CHEVVA, HARISH, Ph.D. Solid-State Synthesis of Silver Nanowires by Green Chemistry
and Mechanistic Aspects Influencing Nanowire Growth and Plasmonic Study in Au Thin
Film/MoS; Heterostructures for Surface Enhanced Raman Spectroscopy. (2019)
Directed by Dr. Jianjun Wei. 148 pp.

This thesis has a research focus on novel nanomaterials synthesis, fabrication and
the fundamental understanding of the process and properties regarding surface enhanced
Raman spectroscopy application. The two projects are: 1) a novel solid-state growth of
silver nanowires (AgNWs), and 2) fabrication of 2D layered MoS; on gold film for
surface enhanced Raman spectroscopy (SERS).

Solid-state and bottom-up growth of nanowires-based research has been specific
to semi-conductor nanowires, with rare research reports on the growth of metal
nanowires in the similar manner. Synthesis of AgNWs has been around in the research
filed for more than a decade. Most of the synthesis processes reported till now were all
solution-based processes involving complex synthesis set-up employing harsh conditions
for good yield. This research presents a solid-state green synthesis of AQNWSs with
detailed growth analysis, reporting key factors influencing the self-growth of the
nanowires. Our synthesis process is simple, performed at room temperatures and uses
bio-compatible chitosan polymer as base for silver nanoparticles (AgNPs) synthesis and
AgNWs growth. A new way of blocking oxygen by thin film coating, to avoid oxidative
etching of Ag atoms which hinders growth of AgNWs, is investigated. Role of CI" ions
and influence of its concentration to initiate the growth AgNWs is examined thoroughly
with the help of UV-Vis, XRD and EDS analysis. Finally, role of time in the continuous

growth of AgNWs is studied for seven weeks long under SEM. AgNWs/Chitosan



polymer platform is directly employed in SERS application to detect Raman active probe
Rhodamine 6G (R6G) at a detection limit of 10"M. This report, for the first time,
presents an inexpensive synthetic and growth mechanism for solid-state and bottom-up
growth of metal nanowires. This research helps in paving a new way for research
involved with Ag nanowires.

2D materials other than graphene which made their presence strong in research
field are transition metal dichalcogenides (TMDCs). Among a range of TMD materials,
Molybdenum disulfide (M0S>) has shown promising impact in various fields like
optoelectronics, SERS based biosensors, photonics and electrochemistry. SERS
enhancement observed in semiconductor (1.8ev) monolayer MoS; is due to various
factors like surface plasmons, excitons and charge transfer. But, monolayer MoS; exhibit
a modest Raman enhancement (<100) when compared to other 2D materials like
graphene. Multilayer MoS> which have lower bandgap (1.4ev to 1.6ev) exhibits no SERS
enhancement due to increase in the thickness of the material. Lower SERS enhancement
property of monolayer MoS: is addressed by incorporation of nanoparticles on the
surface of MoS; and with the combination of MoS; and metal nanostructures. But, there
are very less reports on dealing with few layers MoS, SERS enhancement. Here, in this
report we observed raise in intensity of primary Raman signals Exq' and Asq of few layer
MoS2 with respect to change in thickness of Au film substrates on which MoS; is
deposited. Thorough optical and Raman analysis proved that along with monolayer
MoS,, few layers MoS, which are deposited on gold film also exhibit promising results in

showing SERS enhancement for the detection of Raman active probe R6G. Further,



thickness dependence of underneath Au film influencing the SERS property of
particularly few layers of MoS: is validated using Raman analysis supported by FDTD
simulation data. The results proved thickness of 150nm Au showing highest enhancement
in both increasing the intensity of MoS, Raman peaks and in detection of R6G molecule
at the concentration of 10M. These findings and understanding of the behavior of few

layer MoS2/gold film expand the use of MoS; on wide range of SERS applications.
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CHAPTER |

INTRODUCTION

Silver nanowires synthesis procedures has been in the research field for more than
a decade. Most common method employed for the growth of silver nanowires is polyol
method[1], which is a solution based process. This process primarly uses PVP as
stabilizing agent and ethlyne glycol as reducing agent to convert silver precursor to silver
nanoparticles and eventually to silver nanowires when subjected to additional chemical
and mechanistic conditons[2]. Once the silver nanowires of desired aspect ratio are
obtained, using series of filteration and cleaning processes nanowires are separated from
polymer solution and trasfered to various substrates for employing them in for different
applications|[3].

The prime motive of this study lies in establishing a completely new way of
synthesizing silver nanowires in solid-state and investigating science behind the reported
growth[4]. Synthetic and mechanistic parameters influencing the growth of silver
nanowires has been reported. Chitosan polymer which is abundantly avaialble in
nature[5] and is also a bio-compatible polymer is used as both reducing and stabilizing
agent in our study to form silver nanoparticles. Chitosan ploymer and halide additive
NaCl incorporated in the form of AgCI nanoparticles inside the ploymer matrix forms
base for the growth of silver nanowires in the solid state. Time lapse studies on the

Ag/Chitosan film shows the gradual self growth of AgNWs from the film, demosntrating



the basic science of slow relase of Ag* ions from the AgCl nanoparticles insdie the
chitosan polymer helping to form AgNWs

MoS>, a new age 2 D material which belongs to Transition metal dichalcogenides
(TMDs) family generated wide interest in research community in recent times[6]. This is
due to its tunable bandgap property, where MoS; have a direct bandgap of 1.8ev when
the material is in monolayer form and an indirect bandgap of 1.2ev when it is in bulk
form[7]. Three primary methods avaliable for fabricating monolayer and few layers of
MoS: are: 1. chemical vapor deposition[8], which uses Molybdenum trioxide and Sulfur
powder as surfacants in high temparature furnace to obtain large area mono layer MoSy,
2. Chemical exfoliation of bulk MoS: by lithium ion intercalation between layers of
MoS; and followed by dissciaition of layers to obtain monolayer of MoS; in solution[9],
3. Traditional mechanical exfoliation method, executed by using scotch tape and peeling
off the layers and transfering on to the desired substrates[10]. With extensive research on
monolayer MoS; direct band gap property, many researchers have reported unique optical
properties of monolayer MoS..

In our study, we investigated the behavior of few layer MoS; in terms of its
Raman enahncement when tranfered on to the Au film using mechanical exfoliation
method. This phenomenon is reported to be observed due to the plasmons generated on
the surface of the Au thin film. Which is stongly supported by FDTD simulation results
under similar expermentation conditons. Further SERS enhancement is obtained for the

detection of Raman probe molecule on the surface of few layers MoS2/Au thin film



heterostructure, which is higher when compared to similar number layers deposited on
glass substrate.
1.1 Synthesis of Silver Nanowires in Solid-State

1.1.1 Synthesis Methods of Silver Nanoparticles

Silver metal nanomaterials are synthesized by a variety of different methods
including photochemical approaches that utilize the light sensitive aspects of precursor
materials, standard chemical approaches using citrate or borate reducing agents, and
“green” approaches that use a biological material in at least step of the synthesis
process[11-13]. Nanoparticle synthetic processes involve several steps that include the
reduction of a metal ion in solution into an insoluble precipitate; the formation of a
nucleation site either from individual precipitated nanoparticles or through the
aggregation of these particles; the stabilization of the nascent particle, which is followed
by the nanoparticle growth[11, 12, 14]. Control of each of these steps has enabled the
control over the size, crystallinity and morphology of the nanomaterial products from
specific synthetic reactions[15, 16].

Several green synthetic methods for generating silver nanoparticles (AgNPs) have
also been developed which use biomolecules such as proteins and polysaccharides to
stabilize and promote nucleation[14, 17]. Environmentally friendly “green” methods of
nanoparticle synthesis often take advantage of biological self-assembling system or
catalysis such as living organism or biopolymers[18, 19]. A polysaccharide AgNP
synthetic method uses starch as the capping agent and monomeric B-D-glucose as the

reducing agent in an aqueous solution[18]. Extracts of various plants and microorganisms
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have also been demonstrated to promote the formation of silver nanoparticles through the
participation of protein/peptides in the reduction, nucleation, and stabilization steps[18].
Recently a chitosan photochemical AgNP synthetic method has been described that
enables the formation AgNP of different morphology and crystallinity in a wavelength
dependent manner[11]. Synthetic processes that generate highly anistropically shaped
particles are especially desirable in many applications due to the enhancement of specific
optical properties such as surface Plasmon resonance[16].

1.1.2 Synthetic Strategies of Silver Nanowires

Growth of silver nanowires emerges from the controlled conditions subjected to
the synthesis process of silver nanoparticles. There are different mechanisms proposed in
this process, both in soft chemical synthesis procedures and hard template synthesis
procedures. But, due to extensive research and due to the complex mechanisms involved
in hard template method (Klaus peppler et al.)[20], synthesis of silver nanowires and
study of its mechanistic growth aspects are majorly reported in solution processes which
are discussed below.

There are different solution processes for the synthesis of AgNWs as listed by
Rycenga et al. [21], such as citrate reduction, silver mirror reaction, polyol synthesis,
seed-mediated growth and light-mediated growth. Primary difference between all the
listed processes is the reaction energy generation for reducing silver precursor AGNOs3 to
form AgNPs and eventually AgNWs. Lee and Meisel first reported the synthesis of Ag
colloids in solution by reducing AgNOs with the help of citrate ions. Popular synthetic

method to achieve desired growth of Ag nanostructures is seed-mediated growth, where
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synthesized nanocrystals are used as seeds for further growth of AgNWs [22]. Likewise,
making use of silver interaction with light, photochemical approach is introduced to
synthesize high quality Ag nanostructures[23]. Out of all the proposed synthetic methods
for AgNPs and AgNWs synthesis most researched method is polyol method, where with
specific controls employed into the reaction process high aspect ratio of AQNWs are
obtained [1]. Understanding the process of polyol synthesis of AgNWSs forms as based for
our proposed mechanism for the growth. Detailed discussion on polyol synthesis is
presented in next section.

1.1.3 Polyol Synthesis of Silver Nanowires

Polyol synthesis is known for its high degree of control in shaping different
structures of silver. By varying different conditions, such as temperature, reagent
concentration and inclusion of different halide materials in the reaction system, this
synthesis process achieves high throughput of silver nanowires growth. Typically,
Ethylene glycol acts as both a solvent and reducing agent, PVP polymer acts as
stabilizing agent[24], which promotes the growth of AgNWs and NaCl halide material
acts as nucleation points for the growth of AgNWs[25].

At the initial stage of the reduction process, Ag atoms form small clusters of
fluctuating structure. As the Ag cluster grow larger, they become more stable and emerge
to one of the three predominant structures: single crystalline, single twinned, and multiply
twinned. Here, if the reaction system is directed towards formation of single twinned
structures, they aggregate together to form AgNPs which are more in spherical shaped. If

more of multiply twinned structures are formed, the growth will occur more rapidly at the
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twin defects of the seed, resulting in the formation of wires with a pentagonal cross
section[26].

Factors that influence the growth of AgNWs in polyol synthesis include, oxidative
etching[27], role of CI" ions and other kinetic properties related to the external reaction
conditions. Multiply twinned structures, which are base for formation of AQNWs are
unstable structures, which can be dissociated quickly to form single crystals. Oxygen
from air, during the reaction, reacts with the defect sites of multiply twinned structures
and dissociates them to single crystals and leads to formation of more spherical structures
of Ag. The depiction of the reaction is shown in Figure 1. To avoid the effect of reported
oxidative etching, use of Fe?*/ Fe** in the reaction can reduce the extent of oxidative
etching, further performing the reaction in non-oxygen environment to helps in growth of
AgNWs. Inclusion of halide ions like CI- and Br, react with silver precursor in the
reaction system and tend to form AgCl compound, where AgCl slowly releases Ag ions
into the reaction avoiding quick deformation of multiply twinned structures and helping
in the growth of AgNWs. Finally, list of external factors, which helps in formation of
AgNWs include, control of reaction temperature, rate of silver precursor injection into the
reaction and stirring rate of the reaction system.

With this through background of polyol synthesis for growth of AgNWs, we
propose our soli-state growth of AgNWSs and present the influencing conditions on the

proposed growth.
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Figure 1. Schematic of Oxidative Etching Process Leading to the Formation of AgNPs

1.1.4 Solid-State Growth of Semiconducting Nanowires

Nanomaterials with dimension of 1-100nm in their lateral dimension are
considered as 1D. 1D nanomaterials exist in various forms like wires[28-30], rods[31,
32], ribbons[33-35] and tubes[36-38]. Although there are many potential applications of
1D nanomaterials as both interconnects and functional units in fabrication of electronic
devices[39], electrochemical[40, 41], and optical nanodevices[42, 43], when compared to
0D and 2D materials, far less work has been performed in the 1D materials, because of
the complexity involved in fabricating of 1D nanomaterials. However, recently, the
development of advanced techniques like Vapor-Liquid-Solid (VLS)[44, 45], CVD[46,
47] and many novel chemical methods[48-50], rapid and desired growth has enabled the
systematic and consisted generation of new 1D nanomaterials are obtained.

The other methods of synthesizing 1D nanostructures as well as the growth

mechanisms underlying these processes have been studied [51-53] and are mainly
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divided into two strategies: bottom-up methods, and top-down methods [54, 55]. In all
bottom-up methods, the fabrication of the material is controlled at the level of the
individual atom thus enabling the arrangement of these atoms to form specific 1D
nanostructures such as nanowires. Prominent existing bottom-up methods for 1D
nanomaterial synthesis include Vapor-Liquid- Solid (VLS) synthetic methods that has
been used to fabricate semiconducting nanowires, and Chemical Vapor Deposition
(CVD) methods which has been used to synthesize carbon nanotubes (CNTSs). These two
methods are solid-state growth of 1D nanostructures; however, there are wet chemical
synthesis or solution synthesis methods other that are used for the bottom-up synthesis of
1D nanomaterials including [56] Templated growth with 1D morphologies to direct the
formation of 1D nanostructures [57]; Use of super saturation control to modify the
growth habit of a seed; Use of appropriate capping agents to kinetically control the
growth rates of various facets of a seed [58], and Self-assembly of 0D nanostructures [59,
60]. While bottom-up approaches have been used to generate a wide variety of 1D
nanomaterials only a few approaches have been used to generate metallic 1D
nanomaterials and none of these methods involves a solid-state approach. To the best of
our knowledge, there are no reported research articles under solid-state bottom-up
fabrication of 1D metal nanostructures.
1.1.5 Top-down Growth of Silver Nanowires

Top-down method of forming silver nanowires involve extraction of a nanowire

from a bulk sample through processes such as electron-beam lithography or mechanical

reduction [61]. Currently the only available method to synthesize solid state
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semiconducting nanowires [62-64] and metal nanowires [65-67] involve top-down
methods in which 1D nanostructures are fabricated using advance laboratory lithographic
techniques like E-Beam, Focus lon Beam (FIB), UV lithography and Reactive lon
Etching (RIE). This form of fabrication is much more labor intensive and economically
expensive when compared to current bottom-up approach but have advantages in their
uniformity and controls [55, 68].
1.1.6 Bottom-up and Solid-State Growth of Silver Nanowires

Bottom-up growth of silver nanowires classification is done based on their growth
through chemical or molecular assembly or by template-assisted electrodeposition.
Chemical synthesis is typical polyol synthesis, which we have discussed in previous
section. Template-assisted electrodeposition method of AgNWs growth involves complex
mechanisms for careful preparation of desired template, which forms base for the growth
of AgNWs. Silicon templates with porous alumina membrane containing varying
thickness of pores forms as a base for nanowires growth, when electrodeposition of silver
sulfide is processed over the templated structure [69]. This mechanism primarily depends
on the reaction rate in the electrochemical system for deposition of silver onto the porous
membrane and to further grow nanowires from the pores. This template-assisted growth
of silver nanowires is considered as potential bottom-up method except for its need of
complex process involved template fabrication.

Still, with all the methods discussed in previous sections, there is no specific
established method reported till now proposing the growth of AGNWs in both solid-state

and bottom-up manner.



This area of research paves a way for new paths of findings in applications
involving AgNWs.

1.1.7 Applications of Solid-State Silver Nanowires

Three main fields of applications silver nanowires proved to play important role
are, Transparent conductive film electrode[70], Surface plasmon resonance
applications[71-76] and their use in anti-bacterial activity[77]. Electronic industry needs
transparent conductive films for their use in applications like solar cells, liquid crystal
displays and photodiodes. Currently most used transparent conductive material is ITO,
which can be efficiently replaced a network of AgNWs. Since, AgNWSs show high level
of transparency and conductive at the same time.

Surface Plasmon Resonance approach is employed over the detection of
biological sample to enhance the existing detection signal. This principle basically works
in the presence of Nano particles and Nano Structures mostly made by coin age metals
like Ag and Au. When the optical light is shined on to these Nano structured metal
platform, the free electrons on the surface of the metal will start oscillating and generates
a travelling resonant wave called surface Plasmon resonance. This resonant signal will
constructively be added to the existing single molecule detection signal and a significant
enhancement in the detection signal is obtained. Important property of SPR, which is
related to our current research is Surface Enhanced Raman Spectroscopy (SERS). Many
kinds of silver nanostructures are employed for this need [78-80]. In current research, we
use in-situ grown silver nanowires (AgNWSs) as SERS enhancement material and

chitosan polymer matrix as Raman signal generator, of which the enhancement is
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measured and monitored due to the presence of mentioned AgNWs. The unique factor
and key advantage in current platform are in-situ and self-growth of AQNWs in chitosan
polymer matrix film and no fluorophore use of the platform for instant verification of
SERS.

Silver has been in use in vast number of consumer products both in the form of
engineered material and as nanomaterial. Through understanding is available on the
behavior of bulk silver and its anti-bacterial property, which might not directly relate to
the behavior of nano silver. Marambio-Jones and Hoek proposed three mechanisms in
which silver nanoparticles and wires contribute in anti-bacterial activity. First one is most
agreed mechanism where, silver ions from the metallic silver that forms silver nanowires
plays role in inhibiting the bacteria, second mechanism discusses on the possibility of
Reactive oxygen species (ROS) generation by silver nanowires and their effect on
bacteria and final mechanism being direct physical damage by AgNWs adhering to the
surface of bacterial cells[81].

1.2 MoS2/Au Fabrication Methods and its Optical Properties
1.2.1 Fabrication Methods for MoS:

Graphene like two-dimensional (2D) transition metal dichalcogenides (TMDCs)
have been attracting a wide range of research interest. MoS; particular direct band gap of
1.8 ev in monolayer and layer dependence of band structure tackle the gapless problems
of graphene[82-86].

In single layer of MoS; films, Mo (+4) and S (-2) are arranged to a sandwich

structure by covalent bonds in a sequence of S-Mo-S as shown below[87-89]. Monolayer
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MoS: with trigonal prismatic polytype is found to be semiconducting (2H ((trigonal
prismatic Dsn)), while that with octahedral crystal symmetry configuration (1T

(octahedral Oh)) is metallic[90].

i Tnp iew

>Q<><>OC

Figure 2. MoS; Structural Overview with a Layer of Mo and Other of S Bonded
Together.[91]

There are three most used ways to obtain few layers to monolayer MoSy, that are
primitive Mechanical exfoliation[10, 92, 93], Liquid Exfoliation[94-97] and Chemical
Vapor Deposition (CVD)[98-102] in which | have opted for Mechanical exfoliation,
since this method produces pristine level MoS: layers, it is simple process and is
extremely comfortable method to opt for laboratory research and prototype design. The

schematic below shows the working of listed three methods for fabricating MoS>
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1.2.2 Characterization Techniques Associated with MoS2
With the properties of MoS; and its methods of fabrication, which are listed in
previous section it is evident that monolayer MoSz have superior properties to use in
specific applications. So, need for characterization tools, by which precise differentiation

between number of layers of MoS; can be presented along with the properties associated

with the same.
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Figure 4. Optical Image of MoS> Deposited on the Au Film

In line with my work for finding the optical properties associated with monolayer
to few layers of MoS: when associated with Au thin films, | have extensively made use
of optical microscope and Raman spectroscopy. Optical microscopy is proved to use on
2D materials for finding number of layers associated with the material based on the
optical contrast it shows when illuminated under white light, which is shown if Figure 4.
Raman spectroscopy is more robust technique used in finding details like number of
layers, stress induced in the material and doping details of the material. Further, to verify
the role of Au thin film in generation of plasmons with varying in its thickness, Fourier
transfer time domain (FDTD) analysis has been performed on the modeled system.

1.2.3 MoS2 Layer Number Dependency on Optical Properties

Importance of employing characterization tools on MoS; mainly lies in
determining number of layers that are prepared from the employed method. A few tools
using which we can determine the count of layers are Atomic Force Microscopy

(AFM)[104], Raman Spectroscopy[85] and Photo Luminance tool (PL)[105].
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The monolayer width of MoS: is 0.75 nm[106], this can be precisely determined by
subjecting the same to AFM analysis. As discussed in the introduction, monolayer MoS;
have direct band gap of 1.8ev which can be confirmed by using PL tool. Finally, most
easy method employed for determining the count of layers is Raman spectroscopy, where
MoS; consists of two dominant Raman peaks i.e. Eglzgand A1 [107]. The difference in
wavenumber of these two peaks determines the count of layers[108] like, if the difference
is of ~19 cm it corresponds to monolayer and further increase in this difference like 20
cm?, 21 cm?, 22 cm?, 23 em™ and 24 cm! corresponds to 2, 3, 4 layers respectively. If

the difference of wavenumber is more than 25 the characterized MoS; is noted as bulk.

—— monolayer |
—— few-layer
bulk

Intensity (arb. units)

360 400 440
Raman shifi (cm™)

Figure 5. MoS; Layer Dependence on Change in Intensity and Wavenumber Shift

1.2.4 Heterostructure MoSz/Au Platforms
In past three years optical analysis of MoS and Au thin film heterostructures
became widely popular in understanding linear and non-linear optical behavior of MoS>
when deposited on Au thin film. Jia et al. investigated theoretically the behavior of MoS;
on Au thin film under 20nm thickness reporting drastic modification in the excitonic

optical properties of MoS, monolayer because of Au thin film[109]. Zeng et al. presented
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his research findings on Au thin film influence on secondary harmonic peak intensity
raise of few layers MoS, which is due to strong localized field induced by Au thin
film[110]. Photoluminescence (PL) is one of the important optical property of MoS; that
is being constantly investigated for its intensity and quantum yield associated with direct
bandgap monolayer MoS;. Le Yu et al. claims that gap plasmons induced by their Au
thin film and nanoparticle structure improved PL of monolayer MoS; by 4 times[111].
Haifeng Xu in his research report proved that with the inclusion of gold mirror layer
between the dielectric layer and the substrate enhances overall PL intensity by 4 times of
monolayer MoS; because of enhanced optical absorption[112]. Buscema et al. reports in
detail the role and effect of the substrate on the PL and Raman signal of mono layer
MoS,. On all his studied substrates including Au thin film, single-layer MoS; shows a
factor of ~4 enhancement of PL efficiency, relative to commonly used SiO2 substrate,
which is reported due to radiative decay rates of neutral and charged excitons, which is
different from previous claims[113]. Robison et al. with the help of Raman spectroscopy
and scanning Kelvin probe microscopy (SKPM) investigated the effect of Au substrate on
optical and electrostatic properties of monolayer MoS. The increase in the Raman peak
enhancement of monolayer MoSz, when on Au thin film is claimed to be associated to
SERS like enhancement shown by the nanoscale-textured metallic surfaces[114].
Different shapes of Au nanostructures influence monolayer MoS; for enhance in optical
absorption due to surface plasmons[115-117], shows ultrafast plasmonic hot electron
transfer from Au nanostructures to MoS; and exhibits plasmonic pumping of excitonic

photoluminescence. Other metal surfaces and nanostructures reported to induce plasmons
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into MoS; for change in its optical properties are Aluminum[118] and Silver[119].
Raman peak intensities change is mostly influenced by number of layers of MoS; with
raise in intensity is directly propositional to raise in number layers[120-123]. This
phenomenon is same for all preparation methods of MoS; and irrespective of substrate on
which MoS; is deposited. The primary reason presented for this observation is the optical
scattering taking place in the number of layers of the material[124], which is observed in
the case of graphene too[125]. Monolayer MoS: deposited on Au film and on insulating
films like PVP, it observed to have higher Raman peak intensities compared to its
deposition on semiconducting substrate silicon. This phenomenon is supported by
argument of electron transfer property taking place between Au and MoS;[113] along
with capability of band alignment induced by underneath Au film onto MoSo.

In present study, | have investigated the behavior of monolayer to few layers of
MoS: deposited on different thickness of gold thin films. Change in Raman intensities of
the material due to the thickness of Au film and influence of surface plasmons generated
by Au thin film of specific thickness in effecting the SERS property of few layers MoS;
is presented.

1.2.5 SERS Property Analysis of MoS:

Optical absorption and surface plasmon generation properties of MoS; has been
widely investigated in terms of Raman peak enhancements due to incident light scattering
with change in number of layers of MoS; [126, 127], and moderate SERS generation of
free standing monolayer MoS; and its enhancement with combination of metal
nanoparticles and metal nanostructures with MoS; [128]. Recently, there is increase in
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research interest on improving the SERS property of semiconducting MoS, combining it
with metal nanoparticles and nanostructures, especially understanding the behavior of
MoS2 when combined with Au metal. Many research findings claimed change in linear
and non-linear property changes seen in monolayer MoS; and Au heterostructures. But,
there is still room in investigation of plasmonic role of Au thin film induced in few layers
of MoS:; both in its optical properties related to Raman peak intensity change and in

increasing SERS enhancement property associated with few layers of MoS..
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CHAPTER I
SYNTHESIS OF SILVER NANOPARTICLES (AGNPS) USING CHITOSAN

POLYMER

2.1 Introduction

Chemical synthesis of silver nanoparticles other the use of PVP polymer and
ethylene glycol is rarely investigated, since its proven that, additional capping agent like
PVP helps in good control of the shape of nanoparticle. But, with ethylene glycol being
heated to high temperature for initiating reduction process of silver precursor AgNO3 and
longer hours reaction time for obtaining desired shape and size of AgNPs, there is need
for investigation for new, simple synthesis processes of AgNPs. Additionally, with the
inclusion of PVP in the reaction system, synthesized AgNPs are not advisable to be used
in biomedical applications.

To address the above short comes of the traditional synthesis process for AgNPs,
we report the green synthesis of AgNPs and AgNWs using chitosan/chitin-based polymer
as both reducing and stabilizing agent and without using any toxic chemicals. Chitosan /
chitin is a polysaccharide that occurs naturally. They are investigated as a natural cationic
biopolymer because of its known excellent biocompatibility, biodegradability,
nontoxicity, bioactivity, and multifunctional groups from years of research. It is also
extensively being studied for food packaging film, bone substitutes, artificial skin, and

pH sensitive drug delivery among others due to several great properties it possesses[129].
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2.2 General Methods

500 mg of chitosan (32.7mM) low molecular weight (bought form Sigma Aldrich)
is dissolved completely (magnetic stirring) in 10ml of water along with 1% wt (1ml) of
pure Acetic acid. Acetic acid (AA) helps chitosan dissolve in water. The stirring is
continued till chitosan peaks are completely dissolved in the water.

AgNOs (>99 %) was purchased from Sigma Aldrich chemicals and its solution of
102M was prepared. Chitosan (0.5 g, dissolved in 10 mL of 1% v/v acetic acid solution)
and 0.2M NaCl in 5mL solution is added drop by drop. Mixtures of chitosan and AgNO3
solution were prepared with a ratio of 1:5 (by volume). The mixed sample solutions were
kept for ultra-sonication for 3-4 h for formation of monodispersed nanoparticles.

The optical absorptions of chitosan and mixtures of colloidal solution of AgNO3 (sample
solutions) were evaluated in 10 mm optical path length quartz cuvettes of the ultraviolet-
visible spectroscopy (UV-Vis spectroscopy, Varian Cary 6000i), followed with Fourier
transform infrared spectroscopy (FTIR, Varian 670) measurements. To get the size of the
synthesized AgNPs, transmission electron microscope (TEM, Carl Zeiss Libra 120 Plus)
is used. For getting the results, the copper grid was plasma treated and a drop of sample
solution was kept on a copper grid and dried under a vacuum drier, before scanning the
sample under TEM. Morphology including shape and size of nanoparticles, was viewed
under Scanning electron microscope. Sample preparation and imaging for morphology
study: The samples are placed on SEM sample pug. After drying, the samples had a 4 nm
thickness of gold layer applied using a Leica EM ACE200 with a real time thickness

monitoring quartz crystal microbalance (QCM). The scanning electron micrographs were
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obtained using a Zeiss Auriga FIB/SEM. Scale bars were added using ImageJ software,
followed with energy-dispersive X-ray spectroscopy (EDS) (Hitachi S-4800-1 FESEM
w/Backscattered Detector & EDX) performed to verify the presence of Ag.
2.3 Results

2.3.1 Description of the Synthetic Process

Chitosan polymer solution was prepared by continuous stirring and dissolving the

same in water solvent along with addition of acetic acid, which helped chitosan
dissolving in water. Silver Nitrate solution was added to the prepared chitosan polymer
solution and was subjected to low power sonication till the color of the solution was
changed to green color as shown in Figure 6, indicating the formation of silver in the

chitosan polymer matrix.

Figure 6. Synthesis of AgNPs in Chitosan Polymer Solution

UV-Visible analysis of the synthesized solution which is seen in green color,
shows clear plasmonic peak of absorption related to metal Ag nanoparticles at a

wavelength of ~420nm.
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Figure 7. Absorption Peak of AgNPs Obtained at ~420nm

The obtained solution of Ag/Chitosan is drop casted on to the PET substrate and
then dried at 50°C. The obtained film is shown in Figure 6¢, PET substrate is used mainly
due to ease of peeling of the film from the substrate. Further, for understanding the
crystal structure of metallic Ag, X-ray diffraction tool is used, where Ag peaks with
dominant (111) peak corresponds to cubic structure of Ag, as shown in Figure 8 below,

which are matching with the peaks listed in literature.
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Figure 8. XRD Analysis of AgNPs/Chitosan Film, Showing Dominant (111) Phase

Infrared analysis of as such chitosan polymer matrix film was performed with the
help of standard IR laser and ZnSe source. In a typical case of pure chitosan, similar to
various research articles the standard peaks observed are: peaks in broad bands between
3360 cm™ and 3295 cm® correspond to amine (N-H) and hydroxyl (O-H) stretching
vibrations; further dominant peak at 2870 cm™ corresponds to asymmetric stretching
vibrations of CHz and CH> of chitosan polymer. Absorption peak at 1560 cm™
corresponds to bending vibration of amine N-H (N acetylated amide Il band). Peak at
1420 cm™ typically corresponds to amide 111 (N-H) stretching vibrations. The peaks
observed at 1060 cm™ and 1030 cm™ are corresponding to the vibrations of secondary
hydroxyl group and primary hydroxyl group, which also correspond to carbonyl stretch.
Significant stretch in these two peaks with respect to pure chitosan peaks were observed

in Ag-Chitosan composite film IR peak, however with different intensities, this is
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because silver particles are bonded by chitosan, which served as a stabilizing agent that
helps in reducing AgNOs ions to Silver NPs. Clear depiction of this stretch is seen in the

inset Figure 9.
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Figure 9. FTIR Spectrum of Ag/Chitosan

Particle size, concentration and distribution are important factors to reflect the
mechanism of particle formation. Particle size and distribution were determined by DLS
(Dynamic Light Scattering). Figure 10. shows the graphs of volume (%) vs size (d.nm). It
is observed that the particles are mono-dispersed as it is represented by having single
peak and lesser PDI (poly-dispersity index). The average particle size is around ~180 nm
which is indicating a comparable population of Ag nanoparticles around this size. Three

measurements are taken continuously, to average the obtained size of the particles.
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Size (d.nm): % Intensity: St Dev (d.nm):

Z-Average (d.nm): 180.1 Peak 1: 183.8 95.1 76.41
Pdi: 0.342 Peak 2: 5104 49 546.7
Intercept: 0.800 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)

0.1 1 10 100 1000 10000
Size (d.nm)

Record 37: Ag C5 cl1

Record 38: Ag C5 cl2

Record 39: Ag C5 ¢l 3]

Figure 10. DLS Analysis of AgNPs in Ag/Chitosan Solution

To verify the surface morphology and distribution of AgNPs on the Ag/Chitosan
film, SEM characterization is done on the film. Below Figure 11 shows the SEM image
of the film shown in Figure 6c¢, it is seen on the film that AgNPs of spherical shape are

distributed all over the film, with size approximately being around ~150nm.

Figure 11. SEM Image of Ag/Chitosan Film Showing the Spherical Shape of AgNPs

25



EDS characterization is performed on the Ag/Chitosan film to know the
composition of materials on the surface of the film. This result is line with all the above
characterizations for proving the formation of AgNPs, with major weight percentage of

material composition is coming from Ag i.e. 50% WHt, as seen in Figure 12.

Mass percent (%)

—
Spectrum ;o] N [o} Na cl Pd Ag Au
Region 1 3.46 1.46 1.75]0.01 0.00|3.69 50.49 4.75
Region 2 0.00 0.83 1.59]0.00 0.00}4.97 54.48 6.41
Region 3 2.53 1.60 1.570.10 0.00(3.67 56.40 4.16
Region 4 2.29 1.35 1.87)0.00 0.00]4.48 45.35 5.99
Region 5 4.17 1.87 1.90)0.06 0.002.71 54.81 2.37
Region 6 2.26 1.16 1.99[0.02 0.00|5.44 44.21 7.22
Region 7 1.74 0.69 0.87]0.05 0.00]4.25 55.22 5.33
Region 8 2.92 1.01 1.07]|0.00 0.00/4.63 52.91 5.62
Region 9 2.97 0.91 1.12(0.00 0.00]2.92 53.44 3.03
Region 10 5.30 2.11 2.28|0.02 0.00]2.72 52.98 2.42
Region 11 3,55 2.97 1.77]0.19 :0.00]3.37 50./62:3.17
Region 12 4.33 2.89 1.69]0.10 0.00]4.80 46.29 5.80
Region 13 5.25 2.32 1.33]0.07 0.00]4.13 46.71 4.64
Region 14 3.04 2.42 1.32|0.08 0.00|4.42 48.17 5.27
Region 15 5.83 2.51 1.75]|0.02 0.00]|4.17 44.83 4.61
Region 16 5.14 2.11 1.03{0.10 0.00|4.08 50.03 4.59
Mean value: 3.42 1.76 1.56|0.05 0.00J4.03 50.43 4.71
Sigma: 1.54 0.74 0.40 0. 2 0.80 4.07 1.41
Sigma mean: 0.39 0.19 0.10 0.01 0.00 0.20 1.02 0.35

Figure 12. AgNPs Distribution on the Surface of Ag/Chitosan Film and its Corresponding
EDS Data
2.3.2 Concentration Evaluation of Silver Precursor AgNOs
Synthesis of AgNPs with the presence of halide ions like Cl and Br" is common
method of reaction in polyol synthesis. NaCl is used as CI- source in the reaction

processes. Cl™ ions along with oxygen atoms in the environment tend to dissociate all
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other Ag structures, that tend to form during the synthesis process. These Ag atomic
structures are responsible for the formation of different shaped Ag nanostructures. So, to
obtain good spherical shaped AgNPs. Inclusion of NaCl and investigation of different Ag
concentrations in the synthesis process, need to be investigated to get understanding of

the behavior of CI" ions when reacted with different concentrations of AgNO:s.

Figure 13. Depiction of Dissolving AgNOs in NaCl Included Chitosan Solution and
Formation of AgNPs
NaCl when reacted with AgNO3 forms a white precipitate indicating formation of
AgCl in the solution. In polyol synthesis, the AgCl acts as slow release agent for Ag ions,
which further join to form Ag nanostructures. This formation of AgCl have other
advantage of avoiding oxidative etching in the solution, which dissociates the formation
of desired shape Ag nanostructures. In this section, I have used different concentrations

of silver precursor, AgNQs in the synthesis process as listed in Table 1.
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Table 1. Table Listing the Sample Notations and List of Different Volume
Concentrations Change of AgNOs

Notation Concentration of Chitosan: AgNOs
(vol by ml)
Ag sample ‘a’ 5:1
Ag Sample ‘b’ 5:2
Ag Sample ‘¢’ 5:3
Ag Sample ‘d’ 5:4
Ag Sample ‘e’ 9:5

The change in concentration of AgNOs is by volume, where chitosan of 100mM
concentration of 5ml by volume and AgNO3z of 58mM is taken in volumes of 1ml to 5ml
in intervals of 1ml as shown in Table 1. When the solutions of AgNO3 and chitosan are
subjected to the ultrasonication, plasmonic color change of the solution is seen, which
corresponds to the formation of metallic Ag in the solution. Further, these solutions are
filtered using centrifugation at 3500rpm and then filter papers to obtain solution of just
AgNPs.

The filtered and purified AgNPs dispersed in DI water as shown in Figure 13 are
characterized with SEM to verify the change in structure of AgNPs with change in
concentration of AgNOs by volume. It is seen from the SEM images listed under Figure 1
that, at the low volume concentration, AgNPs tend to form in spherical shape and with
the increase in the concentration of AgNOs in the solution, there is seen in the increase in

particle size and shape converting to cubic structures.
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Figure 14. SEM Images of AgNPs With Change in Silver Precursor Concentration

This change in shape and size of the AgNPs is verified by UV-Visible analysis.
Where, with the increase in the concentration of silver precursor, the sharp absorption
peak wavelength observed at ~420nm for sample ‘a’ broadens and shifts to higher
wavelengths for sample ‘e’ as shown in Figure 15. This is because of the increase in the
size of AgNPs in the solution and due to the formation of cubic structures as seen in
Figure 14 SEM images.

To further confirm the change in crystal structure of the AgNPs formed with the
change in concentration, X-ray diffraction analysis is performed on the films formed with
the Ag/Chitosan solutions at different concentrations of AgNO3. XRD results showed the
formation metallic Ag with the dominant phase being at (111) crystal phase. Increase in
the concentration of AgNOg in the film, the growth orientation of AgNPs/NWs move

from <200> plane to <111> plane. The change is shown in XRD spectra in Figure 16.
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Figure 15. UV-Vis Analysis of Ag/Chitosan Solution with Varying Concentrations of
AgNOs
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Figure 16. XRD Analysis of Ag Films Formed by Ag/Chitosan Solutions with Varied
Concentrations of AgNOs
At the highest concentration of AgNQOg, it is observed from the SEM results that,

there is clear formation of cubic nanostructures. With UV-Vis analysis, and with the shift
in absorption peak wavelength to longer wavelengths and broadening of its peak, it can
be confirmed with the presence of large nanoparticles in the solution too. XRD of the
films confirms the change in crystal phase from Ag (200) to Ag (111) for the highest
concentration of AgNOs. So, with these analyses, it can be concluded that for all further

experiments, we use the 5:5 concentration made Ag film, i.e. sample ‘e’.

31



2.3.3 Distribution of Silver Nanoparticles in Chitosan Films

Since, the synthesized Ag/Chitosan solution is drop casted onto the PET substrate
and then peeled off from the substrate after drying process, even after all the above
presented characterizations of the film. It is still unclear that how well the nanoparticles
are distributed inside the film and there is scope for investigation on plasmon generation
capability of these silver nanoparticles which are imbedded inside the framework of
chitosan polymer.

To analyze both the above predictions, | have made use of Raman spectroscopy to
characterize the Ag film. Thickness and dimensions of the Ag film are depicted in below

SEM image in Figure 17. Where thickness of the film is around ~500nm.

Figure 17. SEM Image of Ag Film, Showing its Cross Section

The primary reason for performing Raman analysis on Ag film, is to investigate
the capability of the AgNPs which are imbedded inside the film and nanoparticles which
are distributed on the film does have surface plasmon property associated to them. To

verify this argument. Figure 18 displays pure chitosan polymer matrix film with basic
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Raman signals of peaks at 1300 cm™, 1500 cm™ and a main peak at 2800 cm™. In this
analysis, pure chitosan polymer matrix film at varying laser powers i.e. using different
filters (1%, 10%, 25%, 50%, 100%) for allowing laser to shine on the sample; the spectra
show ascending order increase in the intensities associated to the peak 2800 cm™ and less
significant enhancement on rest of peaks at 1300 cm, 1500 cm™. There is good
enhancement in the dominant peak signal with the increase of laser power, however it is
known that the strong light intensity of the laser power shining on the molecules will

possible spoil the system of detection.
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Figure 18. Raman Spectrum of Pure Chitosan at Different Laser Powers

To verify the distribution of the AgNPs in the polymer matrix and to evaluate the
surface plasmon property of imbedded nanoparticles, Raman analysis on Ag film with
different concentrations of AgNQOz is performed. Figure 19 gives the obtained Raman
spectrum of chitosan film imbedded with AgNPs at different concentrations. This

33



analysis of Raman spectrum is performed at lowest laser power of 1%. When compared
to the 1% laser power Raman spectrum of pure chitosan to the Ag films, there is a clear
difference in the intensity of the detection of the polymer. This is precisely due to the
presence of AgNPs in the matrix of the polymer and surface plasmon property shown by
the metal nanoparticles. This phenomenon is further supported by analysis of chitosan
peak intensity raise with the increase in the concentration of Ag in the films. For the
sample ‘e’, which is of highest concentration, Raman spectrum of the chitosan is obtained

equally better than its Raman peak, when measured at 100% laser power.
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Figure 19. Raman Peak Analysis of Chitosan Polymer with Different Concentrations of
AgNPs
With the above two analysis experiments, it is proved that, AgQNPs are widely
distributed inside the polymer matrix and even when imbedded in the polymer, AgNPs

can generate surface plasmons.
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2.4 Discussion

Few observations that support the role of NaCl and the concentration of silver
precursor play role in change of shape and size of synthesized AgNPs in the presented
novel green synthesis method of AgNPs are: 1. AgNPs which are formed when no NaCl
is added to the reaction solution are clearly of spherical shape with strong plasmon
absorption peak shown at ~420nm. 2. Addition of NaCl in the solution immediately
forms AgCl white precipitate, which is observed visually during experiments, this for
AgCl slowly releases Ag ions to form AgNPs. 3. With varying concentration of AgNOs3
in NaCl included chitosan solution, synthesis of AgNPs is not affected but, size and shape
of the nanoparticles obtained differed, which is proved from SEM images, UV-vis
analysis and XRD analysis. 4. Irrespective of the concentration of AgNPs imbedded
inside the film of Ag/Chitosan solution, distribution of the AgNPs in polymer matrix is
uniform and thick, which is verified by unique Raman experiments.

In the current work, AgNPs synthesis using novel green synthesis method is
presented, where chitosan polymer dissolved in water using trace amounts of acetic acid
acts as both reducing and stabilizing agent for the synthesis of AgNPs. Except for the
ultrasonication no other harsh external forces are imposed on the synthesis process.
Further, investigations on the change in concentration of the AgNO3 addition into the
chitosan solution by volume is shown to give varied size and shape of the AgNPs.
Synthesized solution of Ag/Chitosan is made into a thin film under room temperature

drying.
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This novel AgNPs imbedded polymer matrix platform is successfully presented to
be used as SERS generating platform by presenting the raise in intensity of pure chitosan
Raman peaks at the highest concentration of AgNPs imbedded in the surface of the film.
2.5 Conclusion

In summary of this work, presented a new way of AgNPs synthesis using only
chitosan polymer and silver precursor followed by ultrasonication of the solution to
obtain plasmonic color solution. This work further investigated the effect of AgNOs
concentration on the size and shape of the AgNPs, with observation of forming cubic
nanostructures at the highest concentration of AgNOs in the reaction system. Finally,
proved that AgNPs imbedded chitosan film can be used as SERS platform with good

detection capability.
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CHAPTER 111
SOLID - STATE SYNTHESIS OF SILVER NANOWIRES USING

BIOPOLYMER THIN FILMS

3.1 Introduction

Several green synthetic methods for generating silver nanoparticles (AgNPs) have
also been developed which use biomolecules such as proteins and polysaccharides to
stabilize and promote nucleation. Environmentally friendly “green” methods of
nanoparticle synthesis often take advantage of biological self-assembling system or
catalysis such as living organism or biopolymers. A polysaccharide AgNP synthetic
method uses starch as the capping agent and monomeric a-D-glucose as the reducing
agent in an aqueous solution. Extracts of various plants and microorganisms have also
been demonstrated to promote the formation of silver nanoparticles through the
participation of protein/peptides in the reduction, nucleation, and stabilization steps.
Recently a chitosan photochemical AgNP synthetic method has been described that
enables the formation AgNP of different morphology and crystallinity in a wavelength
dependent manner. Synthetic processes that generate highly anistropically shaped
particles are especially desirable in many applications due to the enhancement of specific
optical properties such as surface Plasmon resonance.

There are fewer methods for the synthesis of silver nanowires (AgNWSs)which is

predominantly performed using a polyol method and most AgNW synthesis
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processes are energetically and environmental costly. Recently, there has been an
increased interest in the identification and fabrication of novel nanocomposite materials
that consist of metallic or metal oxide nanoparticles with another nanoscale material. By
combining the properties of two nanomaterials there is often a synergetic effect that
extends, enhances, and/or increases the properties of one or more of the constituents of
the nanocomposite. However, fabrication methods of such multicomponent nanomaterials
often rely on a multistep process, relying on post-fabrication mixing or combining of the
individual nanoscale components, which often results in a product that is not ideal in
composition and/or non-scalable.

In this section, we describe a novel, single step process that promotes the self-
growth of AgNW within thin films of the polysaccharides chitosan. To our best
knowledge this is first time reporting this kind of AgNWs growth form bio-polymer. The
resulting material is a flexible conductive biopolymer nanocomposite that has potential in
several applications.

3.2 General Methods

The chitosan stabilized/synthesized AgNP solution was drop cast onto a flat clean
glass substrate which upon drying to produce a 1- 2 um purplish thin film which
contained cuboidal AgNPs. Chitosan thin films lacking AgNPs were clear and
topologically smooth. After several days of incubation at room temperature, SEM
analysis of the AgNP-containing chitosan thin films demonstrated the presence of long,
irregular silver nanowires (AgNWSs) that erupted from the surface of the chitosan thin
film. AgNWs were only observed on chitosan thin films that contained AgNPs that had
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been starved of oxygen either via smothering with a sputtered layer of gold or a layer
gold deposited by plasma vapor deposition, or incubation of the AgNP/Chitosan thin film
in a vacuum. Oxidation of the cuboidal AgNP within the chitosan film via methanol wash
resulted in a complete lack of AgNW formation further supporting this observation.
Analysis of SEM micrographs demonstrate that the AQNWSs emerge from within the
chitosan thin film. Unlike the silver nanowires generated by previously described
methods such as PVP mediated synthesis, which exhibit uniform 100nm symmetric
pentagonal rods, chitosan-grown AgNWs display an irregular twisting/wandering
morphology which display self-growth and bottom up mechanisms commonly seen for
semiconductor NWs growth using ultra high vacuum and complex systems. Most
processes that involve the formation of nanoparticle thin films or composite materials
require two steps: the synthesis of the particle, followed by a compositing step; the
AgNW/chitosan nanocomposite material generated by this single pot, a self-seeding
synthetic process is green, simpler, and far more cost-effective than previously described
nanocomposite synthetic methods. As discussed in previous chapter, at the highest
concentration of AgNOs inclusion in the reaction system, formation of cubic
nanoparticles are seen all over the film, eventually when films are stored for longer times,
growth of Ag nanowires from bottom-up mode is seen from the film. The schematic of

the observed growth of AQNWs is shown in Figure 20 below.
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Figure 20. Schematic of Growth of AgNWs from the Cubic Nanostructures

3.3 Synthesis of Solid-State Silver Nanowires
It is well known that chemical reduction is a common method for preparing
nanoparticles. For example, sodium borohydride solution is used for nucleation of Ag

nanoparticles as follows:

AgNO3 + NaBH4 — Ag + 122 Ho+ 12 BoHg + NaNOs

In the above reaction, it is the electrostatic force among the Ag nanoparticles, which keep
them suspended in the colloidal solution. As the reaction proceeds, more borohydride
layers are formed around them and particles grow in size. Some authors have used PVA
(Polyvinyl alcohol) and other polymers for stabilization of nanoparticles. In the present
investigation, Ag nanoparticles are reduced by chitosan and chitin biopolymer with its
amine group and also the self-assembling polymer acts as a stabilizing agent, which
provides the dual purpose for the formation of the Ag nanoparticles.

The colloids in liquid are charged particles. These particles acquire charge
through the composition of colloidal material. As soon as they are exposed to liquid, ions
of opposite charges accumulate around them. The accumulation of ions leads to
formation of electric double layer. The ions move under the phenomena of brownian

40



motion and form a dynamic double layer around them which is loosely bound. Stability
of colloids can be increased by increasing the stearic repulsion (hindrance), which occurs
by adsorption of some layers of different materials on colloidal particle. Adsorption of
organic molecules on inorganic colloidal particle e.g., Ag nanoparticle, is possible to
reduce the attractive forces by addition of adsorbed layers. Consequently, the effective
size of the particle changes, which helps them to stay at a larger distance due to reduction
of the attractive interaction.

In this process, the biosynthesis of the Ag nanoparticles is formed by self-
assembling of the chitosan/chitin biopolymer during the reduction process. Charge
transfer takes place from the amine groups present in the biopolymer, resulting in the
nucleation of Ag nanoparticles. Further, this is followed by condensation, surface
reduction and electrostatic stabilization by oxalic acid molecule layer.

Chitosan polymer have the amine and acetylamine functional group, where the acetamide
of chitin makes it less soluble in water and more de-acetylated form of chitin is chitosan
is soluble in water under mild acidic condition. The structure of the alpha chitin
orientation, which creates the socket for the Ag nanoparticles to get stabilized and also
grow AgNWs as show in Figure 21. On subsequent stages of reaction, the above
molecules structure of the polymer, get adsorbed to the Ag nanoparticle under influence
of coulomb force (electrostatic double layer) resulting in formation of layers of the

polymer side chain with the layer of reducing agent.
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Figure 21. Growth of AgNWs from Chitosan Polymer Base is Shown through SEM
Image
In the similar way of the formation of the AgNPs, the formation of the AgNWs

arises through the surface of the polymer and the individual AgNPs assembles as a
bottom-up processes to form the AgNWSs and the structure of the polymer plays a major
role in the AgNWs formation at the room temperature. The oriented attachment and
growth of the AgNPs can lead to the formation of AgNW. The structure of the a-chitin
orientation and the de-acetylated form chitosan can create the socket for the AgNPs to get
stabilized and AgNWs formation could occur based on the crystal orientation.
Morphology comparison of plane chitosan, AgNPs loaded chitosan and AgNWs grown

chitosan polymer surface is depicted in Figure 22 below.
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Figure 22. Optical and SEM Images Depicting the Surface of Plane Chitosan, AgNPs
Loaded Chitosan and AgNWs Grown Chitosan

3.4 Results

3.4.1 Growth Evaluation of AgNWs at Different Concentrations of AgNOs
using SEM

Analysis of AgNPs size and shape with the change in concentration of AgNO3 has
been presented in section 2.3.2. This section is the follow up research of the Ag/Chitosan
films with same concentrations as listed in Table 2 for the growth of AQNWSs on the
surface of the film. Prime goal of this work it to find the optimized concentration of
AgNOs in combination with chitosan solution gives good growth of AgNWs on the

surface of the film.

43



Ag/Chitosan solution obtained for different concentrations, without any filtration
or purification is made into films with the same procedure as discussed in chapter 2. The
films are directly subjected to SEM imaging to see the possible growth of AQNWs on the
surface of the polymer film. To get clear images of the surface of the film and to
scavenge oxygen to react on the film surface, a 5nm Au/Pd sputter coated onto the
polymer film. Figure 23 shows the SEM images of the Ag films, where it is seen that, at
the lower concentration of AgNOs in the reaction solution, Figure 23a shows small buds
of AgNWs trying to grow from the polymer surface. With increase in the concentration
of AgNOs, AgNWs growth initiation is increased and for the highest concentration
sample film, highest growth of AgNWs is seen, with good aspect ratio. It is interesting to
observe that, on high concentration Ag film, AgNWs popped out from the polymer

matrix similar as seen Figure 23d.

Figure 23. SEM Images of Growth of AgNWs from the Surface of the Chitosan Polymer
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Since, only at the concentration 5:5 by volume of the Ag and chitosan solution,
good growth of AgQNWs is observed as per the SEM analysis. For all further experiments
sample ‘e’ film is used. To understand the density of AQNWSs growth on the film, SEM
imaging of sample ‘e’ film is performed. Below in Figure 24, where high density of
nanowires growth is seen at different locations of the film and at different magnification

of SEM imaging.

Figure 24. SEM Images of Ag Film ‘e’ at Different Magnifications

To investigate the surface composition of polymer film and match the presence of
Ag on the surface with respect to the added concentration, EDS analysis is performed on
the surface of the polymer. Figure 25 shows the EDS data of the films with just AgNPs

compared to the films with cubic nanostructures and the short growth of AgNWs and to
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fully grown AgNWs. It is observed that, for the film with no possibility of wire growth

and is covered with just AgNPs, weight percentage of material composition is obtained as

50%. For the film covered with cubic nanostructures weight % of Ag is obtained just

18%, further when film is characterized at short growth of nanowires, it is obtained as

35% and, finally weight percentage of Ag for fully grown AgNWs is shown as 56%.
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Figure 25. EDS Data of Ag Film at Different Growth Times

3.4.2 PH Dependence of Chitosan Polymer Solution for AQNWs Growth

In my synthesis process of AgNPs and eventually growth of AgNWs, Chitosan

polymer plays key role in the reaction system. As discussed in general methods section of

chapter 2, chitosan polymer is dissolved in water with the addition of trace amounts of

acetic acid and by magnetic stirring of the solution till chitosan completely dissolves in

water. The obtained solution is further used in the synthesis of AgNPs and acts as a base,

when dried, for the growth of AgNWs.
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In this section, | have investigated the dependence of PH of this chitosan solution
on the formation of AgNPs and AgNWs. Series of experiments are performed after the
end solution of Ag/Chitosan is formed with change in PH to find the composition of the
end product.

PH measurements is done by traditional PH paper color change monitoring. As
synthesized chitosan solution PH is measured to be slightly acidic i.e. PH 5 and the
proposed investigation with the change in PH is attempted by adding 1ml of NaOH
solution to the reaction process to make the PH of the solution to 8 i.e. base and 1ml of
acetic acid is further added to the solution to make it more acidic i.e. to PH 1. The final
reaction solution turned more diluted with the addition of acetic acid and it turned to jelly
form when NaOH is added to the solution. It can be visually observed as presented in the

Figure 26.

Figure 26. Photographic Image Depicting the Formation of Ag/Chitosan Solutions

Characterization analysis on more acidic solution of Ag/Chitosan is performed,
where it behaves like the as synthesized PH5 solution of chitosan, except for the

observation in SEM of no formation of AgNWs on the film. So, all other characterization
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investigations presented here are of Ag/Chitosan PH 8 solution. The jelly form solution
obtained as seen in Figure27, prepared at different concentrations of AgNOs3 as shown in
Table 2 below are dried in similar process as mentioned in previous chapters and

subjected to UV- vis, XRD analysis and SEM analysis.

Table 2. Different Concentrations of Basic Ag/Chitosan Solution Varied by Volume

Notation Concentration
Chitosan: AgNOs

Ag sample ‘B¢’ Plane chitosan
Ag sample ‘B1’ 1:0.2
Ag sample ‘B2’ 1:04
Ag sample ‘B3’ 1:0.6
Ag sample ‘B4’ 1:0.8
Ag sample ‘BS’ 1:1

UV-Vis analysis is performed on the films, formed using jelly form of the basic
solution of Ag/Chitosan. Sharp absorption plasmonic peak is obtained for all the
concentrations with slight broadening of the peak, which is associated to increase in the

concentration of silver precursor. The UV-Vis plot is presented in Figure 27 below.
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Figure 27. UV-Vis Plot of the PH 8 Ag Solution at Different Concentrations of AgNO3

Interesting results are obtained in XRD analysis on the jelly films at different
concentrations as listed in Table 3. At the lowest concentration of AgNO3z added to the
reaction solution, in this case there are no dominant metallic Ag peaks corresponding to
Ag (111) is seen. But, with the increase in the concentration, till the highest
concentration, intensity of Ag (111) is seen to increase. The XRD plots of the discussed

films are given below in Figure 28.
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Figure 28. XRD Combined Plot of the PH 8 Solution Films

SEM imaging of the PH 8 based Ag/Chitosan films is performed and observed the
structure of Ag formed when the solution is turned into base is of rod shaped. This rod-
shaped Ag is observed only for the equal concentrations of Ag and chitosan solution, rest
all other concentrations are either distorted due to jelly shape of the material or not
suitable for imaging using SEM. SEM image of the film showing the rod structure of Ag

is shown in Figure 29 below.
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Figure 29. SEM Images of Ag Film at Highest Concentration Showing the Rod Structure

3.5 Discussion

Key observations and understandings presented in this chapter regarding the
growth of AgNWs in the solid state are: 1. AQNWs are successfully seen grown from the
polymer surface when incubated in the oxygen starving condition and in the presence of
highest concentration of AgNOs in the synthesis process. 2. EDS analysis proved that, Ag
weight percentage on the film is seen to increase in percentage with the growth of
AgNWs in length from the surface of the film. 3. Chitosan solution is key for the
reduction and stabilization of the Ag nanostructures formed in the synthesis process.
when the PH of this solution is changed to basic i.e. to PH 8, it is observed that instead of
forming plane film, jelly kind of film is formed and Ag nanorods are imbedded in the

film rather than AgNPs and growth of AgNWs.
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In the current work and in current chapter, growth of AgNWs from the films
which are imbedded with AgNPs is presented with strong support of SEM imaging at
each stage of growth process. It is confirmed that the equal volume concentrations of Ag
and chitosan gives high density growth of AgNWs. Material composition on the surface
of AgNWs film is measured using electro dispersion spectroscopy, which gave clear
indication of the AgNWSs growth is happening from the surface of the chitosan film.
Since, with growth in length of AgNWs on the surface, it is seen increase in the raise of
Ag weight percentage on the surface of the film. This clearly indicate the formation of the
AgNWs is due to the source of Ag coming from inside the film. Additionally, it is seen
that PH of the solution too have affect on shaping the AgNPs to form AgNWSs or not.
When, the solution PH is made basic by adding NaOH i.e. to PH 8, the chitosan polymer
inside the synthesized solution breaks down its structure and it forms into jelly like form.
When the jelly solution is made into films and characterized with UV-Vis, XRD and
SEM, it is observed that, there is no sign in the formation of AgNWs, which is seen to
form in the films which contain as synthesized chitosan solution. With this PH
experiment, it is understood that, chitosan solution structure plays major role in the
formation of AgNWs.

3.6 Conclusion

In summary of this work, Solid-state growth of AgNWs is presented for the first
time. Growth of AgNWs is shown when the Ag/Chitosan film is completely dried and
characterized for the presence of AgNPs covering the surface of the film. With extensive
SEM and EDS characterizations, it is proposed that, the presence of Ag source inside the
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polymer matrix, which is proven to exist in the previous chapter under Silver NPs
distribution section is responsible for the growth of AgNWs from the surface of the
chitosan polymer. With change in the structure of the chitosan polymer by changing the
PH of the solution, growth process of AgNWSs from the polymer is completely stopped

and formation of Ag nanorods is seen.
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CHAPTER IV
SOLID-STATE GROWTH OF AG NANOWIRES AND ANALYSIS OF SELF-

GROWING PROCESS

4.1 Introduction

Our current research report of growth mechanism of AgNWs at solid-state is
unique and different from above discussed established methods. We propose a simple
method for solid-state bottom-up growth of AQNWSs on chitosan bio-polymer film.
Most of the research reports regarding syntheses of silver NPs/NWs use PVP as reducing
and stabilizing agent in solution syntheses process. There are less reports, where chitosan
polymer is used for syntheses of AgNPs. Among those few reports, our published work is
the simplest method to syntheses AgNPs and eventually grow solid-state AgQNWs on the
chitosan film. Here in this article, we report the science behind this growth process and
employed conditions for the successful growth of AgNWs.

Growth mechanism for AgNWs in solution form relies on influencing factors like
a. Oxidative etching, b. Role of CI- ions, c. Thermodynamics factor i.e. temperature at
which syntheses reaction is performed and d. Kinetics of reaction system i.e. stirring
speed and time of stirring. For solution processing of AgNWSs, Oxidative etching is
proposed to be blocked by three ways (i) Purging Ar gas into the reaction solution. (ii)
Introducing oxygen scavenging ions like Felll/Fell, Cull/Cul[83]. (iii) Protecting

dissociation of AgNWs source, the multi twined Ag seeds by using capping agents like
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citrate, which avoids the adsorption of oxygen atoms on to the seeds. With the
introduction of CI" ions into the reaction solution, Ag* ions combine with CI" ions to form
AgCl, which further helpful in releasing Ag* ions slowly avoiding the faster dissociation
of multi twined Ag seeds, additionally in few reports it is reported that formed AgCl
converts to cubic structures which again forms as nucleation sites for growth of AgNWs
in solution. Typical temperature at which solution-based growth reactions are carried is
around ~200° C, where temperature acts as catalyst to form more multi twined seeds and
eventually AgNWs. Lastly, kinetics of reaction system is seen to affect the growth of
AgNWs in some research articles, where the sonication time of reaction [130] and stirring
speed reported to play key role in homogenous growth of AgNWs.

As current report is for growth of AgNWs at solid-state, above discussed growth
factors differ in their applicability and functionality for the current system. Modified
blocking of oxygen on to the system for AgNWSs growth is discussed. Role of CI" ions is
studied thoroughly in solid-state system. Thermodynamic factor for AQNWs growth after
film formation is reported. Other factors specific to solid state growth of AgQNWs is
reported. Such as volume ratio of AgNOs and chitosan, growth time of AgNWs and
Volume of Ag/Chitosan solution to make Ag film. All of the above conditions are
thoroughly discussed in this research.

Ag Nanostructures have many potential applications. One such field of our
interest in current study is to use AgQNWs platform for Antibacterial testing. There are
good number of research articles presenting anti-bacterial property of chitosan combined

AgNPs in solution form.
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But our experimental results are first to report the study of anti-bacterial property
using AgNWs grown on chitosan film.
4.2 Experimental

4.2.1 General Methods

Chitosan (MW: molecular weight: 150,000, 1.5% w/v), AgNO3(>99%), Acetic
acid (70% diluted solution) and NaCl are bought of ultra-pure grade from Sigma-Aldrich.
Morphology including the shape and size of nanoparticles was viewed under a scanning
electron microscope (SEM). Sample preparation and imaging for morphology study: The
samples were placed on SEM sample pug. After drying, a 4-nm-thick gold-palladium
(Au/Pd) layer was deposited on the samples using a Leica EM ACE200 with a real-time
thickness monitoring quartz crystal microbalance. The SEM images were obtained using
a Zeiss Auriga FIB/SEM. Scale bars were added using ImageJ software, followed by
energy-dispersive X-ray spectroscopy analysis (Hitachi S-4800-1 FESEM
w/Backscattered Detector & EDX) to verify the presence of AgNPs/AgNWs. Optical
properties of Ag film and solution is evaluated by ultraviolet-visible spectroscopy (UV-
Vis spectroscopy, Varian Cary 6000i), XRD(Aligent) is used for structural analysis of Ag
film.

Chitosan flakes (500mg) are dissolved in 10ml of water with the help of 1% wt
acetic acid (500uL) and diluted 1% wt acetic acid (1 ml) with trace amounts of NaCl in
the same. Trance amounts of NaCl is added to the solution. The solution is kept for
magnetic stirring for 24hrs till complete flakes of chitosan are dissolved to form a thick
solution of the same. AgNOs (50nM) is dissolved completely in 5ml of water. Once the
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chitosan solution is available, dissolved AgNOs is flushed into 5ml of chitosan solution in
glass vial in orders of 1ml at a time till 5ml. A white path is seen in the way of AgNO3
flush in chitosan solution indicating the start of reduction of AgNOa. Following which the
obtained solution is kept for ultrasonication for few hours till the color changes to
plasmonic colors. In this research case, the white color turns to immediate yellow and
then to pinkish brown. Once the color change to pinkish brown the ultrasonication is
stopped and stored the same for further characterizations.

In our previous work [131], the characterization results for the solution formed
are presented thoroughly. Here with varying volume concentrations of AgNOs i.e. 1 ml, 2
ml, 3 ml, 4 ml and 5 ml in constant 5 ml of chitosan polymer solution are subjected to
characterizations to deduce and understand the growth conditions of AgNWs on the
formed chitosan/Ag composite films. Further in the paper the above mixture ratios of
chitosan and AgNOs are noted as ‘sample a’ (5:1), ‘sample b’ (5:2), ‘sample ¢’ (5:3),
‘sample d’ (5:4) and ‘sample e’ (5:5) respectively for all the characterizations performed.

Chitosan/Ag composite films are formed by drop casting 300 pL of solution on
PET films and kept for drying the same at 50° C till the chitosan/Ag film peels itself off
from the PET. Main intension of using the PET base is to peel off the film to characterize
the same as standalone film.

4.2.2 Growth Factors Evaluation

4.2.2.1 Oxidative Etching
In literature of solution processing synthesis of AgNWs, role of oxidative etching

in hindering the AgNWs growth is explained in detail[132]. In brief, multiply twinned
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seeds (MTS) which are source for AQNWSs growth are thermodynamically stable and are
at higher in energy relative to single crystals. So, the oxygen atoms attack these MTS
structures and dissolve them to form single crystal seeds as shown in Figure 30. This
effect is not seen with single-crystal seeds as they are more resistant to oxidative etching

as they don’t have twin boundary defects on their surface.
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Figure 30. Schematic of Oxidative Etching Process in Solution Processing

So, considering saving the dissociation of MT seeds from the system, inhibiting
oxygen from the reaction system is important to form AgNWs. In solution process, three
ways that are proposed to inhibit oxygen are: a. Removing O2 from the reaction system
by bubbling inert gas through, b. Blocking oxygen adsorption to the seeds through the
selection of suitable capping agents (eg. Citrate), c. Diminishing the role of oxidative
etching by scavenging oxygen in the solution with a redox pair (eg. Fe I11/1 or Cu 1V/I
salts). Since the current study and growth process of AQNWs is in solid state, we propose
a new and fourth way of blocking oxygen from the as dried and peeled Ag film from the

PET. That is, Sputtering of Au/Pd film of 3nm thickness on the solid Ag film proved to
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block oxygen from the system and paves a way for AgNWSs growth. This growth process
of AgNWs with oxygen blocking is verified using FE-SEM
4.2.2.2 Role of CI" lons

The role of CI" ions in the AQNWs growth system is one other important factor in
the NW growth process analysis. Many research articles[25, 133] have reported this
factor in solution process of AgNWSs growth. Most used ClI- ions source in the reaction
system as an additive for the growth of AgNWs is NaCl, which can be easily dissociated
to ClI" ions. In typical polyol synthesis, PVP reacts with NaCl to form CI" ions as shown in
the article[25]. These free ClI" ions combines with free Ag* ions in the reaction solution to
form AgCl, which further releases Ag* ions in slow pace avoiding the fast dissociation of
formed multiply twinned seeds under oxygen influence thus helping in formation of
AgNWs.

4223 Time

Influence of oxidative etching on AgNWs growth and inclusion of CI" ions for
AgNWs growth are reported and discussed in many research articles previously. Baring
condition that all the growth is in solution processing. We, in previous two sections of
this article reported thoroughly on these conditions for the growth of solid state AgQNWs.
The third important condition influencing this solid-state growth of AgNWs is time of
AgNWs growth. This influencing factor is unique and importantly specific to solid state
growth. Since this factor is never observed or discussed before in solution processing of

AgNWs.
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There are research articles, where varying time factor of synthesis factor reported
the growth change in silver nanowires in solution processing[134]. But our discussion is
on self-growth of AgNWs, under no active reaction conditions imposed on the
Ag/Chitosan film.

4.2.2.4 Temperature

In solution synthesis of AgNWSs, one key factor considered for uniform growth of
AgNWs is the reaction temperature, i.e. the temperature at which polyol reaction to form
AgNWs is carried out. Typically, this temperature ranges from 100 to 150° C. This
influence factor is studied as thermodynamic effect in the solution reaction system.

Here in our AQNWSs growth system, since the synthesis of AgNPs is carried out at room
temperature. The thermodynamics factor is introduced at the stage of AgNPs/Chitosan
film drying process. Typical opted temperature for drying the films on PET is 50° C and
dried for extended time of 8hrs, this temperature is chosen to avoid distortion of PET
substrate when subjected to higher temperatures for longer times. The optimization of
drying time is verified based on the SEM characterizations and analysis of AQNWs
growth at different drying times.

4.2.2.5 Volume of Film Formation

This section discusses the last growth effecting factor. Which is the volume of
AgNPs/Chitosan solution needing to be used to form a film to observe good growth of
AgNWs. This factor is verified, reported and discussed in this section. After many trial
and errors in choosing right volume of solution for good AgNWs growth, we ended up in
concluding it to 400pL.
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4.3 Results

4.3.1 Ag Nanowires Growth Analysis by New Way of Blocking Oxidative
Etching Method

In this manuscript, we demonstrate a new method of reducing oxidation from the
polymer-based AgNW reaction system which we call smothering. In previous reports of
the chitosan film synthesis of AgNWs, the films of chitosan that contained silver
nanoparticles were sputtered coated by a thin Au/Pd film. The metal coated chitosan film
resulted in the AgNW growth, while those left uncovered did not. To determine whether
a nm thickness layer of Au/Pd was sufficient to prevent exposure to oxygen and to
determine whether the present of oxygen was inhibitory to solid state AQNW growth. We
performed the following experiment (Figure 31). A single thin film of chitosan
containing silver nanoparticles was prepared as described earlier and divided into four
pieces: quadrant ‘1’ was coated with 3 nm of Au/Pd, quadrant ‘2’ was coated with 8 nm
of Au/Pd; quadrant ‘3’ was treated with an oxygen plasma to promote oxidation, and
quadrant ‘4> was unprocessed. All the treated film quadrants are denoted as ‘1%’, 21" and
‘31> respectively as shown in Figure 31 below. The samples were then stored in dry air

and examined after one day and then a week after for the growth of Ag NW.
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Figure 31. Schematic of Experiment Performed on Single Ag/Chitosan Film
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Since our hypothesis is that oxygen will inhibit AQNW growth in the solid state, it
is expected that the thin films that are uncoated (‘4”) or plasma etched with an oxygen
etch (‘31") should have little or no AGNWs after a week of growth, while the thin films
coated with varying amounts of Au/Pd metal (‘11 & 2'*) will have AgNW. To verify this,

SEM was taken to characterize the films as presented in Figure 32.

Figure 32. SEM Images of Above Experimented Films of Four Sections of Film
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As expected, we observed the growth of AgNWs on the film with 3 nm coating of
Au/Pd and stored overnight at room temperature (Figure 32a, with pointed arrows
indicating growth initiation of AQNW). The one-day old AgNWs are small with an
average diameter of 90£10 nm and average length of 500+50 nm. For the films with 8 nm
coating of Au/Pd and stored the same way (Figure 32b), AgNW growth initiation was
also observed by small protrusions of AgNWSs from the film (Figure 32b, arrows). Note
the thickness of the 8 nm Au/Pd coating obscures much of the details of the wire.
However, there is no growth of AgNWs on the film treated with oxygen plasma (Figure
32c), in fact we observed the breakage of the cubic particles on the film surface. For the
untreated film in quadrant 4, we only observe the cubic particles within the chitosan film
surface (Figure 32d). This indicates that ambient oxygen can inhibit the AgNW growth
on the film (‘4’).

In the samples stored for one week, we observe a similar trend further increase in
the size AQNWs (Figure 32A). The Ag NW on the film with 3 nm coating of Au/Pd had
an average length of 3+1 um and average diameter of 150+10 nm. In the film with 8nm
coating of Au/Pd, Ag NW growing out of the film is clearly observed (Figure 32B). On
week old AgNWSs have an increased aspect ratio when compare to one day old AgNWs,
demonstrating that these wires grow laterally as well as longitudinally. This is distinct
form solution-based AgNW growth processes where the AgNWSs mainly grow
longitudinally. The chitosan films that exposed to the oxygen plasma, even after a week
time, show no trace of Ag NW growth (Figure 32C). This proves the hypothesis

regarding the effect of oxygen on the surface of the film in hindering the growth of
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AgNWs. Coming to the case of quadrant ‘4’ film, initially when it is exposed to oxygen
in the air for one day, no growth of AgNWs (Fig 32d) was observed. But the same
section 4 of film coated with Au/Pd for after a week SEM characterization, clear growth
of AgNWs is seen on the film (Fig 32D) though shorter than sample 1 and 2. This proves
that even slight amount of oxygen on the surface of the film will hinder the growth of

AgNWs.

Figure 33. SEM Images of Ag/Chitosan Film Coated with Self-Assembled Polymer
Beads

We extended this study further by examining the smothering of chitosan thin film
with a PVD deposition of a 5 nm Au layer Figure 34 and and a self-assembled monolayer
of 400 nm polystyrene beads shown in Figure 33 [135] Similar to the sputter coated
samples, , the initiation of AGNWSs from the corners of cubic Ag nanoparticles were
observed from the PVD Au coated chitosan thin films and later the AgNWs grown into
longer and thicker. For 400 nm beads covered films, AgNWs sprout out from the bottom
of the beads by pushing beads away (Figure 33 b). These experiments further prove that

blocking oxidative etching is necessary in solid state growth of AQNWs.
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Figure 34. Growth of AgNWs through the PVD Coated Au Thin Film of 5nm Thickness

4.3.2 NaCl Concentration Evaluation for AQNWs Growth Initiation

Description of synthesis process, and AgNWs growth studies as in previous
studies [136], NaCl was used as key additive during the synthesis process for the growth
initiation of AgNWs on the chitosan polymer film. Concentration of NaCl used in all our
previous studies was 100mM mixed in base chitosan solution along with the addition of
AgNOs precursor. Immediate formation of white precipitate with the addition of
precursor indicates the formation of AgCl in the solution. Under ultrasonication
conditions, the solution converts into plasmonic color, indicating the formation of
AgNPs.

In this research, we varied the concentration of NaCl added to the synthesis
process as shown in the Table 3. Sample names indicated in the table are continued

forward to be used in characterizations results reported below.
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Table 3. List of Concentrations of NaCl Varied in the Reaction Solution

Sample Concentration (mM)
No NaCl 0

Sample a 1

Sample b 5

Sample ¢ 10

Sample d 25

Sample e 50

Sample f 100

Varying concentration of NaCl in the synthesis process yielded different
plasmonic color products of AgNPs solution as shown in Figure 35. Figure 35 depicts
chitosan solution with the addition of AgNOs3 precursor and Chitosan/AgNPs solution of
varied colors after ultrasonication. AgCl precipitate formation is clearly seen with the
increase in the concentration of NaCl. To further understand the effect of varying
concentration of NaCl on AgNPs and AgNWs formation, UV-Vis analysis is separately
performed both on Ag solution depicted in Figure 35 and Ag Films are made from the

solutions respectively.
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Figure 35. Synthesis Process with Varying Addition of NaCl Concentrations

UV visible spectroscopy peaks of AgNPs solutions depicted in Figure 35 are
presented in Figure 36. Clear peak of metallic Ag at ~420nm is obtained for ‘no NaCl’
and ‘Sample a’ solutions. With increase in the concentration of NaCl in the synthesis
process, more number of AgCI NPs are formed in the solution along with AgNPs. This
effect is clearly seen by the change in the broadness of UV peak of the samples ‘b’, ‘c’

‘d’, ‘e’ and ‘f” along with blue shift of the peak.
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Figure 36. UV-Vis Spectrum of AgNPs Solution with Varying Concentration of NaCl

The AgNPs/Chitosan solutions indicated in table 1 are made into films and are
subjected to XRD characterization. XRD patterns indicate the formation of (111)
dominant phase Ag on the film with ‘no NaCl’ addition. With increase in the addition of
NaCl to the reaction process, AgCl Nano cubes are formed and eventually distributed all
over the chitosan film, acting as nucleation points for the growth of AgQNWs. This
formation of AgNWSs and presence of AgCl Nano cubes are shown up in the XRD
patterns shown in Figure 37. For all the sample films, AgNWs phase remain same at
(111) peak. But, additional peaks of AgCl are visible clearly as indicated in Figure 37.
This result proves the presence of AgClI nucleation sites in the film, which are key for
AgNWs growth. FTIR peaks of the Ag solutions of Figure 35 adds up to the support of

the UV-Vis and XRD characterizations in terms of indication of change in chemical
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properties of the solution with the addition of more and more NaCl into the reaction
process. Figure 38 shows the FTIR pattern of all the sample solutions compared with
plane chitosan FTIR peaks. With addition of NaCl and with formation of AgCl, two
additional peaks in the FTIR pattern is observed for samples from ‘a’ to ‘f* as indicated

by dotted lines in the Figure 38.
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Figure 37. XRD Pattern of Ag Film with no NaCl to 100mM NaCl
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Figure 38. FTIR Patterns of All the Samples Compared with Chitosan FTIR Peaks

The key goal of this research is to find the right concentration of NaCl required
for the initiation of AgNWSs growth on the chitosan film. In our previous research, we
took 100mM uniform concentration for all the research findings reported. Where, good
growth of AgNWs is observed all over the film. SEM images are presented for all the
samples indicated in Table 3 in Figure 39, which are taken immediately after the
formation of the film. In line with our previous research SEM results [137], Figure 39a
shows SEM image of Ag film with ‘no NaCl’, where the film looks plane with few
spherical AgNPs on the surface. For sample ‘a’, ImM of NaCl is added to the reaction
solution and Figure 39b shows SEM image of sample ‘a’ film, where clear formation of

AgCI Nano cubes in the solution and their distribution on the surface of the film is seen.
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There is no indication of initiation of AQNWs growth is observed for ImM concentration
of NaCl. Further NaCl concentration is increased to SmM for sample ‘b’ and respective
SEM image of the film is presented in Figure 39c. Small buds are visible on film of
sample ‘b’, indicating the possibility of growth of AgNWs. Figure 39d indicates the SEM
image of sample ‘c’, where large bud areas are observed all along the surface of the film.
Since the concentration of NaCl is raised to 10mM, Ag source i.e. AgCl availability is
more in this care, so larger buds are formed on the film. Still this is not considered as
growth initiating concentration. For sample ‘d’, having 25mM NaCl concentration, SEM
image is presented in Figure 39e. From the SEM image it can be observed that, at this
concentration, there is clear growth initiation point for AgNWSs with the previously seen
buds being broken open, making a way for AQNWs growth. With further increase in
NaCl concentration to 50mM i.e. sample ‘e’. Small growth of AgNWs on the surface of
the film is observed, as shown in SEM image of Figure 39f. But, the growth is not seen
all over the film. Figure 40g indicates the SEM image of the film with highest
concentration of NaCl i.e. 100mM. It is seen that, at this concentration, growth of

AgNWs is ideal. AQNWs are grown out good from the polymer surface.
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Figure 39. SEM Images of Ag Films with Different Concentrations of NaCl

As per our previous report [137], growth of AQNWSs on the surface of the film
depends on the time. So, we have taken SEM images of the above samples after a week
time. Results are provided in Figure 40. For all the samples except for the samples ‘d’, ‘e’
and ‘f* there is no change on the film is observed with respect to the growth of AgNWs.
But for the films ‘d’, ‘e’ and ‘f* increase in the growth of AgNWs is clearly seen both in
terms of aspect ratio and density of the wires on the surface of the film. This factor

depends on the availability of the Ag source in the film with respect to the storage time.
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Figure 40. SEM Image of Ag Film at the Highest Concentration of NaCl, Growth of
Wires is After a Week.
Additionally, chemical elemental analysis EDS is carried out on the sample films
shown in Figure 39. Which indicate the amount of CI present in the film with the change
in NaCl concentration. The result data is provided in Figure 41. Further on the aged film

corresponding to sample ‘f”, where good growth of AgNWs is seen.
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Figure 41. EDS Analysis of Ag Films with Varying Concentrations of NaCl

In second part of this section we investigated the role of cubic AgCl nanoparticles
serving as a nucleation points for the solid-state growth of AgNWs. In polyol synthesis of
AgNWs, cuboidal AgCl nanoparticles function as the supreme nucleation sites for
heterogeneous growth of AgNWs. In this system, AgNW growth depends on the
secondary addition of silver precursor AgNOz. In the chitosan thin film synthesis, AgCI
nanocubes also appear to form the base for the growth of AgNWSs with the growth of
AgNWs occurring directly from the corners of the cube structures (Figure 42). Average
diameter of the wire growing from these cubic structures is around 80 nm. SEM images
of Figure 42 are the first depiction of this kind of AgCI based AgNWs growth in the solid
state. The experiments of excluding addition of NaCl in the synthesis process showed no
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formation of AgCl Nano cubes on the surface of the chitosan film (Figure 12) and, as a

result, no growth of AgNWs on the same.

o/ ¢ °
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Figure 42. SEM Images of AgNWSs Growth from the Corners of the Cubic AgCl
Nanostructures

4.3.3 Silver Nanowires Diameter and Length Growth Kinetics w.r.t Time

There are research articles, where varying time factor of synthesis factor reported
the growth change in silver nanowires in solution processing [92]. But our discussion is
on self-growth of AgNWSs, under no active reaction conditions imposed on the
Ag/Chitosan film. Here we present our investigation of time dependence of AgNWs
growth by imaging single film using SEM by varying time periods i.e. from week 0 to

week 7.
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Where week 0 represents immediate imaging of the film, which is coated with
5nm Au/Pd thing film to avoid oxidative etching and the synthesized solution contains
NaCl.

Week by week SEM images of Ag/Chitosan film is shown in Figures 44, 45, 46,
47 and 48 corresponding to week0, week1, week?2, week4 and week?7 respectively. Figure
44 corresponding to weekO represents AgCI cubic particles all over the surface of the
film. Additionally, small protrusions at the corners of AgCI cubes are observed, which
corresponds to Ag metal as from the discussion in previous sections. Figure 45
corresponding to week1, shows initiation of growth of AgNWs from the surface of
chitosan film and from the corners of the AgCI cubes. Diameter of the wires range about
~70nm. Figure 46 of week2 shows further raise in density of AQNWSs on the film with
increase in aspect ratio of the wires, having diameter of ~130nm. Figure 47 of Week4
shows fast shift in both density and length of AgNWs on the film, leaving width of
AgNWs to not much change from previous week. Note that imaging of week3 is not
presented as there is no much change in width of Ag NW is observed. Finally, Fig 48
corresponds to SEM image of AgNWSs on the film which is aged beyond week4, say
week7. Where, after which the growth change in nanowires is not as noticeable as
previous weeks. Here, max dense and max aspect ratio of AGNWSs can be noticed on the
film, with width increasing to ~400nm and length to ~30um.

Below is the Figure 43, representing growth progress of solid state AgNWSs with

varying time duration in weeks, form week0 to week?7 as discussed above.
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Figure 43. Schematic Representation of Growth of AQNWs w.r.t Time

Figure 44. SEM Image of Ag/Chitosan Film at Week0.
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Figure 46. SEM Images of Ag/Chitosan Film at Week?2.
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Figure 48. SEM Images of Ag/Chitosan Film at Beyond Week4.

Below Table 4 summarizes the above results of change in aspect ratio of AgNWSs

with change in time.
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Table 4. Represents the Metrics of AgNWs Length and Width Change with Change in

Time
Week0 Week1l Week?2 Week4 Beyond
Week4
Cubic Ag NW of Ag NW of Ag NW of Ag NW of
structure diameter diameter diameter diameter
65nm=15nm | 135nmx15nm | 165nm+20nm | 400nm=50nm
Cubic Ag NW of Ag NW of Ag NW of Ag NW of
structure length length length length
500nm+50nm Apmz=lpm 9um=lum 28pum=2pum

To further depiction of AQNWs growth in width and length wise individually.

SEM images of individual AgNWs on the film, which show clear width and length

change along the growth of AQNWs are presented in Figure 49 & 50 respectively. Figure
49 represents the change in width of Ag NW along its growth process overtime. Figure
49 a shows SEM image of single vertically grown Ag NW of width ~120nm. Figure 49
b&c shows gradual increase of wire width from growth root towards tip, starting from
width of ~280nm to ~50nm for Figure 49 b and from ~135nm to ~50nm for Figure 49 c.
Figure 49 d show, fully grown single nanowire with uniform width ~200nm of all of its

grown length.
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Figure 49. SEM Image Depiction of Change in AgNWs Width w.r.t Time

Coming to the growth length monitoring of Ag NW over time, Figure 50 presents
SEM images of stage wise growth of AgNWs in its length. It can be clearly observed the
step by step raise in AQNW length w.r.t. the presented SEM images below ranging wire

length from Onm to 20um of length.
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Figure 50. SEM Images of Nanowires Grown on the Chitosan Film Varying in Length
w.r.t Time
The change in aspect ratio of the AgNWs with respect to time, if different
phenomenon observed in my growth study. Since, in polyol synthesis of AgNWs only
longitudinal growth of AgNWs is reported. Change in width of the nanowires along with
the length is new observation, seen in the growth mechanism analysis of soli-state growth
of AgNWs. Figure 51 shows the summarizing plot of the change in aspect ratio of the

AgNWs with respect to time.
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Figure 51. Summarizing Plot of Growth of AgNWs in Terms of Length and Width w.r.t
Time

4.3.4 Temperature of Drying for AgNPs/Chitosan Film

Here in our AQNWSs growth system, since the synthesis of AgNPs is carried out at
room temperature. The thermodynamics factor is introduced at the stage of
AgNPs/Chitosan film drying process. Typical opted temperature for drying the films on
PET is 50° C and dried for extended time of 8hrs, this temperature is chosen to avoid
distortion of PET substrate when subjected to higher temperatures for longer times. The
optimization of drying time is verified based on the SEM characterizations and analysis
of AgNWs growth at different drying times. Note that all other growth conditions
discussed above are kept constant to verify this growth analysis.

Figure 52 a & b show SEM images of Ag/Chitosan film which is subjected to dry

on PET substrate for 2 hours of time. Where it is observed that the film is not smooth and
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cubic AgCl are not completely formed at many place, followed by very minimal sign of
AgNWs growth on the surface. Figure 52 ¢ & d show SEM images of film which is
subjected to dry for 8 hours of time. Here the surface of film is smooth and perfect cubic
AgCI NPs are observed on the surface, followed by good growth of AgNWs as shown.
This specific experimental analysis of thermodynamics factor influence in growth of

AgNWs has been repeated multiple times to obtain similar result.

Figure 52. SEM Imaging of Ag/Chitosan Film Subjected to Longer and Optimum Drying
Temperature
4.3.5 Volume Analysis of Ag/Chitosan Film Formation
After many trial and errors in choosing right volume of solution for good AgNWSs
growth, we ended up in concluding it to 400uL. Explanation and support for choosing
this specific volume to make film for AQNW growth is presented by SEM images

presented in Figure 53.
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From the SEM images, 400uL volume film forms vein like structures as seen on
the film where high concentration of silver is accumulated. So, at the veins on the surface
of the film, good density of AgNWs growth is observed. The SEM images of other
volume concentration to make film show no sign of this mentioned veins on the film

surface and hence minimal growth of AgNWs on the film.
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Figure 53. SEM Images of Ag/Chitosan Film Made at Right VVolume of the Solution

4.3.6 SERS Applications of AgNWs/Chitosan Film

Surface enhanced Raman spectroscopy (SERS) is a powerful vibrational
spectroscopy technique that allows for highly sensitive structural detection of low
concentration analytes through the amplification of electromagnetic (EM) fields
generated by the excitation of localized surface plasmons. In simple terms, this method
enhances the existing Raman signal of the substrate material of interest with help of

nanostructured materials over the same substrate. This light concentration occurs
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preferentially in the gaps, crevices, or sharp features of plasmatic materials, which are
traditionally noble and coinage metals (e.g., silver, gold, and copper) with preferably
nanoscale features formed on the surfaces. Reproducible and robust structures that
strongly enhance the EM field are most desirable for SERS. Depending on the structure
of the supporting plasmonic material, EM enhancement for SERS is theoretically
calculated to reach factors of ~ 10'° — 102, The success of SERS is highly dependent on
the interaction between adsorbed molecules and the surface of plasmonic nanostructures,
often the classic SERS substrates of gold (Au), silver (Ag), or copper (Cu). In general,
Au and Ag are most often used as SERS substrates because they are air stable materials,
while Cu is more reactive. All three metals have surface plasmon resonance (SPR) that
cover most of the visible and near infrared wavelength range, where most Raman
measurements occur, also making them convenient to use avoiding the biological
emission range which usually hinders the accurate biomolecule detection signal
measurements. Novel materials such as graphene, semiconductors such as TiO2, and
quantum dots have recently been reported to work with metals for SERS, although they
do not fit traditional definitions of SERS substrates.

SERS performance of our self-grown and solid-state silver nanowires (AgNWs)
platform is evaluated by using commonly opted Rhodamine 6G (R6G) molecule as
Raman probe. Concentrations of R6G dissolved in deionized water, used for the detection
experiments, range from 10 M to 10" M. As shown in Figure 54, characteristic peaks of
R6G are spotted at 612 cm™, 769 cm™, 1359 cm™, and 1649 cm™ on AgNWs platform

even for the lowest concentration of 10”7 M. It is clearly observed that, with the increase
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in the concentration of R6G there is steep raise in the intensity of the mentioned peaks of
R6G on the platform. The argument of the platform being chitosan polymer on which
AgNWs are grown and its possible intervention with the detection process is supported
by Raman research data. Where there are no reported data where chitosan Raman peaks
are observed in the presence of any metal Nano structure. So, in our experiments too, we
didn’t find any polymer peaks intervening the Raman peaks of R6G. Sensitivity of the
detection surface is calculated by linear plotting of detection range for all the
concentrations, which is depicted in Figure 55. Graph for the sensitivity is plotted
between log of concentrations and intensity of detection Raman peak 769 cm™ intensity
with respect to different R6G concentrations. The detection sensitivity obtained for our
AgNWs platform is R? = 0.9980, which is in par with typical polyol-based AgNWs

platform used for sensing applications.
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Figure 54. R6G Detection Peaks from Range of Concentrations Obtained from the
Platform of AgNWs
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Figure 55. Sensitivity Plot of R6G Peak, 769 cm™ and its Linear Fit

Additional to detection and sensitivity, we have verified the reproducibility of the
AgNWs platform. Figure 56 shows the plots of intensity for R6G Raman peak 769 cm*
taken from 20 different points on the platform. These plots are taken for two
concentrations of R6G i.e. 10 and 10> M. Both the graph plots represent strong

reproducible capability of the platform even at different concentrations.
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Figure 56. Raman Intensity Plot of R6G 769 cm™ Peak at 103 M And at 10° M
Concentrations
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4.4 Discussion

In this section we present the key factors and conditions for the unique solid state
AgNW growth. Three key conditions/factors have been investigated thoroughly. (1)
Oxidative etching role on AQNW growth at solid state level is studied by over exposing
the Ag-based composite film with oxygen or by covering the film with thin metal coating
or with self-assembled polymer bead layer. This study is strongly supported by presented
SEM images of the AgNW growth in temporal. (2) The role of NaCl is investigated on a
par with the similar kind of investigations performed in solution process. Our results
suggest that mixture of NaCl and AgNOz converts to AgCl nanocubes in the reaction
process, which further form nucleation spots for the growth of AgNWs with a reduction
process assisted by chitosan. EDS experiments shows the consumption of AgCl slowly
with increase in the growth of AgNWs length with time. (3) Continual growth of AQNWSs
with respect to aging of the film is studied and presented with detailed analysis with the
help of SEM images. The ability of AgNWs to grow outward from the polymer film up to
a length of 28um, shows the continuous supply of Ag* ions from within the film, like
nutrient for a sprouted seed. This solid-state, bottom-up, AgCI nucleated and continual
growth process of AQNWs is schematically depicted in Figure 57. The AgNW growth
pathway resembles quite closely with the natural process of growth of sprouts and
science behind its growth process from a seed. This process is a continual growth

process, where the seed takes its “nutrient” source in the film and keep growing outward.
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Figure 57. Schematic Depiction of Growth of AgNWs from Formation of AgNPs, AgCl
Cubic Structures and Eventually to AQNWSs
4.5 Conclusion
In this paper we describe factors that control the growth of AgNWs in a chitosan

solid state medium. We show that like the solution-based AgNW synthetic processes that
oxidative etching has a significant inhibitory role. Growth of nanowires is considered as
new age nanotechnology research field. Where vertical bottom up growth of
semiconductor nanowires research is being highly investigated because of its potential
applications in the field of electronics. Solution processing of metal nanowires is well
investigated by many researchers, especially in case of silver nanowires (AgNWs).
However, vertical and bottom up growth of AgNW research is rare. This article presents
such growth of AgNWs with unique self-growth property and mechanism of growing
them at ambient conditions, unlike the use of complex and high vacuum-based equipment
used to grow mentioned semiconducting NWSs. The reported AgNW growth presents a
new way of blocking oxidative etching effect on the growth by coating thin film at the
Ag/Chitosan matrix film. The influence of CI" ions and AgCl NPs on the growth of

AgNWs is examined. The edges of AgCI nanocubes are the nucleation sites for the
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AgNWSs. The Ag* in the film is the “nutrient” source for the “sprouted” AgNW with
respect to the aging of the substrate film. With all the discussed conditions, this article
stays as a foundation for a new avenue to bottom-up synthesis of AgNWSs and a variety of

potential applications.
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CHAPTER V
PLASMONIC STUDY IN AU THIN FILMS/MOS2; HETEROSTRUCTURES FOR

SURFACE ENHANCED RAMAN SPECTROSCOPY APPLICATION

5.1 Introduction

Transition metal dichalcogenides (TMDs) are new age 2D materials drawing great
attention in research field from past few years. These materials are mostly semiconductor
and are atomically thin, with single layer thickness of 0.7nm [138]. MoS,, is the most
investigated TMD material due to its novel properties like having a tunable band gap
property with a direct bandgap of 1.8ev in monolayer form and an indirect bandgap of
1.2ev in its bulk form. Due to this gap tuning property, MoS: is mostly investigated in
research to apply in the fields of Electronics [104, 139], Photodetectors [140], SERS
based sensors [141] and many other fields of research [142, 143]. Optical absorption and
surface plasmon generation properties of MoS> has been widely investigated in terms of
Raman peak enhancements due to incident light scattering with change in number of
layers of MoS; [126]. Monolayer MoS; shows moderate SERS enhancement when
compared to other 2 D materials like graphene and WeS2[144]. Recently, there is
increase in research interest on improving the SERS property of semiconducting MoSa,
combining it with metal nanoparticles and nanostructures [115-117, 145], especially on
understanding the behavior of MoS; when combined with Au metal [146, 147]. Many

research findings claimed change in linear and non-linear properties, seen in monolayer
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MoS; and Au heterostructures [109, 110]. But, there is still room in investigation on
plasmons generated by Au thin film that are induced in few layers of MoS; both and their
effect in MoS; optical properties related to Raman peak intensity change and in
increasing SERS enhancement property associated with few layers of MoS..

In past three years optical analysis of MoS2/Au thin film heterostructures became
widely popular in understanding linear and non-linear optical behavior of MoS. Jia et al.
investigated theoretically the behavior of MoS2 on Au thin film under 20nm thickness
reporting drastic modification in the excitonic optical properties of MoS, monolayer
because of Au thin film[109]. Zeng et al. presented his research findings on Au thin film
influence on secondary harmonic peak intensity raise of few layers MoSz, which is due to
strong localized field induced by Au thin film[110]. Photoluminescence (PL) is one of the
important optical property of MoS; that is being constantly investigated for its intensity
and quantum yield associated with direct bandgap monolayer MoS,. Le Yu et al. claims
that gap plasmons induced by their Au thin film and nanoparticle structure improved PL
of monolayer MoS; by 4 times[111]. Haifeng Xu in his research report proved that with
the inclusion of gold mirror layer between the dielectric layer and the substrate enhances
overall PL intensity by 4 times of monolayer MoS; because of enhanced optical
absorption[112]. Buscema et al. reports in detail the role and effect of the substrate on the
PL and Raman signal of mono layer MoS>. On all the studied substrates including Au
thin film, single-layer MoS; shows a factor of ~4 enhancement of PL efficiency, relative
to commonly used SiO> substrate. The observed phenomenon is reported due to radiative

decay rates of neutral and charged excitons, which is different from previous claims[113].
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Robison et al. with the help of Raman spectroscopy and scanning Kelvin probe
microscopy (SKPM) investigated the effect of Au substrate on optical and electrostatic
properties of monolayer MoS[114]. The increase in the Raman peak enhancement of
monolayer MoSz, when on Au thin film is claimed to be associated to SERS like
enhancement shown by the nanoscale-textured metallic surfaces. Different shapes of Au
nanostructures influence monolayer MoS: for enhance in optical absorption due to
surface plasmons, shows ultrafast plasmonic hot electron transfer from Au nanostructures
to MoS; and exhibits plasmonic pumping of excitonic photoluminescence. Other metal
surfaces and nanostructures reported to induce plasmons into MoS; for change in its
optical properties are Aluminum and Silver.

Raman peak intensities change is mostly influenced by number of layers of MoS;
with raise in intensity is directly propositional to raise in number layers. This
phenomenon is same for all preparation methods of MoS; and irrespective of substrate on
which MoS; is deposited. The primary reason presented for this observation is the optical
scattering taking place in the number of layers of the material, which is observed in the
case of graphene too. Monolayer MoS> deposited on Au thin film and on insulating films
like PVP, it observed to have higher Raman peak intensities compared to its deposition
on semiconducting substrate like silicon. This phenomenon is supported by argument of
electron transfer property taking place between Au and MoS; along with capability of
band alignment induced by underneath Au film onto MoS..

Recent reports from 2014 shows employing MoS; in SERS enhancement

applications [148], where it falls under same theory of enhancement generation as
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graphene, where Raman enhancement results from chemical contact between a target
molecule and the enhancing medium removing unwanted fluorescence (FL) is known as
chemically enhanced Raman Scattering (CERS)[149]. 2D material Graphene supports the
CERS process, which is named as GERS in case of Graphene. MoS; also show CERS
with mediated by localized surface plasmon resonance (LSPR) which occurs in visible
range rather than terahertz level like graphene. As a Raman enhancement substrate, MoS>
has many advantages such as favorable biocompatibility, chemical stability, Flexural
strength[127] etc. There are three most used ways to obtain few layers to monolayer
MoS;, that are primitive Mechanical exfoliation, Liquid Exfoliation and Chemical Vapor
Deposition (CVD) in which | have opted for Mechanical exfoliation, since this method
produces pristine level MoS: layers, it is simple process and is extremely comfortable
method to opt for laboratory research and prototype design.

In this study we present a comprehensive report on influence of Au thin film on
Raman peaks intensity raise in few layers MoS; deposited using mechanical exfoliation
method on Au thin film. The plasmonic effect of Au film on the MoS:; is validated by
changing the thickness of Au film from 25nm to 200nm, where 150nm shows highest
enhancement for respective Raman peaks. FDTD simulation results of plane Au films
give similar results of highest plasmon field generation for 150nm Au surface.
Importantly, it is verified that 150nm Au thin film gives highest SERS enhancement for
the detection of R6G at 10°°M concentration on few layers of MoS; along with mono

layer when compared to other thicknesses of Au films.

95



This report shines light on applications involved with few layers MoS; when
associated with Au thin film, as few layers deposition is much simpler than monolayer
MoSo.

5.2 Materials and Methods

Sample preparation of MoS; is done as follows. Few layers to mono layer MoS;
are obtained by micro mechanical exfoliation of bulk MoS; (SPI supplies, 429ML-AB)
using original matte finish invisible scotch tape (3M 810). Moreover, fabrication of
heterostructures is done both on insulating and conducting substrates i.e. plane glass and
Au thin film coated glass substrates. Single-, double-, and few-layer MoS; flakes were
transferred on to the substrates using indirect method of transfer i.e. MoS; flakes are
directly peeled from bulk using scotch tape and transferred onto a thermal tape. The
thermal tape is made to stick on to the desired substrates and oven heated the same to
90°C to make thermal tape self-release from the substrate. Au thin films of different
thickness are fabricated using PVD with a 4nm Ti coating, which helps for the good
adhesion of gold on to the base glass substrate. Prior to use, substrates were cleaned in
piranha solution (3:1 concentrated H.SO4 to 30% H20-) and dried using mild temperature
and with N2 air gun.

Optical characterizations are performed by Axio Imager Z2M upright
Microscope, obtained images at 100X magnification. The source of the imaging is a
white light and uniform brightness and contrast setting are maintained all thorough the
experiments. To get the contrast profiles/grayscale values of the obtained optical images

of MoS; flakes on different substrates, free software ImageJ.
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Layer thinning of the obtained mechanical exfoliated MoS; flakes is performed by
basic plasma cleaning procedure. MoS; transferred substrates are placed under vacuum of
200torr in South Bay Plasma Cleaner (O2/Ar) and exposed to Ar plasma for 2 mins. The
sample to plasma source distance is ~15cm. Plasma power of 90watts is maintained
standard for all the samples.

Raman peaks measurements of MoS; are performed using a Horiba Jobin-Yvon
Xplora confocal Raman equipment. A 532nm wavelength laser (2.33 eV excitation
energy) was focused onto the sample through 50X objective lens. Focused laser point is
of diameter 2um with laser power used as 10% of total laser power, to avoid any noise
signals due to thermal energy generated by using high power lasers. Raman system is
auto calibrated using standard Si crystal, whose peak is obtained at 520 cm™. Standard
Raman peaks of MoS; flakes Ez4' and Aiq are collected by specifically focusing laser
point on desired flake, which is selected using confocal image. The Raman spectra were
processed afterwards using Origin software (version 9).

Au thin film coatings of different thickness are obtained using PVD 75
Evaporation System, which is operated in clean room environment and at 10 torr
pressure. Before the deposition of the gold films of varying thickness, a 4nm of titanium
is deposited on the glass substrate to make gold film strongly adhere to the glass. For the
thicknesses of the Au thin films employed in the experiments, similar conditions are
maintained.

Plamonic study on the Au thin films is performed theoretically using Fourier

transform time domain (FDTD) analysis software, obtained under individual license.
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5.3 Mechanical Exfoliation of MoSz on to Different Substrates

5.3.1 Mechanical Exfoliation on Glass Substrate

Mechanical exfoliation is the first-generation method for obtaining few layers to
monolayer of 2 D materials, which uses a scotch tape to peel of the layers from bulk
material of the same. Here | have employed a modified mechanical exfoliation method
for obtaining good ratio of few to monolayers and for effective transfer of the peeled
MoS; from scotch tape to any desired substrate with strong adhesion of the same
irrespective of the substrate. Additional to this process Argon plasma thinning of
obtained few layers to convert the sample to mono layers is performed. The complete

process is depicted step by step and effect of plasma thinning process are shown as

below.

Fifth peel of MoS2

Fifth peel of MoS2 Thermal tape Thermal tape peeling

Transferring MoS2 on thermal Thermal tape sticking on to Heating at 90° C Self peeling of Thermal tape
tape glass slide

Figure 58. Mechanical Exfoliation of MoS; on Glass Substrate Using Scotch Tape and
Thermal Tape
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As such Mechanical After Plasma thinning
exfoliated MoS2

Figure 59. Plasma Thinning of MoS: Flakes Deposited on Glass Substrate

5.3.2 Mechanical Exfoliation on Au Substrate

Single layer of MoS: consists of single chain of Mo atoms sandwiched between
two chains of So atoms, which combined have a thickness of 0.7nm. Many layers of
MoS: consists of multiple single layers attached with each other due to the weak
vandrawal forces between the layers. Mechanical exfoliation of MoS; exploits this
property of multi-layer MoS; and with minimal force applied using a scotch tape, was
able to peel of single layers from bulk and eventually transferred on to various substrates.
But, the mechanical exfoliation reportedly has low throughput of obtaining few to mono
layers MoS2, when deposited on to the substrates like glass. Recent research findings of
depositing MoS; on to Au thin films to form heterostructures has reported to obtain large
are deposition of mono layers deposition on to the gold surface [93, 150]. This
phenomenon is reported due to the strong electro affinity of sulfur to gold surface. The
bottom layer of MoS: being a chain of sulfur atoms, which would be in direct contact

with the surface when subjected to mechanical exfoliation process, binds strongly to the
99



gold surface and when peeled, top layers are removed, leaving single layer of MoS; on
the surface of the gold film. In my experiments, | have used gold films of different
thicknesses i.e. 25nm, 50nm, 100nm, 150nm and 200nm as substrates to deposit few
layers of MoS.. Similar, scotch tape peeling followed by thermal tape transfer method
reported in previous section is employed for the deposition of few to mono layers of
MoS; of gold thin films. Further layer thinning of the deposited MoS: flakes is performed
using Ar plasma cleaner, below figures shows the optical images of the peeled MoS;

flakes on Au thin film and plasma thinning of the same.

Figure 60. Optical Images of Deposition of MoS, on Au Thin Film
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Figure 61. Plasma Thinning of MoSz on Au Thin Films

5.4 Results

5.4.1 Optical Analysis of MoS2 Deposited on Different Substrates

Deposition of few layers to monolayer MoS: on the glass and Au thin film
substrates need further characterizations to confirm the number of layers that had been
deposited on the substrates. The count in the number of layers of MoS; are verified by
various techniques like Optical observation of the change in color of the MoS> depending
on the substrate used [110]. Raman analysis of the prominent Raman peaks associated
with MoS; i.e. Exq! and Asg, where based on the difference between the wavenumber of
the two peaks is matched to the number of layers associated with MoSa.
Photoluminescence (PL) analysis of bandgap associated with the change in number of
layers of MoS2, where for bulk, bandgap is around ~1.2eV, ~1.8eV for monolayer MoS;
and for few layers of MoS; between 2 and 5, bandgap lies between ~1.2eV and ~1.8eV.
Finally, AFM is used for direct imaging of the MoS: layers and it gives the thickness

value of the flakes with respect to substrate.
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Here in this section, | present a comprehensive study on the count of the number
of layers based on the optical image color difference and based on the analytical analysis
on contrast/grey values measurement of different number of MoS; layers deposited on the
glass and Au thin film using imageJ software.

5.4.1.1 ImageJ Analysis of MoSz on Glass Substrate

Mechanical exfoliated MoS: flakes transferred on to the glass substrates are
subjected to optical microscopy imaging as shown in Figure 59. This optical image is
taken as the input file for ImageJ software to process the brightness values of desired
flakes on the image. To evaluate the thickness of the desired flake and to confirm the
layer thinning process, the contrast profile difference of the MoS; flake to the substrate is
calculated. Brightness profile values are obtained from the original color image and
grayscale images corresponding to R G B channels. Contrast difference values are plotted
on the standard plot to present the change in number of layers of MoS; at different

regions of the image depicted as shown in below Figure 62

2345

Gray Value

0 2
Distance(inches)

Figure 62. Optical Image of Mechanical Exfoliated MoS> Flakes Deposited onto the
Glass, Inset Shows the Contrast Profile Plot
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Contrast profile values of all the listed regions are plotted in the inset image of
Figure 62. Substrate contrast is represented by Cs and MoS; flake contrast is denoted by
C for calculating the contrast difference between the two, to know the thickness
difference between the flakes in the image. The contrast difference Cq is given by
difference between C and C.. It is clearly seen from the Figure 62, with change in
thickness of the flakes as seen visibly, the peaks of the contrast profile too raise to the
highest value for the brighter flake and then drops down to lowest when plotted at the
substrate level point. As discussed in the previous section, with Ar plasma exposure,
thinning of MoS; flakes are reported. This report is verified using ImageJ contrast profile

plotting of the thinning MoS: optical image. The results are shown in below Figure 63.
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Figure 63. Optical Image of Plasma Thinning of MoS; Flakes, Inset Plot Shows the
Contrast Profile
It is seen from the Figure 63 that, MoS; flakes have low contrast value plot when
compared to that of the plot in Figure 62. This is due to the reported effect of the Ar
plasma for further thinning of the few layer MoS; flakes. Gray values corresponding to

the contrast profile plots shown in Figure 62 and 63 are summarized in below Table 5
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Table 5. List of Gray Values Associated with MoS; Flakes for Before and After Plasma

Region Before plasma After plasma
1 90 (Cs) 90 (Cs)
2 130 (C) 105 (C)
3 130 (C) 105 (C)
4 130 (C) 105 (C)
5 130 (C) 105 (C)
6 160 (C) 130 (C)
7 200 (C) 160 (C)
8 90 (Cs) 90 (Cs)

Based on the above listed gray values at specific regions of MoS: flakes, it can be
concluded that, this approach of validating the thickness of MoS; flakes using contrast
values obtained from optical image is reliable and quick way. The contrast difference
(Cd) between the substrate brightness and MoS: flakes at different thickness is plotted
below in Figure 64. The difference in the Cd values for without and with plasma treated

MoS:; flakes, stays as potential proof of layer thinning.
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Figure 64. Contrast Plot of MoS; Flakes Without and With Plasma Exposure on the Left
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5.4.1.2 ImageJ Analysis of MoS2 on Au Thin Film Substrate

Similar optical image analysis as presented in previous section is followed for the
optical image of the MoS; flakes deposited on the Au thin film as shown in Figure 60.

The only difference between previous analysis with glass substrate and present with Au

thin film substrate is, the optical contrast values of the Au thin film are high when

compared to the thin MoS; layers and when compared to the glass substrate. The optical

image with specific marked regions and the contrast profile plots of the selected regions

of interest are presented in below Figure 65.
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Figure 65. Optical Image of MoS; Flakes Deposited on Au Thin Film with Marked ROIs.
Inset Figure Shows the Contrast Profile Plots of RIOs.

From the inset plot of Figure 65, it is seen that optical contrast of Au thin film
substrate is of higher value when compared to thinner layers of MoS» as marked at
regions 2’°, ‘4’ and °6’, also for the thicker flakes like at the region ‘3’ the contrast value
raises above the value of Au thin film itself. This clear differentiation in the optical
contrast values when compared to the substrate values, adds to the advantages of
employing Au thin film as a substrate to transfer few to mono layers of MoS,. Comparing
the optical images in Figure 59 and 60, optical color change of MoS; flakes with change
in thickness is much differentiable in case of deposited films on Au thin film. The prime
reason for this can be related to the highly reflective nature of the metal films when
shined with light. The reflective light from the Au thin film scatters inside the few layers
of MoS; and subjects to the change in absorption color of the flakes.

Additionally, optical contrast difference values of the MoS; flakes with respect to
the gold substrate are calculated and plotted as shown in Figure 66. It is observed that,
with the decrease in the thickness of the MoS: layers, there is drop in the value of Cd to
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negative values, which is seen at regions ‘2°, ‘4’ and ‘6’ of the image. This negative

optical contrast values are direct analytical proofs for layer thickness of the MoS; layers.
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Figure 66. Plot of MoS; Optical Contrast and Contrast Difference Values

The regions shaded black in the plot, shows the real values of the contrast of the
MoS:; flakes on Au thin film. The regions shaded red in the plot, shows the contrast
difference values of the MoS: flakes at the different regions, where the thin flakes give
negative value, when compared to the contrast of base Au thin film.

5.4.2 Raman Analysis of Different Number of Layers on MoS2 on Two
Substrate Types

Thickness of MoS: flakes deposited on the substrate depends on the number of

layers associated with the flake, with single layer of MoS; thickness is being around
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0.7nm thick. Among all listed characterization tools available for the measurement of the
thickness of the MoS,, Raman spectroscopy is known for its non-destructive, non-
invasive and quick way to provide the result. Two prominent Raman modes associated
with MoS; are Exq! vibrational mode generated from in plane vibration of two S atoms
and one M atom of MoS; and Ayg vibrational mode generate from out of plane vibration
of two S atoms in opposite direction. Change in these Raman modes w.r.t to frequency
difference between the two modes, line width of the two modes, FWHM change of the
two modes and intensity of the two modes results in different properties change in the
material like change in thickness of the material, doping of the material, stress induced in
the material and effects of the substrates.

In this section, we have concentrated on few factors affecting the Raman modes
associated with the MoS; flakes, which are, sample thickness-based Raman mode
frequency difference, intensity rise of the Raman peaks with change in thickness and
effect on the intensity of the Raman modes with change in substrate on which the MoS; is
deposited. Typically, Raman frequency modes Eq' and Aiq of MoS; occur at 386 cm'™
and 404 cm* respectively. The difference in frequency of these two peaks determines the
count of layers [108] like, if the difference is of ~19 cm™ it corresponds to monolayer and
further increase in this difference like 20 cm™, 21 cm™, 22 cm™, 23 cm™ and 24 cm!
corresponds to 2, 3, 4 layers respectively. If the difference of wavenumber is more than

25 the characterized MoS; is noted as bulk.
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5.4.2.1 Raman Analysis of MoS2 on Glass

Raman analysis of the MoS; flakes deposited on the glass substrate is performed
for obtaining Raman mode frequencies related to different number of MoS: layers. Figure
67 shows Raman peaks of MoS: flakes of varying thickness ranging from mono layer to
four layers. It is seen from the plots that, the frequency difference between Ezq' and Aig
widens with the change in layer number along with the rise in intensity of the peaks. This
phenomenon is in line with the literature argument of red shifting of E4' peak and blue
shift of A1g peak with rise in number of layers of MoS,. We have successfully obtained
mono layer to few layers MoS; deposited on to the glass substrate with our proposed way
of mechanical exfoliation method. Figure 68 shows associated optical images depicting
the MoS; flakes associated with the Raman peaks plotted, Images are obtained from

Raman confocal microscopy.
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Figure 67. Raman Plots Displaying the Change in Frequency Difference and Intensity
Rise
Change in the frequency of the both Raman peaks w.r.t change in layer number of

MoSy, as depicted in Figure 67 is plotted as shown in Figure 68. It is seen from the plot
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that, E»q' peak moves to lower frequency and Aiq peak moves to higher frequency, with
increase in number of layers. Change in frequency is more evident in terms of A peak
rather than with Epq peaks, since the lattice vibrations addition to the addition of multiple
layers effects Aiq peak more than Ez¢* peak [107]. So, it is seen from the graph, that there
is steady increase in the frequency for the Aiq peak, where with the Exq peak, from layer

2 to 4 there is no much change in the frequency is observed.
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Figure 68. Raman Analysis Plot of Ex¢* and Aig Peaks w.r.t to Layer Change of MoS;

Raman analysis of MoS; flakes deposited on the glass substrate and subjected to
layer thinning process as shown in Figure 60 is presented in below Figure 69. It is seen
that, based on the frequency difference of the Ezq' and Aiq peaks, Ar plasma exposure has

successfully reduced the layer number of the deposited MoS: flakes. Before the plasma
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exposure, the difference between the peaks is 23 cm™ and after the plasma exposure it is
reduced to 18 cm, i.e. from 3 layers of as deposited MoS; flakes, Ar plasma exposure

reduced it to mono layers MoS; flake.

Figure 69. MoS; Flakes Deposited on Glass Substrate and Respective Raman Analysis

5.4.2.2 Raman Analysis of MoS2 on Au Thin Film

Similar Raman analysis are carried out on the MoS; flakes that are deposited on
the Au thin film. Here in this section, Au thin film of 200nm is employed as the substrate.
Number of research articles based on the substrate effects on Raman peaks of MoS; are
published, including Au thin film surface too. Proposed reasons for change in Raman
peaks of MoS> due to the Au thin film are, band-gap alignment of MoS: and gold film,
Electron and exciton transfer between conductive Au film and MoS: flakes, Second
harmonic peak generation for MoS: deposited on the Au, and Surface plasmon effect of
metal thin film on the MoS: flakes. All these reported studies are more concentrated on
the mono-layer MoS; and on evaluation of its properties with the integration of Au thin

film.
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Here-in, we have investigated the Raman peak intensity change with change in
number of layers, when MoS: is deposited on the gold film. As per the research findings
and from our previous section, Raman peak intensity rises with increase in the number of
layers till ~4 layers. This phenomenon is reported to be observed for any substrate [124].
But, in our research, when compared with the peak intensities of 4 layers MoS; on glass
substrate, 4 layers of MoS; on gold substrate have seen to increase its intensity multifold.
Figure 70 presents the combined plot of Raman peaks associated with different number

of layers.
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Figure 70. Raman Analysis of MoS; Flakes of Different Thickness Deposited on the Gold

Four layers of MoS> deposited on Au thin film is seen to have high rise in the
intensity when compared to the intensities obtained for lower and higher thickness flakes
of MoS.. Additionally, Raman frequency of the Ex¢* is seen to blue shift as observed in
the case of MoS: on glass, but the peak Aiq associated with the out of plane vibrations of
sulfur atoms tends to blue shift too. This is contradicting result compared to the MoS;
behavior on glass substrate. This can be attributed to the effect of the Au substrate and
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the binding effect of the gold surface with the MoS: flakes [107]. Individual plot of the

change in frequencies of MoS, Raman peaks with change in number of layers is shown in

below plot.
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Figure 71. Raman Frequency Plot of Exg' and Aig Peaks w.r.t Number of Layers

The plot depicts, A1q frequencies blue shifting and following the pattern of Exq!
peak frequencies plot. The unusual rise in the intensity of both the Raman peaks of MoS>
when deposited on the gold film questions the role of gold film. Here, we propose the
surface plasmon property of gold film is the reason for the rise in the intensity of MoS»
Raman peaks. It is known that, this intensity dependence on the number layers of MoS>
on glass substrate is attributed to the optical scattering inside multi layers leading to high

optical absorption and reflectivity of the laser light shined on the substrate. But, in the
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case of MoS/Au thin film heterostructure, along with optical scattering phenomenon,
underneath Au film contributes to the generation of surface plasmons, which enhances
the Raman peak intensities. To prove this proposal, we have used different thickness Au
thin films, ranging from 25nm, 50nm, 100nm, 150nm and 200nm as substrates to deposit
MoS: flakes. Detailed discussion on the experimental procedures and results in related to
the plasmonic effect of the gold film thickness is discussed in next section.

5.4.3 Surface Plasmon Analysis of MoS2/Au Heterostructures

Surface plasmon analysis of Au thin film is verified by employing different
thickness of thin films for the deposition of MoS; flakes as discussed in previous section.
Here, in this section we present the results of role of plasmons generated by Au film
substrates using two different experimental analysis. One being, Raman characterization
for peak intensity of Ez¢' and A1y modes of MoS; on different thickness Au thin films.
Second one, being, FDTD simulation analysis of plane Au film deposited on the glass
substrate with varying thickness for evaluating plasmon generation on the surface of the
film.

MoS: flakes of few layers to mono layer are deposited on all selected thickness
substrates of Au thin film, by the same procedure as mentioned in the previous sections.
From each substrate, four layers thickness MoS: flake is selected for plasmon analysis.
This selection of MoS; flake is done by optical color analysis, contrast analysis and
Raman frequency difference analysis as discussed in previous sections. Figure 72 shows
combined plot of Raman intensities obtained from four layers of MoS; flakes from

different Au thickness thin film substrates.
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Figure 72. Raman Intensity Analysis of MoS> Peaks Associated with Four Layers
Deposited on Different Thickness of Au Films

It is seen from the above figure that, there is steady rise in the intensity of four-
layer MoS: flakes with the rise in the thickness of Au thin film. The rise intensity is
stopped after 150nm, i.e. for 200nm the peak intensity is dropped to very low intensity
count. With this result, we can confidently argue that, underneath Au thin film is playing
significant role in rising the intensity of 4-layer MoS». Thickness dependence of Au thin
film to generate plasmons, strong enough to influence the MoS, Raman peaks is
presented. Where, 150nm thick Au film gives highest plasmon generation and in turn rise
in the intensity of Raman peaks of MoS,. The change in intensity values of Ez¢' and Aqg

peaks with change in Au film thickness are plotted in below Figure 73.
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Figure 73. Raman Peak Intensity Analysis w.r.t to Thickness of Au Thin Film

From Figure 72, it is also observed that, there is blue and red shifts of Ez¢* and
Aqg peaks depending on the thickness of the Au film. The related value plot is shown

below in Figure 74.
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Figure 74. Raman Frequency Analysis Plot of Ex¢* and Axg Peaks with Respect to the
Change in Au Film Thickness

It is interesting to observe that, the frequency plots of two Raman peaks follow
same pattern in blue and red shifting when MoS; is deposited on the Au substrates. It is
seen that irrespective of Au thickness, binding of MoS; to Au is playing role in altering
the peak positions of the MoS;.

In second part of validating the plasmon generation on the surface of Au thin
films, which in turn effect the rise in intensities of Raman peaks related to MoS,. We
have used FDTD simulation analysis to monitor the electromagnetic field distribution on
the surface of the metal thin film, when shined with light (laser) source like in
experimental conditions. Below Figure 75 shows the structure created in the FDTD
software, with top layer being gold thin film, deposited on glass substrate. Simulation

conditions subjected to the structure are, a PML layers in all directions, 532nm plane
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wave source pointed towards the surface of the substrate, Reflective and transmission
detectors placed above and below respectively, and Surface electric filed detector kept at
few nanometers distance of the surface of the Au film. Thickness of Au thin film is

varied for every simulation related to specific thickness of the film.

Au

Glass

Figure 75. FDTD Simulation Structure for Surface Plasmon Analysis of the Au Thin Film
with Varied Thickness of the Film

Simulated results of E field distribution over the surface of the thin film is shown
in below Figure 76. Where, it is seen that, the field intensity of the surface plasmons
generated, rises with rise in thickness of the Au film, till the point of 150nm and then
decrease for 200nm thickness. Scale bar of the intensity value change can be seen beside
each simulation result below. This result is perfectly in line with the experimental results
shown in first part of the Raman experimental analysis performed to prove the role of

surface plasmons and their influence on Raman peak intensity.
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Figure 76. FDTD Simulation Analysis of Au Thin Film w.r.t Rise in the Thickness of Au
Film
The E-filed strength distributed on the surface of the gold thin films of different thickness
as seen in the Figure 76, is plotted in Figure 77 as shown below. This E field strength plot
in Z axis shows the intensity of E field generated on the surface of Au thin film of
different thicknesses. The plot shows similar result as discussed in previous section,
where, MoS; deposited on 100nm and 150nm Au thin film is seen to have high
enhancement of Raman signals associated with the same. The intensity graph plot of the
E field strength with varying gold film thickness is presented in Figure 77. With this
theoretical understanding of the effect of Au thin film plasmon generation with thickness

dependence paves a way to support my experimental results observed in the case of MoS»
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Figure 77. FDTD E-filed Strength Data Plot with Varying Thickness of Au Thin Film

5.4.4 SERS Property Evaluation of MoS2/Au Heterostructures

Surface enhanced Raman spectroscopy (SERS) is prominent detection
methodology employed with use of surface plasmons generated on surface of substrates.
Free electrons on the surface of metal surfaces like Ag and Au tend to oscillate according
to the frequency of light shined on the surface. This electro-magnetic wave travels along
the surface of the metal and when in resonance with the Raman peaks associated with
molecules of detection present on the surface, there can be seen rise in the Raman
intensities of the detection molecule. This property of plasmon induced enhancement of
the Raman peaks is named as surface enhanced Raman spectroscopy. Metal substrates
generally show high enhancement of range of ~ 10°. 2 D material, graphene which is
atomically flat surface, have free flowing electrons on its surface like metal substrates
and shows surface plasmons generation and there are number of reports [] claiming
detection of bio-molecules on the surface of graphene with good enhancement factor. 2 D

120



material MoS; is a semiconductor material with tunable bandgap with not many free
electrons on the surface of the materials. But, there are reports claiming SERS
enhancement for monolayer MoS; material, which is seen to have less enhancement
when compared to graphene material. Fabrication of monolayer MoS; is a complex
process, even with using all the three existing methodologies of fabrication, which makes
use of MoS; limited to the field of SERS based biosensors.

Here-in, we propose a simple and clean way of obtaining SERS enhancement
even at the few layers of MoS2 employed for bio-molecule detection even at low
concentrations. Few-layer MoS; fabrication is much easier than mono-layer fabrication.
With the presence of Au thin film underneath and at thickness (150nm) of the gold, we
propose to obtain good Raman enhancement in our detection attempt of Raman probe
molecule R6G. The proposed enhancement is compared with enhancement obtained from
other thickness of Au films and from the MoS: few layers deposited on plane glass.
Enhancement calculations are performed for all the detection results. The proposed
MoS2/Au thin film heterostructure platform is simple in making as, there are no
nanostructures on the Au platform and few layers of MoS; are deposited using simple
mechanical exfoliation method.

In this section, we present two experimental proofs and analysis for successfully
finding the right combination of Au film thickness and number of MoS: layers for
obtaining good enhancement in R6G detection signal. One is, evaluating the right
thickness of Au thin film giving good plasmonic property and eventually good

enhancement in the signal. Second is, Evaluating the proposed few layers MoS2/ Au thin
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film heterostructure platform used as an easy to fabricate detection platform.

Au thickness substrates as mentioned in previous sections have been immersed in
rhodamine 6G (R6G) concentration of 2 * 10M for one hour of time, cleaned with Di
water, dried in oven at low temperature and blown with N2 gas before subjecting the
substrates to Raman analysis. Raman laser of 532nm at low power of 10% of total laser
power is employed for Raman analysis and 50X objective is used to visualize sample
under Raman confocal microscope.

Figure 77 shows the R6G molecules specific Raman spectrum for different
thickness of Au thin film. It is seen from the plot below that, with increase in the
thickness of the Au thin film, there is seen rise in the intensity of Raman peaks associated
with R6G. This rise intensity of Raman peaks is seen till 150nm thickness and for 200nm,
the intensity drops drastically. This result of detection phenomenon using SERS under
varying thickness of Au film is same as enhancement seen in the case of 4-layer MoS>
Raman peaks due to Au film thickness. To compare the results of Figure 73, here we plot
dominant R6G peak 765 cm™ intensity w.r.t thickness of Au thin film as seen in Figure
78. The both plots of Figure 73 and 78 matches exactly proving the influence of Au thin
film on the Raman peaks irrespective of the material that is deposited on the film, in our

case it is MoSz, as shown in Figure 72 and R6G, as shown in Figure 77.
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Figure 79. R6G Peak 765 cm™ Intensity Plot w.r.t Thickness of Au Thin Film

With above analysis, it is found that Au film of thickness of 150nm is playing
dominant role in enhancing the Raman signals of the material that is deposited on the

film.
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Further, R6G detection enhancement of MoS material is verified with and
without integration of Au thin film.

MoS: flakes deposited on the plane glass slide using out mechanical exfoliation
method is chosen for the detection analysis. R6G concentration of 10°°M is used in the
analysis. MoS2/glass slide is immersed in R6G solution for an hour and cleaned before
using it for Raman analysis. Figure 79 presents the comparison of R6G Raman peaks
obtained when deposited on MoS2/glass slide and on plane glass slide. It is to be noted

that, for plane glass, we used higher concentration of R6G solution.

—— 10 M R6G on plane glass
——10° M R6G on MoS2/glass
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Figure 80. R6G Detection on Plane Glass with Higher Concentration Compared to
Detection on MoS2/Glass at Lower Concentration

It is observed from the above plot that, irrespective of the intensity change, R6G
peaks on plane glass lost their structure stability when compared to the peaks obtained

when deposited on Au thin films.
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Enhancement factor (EF) for detection of R6G molecules on MoS2/glass substrate
is calculated for 765 cm™ peak at concentration of 10°°M. Formula used for the

calculation is shown below

EF = (Isers*Csr)/(Isr*Csers)

Where, Isers is intensity of R6G peak on MoSy, Isr is intensity of R6G on glass
substrate, Csers is concentration of R6G used for detection on MoS; and Csr is
concentration of R6G used on plane glass substrate. With values obtained from Figure
79, calculated EF for MoS; on glass is ~102, which is same as reported values of
detection capability of plane MoS; film [144].

R6G detection of MoS,/Au thin film heterostructure platform is performed on Au
thickness films 50nm, 100nm and 150nm, since these three were the films which shown
good detection peaks of R6G at higher concentration, in Figure 77. MoS; deposited Au
films are immersed in 10°°M concentration of R6G for an hour and cleaned before
detection analysis. Figure 80 shows the detection peaks of R6G molecule on MoS2/Au
thin film substrates, whereas discussed before 150nm Au thin/ MoS; substrate gives good
enhanced peaks compared to other Au thickness platforms as shown in Figure 80 below.
With the values of peak intensities obtained in Figure 77, EF is calculated for detection of

R6G on MoS,/Au thin film substrates.
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Figure 81. R6G Detection Analysis on MoS2/Au Thin Film Substrates with Varying Film
Thickness

EF obtained for 50nm thin film is similar to the EF obtained for MoS/glass
substrate i.e. ~10?, but calculated EF for thin films 100nm and 150nm is seen to increase
to ~ 2*10° and ~3*10* respectively. So from all the results obtained for the combination
of MoSz/Au thin film heterostructure platforms, its is proved that Au thin film of 150nm
is having highest generation of plasmons and eventually helping in high SERS property,
when integrated with Au thin film. Additionally, it is seen from the figure 80, that the
structure of Raman peaks associated with R6G is much sharper when deposited on
MoS2/Au thin film substrates.

Based on the high plasmonic generation seen on the surface of 150nm Au thin
film, we have investigated the detection of R6G at 10°°M concentration on Few layers of
MoS; as shown in Figure 81. It is observed that, with rise in the thickness of the MoS:

flakes, determined based on the optical color contrast analysis and Raman analysis, the
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R6G detection capability is decreased. The intensity drops of R6G Raman peaks w.r.t to
brightness of the MoS: flakes is shown in Figure 81. But, when compared to R6G
detection on mono-layer MoSz/glass substrate, it is seen that, few-layer MoS./Au thin
film substrates give better enhancement at low concentrations of R6G. The difference is
seen both in peak intensity change and in the sharper shape structure obtained for R6G

peaks on Au thin film.,

,,,,,,,,,,,,,

Figure 82. R6G Detection Plots on Few-Layer MoS2/Au Thin Film (150nm) Substrates

5.5 Discussion

Key observations presented in this work are: 1. Obtained layer thickness of
mechanical exfoliated MoS; flakes deposited on glass and Au thin film substrates using
thermal tape peeling method is seen to further thinned using mild Ar plasma exposure for
2min of time. 2. Optical contrast difference calculations are performed between contrast

value of MoS; flake when compared with contrast value of substrate on which the MoS>
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flakes are deposited. This analysis proves the reduction in layer thickness compared to
the observation in the color change of the flakes. 3. Raman peak intensity of MoS: is
varied with rise in the thickness of the material. This enhancement of intensity is multi-
folded when MoS; flakes of different thickness are deposited on Au thin films. This
phenomenon is attributed to the plasmons generation on the surface of Au thin film. 4.
With support of FDTD analysis, R6G detection analysis (both on plane Au thin film and
MoS2/Au thin films) its proven that 150nm thick Au film gives highest enhancement for
the detection with EF of ~3*10%,

In present work, through Raman analysis of MoS: flakes with different thickness
deposited on two different substrates (glass and gold film) is presented. It is understood
from the analysis that Au thin film plays role in affecting the Raman peaks both in
intensity rise and in frequency shift. Frequency shift of the Raman peaks is attributed to
the strong binding of the MoS; flakes to the Au thin film substrate. Intensity rise of
Raman peaks is seen to have significantly high value at 4-layers of MoS; deposited on
Au thin film. This phenomenon is further verified for the plasmonic effect of the
underneath Au thin film by varying the thickness of Au thin film and performing Raman
analysis on the same. From the results it is seen that, Au thin film of thickness 150nm is
having highest enhancement generation capability, which is proved by FDTD simulation
results and R6G detection results on plane gold film substrates and on MoS2/Au thin film
heterostructure substrates.

This work presents new way of obtaining good enhancement in detection signal of

a molecule, in this case R6G, when deposited on few layers of MoS;. Since, few- layer
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MoS; have very less enhancement capability as such. Integrating few-layer MoS; with
right thickness of Au thin film, we can design an easy way to fabricate platform for SERS

based bio-sensor applications.
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CHAPTER VI

CONCLUSION

In summary to my thesis work, two proposed projects on design, understanding
and development of novel new age platforms for surface enhanced Raman spectroscopy
(SERS) applications are completed.

Solid-state silver nanowires are new to the research fields that are working on
silver nanowires for various applications. In the past decade of the metal nanowire
research, there are very rare attempts to grow the wires in bottom-up and solid-state form.
Till now only semiconducting nanowires are proved to be grown in such manner. Here, in
the first section of my work, I have presented a methodology, where silver nanowires can
be growth in bottom-up and solid-state mode from a polymer substrate. Importantly, this
process of growth is attempted through ‘green’ chemistry manner and performed at room
temperature.

Ag nanoparticles are synthesized from chitosan polymer solution and silver
precursor AgNO3z mixture, when subjected to ultrasonication. Here, polymer acts as both
reducing and stabilizing agent for forming Ag nanoparticles. Silver nanowires (AgNWS5s)
growth is attempted with the formation of Ag/Chitosan solution into thin films by drop-
casting the same on PET substrates. Three main conditions influencing the solid-state
growth of proposed Ag NWs are: 1. Oxidative etching, which is commonly seen in

solution processing, where oxygen from the environment reacts with Ag atoms, which are
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favorable to form Ag NWs and dissociates them to form spherical Ag NPs. In our work,
the blocking of oxygen is not attempted during the formation of Ag NPs in the solution
but, is blocked when the Ag/chitosan solution is made into films. A thin film of Au/Pd is
sputter coated on to the film to avoid oxygen interaction over the surface of the film. This
proposed mechanism of blocking oxygen is new of its kind and successfully proved to
have worked in helping the self-growth of Ag NWs. 2. Role of CI" ion is studied in terms
of formation of AgCI nano-cubes, which eventually servers as a source of growth of
solid-state Ag NWs from the polymer base. Different concentrations of NaCl additive is
added to the reaction solution, to form equally different concentrations of AgCl
nanoparticles. With the help of different characterization techniques, | have successfully
deduced the right concentration of NaCl that initiates the growth of Ag NWs, which
further grown into high aspect ratio wires. 3. Time analysis for the change in length and
width of the nanowire is performed on the Ag/Chitosan films using SEM. It is observed
that our proposed self-growth Ag NWSs, have energy and enough source in the polymer
base to grow to a length of 30um and a width of 500nm in a period of seven weeks.
Based on the above three important growth factor analysis, Perfect platform of large area
grown solid-state silver nanowires is obtained. This platform is attempted to be used for
SERS application for the detection of Raman probe molecule R6G. The results showed
prominent detection capability of the platform, extending the detection limit to 10"M
with a sensitivity recorded as R? = 0.9986.

MoS; and its use for SERS applications is studied thoroughly is many previous

research articles. MoS; is studied to have very low detection capability (<100) for any
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molecules deposited on its surface. Further, research findings state that, only mono-layer
MoS: can be used for enhancement studies, as with the increase in the number of layers,
the MoS, moves to indirect band gap, which don’t show any free electron oscillations.
Growth of mono-layer MoS; is a complex process, in all the three existing ways of
fabricating compared to growth of few-layer MoS;. So, there is an urgent need in a
system where, with employing few layers of MoS,, detection of molecules is achieved at
low concentrations.

In this part of my work, | have designed a heterostructure platform consisting of
few-layer MoS; and Au thin film for its use in SERS application to detect R6G molecule
at low concentration of 10°M. This proposed method is easy to fabricate and quick in its
detection procedure. The designed platform is validated using Optical microscopy and
Raman spectroscopy for detection of thickness of MoS; flakes deposited on the
substrates. ImageJ software is extensively used to validate the layer thinning procedure
attempted in our study for obtaining thin flakes of MoS,. Raman spectroscopy is proven
sensitive tool which gives thickness of MoS: flakes based on the frequency difference
between two dominant Raman peaks along with intensity change of the peaks. These two
methods are made use to validate our platform of MoS; deposited on Au thin film.

From Raman analysis of MoSz on gold, it is observed that, there is rise in the peak
intensity of Raman peaks of MoS,, especially for ~4 layers of MoS». This phenomenon is
investigated by change in the thickness of Au thin film, which has given result of
dependence of Au thin film thickness for the reason for increase in Raman peak intensity.

Further, this phenomenon is assumed due to surface plasmon generation on the surface of
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the film, which is validated using FDTD simulation analysis on all different thickness Au
films. The result of FDTD analysis showed 150nm thickness is giving high plasmon
generation. Further, integrating few-layers of MoS; on to the 150nm Au thin film and
detecting R6G molecule at low concentration is performed to give an enhancement
capability of ~10% when compared to ~100 enhancement of mono-layer MoS; deposited

on the glass.
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