Growth Process: 
 

• Vapor-Liquid-Solid (VLS) mechanism: 

Nanowires are the result of anisotropic, 1D crystal growth on a nanoscale. 

Therefore, the main issue for the nanowire growth is how we can control the 

1D growth. On the basis of that, many approaches have been there, namely, 

metal catalyst assisted vapor-liquid-solid (VLS) mechanism, template- 

assisted (TA) mechanism, oxide-assisted growth (OAG), dissolution 

condensation (DC) mechanism etc. The VLS mechanism is the most 

commonly utilized approach among these because of its simplicity and 

adaptability in a wide range of semiconductor systems. The VLS mechanism 

derives its name fromthe fact that vapor travels through a liquid droplet then 

became a solid. The VLS mechanism was first proposed by Wagner and Ellis 

[22] in the mid-1960s is the key mechanism for silicon-wire growth. Their 

suggested VLS mechanism is based on two observations: that adding specific 

metal impurities to silicon wires is required for development, and that tiny 

globules of the impurity are found near the wire's tip during growth. 
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According to these findings, the globule at the wire tip must be engaged in the 

development of silicon wires by functioning "either a preferred sink for 

incoming Si atoms or, maybe more likely, as a catalyst for the chemical 

process involved." [22]. The mechanism works at high temperature at which 

the metal catalyst forms a liquid alloy. Occasionally, metal catalyst stayed in 

solid state in a vapor or liquid environment and the process referred as vapor- 

solid-solid (VSS) or liquid-solid-solid (LSS) process. 

Since the 1970s, VLS mechanism has been used to grow various types of 

whiskers on themicrometer or millimeter scale. Several groups, notably the 

Lieber group at Harvard University, the Yang group at the University of 

California Berkeley, and the Samuelson group at Lund University, utilized 

this technique to build 1D structures on a nanoscale scale in the 1990s. In a 

VLS growth, the process can be simply described as following as sketched in 

Figure 1. The growing species is initially evaporated before diffusing and 

dissolving into a liquid droplet. The liquid's surface has a high 

accommodation coefficient, making it an ideal location for deposition. The 

Saturated growth species inthe liquid droplet will diffuse to the interface 

between the substrate and the liquid, where they will precipitate. After 

nucleation, precipitation will occur, followed by crystal growth. The substrate 

and the liquid droplet will be separated by further precipitation or growth, 

resulting in the formation of nanowires. 

 
 

Fig 3.1. Schematic diagram of the VLS growth process 
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Let's use the formation of silicon nanowires using gold as a catalyst as an 

example to demonstrate the VLS growth experimental procedure. A thin 

layer of gold is evaporated on a silicon substrate and annealed at an elevated 

temperature (above the eutectic point of 363°C of the silicon-gold system). 

Silicon and gold react during annealing to create a liquid combination that 

forms a droplet on the silicon substrate surface. When silicon species is 

evaporated from the source and preferentially absorbed by the surface of the 

liquid droplet, the liquid droplet will become supersaturated with silicon. 

Subsequently, the supersaturated silicon will diffuse from the liquid-vapor 

interface and precipitate at the solid-liquid interface resulting in the growth 

of silicon. The growth will proceed unidirectionally perpendicular to the 

solid-liquid interface. 

• Fundamentals of homogeneous nucleation and growth: 

A new phase emerges when the concentration of a solute in a solvent 

exceedsits equilibrium solubility. A solution with solute exceeding 

solubility or supersaturation, for example, has a high Gibbs free energy; by 

isolating the solute from the solution, the total energy of the system is 

lowered. The decrease of the total Gibbs free energy of a supersaturated 

solution by creating a solid phase and maintaining an equilibrium 

concentration in the solution is shown schematically in Figure 2. Both 

nucleation and growth are fueled by the decrease of Gibbs free energy. 

 
 

Fig 3.2. Schematic diagram of reduction of the overall Gibbs free energy 

of a supersaturated solution by forming a solid phase and maintaining 

an equilibrium concentration inthe solution. 
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The variation in Gibbs free energy per unit volume of the solid phase, Gv, is 

linked to the solute concentration: 

 

 

Where C is the concentration of the solute, Co is the equilibrium 

concentration or solubility, k is the Boltzmann constant, T is the temperature, 

Ɯ is the atomic volume, and supersaturation defined by (C-C0)/C0. 

Without supersaturation Gv is zero, and no nucleation would occur. When 

C > C0 ,  is negative and nucleation occurs spontaneously. Only when 

the radius of the freshly created nucleus surpasses a certain size, r*, is it 

stable. A nucleus that is less than r* will dissolve into the solution, lowering 

the overall free energy, whereas a nucleus that is larger than r* will remain 

stable and continue to develop. The critical size, r*, and critical energy ΔG* 

are defined as: 

and 
 

 

r* is the minimal size of a stable spherical nucleus, and ΔG* is the 

energy barrier that anucleation process must overcome. Only when the 

supersaturation reaches a specific value above the solubility, which 

corresponds to the energy barrier for the production of nuclei, can nucleation 

begin. There will be no nucleation, once when the concentration of the 

growth speciesrises over the equilibrium concentration. Nucleation, on the 

other hand, happens when theconcentration exceeds the minimal saturation 

necessary to break the critical energy barrier, and the nucleation rate quickly 

increases as the concentration rises. Although, without a nucleus, the 

development process is suspended. When nuclei are formed, they begin to 

expand at the same time. 

Nucleation and growth are inseparable processes above the minimum 

concentration; nevertheless, they happen at distinct rates. 
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The fascinating features of the graphene-based materials, such as highly adjustable surface 

area, exceptional electrical conductivity, strong chemical stability, and great mechanical 

behaviour, make them potential for use in supercapacitors and other energy storage devices. 

Based on their macrostructural complexity, such as zero-dimensional (0D) (such as free- 

standing graphene dots and particles), one-dimensional (1D) (such as fiber-type and yarn-type 

structures), two-dimensional (2D) (such as graphene and graphene-based nanocomposite 

films), and three-dimensional (3D), this review summarises recent developments on graphene- 

based materials for supercapacitor electrodes (e.g. graphene foam and hydrogel-based 

nanocomposites). The rationalisation of their structures at various scales and dimensions, the 

development of efficient and affordable synthesis methods, the design and architectonics of 

graphene-based materials, as well as the clarification of their electrochemical performance, are 

all the subjects of extensive and ongoing research. Future research should concentrate on the 

overall device performance in energy storage devices and large-scale low-cost processes for 

the applications that are promising in portable and wearable electronic, transport, electrical, 

and hybrid vehicles. 

 

 
• Graphite, graphene oxide and rGO based supercapacitor:

 

The electrical and thermal conductivities of graphite, a well-known natural mineral, are 1000 

times higher in the in-plane direction than they are in the out-of-plane direction. Graphite is 

extremely anisotropic in both structure and functional behaviour. Similar to this, due to the 

various sorts of bonding in the two directions, graphite's in-plane strength and modulus are 

significantly higher than those of the out-of-plane. Graphite is thus one of the most commonly 

utilised materials in many structural, functional, chemical, and environmental applications. 

Various processes are employed to produce graphite of varying quality on a big scale. 

Applications for energy storage also employ this substance. Utilizing graphite as electrodes, 

Mitra et al. created solid-state electrochemical capacitors with extended cycle lives and rapid 

response times. The computed specific capacitances of these capacitors ranged from 0.74 to 

0.98 mF cm-2. 

 
Chemically modified graphene (CMG) was first used as an electrode material by Ruoff et al. 

They discovered that the aqueous and organic electrolytes, respectively, could achieve the 

specific capacitances of 135 and 99 F g1. Ajayan et al. described a two-step process that 

involves deoxygenation with NaBH4 and dehydration with strong sulfuric acid to create a 
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highly reduced GO. To retain performance during the demanding oxidation and reduction 

process, the comb-like linked sheet structure needs to be shielded. Graphene was created by 

Zhu et al. using sugar as a reduction agent. Zhang and colleagues used ascorbic acid. In 

addition, it was suggested that reduced graphene oxides may be produced using "green" 

materials including melatonin, vitamin C, bovine serum albumin, green tea polyphenols, and 

even bacterial respiration (rGO). One particular flexible and affordable approach for producing 

rGO is the one-step hydrothermal method. Shi et al. reported that the one-step hydrothermal 

method reduced the amount of GO. With aqueous electrolyte, the rGO exhibits a high 

conductance of 5×103 S cm-1 and a high specific capacitance of 175 F g-1. Even yet, it can be 

difficult to totally remove GO because some of the surface groups that contain oxygen can be 

tricky to get rid of. 

Wang et al. developed a flexible graphene paper incorporating with small amounts of carbon 

black nano-particles as spacers between graphene sheets, which provide an open structure for 

charge storage and ion diffusion channels, therefore resulting in a significant improvement in 

electrochemical performance (i.e., a specific capacitance of 138 F g−1 in aqueous electrolyte at 

the scan rate of 10 mV s−1 and only 3.85% capacitance being lost after 2000 cycles at the 

current of 10 A g−1). Li et al. reported a flexible graphene film paper using CNTs as a spacer 

to prevent the inter sheet restacking . This multilayered graphene structures enable the hybrid 

electrodes to have a high specific capacitance of 140 F g−1 at the current density of 0.1 A g−1 in 

1 M H2SO4 solution. Si et al. employed the Pt as spacers to separate the graphene sheets, and 

they found that the Pt-separated graphene sheets exhibited a significantly enlarged capacitance 

of 269 F g−1, compared to normal graphene with a capacitance of 14 F g−1. Peak et al. modified 

graphene sheets with SnO2 particles, which were mixed in between the inter-sheets of graphene 

layers. Due to the expended inner space among graphene sheets, the capacitance is greatly 

improved, leading to an enhanced energy storage ability. 

With the restacking of graphene sheets being tackled at least partially, the gravimetric specific 

capacitance of graphene films with carbon-based spacers or metal nanoparticles is improved 

up to ∼300 F g−1 . In order to further increase the energy density, pseudocapacitive materials 

with large capacitances were employed as spacers. They are several transition metal oxides and 

hydroxides, such as RuO2, Fe3O4, CuO, Ni(OH)2, MnO2, Co3O4, and conductive polymers such 

as polyanilines (PANI), polypyrrole (PPy) and polythiophene (PT). 

Wang et al. reported graphene sheets intercalated with single crystalline hexagonal 

Co(OH)2 nanoplates, which can provide the desired void space between graphene layers and 

https://www.sciencedirect.com/topics/materials-science/metal-nanoparticles
https://www.sciencedirect.com/topics/materials-science/transition-metal-oxide
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contribute to the pseudocapacitance. This hybrid-type electrode material demonstrates an 

impressive specific capacitance of 1335 F g−1 at the current density of 2.8 A g−1 . Li et al. 

further developed a bendable film electrode material, where Ni(OH)2 nanoplates are 

intercalated between the densely stacked graphene sheets (GNiF) (see Fig. 5). The 3D 

expressway-like electrode exhibits a capacitance performance of 537 F g−1 and a high 

volumetric capacitance of 655 F cm−3 . MnO2 as a common pseudocapacitive material is also 

used to space graphene layers, which offers the environmental compatibility and low cost. 

Choi. et al. developed a film-type electrode by hybriding graphene with MnO2 by a filtration 

method. The resultant nanocomposite film shows a specific capacitance of 389 F g−1 in 1 M 

NaSO4 and the capacitance retention of 95% after 1000 cycles . Yang et al. constructed an 

asymmetric configuration with Fe2O3 and MnO2 nanoparticles being incorporated into 

macroporous graphene film electrodes. They found a working potential window up to 1.8 V 

and an energy density of 41.7 W h kg−1 together with a power density (13.5 kW kg−1). The high 

energy and power density could be maintained for over 5000 cycles, even at a high current 

density of 16.9 A g−1. 

https://www.sciencedirect.com/science/article/pii/S2352847816000022#fig5
https://www.sciencedirect.com/topics/materials-science/nanocomposite-film
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• Synthesis of Graphene Oxide (GO) using modified 

Hummer’s method:

 
• Materials: 

Graphite flakes (7−10 μm grain size, 99% purity) from Alfa Aesar; sodium nitrate 

(NaNO3), 99% purity), sulfuric acid (H2SO4, 98% by weight, G.R.), potassium 

permanganate (KMnO4, 99% purity), hydrochloric acid (HCL), hydrogen peroxide 

(H2O2, 30% by weight, A.R.) from Merck were used for synthesis. Deionized (DI) 

water was taken from a Direct-Q Millipore deionized (18 Ω at 25°C) [6]. 

• Sample Preparation: 

1. Graphene Oxide (GO) was produced through oxidation and exfoliation of graphite 

flakes using modified Hummer’s method. To start the process, at first 3 gm. of 

graphite powder and 3 gm. of sodium nitrate were mixed well and taken in a 500 

ml beaker containing 180 ml concentrated sulphuric acid. This solution was 

undergone vigorous stirring for 2 hours [3]. 

2. Then, 10 gm. of potassium permanganate were included into the black solution very 

slowly for 30 minutes keeping the temperature under 15o C. Again, the solution was 

kept under vigorous stirring for next 24 hours. 

3. Then, to achieve a colour change from black to golden yellow, 200 mL DI and 10 

mL 30% H2O2 were gradually added to the solution while maintaining a 

temperature of roughly 40°C. After that, the mixture was allowed to settle and cool 

to room temperature [4]. 

4. The bottom portion of the clear supernatant was decanted, centrifuged twice at 

12000 rpm for 15 minutes, washed with 5% hydrochloric acid once, and the 

resultant supernatant was removed. 

5. Following a DI wash, the bottom portion (brown in colour) was centrifuged for 10 

minutes at 12000 rpm to create three layers in the centrifuged tube. The middle light 

brown colour solution was extracted after the upper colourless portion was first 

removed. 

6. The bottom part of the solution having GO and excess graphite, was centrifuged 

subsequently 5 times and each time the middle portion containing GO was extracted 

and the lower part was removed [5]. 
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7. To obtain newly prepared GO, the light brown suspension was dried in a vacuum 

oven for 24 hours at 48°C. 
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Graphene oxide (GO) 
 
 
 

 

Fig 5.1. Schematic diagram of modified Hummer’s method. 
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• Synthesis of N-doped reduced Graphene Oxide (rGO) using 

hydrothermal method:

 
• Materials: Graphene Oxide (GO) prepared using modified Hummer’s 

method, Imidazole, ethanol (C2H5OH, 99% pure), ammonia solution (NH4OH, 

25% by weight), Teflon. 

 
 

• Sample preparation: 

1. The already prepared GO from Hummer’s method is being reduced to nitrogen 

doped rGO using in-situ hydrothermal process. At first, 15 mg of fresh prepared 

GO had been added into 50 ml DI water in a 250 ml beaker and sonicated for 20 

minutes so that the solid GO flakes can be dispersed well into DI. 

2. After completion of sonication, the mixture was settled down for some time. In the 

meantime, 10 mg of imidazole was weighted and mixed with 10 ml of DI and 10ml 

of ammonia solution. This imidazole-ammonia-DI solution was then mixed with 

the dispersed GO solution and again sonicated for 10 minutes. 

3. As prepared solution was then kept in a Teflon auto-clave and packed tightly into 

hydrothermal metal jacket. Finally, the solution was kept in oven at 900 C for 6h, 

12h, 18h and 24h for different variation and comparative study of reduced graphene 

oxide and the role of nitrogen as a dopant. 

4. After completion of the reactions, the solution was kept for getting settled and cool 

down to room temperature. Then, the solution was filtered through filter paper and 

washed subsequently with DI and ethanol for 5 to 6 times to remove excess and 

unreacted ammonia. Every time pH had been checked until it came to 7. 

5. Once the pH of the filtered slurry N-doped rGO had come to 7, then it was dried at 

500 C for 24 hours. To obtain fresh solid N-doped rGO flakes, the dried filtered 

paper was etched manually using spatula. 



94 | P a g e  

 

 

Fig 5.2. Schematic diagram of N-rGO synthesis from GO using hydrothermal process. 

 
 

• Synthesis of N-type of Silicon Nanowires:
 

Vertical silicon nanowire was synthesis from a commercial Si wafer [n-type, 

(111)-oriented, 0.1-10 Ω.cm] by Metal (Ag) assisted chemical etching method 

[3]. A smallpiece of Si wafer (10mm×10mm in size) was processed to SiNWs by 

the following steps;Cleaning: Small pieces washed using the ultrasonic method 

with ethanol and acetone for10 min, and then immersed in Piranha solution 

containing H2SO4 and H2O2 in thevolume ratio of 3:1 for 20 min under room 

temperature to obliterate organics and to forma thin oxide layer. Then they were 

dipped in an aqueous solution of 14% HF for 10 min. Ag-deposition on Si-wafer: 

The clean Si wafer was placed immediately into an Agcoating solution 

containing HF (18%V/V with DI) and 10 ml of AgNO3(0.0234 gm)solution 

for 1 mint. After a uniform layer of Ag nanoparticles (AgNPs) formed, the 

wafers were washed with deionized water to remove the extra Ag+ ions. 

Etching: AgNPs deposited on Si wafer then immersed in a solution of HF 
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(18%V/V withDI) and H2O2(1%V/V with DI) for 1.5 Hours. Then the wafers were 

washed repeatedly with Deionized water. 

 
Ag-Remove: Then, etchant silicon Nanowire were immersed in 67% concentrated 

HNO3 for 10 min to dissolve the AgNPs. SiNWs were washed frequently with 

Deionizedwater. After that, 14%HF(%V/V) solution was used for 10 min to 

removed oxides from SiNWs, then cleaned with Deionized water and Dried at 

80oC for 20 min. 

 

 

 

Fig 5.3. Schematic diagram of Metal assist Chemical Etching 

process for synthesize SiNWs. 
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Chapter-6 

Device Fabrication: 

Part-I (Supercapacitor) 
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• Preparation of Electrodes for supercapacitor:

 

 
As it is known to all that supercapacitors are being operated in the same way as electrolyte 

capacitors with having much more energy density. Hence, alike electrolyte capacitors, 

supercapacitors are also having electrodes with better materials property. Electrodes are 

usually of conducting non-reactive materials which will eventually hold the sample in 

electrolyte without being participated in the electro-chemical reaction. However, the best 

electrode materials for supercapacitors are those with characteristics like stability, 

toughness, electrical conductivity, surface area, porosity, affordability, and accessibility. 

There are many electrode materials have been used in capacitors such as platinum, lithium, 

glassy carbon, nickel, brass, polyaniline, graphite etc. Among these materials, nickel foam 

was being the chosen one for this project due its better porosity and electron transfer 

capability. Nickel foam electrode with rGO material was being prepared using below steps 

for this project. 

 

 
1. The solid rGO (reduced Graphene Oxide) flakes were dispersed in 100 micro-litres of 

DMF (N,N-Dimethylformamide) solvent under vigorous stirring. 

2. After 1 hour of stirring, 2 mg of PVDF (Polyvinylidene fluoride) was added to the 

solution as a binding agent which will gradually make the solution thick for better 

pasting over the nickel foam. After adding, PVDF, again the solution was kept under 

stirring for next 3 hours. 

3. In the meantime, the nickel foam was cut into small pieces with specific size and mass 

for later calculation and washed with DI water for 5 times. Then the oxide layers were 

washed with diluted HCL for 3 times. 

4. Once the solution was prepared, then it was slowly casted over the washed nickel foam- 

pieces in specific calculated area using spatula and left it for next 4 hours to get dried 

and sticked with the electrode. 

5. Using the same technique, 4 electrodes were being prepared with 4 different samples 

i.e., 6 hours, 12 hours, 18 hours and 24 hours for comparative study. 
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• Preparation of Coplanar Interdigital Supercapacitor over 

flexible substrate:

 
In modern age semiconductor device industry, it is very much needed to have small, 

integrated, flexible, reliable and efficient devices to incorporate for betterment of the 

wholesome technology. Therefore, nanotechnology is not only focused to use the potential 

properties of nanomaterials, also to fabricate in a very small and flexible manner. Now a 

days, starting from smart watch to mobile screen to any kind of electronics wearable, small 

scale flexible supercapacitors are in high demand. To fulfil that purpose and make my 

device and material useful for industry as well as society, I was focused to design coplanar 

interdigital capacitor over flexible substrate. It resolves many problems of usual sandwich 

model of electrode supercapacitors such as time taking long process to prepare electrodes, 

large in size, loading of lots of materials etc. with the advantage of great efficiency rate. In 

this project, the CI supercapacitor was designed in a very cost effective and innovative way 

where the electrolyte itself used as the flexible substrate. 

Design of CI supercapacitors: 

In this project, the design of CI supercapacitor was inspired from the ‘comb-like’ structure, 

where two sides of two different comb-like structure were interdigitated on a same plane 

with having small gaps in between them for the operation of the electrolyte. As sandwich 

type supercapacitors have an insulating layer (tissue paper) in between two electrodes, the 

same was provided in this CI model with air or the gap in between the electrode teeth. Here, 

the design has 5 electrode a-side of 2mm each having gap of 1 mm in between with other 

side electrode. There are two types of electrodes were interdigitated in this device i.e., 

support electrode and detective electrode. The 2mm thick electrode teeth were connected 

to a 5 mm thick support electrode. 

 
 

Fig 6.1. Drawing of Schematic design of rGO based symmetric CI supercapacitor 
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Preparation of the final device: 

 

Step-1: Sample preparation: Like usual electrode material preparation, in this case the 

same technique wouldn’t be sufficient to design a proper pattern. Hence, the sample for 

symmetric CI supercapacitor designing, the sample was prepared with more solvent and 

less binding materials for spraying purpose. For this reason, 5 mg of NrGO flakes were 

dispersed in 10 ml of DMF with 1 mg of nafion as the binding agent. This solution was 

kept under stirring for 2 hours. 

 
Step-2: Designing of electrodes: At first, solid FTO (Fluorine-doped tin oxide) substrate 

[5cm*5cm] was cleaned with DI water multiple times and used as the primary base for 

pattering. The whole design was patterned one side of the electrodes at a time. For that 

purpose, with keeping the design intact, first the upper side of the substrate (2cm) and other 

side which would be eventually patterned later were tightly covered with Teflon tape. Then 

the whole substrate was covered fully with aluminium foil to draw the exact pattern of one 

side. The aluminium foil was cut into patterned design very carefully under optical 

microscope using surgical blade. The pattern was calibrated and cut in such a manner that, 

the place of support electrode and the electrode teeth were only visible over the FTO plate 

and other parts including the gap was still covered with foil, so that the sample could be 

fitted and kept intact in that much space only. The foil was intact and kept leakage-free 

over the substrate with the help of hair pins. 

 
The already prepared sample solution was kept in a small spray bottle. Thus, the sample 

was sprayed all over the substrate very slowly and carefully so that most of the samples can 

be imported to the desirable places only. This step was done 7 to 8 times and after each 

spray, the substrate was kept under hot air for quick dry. Once the one-sided comb pattern 

turned into visible black pattern of NrGO, then the whole covering of hair pins, aluminium 

foil and Teflon were removed and checked carefully. 

 
For, the other side, same technique as above was used, with proper maintaining of the gaps 

in between the electrode teeth. At last, two copper strips were attached with both sides of 

the support electrodes for measuring the capacitance of the device. 
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Fig 6.2. Digital photograph of one-sided support and detective electrodes 
 

Fig 6.3. Schematic diagram of Device fabrication. 
 

 
Flexible Electrolyte preparation: 1 gram of PVA (Poly vinyl alcohol) was dissolved in 10 ml 

of DI water. After that, 0.45 gram of KOH was added to this solution and the mixture was kept 

under vigorous stirring at 850 C temperature for 4 hours. The stirring was observed carefully, 

so that the formation of electrolyte gel was not disturbed by any mean. After successful 

completion of stirring, 1 M KOH/PVA gel was prepared and ready for the device. 
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Replication of electrode design over flexible electrolyte gel: After preparing the gel, it was 

kept in room temperature for settling down the higher temperature. Once it was chilled down 

to room temperature, first layer of electrolyte gel was casted over the pattern carefully without 

touching the copper strips and left for 15 minutes for drying in room temperature. As PVA is 

a flexible polymer, the pattern of electrodes was replicating over the polymer slowly during 

the dry process. Due to glossy surface of FTO substrate and attaching property of polymer, the 

pattern was easily replicated upon completion of drying. Like the above, 2 more layers of 

KOH/PVA gel was layered over the FTO substrate and kept for drying. At last, the dry flexible 

layer of KOH/PVA was separated carefully from the surface of the FTO. Thus, the final NrGO 

based flexible symmetric coplanar interdigital supercapacitor was obtained for measurements. 

 
 

Fig6.4. Digital photograph of rGO based symmetric CI supercapacitor after casting one 

layer of KOH/PVA gel 

 

Fig 6.5. Digital Picture of final rGO based flexible symmetric CI supercapacitor. 
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Chapter-7 

Device Fabrication: Part-II 

(Photodetector) 
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• Fabrication process of SiNWs/NrGO photodetector:

The photodetector, also known as an Optoelectronics convertor, is a crucial component of 

the front end of an optical receiver that converts the incoming optical signal into an 

electrical signal. Due to their small size, quick detection speed, and high detection 

efficiency, semiconductor photodetectors, also known as photodiodes, are the most popular 

types of photodetectors used in optical communication systems. Photodiodes also have PN 

junction-based structures, which are similar to those of laser diodes. However, unlike a 

laser diode, a photodetector's PN junction is reversely biased, allowing for very little 

reverse saturation current to pass through the diode in the absence of an input optical signal. 

A photodiode's basic structure can be a straightforward PN junction, but in practice, 

photodiodes can have a variety of device architectures to improve quantum efficiency. An 

intrinsic layer, for instance, is sandwiched between the p- and n-type layers in the well- 

known PIN structure, which is why a semiconductor photodetector is also referred to as a 

PIN diode. Another popular form of detector is the avalanche photodiode (APD), which, 

when the bias voltage is high enough, can introduce considerable photon amplification 

through avalanche gain. 

 

 
In an ideal situation, a photodiode instantly converts each photon of the received optical 

signal into a free electron, causing the photocurrent to be directly proportional to the optical 

signal's power. However, not every incoming photon can produce an electron in a real 

semiconductor material, which might be brought on by ineffective photon absorption and 

carrier collection. Carrier transient effect and the RC parasitic of the electric structures can 

both slow down photodetection. As a result, a variety of parameters, such as the 

semiconductor's bandgap structure, material quality, the photonic structure of the device, 

and electrode design, affect a photodiode's responsivity and detection speed. 

 

 
In this project, the performance of NN junction photodiode has been studied and discussed. 

Below are the followed steps to fabricate SiNWs/NrGO photodiode. 
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1. At first, the silicon nanowires formed from the N-type silicon wafer was cleaned with 

HF and H2O2 solution to remove insulating layer of SiO2. 

2. In the meantime, the NrGO flakes were dissolved into acetone and stirred for 2 hours. 

3. Then 20 µL of the prepared solution was drop casted over the silicon nanowires using 

micro pipet. These SiNWs/NrGO wafers were then put in preheated oven at 600 C for 

15 minutes. This step was repeated for at least 10 times to enrich the concentration of 

rGO nanoparticles over the silicon nanowires which will eventually help to create the 

heterojunction. 

4. Once the solution got dried and well placed over the silicon nanowires, it was again 

cleaned multiple times with DI water to remove the extra non-attached rGO particles 

from the nanowires. 

5. Then 4 Ag-metal contacts had been made over the SiNWs/NrGO device using 5metal 

deposition evaporation technique. Thus, the SiNWs/NrGO photodiode had been finally 

prepared and was ready for measurement. 

 

 

 

Fig.7.1 Digital picture of SiNW/rGO (NN) type device 
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In this chapter, different types of material characterization techniques for hydrothermally 

synthesized reduced Graphene Oxide (rGO) and metal assist-chemically etched silicon 

nanowires (SiNWs) have been discussed intensively. These various kinds of characterization 

techniques include morphological characterization & analysis; crystallographic 

characterization & analysis and optical or spectroscopic characterization & analysis. Apart 

from these techniques, to investigate the capacity and efficiency of the final devices, 

electrochemical and electrical characterization techniques are also being performed 

thoroughly. 

• Morphological Characterization & analysis: 

This thesis work involves mainly two types of morphological characterization for the two 

different samples such as rGO and SiNWs. These are field emission scanning electron 

microscopy (FESEM) and high-resolution transmission electron microscopy (HRTEM). 

FESEM image describes the basic morphological structure of the nanoparticles or nanosheets 

in the range of 500 nm to 5 µm. Whereas, HRTEM image provides information about the 

morphological insights of the nanoparticles such as porosity, length of nanorods etc in the range 

of 20nm to 100nm. 

• Field Emission Scanning Electron Microscopy (FESEM) of N doped rGO: 

Reduced graphene oxide is having almost same morphology as graphene oxide or graphene 

which refers to the nano-structure of 2D nanomaterials. Their primary morphological structure 

imitates to a sheet like or layered structure. Here, a crust of thin layers can be seen in NORG- 

6h FESEM images [fig (a) & fig (b)] [1]. As the time is low for this synthesis process, the 

reduction is comparatively low which is resulting small broken thin layers of N-rGO. Now, in 

the case of NORG-12h [fig (c) & fig(d)], the layers are stacked one upon one and having long 

sheets with compared to NORG-6h[2]. 

 

Fig 8.1 (a, b). FESEM image of NORG-6h 
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Fig 8.2 (c, d). FESEM image of NORG-12h 
 

 
 

 

 

Fig 8.3 (e, f, g, h). FESEM image of NORG-18h & NORG-24h 

 

 
On the other hand, from the FESEM images of NORG-18h [fig (e) & fig (f)], it is evident that 

with time the reduction is increasing and resulting crushed long strains of layered N doped 

rGO. From fig(f), it can be seen that the aggregation of the layers has been increased in NORG- 

18h with compared to NORG-6h and NORG-12h. Finally, from the NORG-24h [ fig (g) & fig 

(h)] FESEM images, it is clear that with time the reduction had been increased and resulted 

large, mostly uniform and unbroken layers of N-doped rGO. Fig (g) provides the confirmation 

of successful preparation of the best thin layered N doped rGO among the other samples i.e., 

NORG-6h, NORG-12h & NORG-18h [7]. 
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• FESEM of Silicon Nanowires: 

The surface morphology and structure of the pure SiNWs nanostructures has beeninvestigated 

by the field emission scanning electron microscope (FESEM) imagesas displayed in Figure 1. 

it is observed that nanowires have grown uniformly over the entire silicon wafer fig.(a) and 

fig.(b). It can be clearly seen that porousSiNWs are developed uniformly over the entire 

field of view, thus the yield isvery high. The nanowires are vertical as (111) oriented silicon 

wafer is used for the experiment. It is seen in fig.(c) and fig. (d) that the tips of the nanowires 

get agglomerated for SiNW due to excessive increment of its length. The possible reason 

behind this conglomeration has been discussed by Zhang et. al. [24].and it describes about 

strong forces among the tip of the long nanowire which is due to dangling bonds and 

electrostatic charges resulting in mutual interaction between them. 

 

 

 

 

Fig 8.4 (a, b, c, d, e, f). Top view of MACE synthesized SiNWs. 
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• High-resolution transmission electron microscopy (HRTEM) of N doped rGO: 

 
From the below HRTEM images, the nature of a single layer of N doped rGO is revealed. It is 

very much clear from the high-resolution images that the nature of the thin layer of rGO is 

porous. Because of this porous nature only, the super capacitive nature is evident in rGO. 

Hence, proving the porosity and nature of the porosity is very important in this project. In fig 

(a), the distribution of porosity is low throughout the sheet, nevertheless with increase in time 

of synthesis process, the porosity   distribution and porous   area have been increased. 

We can see in NORG-24h, the porosity distribution is comparatively much higher than NORG- 

6h, NORG-12h and NORG-18h. In NORG-24h even the size of pores has been increased, 

which suggests great reduction of graphene oxide [4]. 

 

 

 

Fig 8.5. HRTEM images of NORG-6h (a), NORG-12h (b), NORG-18h (c) & NORG-24h 

(d). 
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• Crystallographic Characterization & Analysis: 

To confirm the crystallographic nature such as crystal structure, interplanar spacing, lattice 

structure etc. it is very important to perform X-Ray Diffraction (XRD) for the samples. For this 

project work, XRD had been conducted for hydrothermally synthesized reduced graphene 

oxide. Here, an illustrative and comparative study of XRD analysis has been carried out and 

discussed below for NORG-6h, NORG-12h, NORG-18h and NORG-24h. 

• X-Ray Diffraction Analysis (XRD): 

 

XRD tool is being operated on the basic principle of Bragg’s law of diffraction. It offers the 

information about the crystal type of the material such as amorphous or crystalline structure 

and the interlayer spacing in between two layers of the material. In this project work, at first, 

the peak of XRD plots of every sample has been compared with JCPDS database to confirm if 

the produced material is reduced graphene oxide or not [9]. The average peak angle (2 theta) 

is equivalent to the JCPDS database record to confirm the products are rGO only. From the 

below graph, it is also confirmed from the hump or broadness of the peak that these materials 

are amorphous in nature [12]. 

 

Fig 8.6. XRD analysis of NORG-6h, NORG-12h, NORG-18h & NORG-24h 



114 | P a g e  

 

On the other hand, XRD measurement of NORG-6h results a broad peak of (002) at 2θ = 

24.1077o. According to Bragg’s law, we know, 

nλ= 2d sinϴ 

 
Where n = order of reflectance = 1, λ = wavelength of X-ray = 1.5406 angstrom, d= interplanar 

spacing, θ = half of Bragg’s angle. 

Using the above relation, the interlayer spacing can be calculated easily for NORG-6h which 

is 3.68 angstrom. Like the same way, 2θ values are 24.68o, 24.81o and 25.07o for NORG-12h, 

NORG-18h and NORG-24h respectively [23]. The d values for NORG-12h, NORG-18h and 

NORG-24h are 3.60 angstrom, 3.58 angstrom and 3.54 angstrom in serial order. From the 

calculated interlayer spacing d values, it is evident that the distance decreases with the increase 

of the synthesis time. The decrease in interlayer spacing confirms the loss of oxygen functional 

groups like -CHO, -COOH, -C-O in rGO sheets with increase in time of reduction. As the 2θ 

value from NORG-6h to NORG-24 is increasing and right shifted, it results the enhancement 

of Van der Walls interactions in between the rGO atoms and stacking of rGO sheets. The out 

of plane crystallinity is decreased from NORG-6h to NORG-24h due to expulsion of graphene 

layer for reduction and resulting certain increase in in-plane grain size. 

 

 

 

Materials 2θ (Degree) d (Angstrom) 

NORG-6h 24.10 3.68 

NORG-12h 24.68 3.60 

NORG-18h 24.81 3.58 

NORG-24h 25.07 3.54 

Table 8.1: Comparison table of 2θ and d for NORG-6h, NORG-12h, NORG-18h & 

NORG-24h. 

 

 
Apart from interspacing distance, there are other characterization peaks of NORG-6h, NORG- 

12h, NORG-18h and NORG-24h are determined near at 2θ = 42.46o, 42.59o, 42.71o, and 42.84o 

respectively, which is deconvoluted for component (100). The intensity of NORG-6h is much 

lower with respect to NORG-24h due to lack of in-plane crystallinity. As the reduction time 

increases, it results certain increase in in-plane crystallinity. 
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• Spectroscopic Characterization & Analysis: 

➢ UV-Vis Spectroscopy of rGO: 

 
Ultraviolet-visible spectroscopy is reflectance spectroscopy and absorption spectroscopy 

comprising of the ultraviolet and the adjacent full visible regions of electromagnetic spectrum, 

i.e., it uses light in the visible and the adjacent ranges. The reflectance or absorption in the 

visible range directly affects the perceived colours of the chemicals involved. In this region of 

the spectrum. atoms and molecules undergo electronic transitions. Absorption spectroscopy is 

complementary to fluorescencespectroscopy. Fluorescence deals with the transition from the 

excited state to the ground state whereas, absorption deals with the transition from ground state 

to the excited state. 

Spectroscopic analysis is usually done in solutions but solids and gases may also be studied 

using this. It can also be used to determine kinetics or the rate of a chemical reaction. 

Optical band gaps also can be calculated using UV-Vis data from Tauc plot. A Tauc plot 

typically displays the quantities hν (the photon energy) on the abscissa and (αhν)1/2 on the 

ordinate, where is the material's absorption coefficient. The energy of the optical bandgap of 

the amorphous material can then be obtained by extrapolating this linear region to the abscissa 

[12]. 

In this work, the main focus was always to obtain the optical band gap from UV-Vis data. It 

eventually helps to confirm which sample of NORG is having better band gap and can be used 

as the best material for device fabrication of photodetector or photodiode. 

From the below Tauc plots of NORG-6h, NORG-12h, NORG-18h and NORG-24h, it can be 

found that the linear abscissa touches the photon energy ordinate defines their direct band gaps 

respectively. Here we can see NORG-6h is having highest band gap of 1.64 eV and NORG- 

24h has 1.50 eV. 

 

Materials Band gap (eV) 

NORG-6h 1.64 

NORG-12h 1.56 

NORG-18h 1.53 

NORG-24h 1.50 

Table 8.2: Band gaps from Tauc plot of NORG-6h, NORG-12h, NORG-18h & NORG- 

24h 
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Tauc plot is derived from UV-Vis data consisting absorption and wavelength. Basically, one 

ordinate of Tauc plot is (F(R).E)2 or (αhν)1/2 which equals to [1240/Wavelength of UV-Vis]. 

While calculation of photon energy is quite complicated and multi-step process. At first, the 

value of absorption is multiplied by 2.303 and the resulted value is again multiplied with the 

value of [1240/Wavelength of UV-Vis]. Finally, photon energy will be equals to the square of 

this value [9]. 

 

 
Fig 8.7. Tauc plot and band calculation of NORG-6h, NORG-12h, NORG-18h and 

NORG-24h. 
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➢ FOURIER TRANSFORM INFRA-RED SPECTROSCOPY (FTIR) of rGO: 

The reduction process of graphene oxide has done to remove different oxygen functional 

groups such as carboxyl, epoxy, hydroxyl etc. from the plane of graphene. Here, FTIR provides

the vibrational frequency of these groups. Hence by analysing the peaks and their intensity, the 

successful reduction of GO can be confirmed. From the below FTIR plot of the 4 samples have 

FTIR stretching frequency of 3448 cm-1, 2930 cm-1, 1658 cm-1, 1540 cm-1, 1120 cm-1 and 959 

cm-1 for -OH, C-H, C=C, C=N, C-O-C and C=O groups respectively [14]. In NORG-24h, the 

intensity of -OH bond is comparatively low which has been increased and gets its highest 

intensity in NORG-6h. It defines the demonising of -OH group and confirms the successful 

reduction. Where as C-H bond is also vanishing towards NORG-24h from plane bend. For, 

obvious reasons the C=C bond remains almost same in frequency in all the samples, which 

implies no change in the structure of carbon bonds in rGO due to reduction [11]. On the other 

hand, C=N bond’s frequency has been increased from NORG-6h to NORG-24h which 

confirms successful doping of nitrogen at the plane edge of rGO. Apart from these peaks, two 

small peaks correspond to C-O-C and C=O have been observed, though C=O bond has slightly 

more frequency in NORG-24 with compared to other samples [17]. 

 

Fig 8.8. FTIR plot of NORG-6h, NORG-12h, NORG-18h & NORG-24h. 
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➢ X-Ray Photoelectron Spectroscopy (XPS) of rGO:

X- Ray photoelectron spectroscopy (XPS) is a very important instrument to confirm the 

addition of nitrogen functionalization after reduction and to determine the percentage of 

different elements in NrGO samples. Here, in this work, 3 types of high-resolution spectrums 

such as C1 s, N1 s and O1 s have been used to determine different groups. 

 

 

 

Fig 8.9. C1 s XPS spectrum of NORG-6h (a), NORG-12h (b), NORG-18h (c) & NORG- 

24h (d) 

The high-resolution C1 s XPS spectrum indicates different functional groups attached with 

carbon such as C=C, C-C/C=N, epoxy carbon and C=O. The obtained peaks of NORG-6h on 

the ordinate of binding energy are 284.7 eV (C=C), 285.7 eV (C-C/C=N), 286.6 eV (epoxy 

carbon) and 287.2 eV (C=O) [fig a] [20]. Where as, in NORG-24h, due to reduction the 

intensity of epoxy carbon groups have been lower and the trend has been followed in other 2 

samples as well. On the other hand, intensity and area of the peak corresponds to C=N have 
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been increased in NORG-24h due to successful addition of nitrogen functional group. 

Percentage of epoxy carbon groups in NORG-6h is 15.35%, which has been significantly 

decreased in NORG-24h as 6.38%. Percentage of C=C bond has also been increased from 

67.05% to 76.75% in NORG-6h to NORG-24h. This indicates the successful reduction of GO 

and addition of nitrogen groups. 

 

 

 

Groups NORG-6h (%) NORG-12h 

(%) 

NORG-18h 

(%) 

NORG-24h 

(%) 

C=C 67.05 71.56 73.26 76.75 

C-C/C=N 12.24 14.11 20.51 24.91 

C-OH/C-O-C 15.35 10.41 8.07 6.38 

C=O 1.53 2.19 2.68 2.92 

 

 

Table 8.3. Percentages of different C1 s groups of NORG-6h, NORG-12h, NORG-18h & 

NORG-24h. 

N1 s spectrum of NRGO-6h has been assigned peak at 398.5 eV, 399.6 eV, 400.8 eV and 401.8 

eV corresponding to pyridinic, amine, pyrrolic and graphitic nitrogen respectively [17]. 

Percentage of pyradinic (16.24%) and amine (73.13%) are comparatively high in NORG-6h, 

though the percentage of graphitic nitrogen (1.39%) is less. On the other hand, percentage of 

pyrrolic nitrogen has been increased in NORG-24h. With increasing synthesis-time at a 

constant temperature makes significant effect on graphitic nitrogen, which has been increased 

in NORG-24h. It may be because of more bond creation in between sp2 carbon with more 

nitrogen. This confirms successful addition of nitrogen functional groups. 

 

Groups NORG-6h (%) NORG-12h 

(%) 

NORG-18h 

(%) 

NORG-24h 

(%) 

Pyridinic 16.24 10.39 9.09 7.39 

Amine 73.13 69.15 65.92 64.48 

Pyrrolic 9.24 17.13 20.70 23.58 

Graphitic 1.39 3.33 4.27 4.53 

Table 8.4. Percentages of different N1 s groups of NORG-6h, NORG-12h, NORG-18h & 

NORG-24h. 
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Fig 8.9. N1 s XPS spectrum of NORG-6h (a), NORG-12h (b), NORG-18h (c) & NORG- 

24h (d) 

 

 

 

Groups NORG-6h (%) NORG-12h 

(%) 

NORG-18h 

(%) 

NORG-24h 

(%) 

C=O 59.02 57.91 55.28 51.74 

C-O 29.25 31.73 32.60 33.91 

C-OH 8.63 8.29 9.10 9.52 

O-C=O 3.09 2.07 2.91 4.81 

 

 

Table 8.5. Percentages of different O1 s groups of NORG-6h, NORG-12h, NORG-18h & 

NORG-24h. 
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Fig 8.10. O1 s XPS spectrum of NORG-6h (a), NORG-12h (b), NORG-18h (c) & NORG- 

24h (d) 

 

 

Fig. 8.11. XPS survey of NORG-6h (a) & NORG-12h (b) 
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Fig. 8.11. XPS survey of NORG-18h (c) & NORG-24h (d) 

 

➢ Raman Spectroscopy of rGO: 
 

Raman spectroscopy provides two different peak spectrums corresponding of defect plane D 

and in-plane strectching vibration of sp2 carbon, G band. D band has a useful significance to 

detect the defect state due to hetero-oxygen and nitrogen atoms are present as well as 

restoration of breathing mode in sp2 hybridized hexagonal graphene ring. In NORG-6h sample, 

the peaks of D band and G band are 1340 cm-1 and 1571 cm-1 respectively. On the other hand 

in NORG-24h, the positions have been shifted of both D and G bands i.e., 1349 cm-1 and 1577 

cm-1 respectively. The area of the D band has been broadened in NORG-24h with compared to 

NORG-6h, Where as, shrinking in G band area can aslo been observed. This implies that with 

reduction defects in plane have been increased and restoration of sp2 carbon has also been 

carried out. This confirms successful reduction of GO to NrGO. 

 

 

Fig 8.12. Raman Spectrum of NORG-6h (a) & NORG-12h (b) 
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Fig 8.13. Raman Spectrum of NORG-18h (c) & NORG-24h (d) 
 

 

 
 

Materials D band position 

(cm-1) 

G band position 

(cm-1) 

ID/IG ratio 

NORG-6h 1340 1571 1.14 

NORG-12h 1347 1586 1.11 

NORG-18h 1354 1581 1.08 

NORG-24h 1349 1577 1.05 

Table 8.6. D and G band peak positions and intensity ratio of different samples 

 

 
 

From the above table, an interesting trend has been observed through out all the samples. The 

D band has been shifted and have maximum shift value of 1354 cm-1 in NORG-18h sample 

and again slightly shifted in opposite in NORG-24h. On the other hand, G band has been shifted 

from NORG-6h and have maximum shift of 1581 cm-1 in NORG-12h and again slightly shifted 

on the other side in NORG-24h. This phenomenon has attracted a huge interest and intensive 

work needs to be done in future. Though the intensity ratio (ID/IG) has followed a certain trend 

where it has been decreased from NORG-6h (1.14) to NORG-24h (1.04). This certain change 

in intensity ratio suggests increasing defect states in the samples. Thus, the Raman 

spectroscopy of NORG samples confirms successful reduction of GO to NrGO having good 

defect states. 
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Chapter-9 

Device performance 

(Supercapacitor) 
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• Electrochemical Study: 

In order to to study the electrochemical properties and application of nitrogen doped reduced 

graphene oxide (N-rGO) in energy storage devices, three electrode cyclic voltammetry has 

been done in detail. 

➢ Details of 3-electrode setup: 

 
A three electrode cell was used for all electrochemical measurements for all electrochemical 

measurements for the as prepared supercapacitor electrodes of N-rGO. In the setup, N-rGO 

coated on Ni foam acted as working electrode, Ag/AgCl electrode was chosen to be as the 

reference electrode and platinum wire acted as the counter electrode [2]. 1M KOH solution was 

taken as the electrolyte. All measurements were carried out in room temperature without 

presence of any external gas. Cyclic Voltammetry (CV) was performed at different scan rates 

varrying from 5 to 75 mV/s. Galvanostatic charge/discharge measurements were conducted at 

various current density such varied from 0.2 to 0.4 A/g and from 2 to 10 A/g to evaluate the 

specific capacitance, power density and energy density. A potential window in the range of - 

0.2 to 0 V was used in CV measurements [7]. 

 
➢ CV Performance of rGO coated Ni electrode: 

 
CV performance and electrochemical measurements of an electrode depends upon three 

aspects, such as area under CV curve from plot, mass loading onto the electrode and the type 

of electrolyte. In this work, base electrolyte (KOH) has been used to study the nature of CV 

maeasurements. The active area under CV curve (total current) for each scan rate has been 

calculated from their plots for each sample electrode. Here, two types of capacitance such as 

gravimtric capacitance and areal capacitance have been calculated [3]. The formule for 

calculating these two types of capacitance are: 

 
Gravimetric capacitance:         𝑨𝒓𝒆𝒂 𝒖𝒏𝒅𝒆𝒓 𝑪𝑽 𝒄𝒖𝒓𝒗𝒆 (∫ 𝑰 𝒅𝒗) 

𝑺𝒄𝒂𝒏 𝒓𝒂𝒕𝒆 ×𝑽𝒐𝒍𝒕𝒂𝒈𝒆 𝒓𝒂𝒏𝒈𝒆×𝒎𝒂𝒔𝒔 𝒍𝒐𝒂𝒅𝒆𝒅 

 
 

 

Areal capacitance: 
𝑨𝒓𝒆𝒂 𝒖𝒏𝒅𝒆𝒓 𝑪𝑽 𝒄𝒖𝒓𝒗𝒆 (∫ 𝑰 𝒅𝒗) 

𝑨𝒑𝒑𝒍𝒊𝒆𝒅 𝒗𝒐𝒍𝒕𝒂𝒈𝒆×𝑺𝒄𝒂𝒏 𝒓𝒂𝒕𝒆×𝒂𝒄𝒕𝒊𝒗𝒆 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 
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• NORG-6h electrode performance and different capacitance: 

 
For NORG-6h electrode, the CV has been performed at different scan rates such as 10 mV/s, 

20 mV/s, 40 mV/s, 50 mV/s, 75 mV/s and 100 mV/s. The mass loaded into the electrode is 

0.0005 g and area of the electrode is 0.36 cm-2. 

 

 

 

 

Fig 9.1. CV curve of NORG-6h at different scan rates. 
 

 

 
 

Scan rate 

(mV/s) 

10 20 40 50 75 100 

Gravimetric 

Capacitance 

(F g-1) 

13.28 10.55 8.12 7.53 6.53 6.10 

Table 9.1. Details of scan rates and GC value of NORG-6h 
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Scan rate 

(mV/s) 

10 20 40 50 75 100 

Areal 

Capacitance 

(mF cm-2) 

18.45 14.65 11.28 10.46 9.07 8.47 

Table 9.2. Details of scan rates and AC value of NORG-6h 

 
From the above details of two types of capacitance, a certain trend has been observed. Both the 

capacitance has significantly decreased gradually with increase in scan rate. 

 

 
➢ NORG-12h electrode performance and different capacitance: 

 

For NORG-12h electrode, the CV has been performed at different scan rates such as 5 mV/s, 

10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s, 50 mV/s, 75 mV/s. The mass loaded into the electrode 

is 0.00005 g and area of the electrode is 0.36. 

 

 

 

 

 
Fig 9.2. CV curve of NORG-12h at different scan rates. 
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Scan rate 

(mV/s) 

Scan rate 

(mV/s) 

5 10 20 30 40 50 75 

Gravimetric 

Capacitance 

(F g-1) 

Gravimetric 

Capacitance 

(F g-1) 

132.66 130.65 129.57 127.69 120.11 105.26 89.23 

Table 9.3. Details of scan rates and GC value of NORG-12h 
 

 

 
 

Scan rate 

(mV/s) 

5 10 20 30 40 50 75 

Areal 

Capacitance 

(mF cm-2) 

20.17 19.86 18.02 17.73 16.68 14.62 12.39 

Table 9.4. Details of scan rates and AC value of NORG-12h 

 
These table is evident that with time the percentage of reduction has been increased and due to 

that, both of the capacitance has been increased simenteneously with respect to NORG-6h. 

➢ NORG-18h electrode performance and different capacitance: 

 
To determine gravimetric capacitance and areal capacitance of NORG-18h electrode CV has 

been carried out at 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s and 50 mV/s scan rates [11]. The 

mass 

loaded into the electrode is 0.00005 g and area of the electrode is 0.36. 
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Fig 9.3. CV curve of NORG-18h at different scan rates. 

 
Scan rate 

(mV/s) 

10 20 30 40 50 

Gravimetric 

Capacitance 

(F g-1) 

988.40 899.09 833.54 760.86 706.58 

Table 9.5. Details of scan rates and GC value of NORG-18h 

 

Scan rate 

(mV/s) 

10 20 30 40 50 

Areal 

Capacitance 

(mF cm-2) 

137.27 124.87 115.77 105.67 98.13 

Table 9.6. Details of scan rates and AC value of NORG-18h 

 
Significantly the increase rate of capacitance has been jumped a lot from NORG-12h to NORG- 

18h. It has been increased almost 8 times. 

 

 
➢ NORG-24h electrode performance and different capacitance: 

 

As with increase in time of synthesis time, the capacitance has been increased till now for the 

other samples. Hence, to check proper capacitance of the sample NORG-24h , CV has been 

perfomed at large number of scan rates such as, 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s, 

50 mV/s, 75 mV/s and 100 mV/s. 0.005 g mass had been loaded on the electrode and area of 

the electrode was 0.36 cm2. 

 

 
 

Scan rate 

(mV/s) 

5 10 20 30 40 50 75 100 

Gravimetric 

Capacitance 

(F g-1) 

1113.4 1109.09 991.85 889.63 804.60 734.70 630.09 608.40 

 
 

Table 9.7. Details of scan rates and GC value of NORG-24h 
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Scan rate 

(mV/s) 

5 10 20 30 40 50 75 100 

Areal 

Capacitance 

(mF cm-2) 

309.27 308.08 275.51 247.11 223.50 204.08 175.02 169.00 

 

 

Table 9.8. Details of scan rates and AC value of NORG-24h 
 

 

 

 
 

 
Fig 9.4. CV curves of NORG-24h at different scan rates. 

 

 
 

From the above table and CV curve, the highest value of gravimetric capacitance and areal 

capacitance of NORG-24h are 1113.4 F g-1 and 307.27 mF cm-2 respectively. These are also 

the highest values of capacitance in this work. So, from the above discussion, it can be easily 

said that, with increase in synthesis time, the reduction has been increased which results better 
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performance in terms of CV and capacitance. From different characterizations of N-rGO it can 

be correlated that, porous nature of the material with time has been increased and highest in 

NORG-24h sample, thus increases the capacitance as well. Hence, in terms of capacitance of 

this material is hugely dependent upon the porousity of the samples. 

 

 

 

 

 
Fig.9.5. GC-AC comparison of NORG-24h electrode. 

 

 
 

➢ Charge-Discharge Characteristics: 

 
The charge-discharge characteristics for supercapacitor is very important to check their proper 

working efficiency. At the end of the day, a super capacitor would be judged over its fast 

charging time and slow discharging time. Apart from that, energy density and power density 

of the materials can be calculated experimentally from this curve as well. The charge-discharge 

measurements had been done at different current density for different samples here. 

Energy density can be expressed as Es= 
1 

Cs (V)2
 

2 
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Power density can be expressed as Ps= 
𝐸

 
𝑡 

 

Where, Cs is specific capacitance from charge-discharge plot, v is potential window, Es is 

energy density, Ps is power density, V is applied potential window, and t is discharge time in 

that potential window. 

➢ Charge-Discharge curve of NORG-6h electrode: 
 

 

 

 

 

Fig9.6. C-D curve of NORG-6h 

 

As we know, specific capacitance from C-D curve is Cs= 
𝐼 ×𝑡

, Where, I is current density, V 

is 
𝑣 

potential window and t is discharge time. 

 
Current 

density (A g-1) 

3 4 5 10 

Specific 

Capacitance (F 

g-1) 

97.37 70.90 48.33 22 

Table 9.9. Details of Current densities and the respective specific capacitance of NORG- 

6h. 
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So, the highest energy density and power density of NORG-6h are 70.10 F g-1 V2 and 2880.11 

F g-1 V2 h-1. 

➢ Charge-Discharge curve of NORG-24h electrode: 
 

 

 

 

 
 

Fig9.6. C-D curve of NORG-24h 

 

As we know, specific capacitance from C-D curve is Cs= 
𝐼 ×𝑡

, Where,I is current density, V is 
𝑣 

potential window and t is discharge time. 

 

Current 

density (A g-
 

1) 

2 3 4 5 7 10 

Specific 

Capacitance 

(F g-1) 

1027.77 943.8 934.45 816.5 720.82 566.50 

Table 9.10. Details of Current densities and the respective specific capacitance of NORG- 

24h. 
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So, the highest energy density and power density of NORG-6h are 328.88 F g-1 V2 and 6484.73 

F g-1 V2 h-1. With compared to NORG-6h, the energy density and power density has been 

increased, which refers to the increasing supercapacitive nature with increasing reduction of 

GO to rGO. 

➢ CV Performance of Coplanar interdigited Supercapacitor: 

 
As a device, the supercapacitor must possess a good power density and energy density with 

compared to electrolyte capacitors. Though, it’s obvious that CV performance of single 

electrode would be better than a intregrated device due to intstrumental error, bulking of 

material (i.e., loosing some of nano particle properties) etc. In this part, the CV performance 

of the as prepared CI supercapacitor has been studied. 

 

 

 
Fig9.7. CV curves for CI supercapacitor at different scan rates 

 

 
 

Here from the graph we can see some distorted CV curves at 50 mV/s and 100 mV/s scan rates. 

It is because of instrumental error of fabrication and some impurities. The gravimetric 

capacitance and areal capacitance of the device has been found as 302.44 F g-1 and 79.84 mF 

cm-2 respectively at scan rate 50 mV/s. On the other hand, at 100 mV/s the GC value and AC 

values are 93.29 F g-1 and 57.23 mF cm-2. 
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Chapter- 10 

Device Performance 

(Photodetector) 
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• I-V Analysis:

The n-n junction diode characteristics of the synthesized nanohybrids are examined in the dark 

condition, under room light, UV region and IR region at normal room temperature and are 

presented in Figure 10. This is a comparative study of the device under 4 different conditions. 

It is clearly observed that all the samples SiNWs, SiNWs/rGO demonstrate proper junction 

behavior of a practical diode. The diode follows the thermionic emission (TE) theory, 

according to which the current flowing through a forward biased junction can be determined 

by the following equation, 

 

 

 

 

where, I represent the net current flowing through the device, Io represents the reverse 

saturation current, V stands for the applied voltage across the terminals of the diode, η 

represents the ideality factor, q denotes the absolute value of chargeof an electron, k represents 

the Boltzmann’s constant, and T gives the absolute temperature (K). 

 

 

 

 
 

 

 

 
Fig.10.1. I-V characteristics of NN SiNW/rGO in dark condition, room light, UV and IR 

region. 
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Fig.10.2. I-V characteristics of N type SiNW in dark condition and IR region. 

 
From the above plots, it is observed that best I-V performance has been shown under IR region 

in reverse bias. In forward bias, the current is decreasing. However, with compared to bare 

SiNW the current is increased almost 100 times under IR region. Hence, the optoelectronics 

property of rGO can be confirmed. Even in dark condition as well, the device shows better 

performance than bare silicon nanowires. 

 

 
• ON-OFF Switching performance of NN SiNW/rGO device:

ON-OFF switching is the most important characteristics of a photodetector for using as a sensor 

as well. Basically, this procedure involves the photo-response property of the as prepared 

device with respect to time. It is very important for a sensor to show a stable current-time ratio 

at a constant voltage under certain circumstances. The prepared device shows a great stable 

photo response or ON-OFF switching property under IV region with compared to bare silicon 

NW under same region of wavelength. 

 

 
During this work, a mysterious phenomenon has been found of NN type SiNW/rGO 

photodetector that, it can produce current at 0 V as well. The reason behind this phenomenon 

is still under investigation, though it is suggested that due to some uncertain bond between Si 

and functional groups of rGO can cause extra charge carrier in this scenario. The on-off 

measurements have been carried out at 0V, -0.05V, -0.1V, -0.25V, -0.5V and -2.0V. From the 
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below figures, it can be observed that, the stability of the switching property has been increased 

towards 0V, though the amount of noise has been decreased towards -2.0V. 

 
 

 

 

 

 
 

 

 

 

 
 

 

Fig10.3. ON-OFF switching plots of NN-SiNW/rGO device under IR region at 0V, - 

0.05V, -0.1V, -0.25V, -0.5V and -2.0V. 
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Scope 
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• Conclusion: 

In conclusion, porous nitrogen doped reduced graphene oxide (N-rGO) was synthesized using 

hydrothermal method. Before that, graphene oxide (GO) was prepared through modified 

Hummer’s method. Confirmation of the crystallinity and phase has been carried out using XRD 

tool. Morphological analysis has been done through FESEM and HRTEM images which 

confirms the flake like structure and porous nature of reduced graphene oxide (rGO). From the 

spectrometric analysis, XPS has confirmed the amount of nitrogen doping and reduction of 

other functional groups of rGO. On the other hand, Raman spectroscopy evaluates the 

vibrational frequency of the material and validate the reduction process. From UV-vis, 

comparision of band gaps between silicon nanowire and rGO has been drawn which eventually 

helps to find the best sample to fabricate photodetector. From the cyclic voltammetric analysis, 

it can be confirmed that NORG-24h has the best gravemetric capacitance as well as areal 

capacitance of 1113.4 F g-1 and 309.27 mF cm-2 respectively at 5mV/s. To have industrial 

applicational perspective, coplanar interdigited supercapacitor device has been fabricated 

which has gravimetric and areal capacitance of 302.44 F g-1 and 79.84 mF cm-2 respectively at 

a scan rate of 50 mV/s. As a photodetector material, N-rGO has been emerged as a promising 

aspect from this work. It has shown stable ON-OFF switching property in reverse bias under 

IR region. Maximum stability and less noise is attained at lower reverse bias such as -0.05V 

and -0.25V. This material exhibits current even at 0V which is still under investigation. To 

draw a conclusion line to this work, it can be prominently and significantly told that, Nitrogen 

doped reduced graphene oxide is a very good nanomaterial which can be used in supercapacitor 

applications to attain promising energy density, power density and long cycles as well as it can 

be used as photodetector in IR region which implies as IR sensors also. 

 

 

• Future Scope: 

Nitrogen doped reduced graphene oxide (rGO) is a hub of green energy. It contains only carbon 

and other oxygen functional groups which are not harmful for environment. Due to this reasons, 

industrial supercapacitor preparation would the foremost step in future. However, other 2D 

transitional materials such as MoS2, MoSe3 will be used to make nanocomposite with rGO to 

attain much higher capacitance. On the other hand, the SiNW/rGO (NN type) device needs to 

be fabricated as an IR and temperature sensor. It will be done in clean room with proper 
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electronis setup. Once the final sensor will be fabricated, it is the main future focus to intregrate 

the supercapacitor into the system to have a good sensor of huge sensing property and rapid 

charging facility. 


