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Abstract

Information sensing, processing and memory operation are the building blocks
Artificial Visual System. Photonic Synapse is a promising component that
can enhance the visual processing efficiency owing to the fast responsiv-
ity, low power consumption and large bandwidth. Herein, a Photo-synapse
has been constructed having heterostructure configuration between Reduced
Graphene Oxide (rGO) and Graphene Quantum Dot (GQD) which have
been synthesized with a simple Hydrothermal method. By the high interfa-
cial effect of high photosensitive characteristic of GQD and large surface area,
enhanced semiconducting bandgap and high charge carrier mobility perfor-
mance of rGO 2D layer shows fundamental synaptic behaviours like Excitory
Post Synaptic Current (EPSC), Pair Pulse Facilitation (PPF), plasticity i.e.
transition from short term memory (STM) to long term memory (LTM) etc.
Following the completion of all required characterizations of materials, such
as XRD, UV-Vis, and PL, we began optimizing our device with the appro-
priate light intensity. The final optimized version of our device is having
an area of channel region 2x4 mm? with a 2 layers of rGO and 1 layer of
GQD. One of the key point of our device, it is showing good response in low
intensity Infra-Red radiation which totally neutralize the effect of thermal
noise which is an essential issue while working with IR. At last the different
synaptic performance like it’s EPSC, PPF, Plasticity etc. of the device has
been successfully stimulated. Not only that our device is showing a very
good non-volatile memory nature and stability at STM.
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Chapter 1

Introduction

1.1 Introduction to Nanotechnology :

The Greek word meaning dwarf is the source of the prefix "nano.” A nanome-
ter (nm) is the same as ten-nine meters, or one-billionth of a meter. A human
hair is roughly 80,000 nanometers wide, and a red blood cell with a width
of about 7000 nm. Atoms are less than a nanometer, but many molecules
can range in size from a nanometer to several proteins. The manipulation
of materials at the molecular or atomic level is known as nanoscience and
technology. in order to create new, improved, and remarkable materials and
devices attributes. Nanotechnology is not a brand-new field, though. Instead,
it is the combining of several scientific fields (chemistry, biology, physics, en-
gineering, and medicine) and the combination of skills to customize materials
at the nanoscale, roughly between 1 and 100 nanometers.

Theoretical framework of nanotechnologies was initially presented by physi-
cist during his talk, "There’s plenty of room at the bottom,” Richard Feyn-
man (Feynman 1959). Feynman investigated the potential for material ma-
nipulation at the size of individual atoms and molecules, envisioning the
entire Britannica printed on the head of a pin and anticipating the growing
capacity to study and manipulate matter at the nanoscale.

It was not until 1974 that the phrase "nanotechnology” was adopted by
Norio Taniguchi, a researcher at the It was introduced by the University of
Tokyo in Japan to describe the capacity to precisely modify materials at the
at the nanoscale level. At the time, the main factor pushing miniaturization
was the electronics sector, which sought to provide instruments for producing
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smaller (and hence faster and more intricate) silicon-chip electrical devices.
In fact, IBM in the USA uses a method called electron beam lithography was
used to create nanostructures and devices as small as 40-70nm in the early
1970s.

1.2 Two Dimensional Materials :

When the size and the dimension of a material continuously reduced from
macroscopic to the nanometer scale the properties of the material begin to
changes to a certain level. When the size becomes below 100 nm the common
features totally being abolished and new changes occur drastically. If one
dimension rerduced to nano scale and other two remain large, then we obtain
a structure of Two Dimensional Material (2D Material)or quantum well. If
two of the dimension reduced to nanometer scale it becomes one dimensional
(1D) material or quantum wire; if all of the dimension reduced to nanometer
range, then the structure of materials obtained as zero dimensional (0D)
material od quantum dot.

This section is only dedicated to 2 D materials, which grabs interest-
ing research attention from last few years. 2D Nanomaterials with certain
geometries exhibit unique shape-dependent characteristics and subsequent
utilization as building blocks for the key components of nanodevices. The
strong features of 2D materials like large surface to volumn ratio, induction
of defects in the surface, it’s compatibility with other dimensional materials
makes it very promising material for future development of the devices.

1. Graphene and Hexagonal Boron-Nitride :

Graphene is a covalently-bonded hexagonal lattice of carbon atoms just
one atom thick (about 0.14 nm). It is a semimetal (its conduction and
valence bands both touch). Graphene’s unique band structure means
that electrons move through it at extremely high speeds (about 1/300
the speed of light), giving it fascinating properties - such as unparalleled
thermal conductivity. Optically transparent, graphene absorbs only 2
percent of incident visible light and has the highest tensile strength of
any material. A single monolayer of graphene, just 0.3 nm thick, would
be able to support the weight of a football.

Hexagonal boron nitride (h-BN) is an isomorph of graphene (has the
same crystallographic appearance), but has boron and nitrogen atoms
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instead of carbon. In contrast to graphene, it is a wide-bandgap insu-
lator.

Figure 1.1: Structure of Graphene (Left) and Hexagonal -Boron Ni-
tride (Right).

2. Transition Metal Dichalcogenides (TMDCs) :

Transition Metal Dichalcogenides have the chemical formula MXs, where
M stands for transistion metals like molybdenum (Mo) or tungsten

(W) and X belongs chalcogens such as sulfur (S), selenium (Se) or Tel-

lurium (Te) etc. Bulk TMDCs are three layers thick where the metal is

sandwiched between two layers of chalchogens. These materials posses

different crystallographic geometry structure, out of them the common

one’s are 2H-phase with trigonal symmetry possessing semiconductor

nature like MoSs, WSes, MoSe; etc and metallic 1T phase such as

WTGQ.

2H phase 1T phase

Figure 1.2: Geometric Structure of Molybdenum disulphide (MoS,).
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3. Phosphorene :

Phosphorene is a single layer of black phosphorus — a layered, stable
allotrope of elemental phosphorus. t is a direct bandgap semiconductor
with a puckered honeycomb structure. The band gap value can be
tuned to visible light spectra by incorporating multiple layers. It has
good charge mobility, therefore making it suitable for optoelectronic

devices and transistors.

Figure 1.3: Crystal Structure of Phosphorene.

1.2.1 Applications of Two Dimensional Materials :

1. Transistors and Sensors : Field Effect Transistors (FETS) are fab-
ricated with variety of semiconducting 2D materials because of it’s
enhanced mobility performance and it’s moderate band gap makes it
a potential component for this application. Hexagonal boron nitride
is often used as the gate dielectric. The semiconducting materials be-
longing the Graphene family are used as active channel of transistors
because of it’s engineering edge states, chemical doping, and less scat-
tering of majority carriers. Using TMDCs in a FET based sensors are
being used very actively in this decade, those have been used to detect
different range of chemicals like triethylamine , nitric oxide, ammonia,
and nitrogen dioxide by measuring changes in conductance or resistance
or capacitance when exposed to these chemicals.

2. Photdetectors : Many TMDCs such as MoSy;, WSey, MoSe; etc.
are being used as the photo-detection application. The moderate en-
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hanced bandgap nature of these materials enble them it’s upgraded
performance of optical detection behaviour. The composites of this
materials with other candidates enhance it’s optical property and and
help to detect a wide range of spectral light within a single device. At
last it’s fast resposivity and high detectivity makes these materials a
potential candidate for poeto-detction application.

3. Battery Electrodes : Electrodes for ion batteries and supercapacitors
require electrically conductive materials with a high surface area to
store high densities of ions. Graphene has received some attention as
a possible successor to graphite electrodes due to its higher surface-
to-mass ratio, higher conductivity, greater mechanical strength, and
flexibility.

1.3 Quantum Dots :

Quantum dots are semiconductor nano crystals with a dimension in nano-
meter scale which provides quantum confinement behaviour towards any
quantum particle. Their size effects the optical as well as electrical prop-
erty the material to a certain level. When QDs are irradiated with any light
illumination , the majority carrier in the QD can be excited from the va-
lence band to the conduction band or vice versa, and upon its relaxation it
emits radiation in a particular spectral region. QDs have narrow fluorescence
emission bands, but broad absorption bands, therefore, they are prominent
optical transducers. QD emission wavelengths can be easily tuned by vary-
ing the size, shape, or composition of the QD. Hence, QDs are perfect for
multiplex detection of various substances

Based on their chemical composition and architecture QDs can be cate-
gorized into various types such as core type, core-shell, and alloyed quantum
dots. These QDs have the ability to emit a wide spectrum of wavelength
(light) under UV radiations. When QDs are irradiated considerable number
of electrons have energized and ejected from their atoms facilitating the for-
mation of a conduction band where electrons are allowed to move throughout
that material. If these electrons back to the valence band they emit light,
and the wavelength of light depends on the energy gap between the valence
band and conduction band.
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Figure 1.4: Confinement of Quantum Particle in Quantum Dot.

1.3.1 Applications of Quantum Dots :

1. Display Devices : QDs have potential in construction of Light -
emitting tools with a very high efficiency of emitting performance.
QD-based LEDs showcase notably improved and precise color repre-
sentation. Compared to conventional displays, modern displays offer
higher contrast ratios, and brightness, consume less power, have higher
resolutions, highly immersive high-dynamic range (HDR) experience.
QDs’ narrow emission spectra and wide excitation profiles make it more
convenient to convert light into any color within the visible spectrum.

2. Biomedical Applications : High luminescence, narrow emission, low
toxicity properties make QDs as avery good promising candidate for
bio imaging, bio-sensing applications. For instance, fibrous phosphorus
QDs were demonstrated as fluorescent labels for human adenocarci-
noma bioimaging. Qds also have a number of attractive features in
drug delivery systems including including their ease of fabrication, ca-
pability of conjugation to a wide variety of drugs.

Out of above mentioned materials, Reduced Graphene Oxide (rGO) and
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Graphene Quantum Dot (GQD) are the potential candidate for our work
investigation. Next section is totally devoted for the analysis of these mate-
rials;

1.4 Reduced Graphene Oxide :

Reduced Graphene Oxide (rGO) is one of the famous 2D material because
of it’s different, unique properties and efficient applications in daily life. It’s
high conductivity, large surface area, high chemical stability and it’s tremen-
dous carrier mobility performance nature grabs much attention of researchers
especially in the field of nanotechnology. This superior characteristics of rGO
makes it a potential material in different aspect of devices like electrochemical
sensors, energy storage device, memory devices etc.

Graphite restacks easily, making the chemical production of large-scale
single-layer graphene sheets from raw graphite extremely difficult. To neu-
tralize this issue firstly, Graphite sheets are being chemically oxidized for
the making of single layerd Graphene Oxide (GO) which is then converted
into reduced Graphene Oxide which has exact similar properties with the
graphene because of it’s large surface area and porosity nature. To date, dif-
ferent reducing agents have been utilized like hydrazine, hydroxylamine, urea,
dimethyl ketoxime, pyrrole, ammonia, and pyrrolidine to convert rGO from
GO. Several oxygen-containing groups have been added, including ascor-
bic acid, gallic acid, hydroquinone, and metal particles like Fe powder and
Zn/HCL. The functional group which contains the oxygen and nitrogen men-
tioned earlier have been chosen above other chemicals for reduction purposes
because these functionalities on the carbon moiety can start the production
of sp? carbon and defect density which enable different electrochemical fea-
tures of the material. By adjusting the reaction’s time and temperature the
optimum rGo can be produced and also can be used for different sensing pur-
poses. Not only these, the composite of rGO with different materials makes
the device a very promising interms of photo sensors.
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Figure 1.5: Reduction of Graphene to GO and then rGO.

1.5 Graphene Quantum Dots :

Graphene Quantum Dots (GQD) are carbon based particles and a family
member of graphene family. GQDs are tiny segments of graphene whose
electron mobility confine in all three dimensions also it posses infinite ex-
citon Bohr diameter. This type of materials have less than 10 nm of size.
Due to the large surface to mas ratio, easily dispersive nature in water makes
the GQDs very stable physically as well as chemically. Size tunability effets
makes the GQDs a very emergent choice of material in the field of photodec-
tors, biosensors etc. The fluorescence emission of GQD varies a wide spectral
range including UV, Visible, IR etc. still the fluorescence emission property
is a debatable thing to discuss as it has quantum confinement, defect states
and functional groups that might depend on the pH, when GQDs are dis-
persed in water. In general, if the no. of graphene layer increases the band
gap of GQD will going to reduce.
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This versatile characteristics of GQD makes it very sophisticated material
in aspects of science. Because of it’s unique optical, electrical and photoelec-
tric properties it can be used in bioimaging, biosensors, temperature sensors,
dru delivry, photodetectors , solar cell etc.

At present there are different techniques for the preparation of GQDs.
All of them are mainly classified into two divisions Bottom Up and Top
Down methods. Top Down method approaches different procedures to cut
bulk graphite materials like graphene, carbon nanotubes, coal, carbon blavk
etc. This techniques includes chemical synthesis, electro beam lithography,
Graphene Oxide reduction, microwave synthesis, hydrothermal method and
so on. But in top down method intense purification of materials are an
essential need. Whereas, bottom up methods assemble GQDs from small
organic molecules such as citric acid and glucose. These GQDs have better
biocompatibility.
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Figure 1.6: Optimizied Structure of GQD
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1.6 Introduction to Neuromorphic Comput-
ing :

The computer community is increasingly looking at new technologies to pro-
vide ongoing performance advances as Dennard scaling and Moore’s law
draw to an end. Omne such emerging computing technology is the neuro-
morphic computer. Carver Mead first used the term ”"neuromorphic” in the
late 1980s to describe mixed analogue-digital brain-inspired computing im-
plementations. However, as the field has developed and large-scale funding
opportunities for brain-inspired computing systems have emerged, such as
the DARPA Synapse project and the Human Brain Project of the Furo-
pean Union, the term has expanded to include a wider range of hardware
implementations.

Neuromorphic computers are non-von Neumann computers made of syna-
pses and neurons whose structure and functions are modeled after brains.
Von Neumann computers consist of distinct central processing units (CPUs)
and memory units, the latter of which stores instructions and data. On the
other hand, the neurons and synapses control memory and processing in a
neuromorphic computer. Unlike von Neumann computers, which use explicit
instructions to construct programs, neuromorphic computers use the struc-
ture and properties of the neural network to define programs. Additionally,
neuromorphic computers take spikes as input, where the corresponding time
at which they occur, their amplitude, and their shape are represented. In
contrast, von Neumann computers encode information as numerical values
represented by binary values.

Given the aforementioned contrasting characteristics between the two ar-
chitectures (Fig. 1.7)[5,6], neuromorphic computers present some fundamen-
tal operational differences;

e Extremely parallel operation: Compared to parallelized von Neu-
mann systems, the computations carried out by neurons and synapses
in neuromorphic computers are comparatively easy. This is because all
of the neurons and synapses have the potential to operate concurrently.

e Collocated processing and memory: Neuromorphic technology
does not support the idea of processing and memory being separate
entities. In many implementations, both neurons and synapses do pro-
cessing and store information, despite the fact that neurons are some-
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times thought of as processing units and synapses as memory. The
von Neumann bottleneck relating to the processor/memory separation,
which slows down the maximum throughput that may be reached, is
lessened when processing and memory are colocated. Furthermore, as
in traditional computing systems, this collocation aids in avoiding data
accesses from main memory, which use a significant amount of energy
in comparison to compute energy.

e Inherent scalability: neuromorphic computers are meant to be in-
herently scalable as adding additional neuromorphic chips entails in-
creasing the number of neurons and synapses that can be realized. It is
possible to take multiple physical neuromorphic chips and treat them
as a single large neuromorphic implemen-tation to run larger and larger
networks. This has been success-fully accomplished across a variety of
large-scale neuromorphic hardware systems.

e Event-driven computation: To achieve incredibly efficient process-
ing, neuromorphic computers make use of temporally sparse activity
and event-driven computation, which involves computing only when
data are available. Only when there are spikes to process do neurons
and synapses function; normally, spikes are somewhat rare during net-
work operation.

e Stochasticity: neuromorphic computers can include a notion of ran-
domness, such as in the firing of neurons, to allow for noise.

The exceptionally low power consumption of neuromorphic computers
they may frequently function on orders of magnitude less power than con-
ventional computing systems is one of their most alluring computational ca-
pabilities. Because they operate in enormous parallel and are event-driven,
only a tiny percentage of the system is usually active at any given moment,
with the remainder being idle. This results in reduced power consumption.
Energy efficiency alone is a strong argument for looking into the use of neu-
romorphic computers because of the rising cost of computing power and the
growing number of applications where energy is limited (such as edge com-
puting applications). Furthermore, neuromorphic computers are an ideal
foundation for many of today’s innovations since they naturally implement
neural network-style computation.
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Figure 1.7: Comparison of the von Neumann architecture with the
neuromorphic architecture.

Though it’s unclear if they're the only aspects of biological brains that
matter for computation, each of these features of neuromorphic computers
has been prioritized in the implementation of these devices, which are all
inspired by features found in the brain. For instance, a number of different
brain components may be helpful for computation even though neurons and
synapses have been selected as the main computational units of neuromorphic
computers. Furthermore, while neurons and synapses have proven to be a
useful abstraction level for neuromorphic computers, it is still debatable if
this is the best level of abstraction.

In contrast to certain forthcoming computing technologies, numerous
physical embodiments of neuromorphic hardware are presently being develop-
ment or are accessible for utilization by the scientific community. Numerous
extensive neuromorphic computers have been created using diverse methods
and objectives. To enable neuroscience simulations at scale, SpiNNaker and
BrainScaleS were developed with funding from the European Union’s Human
Brain Project. The online-learning digital spiking neuromorphic (ODIN), an
improved digital neuromorphic processor, has also been proposed21; it per-
mits the use of slightly more complicated neuron models. The Tianjic chip,
which supports both classic artificial neural networks and neuromorphic spik-
ing neural networks for various problem categories, is one of the neuromorphic
platforms aimed at more general computations for broader kinds of applica-
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tions. Neuromorphic systems have piqued the interest of both industry and
academia. Examples of business projects include IBM’s TrueNorth and In-
tel’s Loihi, while academic efforts include DYNAPs, Neurogrid, IFAT, and
BrainScales-. Neuromorphic hardware, like BrainScales-2, has proven useful
in optimizing learning-to-learn scenarios—that is, in defining how learning
happens—for spiking neural networks. These optimizations are carried out
at much faster time scales than those of biological processes.

While a great deal of work is being done in the neuromorphic community
to develop new materials for neuromorphic implementations, such as phase-
change, ferroelectric, non-filamentary, topological insulators, or channel-doped
biomembranes, all of the previously mentioned large-scale neuromorphic com-
puters are silicon-based and implemented using conventional complementary
metal oxide semiconductor technology. Although optoelectronic devices and
memristors are two other common approaches in the literature for implement-
ing neuromorphic computers, memristors are still considered the fundamental
technology for resistive memory, which combines computation and memory.
Each device and material used to implement neuromorphic computers has
unique operating characteristics, such as how fast they operate, their energy
consumption and the level of resemblance to biology. The diversity of de-
vices and materials used to implement neuromorphic hardware today offers
the opportunity to customize the properties required for a given application.

In order to fully utilize neuromorphic computers in the future, take ad-
vantage of all of their special computational qualities, and influence hard-
ware design, neuromorphic algorithms and applications must be linked to
neuromorphic computers. Currently, the majority of research in the field of
neuromorphic computing focuses on the aforementioned hardware systems,
devices, and materials. From this vantage point, we offer a synopsis of the
most advanced neuromorphic algorithms and applications available today as
well as an outlook on the potential uses of neuromorphic computing in com-
puter science and computational science going forward. It is important to
note that several distinct kinds of technologies have been referred to by the
phrase ”neuromorphic computing.” As noted previously, the original defi-
nition only encompassed mixed ana-logue-digital implementations. In this
work, we consider all types of hardware implementations (digital, mixed
analogue-digital, analogue) as neuromorphic, but we restrict our attention
to spiking neuromorphic computers, that is, those that implement spiking
neural networks.
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Chapter 2
Instrumentation :

There are several different methods to characterize the sample to determine
its phase, morphology, band gap, lattice vibration, crystallite size, interpla-
nar distance, crystal plane etc. Here, in this work also these methods and
machineries are being used to determine various properties of the prepared
samples.

2.1 Morphological Characterizations :

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).

2.1.1 Scanning Electron Microscope :

One of the most adaptable tools for inspecting and deciphering the mor-
phology 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 sig-
nals. An image is produced from these electron impulses and displayed on a
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cathode ray tube (CRT). There are two techniques to produce the electron
beam:
a) Thermionic emission; b) Field emission.

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 mate-
rials before they are attached to a conductive specimen container. Common
coating materials include carbon, Au, Pt, Pd, and their alloys.

Components for FESEM :

1. 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 elec-
tron beam produced by each differs greatly. The tungsten ”hairpin” or
lanthanum hexaboride (LaB6) cathodes used in the first FESEM sys-
tems 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.

2. Electron Lenses : Electron beams can be concentrated by electro-
static or magnetic fields. The FESEM system, however, solely employs
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a magnetic field since an electron beam governed by one has less aber-
ration. 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 Lenses : The electron beam will diverge below the con-
denser aperture. The electron beam is de- magnified further and fo-
cused 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 funda-
mentals of Scanning Electron Microscopy increase.

. Stigmator Coil : The stigmator coils are used to rectify inconsis-
tencies 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.

. Objective Chamber : The object is coated with a conductive coat-
ing 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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8. Image Information : Complex interactions take place when an elec-
tron beam impinges on a specimen surface in a FESEM and stimulates
various signals for FESEM inspection. It is possible to collect and dis-
play secondary electrons, back scattered electrons (BSEs), transmitted
electrons, and specimen current on a monitor. To determine the spec-
imen’s composition, the excited x-ray or Auger electrons are analysed.
This part will cover the interactions of the electron beam with the spec-
imen surface as well as the idea behind making pictures out of different
signals.

Figure 2.1: FESEM (Hitachi S-4800) set up

2.1.2 Transmission Electron Microscope :

A beam of electrons is transmitted through a material to create a picture in
the microscopy technique known as transmission electron microscopy (TEM).
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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 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 den-
sity (referred to as ”mass-thickness contrast”), atomic number (referred to as
”7Z contrast” using the standard abbreviation for atomic number Z), crystal
structure or orientation (referred to as ” crystallographic contrast” or ” diffrac-
tion contrast”), the slight quantum-mechanical phase shifts that individual
atoms produce in electrons that pass through them (referred to as ” phase con-
trast”), 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 re-
veals 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.
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Figure 2.2: FESEM (FEI Tecnai TEM.)

2.2 Phase or Crystallographic characteriza-
tion :

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 crys-
tallographic planes, interplanar distance, crystal size and the lattice structure
of the prepared sample.

2.2.1 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 impinges on a solid material, a portion of this beam will be scattered
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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.
Brag’s Law :

Incident beam

Figure 2.3: FESEM (Brag’s Law of diffraction

Considering the two parallel planes of atoms, which have the same h, k
and | 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 A is incident on these two planes at an angle of ©. Two rays
in this beam are scattered by atoms A and B. Constructive interference of
the scattered waves occur also an angle of © to the planes, if the path length
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difference (i.e. CB4+BD) between these waves is equal to a whole number, n,
of wavelengths. So, the condition for diffraction is

n\ = CB+ BD
or,n\ = dSin® + dSinO
or,n\ = 2dSin©

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 drop-
ping down from the L (2p) or M (3p) levels. This gives rise to K, and Kg
lines.

Figure 2.4: Production of X-Rays.

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
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Figure 2.5: X-Ray Diffraction (Bruker D8 advance.)

average grain size of the samples was calculated using Scherrer’s formula:

09
~ B.Cosb

Where, X is the wavelength of x-rays,

And g 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 inhomoge-
neous strain and instrumental errors. If all of these other factors contributing
to the peak width were zero, then the peak width would be determined solely
by the particle size and the Scherrer’s formula would apply. If the other con-
tributors 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.
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2.3 Spectroscopic Characterization :

2.3.1 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 ab-
sorption 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 inde-
pendent 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

I —

Iy
Where I is defined as the intensity of transmitted light, Iy is defined as
intensity of incident light and T is the transmittance.

T

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).

I

100
A=loo— = loo— — c.c.
logI0 log e.c.h
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Figure 2.6: Production of X-Rays.

Where, A is absorbance, ¢ is molar absorptivity, ¢ is molar concentration and
b is path length.

2.3.2 Fourier Transform Infra-Red Spectroscopy :

For studying the vibrational properties of synthesised materials, FTIR spec-
troscopy is a very useful tool. The band positions and absorption peak of
thin films are influenced not only by their chemical composition and struc-
ture, but also by their morphology.

The preferred method of infrared spectroscopy is known as Fourier Trans-
form 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
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spectrum, just like a fingerprint. As a result, infrared spectroscopy can be
used for a variety of purposes.
Why FTIR :
In order to overcome the limitations of dispersive instruments, Fourier Trans-
form Infrared (FT-IR) spectrometry was developed. The slow scanning pro-
cess was the main issue. It was necessary to develop a method for measuring
all infrared frequencies simultaneously rather than individually. An interfer-
ometer, a very simple optical device, was used to develop a solution. The
interferometer generates a unique signal that contains all of the infrared fre-
quencies "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 in-
terferometers to divide the incoming infrared beam into two optical beams.
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.
The resulting signal is known as an interferogram, and it has the unique
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Figure 2.7: Process of generating an FTIR spectra.

property of having information about each infrared frequency that comes

35



from the source in every data point (a function of the moving mirror posi-
tion) that makes up the signal. This means that all frequencies are measured
simultaneously as the interferogram is measured. As a result of the inter-
ferometer’s use, measurements are extremely quick. The measured interfer-
ogram 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 math-
ematical technique, can be used to accomplish this. The computer performs
this transformation and then presents the user with the desired spectral in-
formation for analysis.

Figure 2.8: Internal components of FTIR instrument.
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2.4 1I-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 = R*I

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

Figure 2.9: Two probe device used in the project.
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Chapter 3

Literature Review:

3.1 Synthesis Technique :

These days, the industry is very interested in carbonaceous materials includ-
ing graphite, graphene, graphene oxide (GO), and reduced graphene oxide
(rGO) because of their vast array of potential uses in several emerging tech-
nology domains. These materials have a rich 150-year synthetic history.
Over time, the process of synthesizing these materials improved, resulting in
increased manufacturing volume and reduced risks. To create graphene ox-
ide (GO) from graphite and subsequently reduce it to rGO, there are several
synthesis methods. Three primary methods for making graphene oxides have
been identified in the past: The Staudenmaier (ST) process, which fumes ni-
tric acid using a chlorate oxidant; the Hofmann (HO) version, which uses
sulfuric acid and chlorate; and the Hummers’ (HU) method, which makes
use of an oxidant permanganate. This chapter discusses the synthesis of GO
using the ST method and Hummer’s method. This previously created GO
can be used to produce the rGO through a hydrothermal procedure. In this
chapter, the hydrothermal process is also briefly described.

In order to control different aspects of the Si structures, a multitude
of techniques have been developed to fabricate Si nanostructures using top-
down or bottom-up approaches. These techniques include chemical vapor de-
position (CVD), reactive ion etching (RIE), electrochemical etching, solution-
liquid-solid (SLS) process, vapor-liquid-solid (VLS) growth, and molecular
beam epitaxy (MBE). This chapter contains a detailed discussion of two
techniques: the VLS process and Chemical Etching.
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3.1.1 GO synthesis using Staudenmaier’s (ST) method:

Materials : Graphite, concentrated sulphuric acid (H2SO4), Sodium Ni-
trate (NaNO3), Hydrogen peroxide (H2O5) and Potassium Permanganate
(KMDO4)
Process :

1. In order to scatter the graphite into the solution, the reaction is initi-
ated by first stirring it with H2SO4 in a reaction flask for a few minutes
at 0° C.
itemAfter that sodium nitrate is added to the mixture in some portions
and kept it for 1 hour under stirring.

2. The temperature of the mixture eventually rises to 900 C when potas-
sium permanganate is gradually added at 350°C. For the following hour,
the temperature remains constant.

3. Extra water is added to the solution followed by pouring of HyOs.

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

5. To separate the solid GO, the mixture was then centrifuged multiple
time and the solid GO is collected.

6. The solid GO then dried in vacuum oven for some days before use.

3.1.2 Hydrothermal Process :

According to definitions found in the literature [1], hydrothermal synthesis is
a closed-loop method wherein all chemical reactions occur at elevated tem-
peratures and pressures greater than atmospheric pressure (P j 101,325 Pa)
in a water solvent. Scholars have frequently modified this definition. For ex-
ample, Byrappa and Yoshimura [2] defined a “hydrothermal reaction” as any
heterogeneous chemical reaction that occurs in a closed system above room
temperature and at a pressure greater than 1 ATM while a solvent, whether
aqueous or not, is present. In this review, we will assume that ”hydrother-
mal synthesis” refers to a process that takes place in an aqueous environment
(where mH20 ; 50%) at a pressure that is either higher than or equivalent
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to atmospheric pressure. In hydrothermal processes, reaction products are
mainly oxides and salts due to the properties of water as a solvent.

One technique for creating a wide range of materials, including metals,
semiconductors, ceramics, and polymers, is called solvothermal synthesis.
The procedure uses a solvent that promotes precursor interaction during
synthesis at moderate to high pressure (usually between 1 ATM and 10,000
ATM) and temperature (usually between 100°C and 1000°C). The process
is known as ”hydrothermal synthesis” if water is utilized as the solvent. Hy-
drothermal synthesis is often carried out below the water’s supercritical tem-
perature (374°C). The procedure can be used to create materials with a
variety of morphologies, such as bulk powders, single crystals, thin films,
and nanocrystals.

Advantages of Hydrothermal method :

1. Possible to precipitate powders directly from solution

2. Ability to synthesize crystals of substances which are unstable near
melting point.

3. Suitable when it is difficult to dissolve precursors at room or lower
temperatures.

4. Can be hybridised with other processes like microwave, ultrasound etc.

2]

Disadvantages of Hydrothermal method :

1. High cost of equipment e.g., the need of expensive autoclaves.

2. Inability to observe the crystals in the process of their growth.|3,4]

e Reduction of rGO from GO :

Using a hydrothermal process, the generated graphene oxide (GO) can be
further reduced to eliminate the majority of its edge-linked functionalization
groups, resulting in a pure layer of graphene oxide with fewer groups (which
is ultimately referred to as reduced graphene oxide). Because hydrothermal
or solvothermal techniques maintain a steady temperature and pressure, they
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can efficiently reduce material in a shorter amount of time. In addition to
reduction, doping is an additional step in the hydrothermal process. Reduc-
tion agents can be various amide groups, sulfur groups, etc.

In this project work, modified Hummer’s method is being used for pro-
ducing good quality of graphene oxide (GO), rGO and GQD are synthesised
using hydrothermal process.

3.2 Review of Photonic Synapses :

3.2.1 Perovskite/Organic semiconductor based Photo-
nic Synapses :

This paper[7] illustrate the performance of CsPbBrs quantum dots perovskite
with an organic semiconductor (poly|[2,5-(2-octyldodecyl)- 3,6-diketopyrrolop-
-yrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)], DPPDTT), as the
photonic synapse. The composite of DPPDTT/CsPbBr3 enhance the mo-
bility performance under very low voltage rate. After doing the all neces-
sary characterization they started to study different memory operations like
AEPSC, PPF. plasticity i.e. transition from LTP to STP, learning experi-
ence and also they had performed AND, OR optical gate in their synaptic
device.

3.2.2 Ferroelectric van dar waals heterostruture based
Photonic Synapses :

The authors have been used InsSey ferroelectric material with in and out
phase planes which was controlled by the gate voltage. Their device has
a perfect architecture of an top gate FET. They studied the synaptic per-
formance in a very detail and variative manner like they varied the pulse
numbers, pulse width different intensity of pulses, AND, OR operations etc.
There are several Perovskite, ferroelectric, 2D transitional materials and their
compositions with other substance have been studied so far.
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Chapter 4

Synthesis of Materials:

4.1 Synthesis of GO using modified Hum-
mer’s method :

e Materials Used :

Graphite flakes (7-10 pm grain size, 99% purity) from Alfa Aesar,sodium
chloride (NaCl), 99% purity), sulfuric acid (HaSO4, 98% by weight, G.R.),
potassium permanganate (KMnOy, 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 deion-
ized (18 ohm at 25°C).

e Procedure :

1. At the initial phase of synthesis of materials 3 gm of graphaite power
and 3 gm of NaCl have been taken into a morter and petis for grinding
around 2 hours. Then 98% of H,SO, has been added to the grinded
version of graphite and NaCL mixture and left it in stirring for 30 mins.

2. Next, 10 gm KMnO, has been added as an oxidizing agent in a contin-
uous stirring condition at 15¢“C. The mixture was allowed to stir for
6 hours.

3. After 6 hours 200 mL of DI and 30% ofHydrogen peroxide (H,O5) has
been added to the mixture for the termination of the reaction and left
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for some time for cooling down the temperature. Whole mixture has
been aged to the magnetic stirring for 24 hours.

4. Next, the mixture has been divided into 6 different 40 mL centrifuge
tube for the cleaning procedure. To complete the centrifugation hy-
drochloric acid (HCl) and DI water have been used alternatively for
properly cleaning the solution. A last, the centrifugation machine set
at 4500 rpm for 15 mins. to reduce the p” level of the solution at 7
which has been done after 3 repetition of centrifugation.

5. Lastly, the solution has been dried in an oven at 60°C for 24 hours.
Finally, the Graphene Oxide (GO) is completely prepared.

Adding

. Adding
TS@ 0w oz P

2 Hrs
“Grinding |

rinding

Graphite + NaCl

' 20mg1 3

Imidazole

NH3

.| Centrifugation
51 fllpHin
dil. Hel. comesto?
/.

‘ 15 mins

Sonication

‘ 15 mins

Sonication

. Sonicator
Sonicator

Filltering

—

Autoclave

Figure 4.1: Schmatic of Synthesis Procedure of GO,rGO and GQD.



4.2 Synthesis of rGO and GQD using Hy-

drothermal Method :

e Materials Used :

Graphene Oxide (GO) prepared using modified Hummer’s method, Imida-

zole,

ethanol (CoH5OH, 99% pure), ammonia solution (NH4,OH, 25% by

weight), Teflon.

e Procedure :

1.

For preparing Reduced Graphene Oxide (rGO), firstly 60 mg of pre-
pared GO with 80 mL of DI water were taken into a beaker and leave
it for sonication about 15 mins for GO dispersion.

. Afterwards, 20 mL of Imidazole and 20 mL of DI water are poured into

the mixture where Imidazole used as the reducing agent.

. Again the mixture left for sonication about 15 mins. Then Ammonia

(NHj) is being added to the solution. At last the whole mixtured
solution has been taken into two autoclaves and put it into the oven
for 24 hours at 90°C.

. At final stage the solution was filtered, the filtrate substance dried at

60°C for 24 hours which we got as 2D material of rGO and the residue
from the filtration is Graphene quantum dot (GQD).
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Chapter 5
Characterization of Materials:

This chapter has covered a variety of material characterizations that were
created using the hydrothermal synthesis method. The morphological char-
acterisation and it’s analysis will be covered first in this chapter, followed by
crystallographic characterization and analysis, and finally optical or spectro-
scopic characterization and analysis.

5.1 Morphological Characterization & Anal-
ysis :

This section of my thesis work involves mainly two types of morphological
characterization for two different type of materials. Those are field emis-
sion scanning electron microscopy (FESEM) and high-resolution transmission
electron microscopy (HRTEM). The fundamental morphological structure of
nanoparticles or nanosheets in the 500 nm-5 pum range is described by the
FESEM image. On the other hand, the HRTEM image offers details regard-
ing the morphological characteristics of the nanoparticles in the 5-100 nm
range.

5.1.1 Field Emission Scanning Electron Microscopy (FE-
SEM) of rGO :

Reduced graphene oxide is having almost same morphology as graphene oxide
or graphene which refers to the nano-structure of 2D nanomaterials. Their
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main morphological structure resembles a layered or sheet-like structure.
The RGO micrograph shown in the image shows the results of chemical

Figure 5.1: FESEM Image of rGO.

reduction using imidazole. Crumpled thin sheets were present on the RGO
surface, and these collected to produce disordered structural material.

5.1.2 High-resolution transmission electron microscopy
(HRTEM) of GQD :

An HRTEM image of a GQD created using a modified version of Hummer’s
technique is displayed. The tiny, spherically-shaped structures verify that
GQD is present. The products contained consistently distributed, tightly
packed GQDs, ranging in diameter from 5 to 15 nm.
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Figure 5.2: HRTEM Image of GQD.

5.2 Crystallographic Characterization & Anal-
ysis :

It is crucial to perform X-Ray Diffraction (XRD) on the samples in order to
determine their crystallographic nature, including crystal structure, lattice
structure, and interplanar spacing. X-ray diffraction (XRD) was used in this
experiment to analyze reduced graphene oxide and graphene quantum dots
that were produced hydrothermally.

5.2.1 X-Ray Diffraction of rGO & GQD :

Bragg’s law of diffraction serves as the foundation for the operation of the
XRD instrument. It provides details on the material’s crystal type, including
its crystalline or amorphous structure and the distance between its two lattice
planes. Initially, the JCPDS database was consulted to compare sample’s
peak XRD plot in order to determine whether or not the substance that was
synthesized in this experiment was reduced graphene oxide or not. The
average peak angle (20) is equivalent to the JCPDS database record to
confirm the products are rGO only.

XRD pattern of GQD shows two peaks at 27.06° and 27.27 ° which indicates
the lattice plane of (002) and (100) respectively [4]. The second less intense
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Figure 5.3: XRD Plot of GQD.

peak refers for un-reacted graphite. At rGO case it has a perfect intense
peak at 26.44 ° which refers (002) lattice phase of rGO and the sharp peak
indicates the removal of oxygen groups after reduction process. Another
less intense peak can be seen at 20 =44.64° with (001) orientation which
attributed by the turbostratic band of disordered carbon materials.

5.3 Spectroscopic Characterization & Analy-
sis :
This portion of thesis only talks about the optical performance of the syn-

thesized materials. We will discuss the photo-luminascene, fluorescent and
excitation properties of the materials.

5.3.1 UV-Vis Spectroscopy of rGO & GQD:

Ultraviolet-visible spectroscopy uses light from the visible and nearby ranges
to analyze reflectance and absorption in the ultraviolet and adjacent full
visible areas of the electromagnetic spectrum. The perceived colors of the
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compounds are directly impacted by their reflectance or absorption in the
visible spectrum. Electronic transitions between atoms and molecules oc-
cur in this part of the spectrum. Fluorescence spectroscopy and absorption
spectroscopy work well together. Whereas absorption deals with the trans-
fer from the ground state to the excited state, fluorescence deals with the
transition from the excited state to the ground state.

UV-Vis data from Tauc plot can also be used to evaluate the optical band
gaps. The photon energy, hv, is usually plotted on the abscissa of a tauc plot,
while the material’s absorption coefficient, (ahy)%, is shown on the ordinate.
After that, the energy of the amorphous material’s optical bandgap can be
calculated by extending this linear region to the abscissa.

In order to prepare the sample for UV Vis absorption , 1 mg of rGO was
first taken in an appen-drop with 10 mL of N-Methylpyrrolidone (NMP).
Then it is left for sonication about 30 mins for proper dispersion.

The residue of my synthesized material was sonicated for 10 minutes in
order to analyze the GQD absorbtion analysis.
From [Fig 5.4, 5.5] the estimated wavelength in absorption edge for the

0.40

rGO

T

0.38

(a.u)

Absorbance
[=]
%
'S
1
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T T T
300 400 500 600

Wavelength (nm.)

Figure 5.4: UV-Vis Absorption Spectra of rGo

spectra of rGO and GQD are 295 nm and 260 nm respectively. These ab-
sorption peaks indicates different electronic transitions; exact which bands
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Figure 5.5: UV-Vis Absorption Spectra of GQD.

of transition occurs that is still in investigation.

Determining the materials’ optical band gap is my main goal in this endeavor.
In the near future, we may examine the heterostructure development of the
aforementioned materials with the aid of band gap evaluation, and it will

also assist me with band gap engineering, which is a crucial component of
my research.

]

Band Gap, E, = 1.55eV

hv (eV)~

Figure 5.6: Tauc plot and band calculation of rGO.

o4



Band Gap, E;=4.00 eV

Figure 5.7: Tauc plot and band calculation of GQD.

The evaluated band gap from the Tauc’s plots are 1.55eV and 4.00 eV.
So, two of my sample are showing extreme different in band gap values which
are my main point of intention for getting the memory function (discussed
in later chapter).

5.3.2 Fourier Transform Infra-Red Spectroscopy (FTIR)
of rGO :

Several oxygen functional groups, including carboxyl, epoxy, hydroxyl, and
others, have been eliminated from the graphene plane through the reduction
process of graphene oxide. The vibrational frequency of these groups is here
provided using FTIR. Therefore, it is possible to verify that GO has been
successfully reduced by examining the peaks and their strength. The study is
predicated on the idea that molecular bonds are vibrationally excited when
infrared light energy is absorbed within the 4000-1000 cm™! wavelength.
The peaks are observed at 3440, 2944, 2326, 1745, 1647, 1440 and 1330 cm ™!
which corresponds O-H, C-H, C = N, C=C, C=N, C-O-C and C=0 groups.
It is clear from the the graph the peaks are quite low intense which describes
the reduction of functional groups due to the presence of the reducing agent
Imidazole.
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Figure 5.8: FTIR Plot of rGO.

5.3.3 Photo-luminescence (PL) of GQD :

This section describes the photo-luminescence and fluorescent properties of
GQD. Our sample was irradiated with different wavelength value of illumi-
nation where our sample showing maximum at 320 nm.
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Figure 5.9: PL plot of GQD.
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Chapter 6

Device Fabrication:

This chapter serves the basic procedure for the formation of a proper device
to utilize I-V characteristics, checking responsivity and detectivity and also
to get the optimization of the device.

e Steps for Device Fabrication :

1.

The initial substrate used was a flexible Polyethylene terephthalate
(PET) sheet coated with Indium tin oxide (ITO) which was cut into a
dimension of 20 mm by 10 mm.

Next, a 5-mm-long Polytetrafluoroethylene (Teflon) jacket was put into
each end of the substrate; this jacket served as a mask during the
etching process. We employed chemical etching to remove ITO from
the channel region with the help of HCI (35%). Afterwards we use DI
water to wash the etched substrate.

For the preparation of material deposition at channel region, firstly we
took N-Methylpyrrolidone (NMP) dispersive solution with rGO with a
concentration ratio of 10:1 and left it for 30 mins for proper dispersion.

Next, we spin coat the material at the channel region for 30 seconds at
a speed of 2500 rpm after dropping the dispersed rGO on it. Follow-
ing the appropriate spin coating, the dispersive medium is allowed to
evaporate on a hot plate that is set at 60°C for two minutes.

To obtain two layers of rGO for optimal mobility performance, we
repeat the above step again.
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6. Now for the construction of GQD layer , we again spin coat the liquid
solution of GQD at channel region with same stipulated time and rpm.
For the evaporation of the solvent we again use hot plate fixed at 1000.

7. As we make a layer dependent memory functionalized device, we repeat
step 5 upon our desire of fabrication.

Finally the total formation of our layer dependent device is shown in the Fig.
6.1.

ChialEotn DrpCat

S G ShCatugfrsin
Bl il

Figure 6.1: Schematic of Device Fabrication.

Figure 6.2: Final Device.
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e Device Optimization :

We carefully optimize the channel region to obtain the correct surface area
that it is intended to expose to light illumination. Initially, we periodically
shortened the channel portion’s length by 10 mm, 8 mm, 6 mm, 4 mm, and
2 mm. The device was then subjected to light irradiation for each shorter
length. Next, we once more reduce the device’s breadth channel in the same
periodic manner and then also examined it’s performance under the light
irradiation.

(b)

Figure 6.3: Optimization of devices (a) Length-wise and (b) Breadth-
wise.
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Chapter 7
Results and Discussion:

Eighty percent of external stimuli can be recognized by the human visual
system; the other portion is completely destroyed by the external environ-
ment. The retina receives external optical information, and the individual
memorizes picture impressions to construct their memories. Because of the
tremendous advancements in artificial intelligence and smart robotics, re-
searchers are focusing on artificial visual perception systems that, like the
human visual system, are capable of detecting, processing, and memoriz-
ing information about the external environment. Light-stimulated artificial
synaptic devices with fast propagation speed, low latency, and huge band-
width have been designed to improve the efficiency of processing visual in-
formation since they can transform optical impulses directly into electrical
signals.

7.1 Analysis of Device with Different Light
INlumination :

The functionality of the device under various light irradiations is covered in
this section. Here, we’re employing four distinct light cases: visible, infrared,
ultra violet, and dark wavelengths. The voltage range of the device is set to
-2 V to +2 V; outside of this range, the device malfunctions and produces
a significant quantity of noise. In order to determine the wavelength that
is most highly absorbed, we decided to use the 10*10 mm? channel region
based device.Since we are creating a layer-dependent memory device, we also
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alter the device’s layer numbers and evaluate how well it functions under the
specified lighting conditions. Three different layer variations are being used
here. Our layer dependence is determined by choosing a)2 layers of rGO, b)2
layers of rGO and 1 layer of GQD, c) 2 layers of rGO and 2 layers of GQD.
Heterojunction between these two materials and their different dimensions
enables the memory operation of the device.

e Diffuse reflectance spectroscopy (DRS) of Devices :
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Figure 7.1: DRS Plot of Devices with different layer numbers.

According to the results above, the device with two rGO layers exhibits
95% reflectivity, while the other two devices have substantially lower re-
flectance when compared to the first device. The devices with GQD layers
exhibit a noticeable variation in reflectance between 500 and 800 nm. For
our devices, near-IR to IR light (500-800 nm) will therefore be optimally
absorbed.
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devices.
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e Particularities and Conclusions from Fig. 7.2 Results :

1.

It is very obvious from the aforementioned I-V charts that the device
is displaying appropriate current variations at (-ve) bias because of the
presence of various lights illumination.

. At -2 V our device is showing best response of change in current.

The asymmetry nature of last two logl-V plots confirms the hetero-
junction formation between two materials.

One of the interesting fact of above I-V plot is it gives a (-ve) current
at zero bias. The primary cause of this current is flowing of minority
carriers which induces some diffusion current.

Finally, If we compare all the light illuminated current value then IR
shows best performance out of all at -2 V which is also expected
from the DRS results of device.

7.2 Device Performance with a specific Inci-

dent Light :

The performance of the devices is discussed in this section in a specific con-
text.IR provides the best response when compared to other light illumina-
tions, as we evaluated in the preceding section.We can therefore determine
which device with a certain layer number and variation is the best based on
the results of this section.

e Particularities and Conclusions from Fig. 7.3 Results :

1.

If we compare the above results, then it seems very clustered but we
should only focus on IR irradiation as we get the best response from
this.

2. If we carefully see the results of I-V of IR radiated device then 2 layered

rGO and 1 Layered GQD provides best response.
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3. Our experimental data could have the following possible explanations:
a) A greater number of layers results in a much larger depletion region
between the two materials, which reduces the attenuation depth of
the absorbed photons. As a result, there are fewer electron-hole pairs
created, which leads to extremely little flow of current. That’s why 2
layered rGO and 2 layered GQD device isn’t showing proper response.

b) The transmission of holes or electrons to the depletion zone will
take significantly longer due to the rise in layer number. Now if there
is any defect or any holes/electrons in that region already, then the
recombination rate will become higher than the drift mechanism of the
majority carriers.

7.3 Optimization of Device :

Now. we optimize the exposed surface are better to say channel region to get
the proper responsivity and detectivity. The procedure to get the optimized
device we already discussed that in chapter 6.

e Particularities and Conclusions from Fig. 7.4 Results :

1. Out of all the devices evaluated, the one with a 2x10 mm? channel
region has the best response, as shown in Fig. 7.4 (a).

2. If we examine the responses of the breadth-wise devices performance,
the device with the highest performance is the 2x4 mm? areal surface,
as shown in Fig. 7.4 (b).

3. From the above mentioned results it is pretty clear as the exposed
surface area reduced, the current response getting better. One of the
reason is that due to the less surface area the scattering of the electron-
hole pairs will get reduce.

69



2x10 mm?
4x10 mm> —_
6x10 mm? E 21
8x10 mm? :
——— 10x10 mm? E
f=
—
-
QO

Voltage (V)

S

Area of Channel

—=— 2x2 mm?
—e— 2x4 mm?
—a— 2x6 mm?

2

—*— 2x8 mm

Current (nA)

1
Voltage (V)

-20 -

-30 —

(b)

Figure 7.4: (a) Length-wise and (b) Breadth-wise Optimization of
device.
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7.4 Selection of proper Intensity of Light :

In this section we would discuss about the variation of current with different
powered incident light. Later on depending upon the results, we will check
the Responsivity (R) of our device for each intensity of light which will help

us to find out proper intensity of light. Responsivity (R) in the reverse bias
is calculated using R = % formula, where 1, I, P;, are the photo-current,

dark current and incident power of light. From the results and calculations
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Figure 7.5: (Left to Right) Variation of Photo-current with different
Intensity of Light, Resonsivity with different light intensity.

of responsivity, light having 31.6 mW /m? posses best responsivity compared
to all.

Finally we go further with the memory operation of the device having
a) 2 Layers of rGo and 1 Layer of GQD under IR light illumination
posses ¢) 31.4 mW /m? intensity with channel region ¢) 2x4 mm?.

7.5 Evaluating the performance of Memory
function :

7.5.1 Excitory Post Synaptic Current (EPSC )Varia-
tion:

The Excitory Post Synaptic Current (EPSC) response had been investigated
for rGO/GQD heterostructure based photo-synapse as a function of IR light
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spike. The EPSC of biological synapse can be varied according to the dura-
tion of the light spike.

First, we study the performance of EPSC with the operating voltage -2 V
and -1 V respectively [Fig.7.6], where -2 V gives better retention time com-
pared to -1 V operating voltage under a light spike of time duration 5 sec.So,
to check the memory operation we fixed the operating voltyage at -2 V.

Fig. 7.7 displays the variation of EPSC with our synaptic device under
a series of different pulse duration light spikes which varies from 2 sec to 10
sec between a pulse interval of 2 sec. After the light pulse ended, the EPSC
rapidly rose to its maximum value and then progressively dropped to a low
current condition as the light was turned off. This kind of EPSC is the basis
of realizing the computational function for human brain. When the active
layer was activated by an optical signal, there was typically a fast spike in
photo-generated carriers, which led to a sharp increase in EPSC. Slow cur-
rent decay indicates in reduced photo carrier decay, closely resembling how
the human brain stores memories.

21 L L
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——(2.0)V ——ChV
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Figure 7.6: (Left to Right) EPSC at operating voltage -2 V and -1
V.
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Figure 7.8: Variation of EPSC with pulse width under a light pulse.

The current change value, or AEPSC, is computed by deducting the
initial dark current from the current during a light pulse. Keep in mind that
a longer pulse duration can result in a higher AEPSC. As the pulse duration
increases the photo-generated carriers becomes higher which results higher
A EPSC.

7.5.2 Pair Pulse Facilitation (PPF) Index :

PPF index is a synaptic process where synaptic responses can be enhanced
due to the stimulation of two successive presynaptic pulses. This is connected
to the recognition and decoding of temporal information of visual signals and
is another characteristic manifestation of Short Term Plasticity (STP) in a
biological synapse.

The PPF like behavior has been shown in Fig. 7.9 of our device with
pulse width of 2 sec and a pulse difference of 6 sec. Figure 7.9 shows that
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Figure 7.9: EPSC triggered with two successive pulses

the second photoresponsive current value (A2) is obviously higher than that
induced by the first light pulse (A1). When the first light pulse was applied to
the synaptic device, the photoinduced electrons and holes were generated in
the rGO/GQD film, resulting in the increase of EPSC. The photogenerated
electrons and holes were unable to fully recombine when the initial pulse was
removed due to the large energy barrier between the two materials, which
results in increased amplitude . PPF Index can be calculated with follwing
formula;

PPF = é><100%
Ay
Ay — A
or = %Xloo%
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where A2 and Al are the values of the first and the second photoresponsive
current, respectively.
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Figure 7.10: Variation of PPF index with pulse interval between two
light pulses.

7.5.3 Plasticity Performance (Transition from STM to
LTM) :

LTP corresponding to Long Term Memory (LTM) is another example of
synaptic plasticity and is thought to be the basis for brain function. LTM is
typically predicated on the synapses’ by STM to LTM transition, which can
be accomplished by both lengthening the pulse width and repeating rehearsal
events. Here, by varying the quantity and width of the pulsed light stimuli,
we were able to replicate the synaptic transition process for the rGO/GQD
based PST for STM to LTM conversion.
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Figure 7.11: Left to Right) Transition from STP to LTP by increasing
pulse width and pulse number.

As shown in the Fig. 7.11 with the increase of light stimulas’ width and
light pulse number from 5sec to 15 sec and 3 pulses to 15 pulses respectively,
the EPSC of the device increased remarkably and a longer decay time was
needed to return into the original initial state after the removal of light spikes
which indicated the transition from LTM to STM. In order to examine the
memory ability of the device after provoking the relative EPSC intensity
was determined using the formula 1/Iy, where I represents the EPSC at a
particular timepoint and Iy denotes the starting current.
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Figure 7.12: Relative Intensity changes of EPSC with light pulse
width.

Following the removal of light pulses for 40 and 75 seconds, Figure 7.12
displays the relative intensity of EPSC; the purple and blue regions represent
the volatile and nonvolatile portions, respectively. The blue zone, which can
be improved as a function of light impulse width, is where the long-term
memory was found. The human brain’s memory rule is consistent with this
fading memory tendency.
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Chapter 8
Conclusion and Future Work :

¢ Conclusion :

In summary, we used a straightforward hydrothermal technique to synthesis
both rGO and GQD in a single step. Following material preparation, spin
coating was utilized to build the photonic synapse. We just used I-V charac-
teristics to look at the materials’ ideal layer numbers. Following layer number
tuning, we assess the precise level of light exposure under which our device
demonstrated flawless memory functions. After that, we began to shrink the
device’s channel region, which was subsequently examined once more using
the I-V curve. Finally, we adjusted the light’s intensity such that it would
be ideal for examining synaptic behaviour.

Finally we were able to contract a photo-synapse based on the het-
erostructure of 2 layers of rGO and 1 layer of GQD which is showing
very good synaptic behaviour under low intensity (0.0316 W /m?) of IR
illumination with a channel region of 2x4 mm?. Due to the good pho-
tosensitivity of GQD and excellent charge mobility performance of rGO our
device is showing tremendous synaptic performance even in the very low
intensity of light. Fundamental synaptic performance like AEPSC, PPF,
Plasticity i.e. transition from STM to LTM with method of approaches have
been successfully stimulated.

e Future Work :

1. Photonic Synaptic Transistor is now one of the emerging device in
the field neuromorphic computing. Using GQDs as it’s photo-sensitive
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layer would be a very beneficial point for it’s large surface area, size tun-
ability etc. It’s heterojunction with rGO or any other 2D transitional
materials will definitely increase the performance of memory operation.

. The key point of our device it shows the synaptic behaviour in a very
low light intensity of IR. Due to this low power consumption the ther-
mal noise isn’t showing much effectiveness in our case which is one of
the big issue while working with IR.

. Our future plan is to integrate our device with some Artificial Intelli-
gence (AI) model that will be programmed as of Image recognition.

. By associating our device we can also able to make night vision sensor
and choosing a flexible substance enhance the durability of the device.

. It is conceivable to store a very large number of bits if our device can
be manufactured as an array. We can even create a smaller version of
the GPU by figuring out the array’s weight function and creating the
necessary code.
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