
 

Surface Plasmon Induced Enhancement in 

the Optical and Photocurrent Properties 

of Metal-Semiconductor Hybrids 

Thesis Submitted to AcSIR For the Award of  

the Degree of  

DOCTOR OF PHILOSOPHY 

 In Chemical Sciences 

August-2016 

 

By 

Mr. Sandeep G. Yenchalwar 

(Reg. No. 10CC11J26088) 

 

Dr. (Mrs.) Manjusha V. Shelke 

Research Guide 

Physical & Materials Chemistry Division, 

CSIR-National Chemical Laboratory, Pune - 411008





 

 

 

Declaration 

 

I certify that this thesis is the result of my own work which is the outcome of work done at the CSIR-

National Chemical Laboratory, Pune, India under the supervision of Dr. (Mrs.) Manjusha V. 

Shelke.  It has not, previously submitted, in part or whole, to any university/ institution for any degree, 

diploma, or other qualification. It does not contain any material previously published or written by 

another person except where due reference is made in the text.   

   

Date: 19/08/2016                                                      Mr. Sandeep G. Yenchalwar                                                             

                                                                  CSIR- National Chemical Laboratory, Pune-411008 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Dedicated To 

 

 

 

 

 

 

 

 

 



 

 

 

Acknowledgements 

 

I would like to express sincere gratitude to my research supervisor Dr. (Mrs.) Manjusha V. Shelke. 

Her support, encouragement and guidance have benefited me to develop my knowledge, skills in the 

field of plasmonics and photonics to pursue as a scientific carrier. I truly enjoyed working while 

following the unprecedented path in the chosen research area under her mentorship. I extend my 

sincere thanks to the Director of CSIR-NCL Dr. Ashwini Kumar Nangia, Head of Physical and 

Materials Chemistry Division Dr. P. A. Joy. I sincerely acknowledge my DAC members Dr. Ajit 

Kumar, Dr. C. V. Avadhani and Dr. Pankaj Poddar for their assessment. I offer my sincere regards to 

several teachers for their kind help in the characterizations and analysis. I’m thankful to peoples who 

have inspired me directly or indirectly in the research carrier and my labmates for their kind help 

during the tenure of this passage. I am grateful to University Grants Commission (UGC), New Delhi, 

for awarding the research fellowship and CSIR-National Chemical Laboratory to carry out my 

research works. 

My deepest indebtedness and love to my parents. My father, mother, brother Shashikant, his wife 

Nilam, my sisters Manisha and Vaishali are always their providing constant support and endless love. 

I would also like to dedicate this thesis to the little family members Yash, Nishi, Shivam and Swara 

welcome to this amazing world. 

 

- Mr. Sandeep G. Yenchalwar 

 

 



 

 

 

List of Abbreviations and Acronyms         

APTMS   Aminopropyltrimethoxysilane 

AFM                                               Atomic Force Microscope 

AuNPs                                           Gold Nanoparticles 

AuNRs                                            Gold Nanorods 

AzPTES                                         Azidopropyltriethoxysilane 

Cabs                                                Absorption Cross Section 

CB Conduction Band 

Cu Copper 

Csca Scattering Cross Section 

CuS Copper Sulphide 

CV Cyclic Voltametry 

D Detectivity 

DRS Diffuse Reflection Spectroscopy 

Ef Fermi Energy 

EM Electromagnetic Field 

Eg Band Gap Energy 

Eocv Open Circuit Voltage 

eV Electron Volt 

FTIR Fourier Transform Infrared Spectroscopy 

FTO Fluorine Tin Oxide 

GO Graphene Oxide 

rGO Reduced Graphene Oxide 

H-SiNWs Hydrogen Terminated Silicon Nanowires 



 

 

 

HRTEM High Resolution Transmission Electron Microscope 

ID Defect Domain Intensity 

IG                                                   Graphitic Domain Intensity 

IPCE                                               Internal Photon Conversion Efficiency 

IR                                                    Infrared 

J                                                      Current Density 

JD                                                    Dark-current Density 

JPh                                                   Photocurrent Density 

LED                                                Light Emitting Diode 

LSPR                                              Localized Surface Plasmon Resonance 

LSV                                                Linear Sweep Voltametry 

LO                                                  Longitudinal Optical 

LTO                                                Longitudinal and Transversal Optical 

mA/W                                             Milliampere per Watt 

mbar                                                  Millibar 

mW                                                    Mill watt 

NP                                                      Nanoparticle 

NR                                                    Nanorod 

1D                                                      One Dimension 

PEC                                                    Photoelectrochemical 

PL                                                       Photoluminescence 

POpt                                                     Optical Power 

Pt                                                        Platinum 

R                                                         Responsivity 



 

 

 

Rct                                                      Charge Transfer Resistance 

RF                                                       Radio Frequency 

SEM                                                   Scanning Electron Microscope 

SERS                                                  Surface Enhanced Raman Spectroscopy 

SiNWs                                                Silicon Nanowires 

SPP                                                     Surface Plasmon Polariton 

SPR                                                     Surface Plasmon Resonance 

STE                                                     Self  Trapped Electron 

TA                                                       Transverse Acoustic  

2D                                                       Two Dimension 

3D                                                       Three Dimension 

TEM                                                    Transmission Electron Microscope 

TO                                                       Transverse Optical 

UV                                                     Ultraviolet 

UV-Vis                                               Ultraviolet and Visible 

VB                                                      Valence Band 

χ                                                          Electron Affinity 

XPS                                                     X-ray Photoelectron Spectroscopy 

XRD                                                     X-ray Diffraction 

 

 

 

 



 

 

 

Contents 

Chapter 1 Introduction to Surface Plasmon Resonance Basics and Metal-

Semiconductor Hybrids                                                                                          1-35       

1.1 Introduction                                                                                                                           2                                                                                                                           

1.1.1 Surface Plasmon Basic Concepts                                                                                               2  

1.1.2 Surface Plasmon on Metallic Nanostructures (LSPs)                                                              3            

1.1.2-a Dipole Plasmon Resonances                                                                                                        4         

1.1.2-b Scattering and Absorption by Metal Nanostructures                                                                 7      

1.1.2-c Plasmon Decay Pathways                                                                                                                    9            

1.1.3 Semiconductors                                                                    10 

1.1.4 Metal-semiconductor hybrids 13 

1.1.5 Approaches and Applications                                                                                                  14 

1.1.5-I Optoelectronics Devices                                                                                                           14           

1.1.5-II Photoelectrochemical Water Splitting                                                                                    19       

1.1.5-III Plasmon Enhanced Photocatalysis 21 

1.1.5-IV Surface Enhanced Raman Spectroscopy 22 

1.1.6 Stimulus Behind the Thesis                                                                                                       24  

1.1.7 Constitution of Thesis                                                                                                                25  



 

 

 

1.1.8 References                                                                                                                                  28 

 

Chapter 2 Plasmon-Enhanced Photocurrent Generation from Click-Chemically  

Modified   Graphene                                                                                        36-60 

2.1 Introduction                                                                                                                         37 

2.2 Experimental Methods                                                                                                               39 

2.2.1 Synthesis of GO and rGO                                                                                                 39 

2.2.2 Spray Deposition and Functionalization of rGO                                                             40                                                                   

2.2.3 Synthesis of Gold Nanoparticles                                                                                            40 

2.3 Characterization Section                                                                                                                              41 

2.3.1 Morphology    41 

2.3.2 Electrochemical Measurements                                        41 

2.3.3 Photoelectrochemical Measurments                                                                                                            42                                                                                                                    

2.4 Result and Discussion                                                                                                             43 

2.4.1 Optical, SEM and AFM Analysis                                                                                                44 

2.4.2 FTIR and Raman Measurements 45 

2.4.3 TEM and X-Ray diffraction 48 

2.4.4 XPS  50 



 

 

 

2.4.5 Electrochemical Experiments 51 

2.4.5 (a) Cyclic Voltametry 51 

2.4.5 (b) Impedance 53 

2.4.6 Photoelectrochemical Experiments 55 

2.5 Coclusion                                                                                                                                       56 

2.6 References                                                                                                                                     57  

 

Chapter 3 Enhanced Photoluminescence and Photoactivity of Plasmon Sensitized 

nSiNWs/TiO2 Heterostructures                                                                   63-82 

3.1 Introduction                                                                                                                                                            64 

3.2 Experimental Methods                                                                                                                       66 

3.2.1 Synthesis of TiO2 Sol                                                                                                                                     66 

32.2.  Synthesis of n-SiNWs/TiO2                                                                                                      66 

3.2.3 Gold deposition on n-SiNWs/TiO2                                                                                                                                        67 

3.3 Characterization                                                                                                                        67 

3.3.1 Morphology 67 

3.3.2 Photoelectrochemical Measurements                                                                         67 

3.4 Results and Discussion 68 

3.4.1 SEM and TEM 68 

3.4.2 XRD and Diffuse Reflectance Spectroscopy 70 



 

 

 

3.4.3 Raman Spectroscopy and Photoluminescence 71 

3.4.4 Photoelectrochemical Measurements 75 

3.5 Conclusion                                                                                                                                    79 

3.6 References                                                                                                                                      79 

 

Chapter 4 Optical Antenna Effect On SiNWs/CuS Photodiode                      80-100   

4.1 Introduction                                                                                                                                    81 

4.2 Experimental Methods                                                                                                                82 

4.2.1 SiNWs Fbrication                                                                                                             82 

4.2.2 Radio Frequency Magnetron Sputtering of CuS                                                                        82 

4.2.3 Gold Nanorods Synthesis                                                                                                           83 

4.3 Results and Discussion                                                                                                                 83 

4.3.1 SEM and TEM                                                                                                                             83 

4.3.2 XRD and Raman Spectroscopy 84 

4.3.3 UV absorbance and Diffuse Reflectance Spectra 85 

4.3.4 Electrical Measurements 87 

4.4 Conclusion 98 

4.5 References 98 

 



 

 

 

Chapter 5 Conclusion and Future Work                                                        101-109 

5.1 Conclusion 101 

5.2 Future Plans 107 

 Publications                                                                                                    110 

 Erratum                                                                                                          111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 



Chapter 1 

 

 

Introduction to Surface Plasmon Resonance Basics 

and Metal-Semiconductor hybrids 

 

The thesis is related to the study of cumulative optical and photocurrent properties of metal-

semiconductor hybrids. The noble metal nanoparticles can be exploited in conjunction with the 

semiconductor materials for numerous applications in the energy devices. The hybrid has been 

studied for its enhanced optical properties such as absorption, photoluminescence and electronic 

(photodetection) properties. The chapter covers the introduction of the surface plasmon theory, 

concepts such as surface plasmon resonance (SPR), surface plasmon polariton (SPP), Localized 

surface plasmon resonance (LSPR) alongwith surface plasmon resonance enhanced optical properties 

which modify the physical properties of the other materials and the devices made from them. The 

foundation of this thesis is build up on the basis of these fundamental concepts. 
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1.1 Introduction 

1.1.1 Surface Plasmon Basic Concepts: 

Plasmons are a quantum of electron density oscillation on the metal. These plasmons can be divided 

on the basis of the material composition and materials dimensions into following, 

1) Bulk plasmons: The term is related to the electron density oscillation inside the bulk of the metals. 

They require very large amount of energy for their excitation such as 10-30 eV. Therefore, these 

cannot be excited by the photons in the optical frequency however electron beam can excite them. 

2) Surface plasmons: These are the quantum of electron density oscillations on the metal surface. 

They can be excited by a specific frequency of photons incident on the metal-air interface and decay 

exponentially back into photons. The excitation frequency range lies in the visible part of the solar 

spectrum. 

Surface plasmons further can be differentiated into, 

i) Surface plasmon polariton: The electron density excitation on the interface between the dielectric-

metal surface and they can propagate along the surface of the metals. 

ii) Localized surface plasmon: Metal nanostructures possess localized surface plasmons (LSP) 

which are collective electron charge oscillations confined to its surface or dimensions. They exhibit 

enhanced near-field amplitude at the resonance wavelength. This field is highly localized at the 

surface of the nanostructure and decays rapidly away as shown in Figure 1.1 from the 

nanostructure/dielectric interface into the dielectric background, though far-field scattering by the 

nanostructure.1-8 
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Figure 1.1a) Simple illustrations of Surface Plasmon Polaritons on thin metal films surface. b) Localized 

Surface Plasmon Resonance on the metal nanoparticles surface with its exponential decay as a function of 

distance.9 

1.1.2 Surface plasmon on metallic nanostructures (LSPs) 

Noble metals gold (Au), silver (Ag) and copper (Cu) are all elements belonging to the 11th group of 

the periodic table. The electronic configurations of these elements have completely filled d-subshells 

(respectively 3d, 4d and 5d). Their metallic properties result from the lone valence electron in the 

half-filled s-subshells (4s, 5s and 6s respectively).  

The band structure of gold displays five comparatively flat d-bands, lying 1− 3 eV below the Fermi 

energy (Ef) in which the ten d-electrons are located (Figure 1.2). The lone s-electron forms a sp-

hybridised band, which is filled up to Ef. Electrons in this band can move quasi-free due to the near 

parabolic form of the band. This band structure defines the characteristic properties of these metals, 

such as their thermal and electrical conductivity. 
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Figure 1.2 The band structure of gold. a) The sp-band has a nearly parabolic form leading to quasi-free 

electrons. b) Interband transitions in gold occur near the X-and L- points in the Brilliouin zone.10, 11 

If an electromagnetic wave impinges on a metallic nanoparticle (whose spatial dimension is assumed 

to be much smaller than the wavelength of light), the electron gas gets polarized (polarization charges 

at the surface) and the arising restoring force again forms a plasmonic oscillation. The metallic 

particle thus acts like an oscillator and the corresponding resonance behaviour determines the optical 

properties.10, 11 

a) Dipole Plasmon Resonances: 

Irradiation of spherical metal nanostructures by light causes in resonance oscillation of the free 

electrons with oscillating electric field as represented schematically in the Figure 1.3. The 

displacement of the electron cloud relative to the nuclei induces a restoring force due to coulombic 

attraction between electrons and nuclei. The term “dipole plasmon resonance” was coined to these 

collective oscillations of the electrons on the metal nanostructures. The resonance frequency is 

dependent on various factors such as: the electron density, the effective mass of electron, the 

shape/size and physical environment around on the metal nanostructures.  
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The geometry of the metal nanoparticles influences the optical properties which has been an active 

research field. The main optical features for various spherical, spheroidal, cubic12-13, and other 

geometrical shapes, like rods14-17and triangular prisms, are identified and extensively studied 

revealing the dependence on geometry and size.  

 

Figure 1.3 a) Surface plasmon schematics b) Electric field enhancement on single and coupled metal 

nanoparticle.18 

Maxwell theory explains the origin of surface plasmons where free electrons of a metal are treated as 

an electron plasma (sea of electrons) and electron plasma density fluctuations arising on the surface 

of a metal are called plasmons, surface plasmons (SP), or surface plasmon polaritons. The surface 

plasmons can transmit along a metallic surface and have general dispersion relation based on the 

eigen frequencies (ω) with the wave vector (k) of light described below:         
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k𝑆𝑃 =
𝜔

𝑐
√

𝜀𝑑𝜀𝑚

𝜀𝑑 + 𝜀𝑚
 

Where, 

εm = εm' + i εm''=frequency dependent metal dielectric constant, 

εd =dielectric constant of medium in contact with the metal,  

c = speed of light in vaccum, 

ω = frequency of light respectively.  

The dispersion relation elucidates the conditions necessary to excite the plasmons. When there is no 

other intervening medium, light passes through air elastically. In other words, the surface plasmon 

cannot be excited as the dispersion relation does not intersect the dispersion relation (straight line) of 

light in air by freely propagating beam of light. 

𝑘1 =
𝜔

𝑐
√𝜀1 

𝑘1 =
𝜔

𝑐
… … … … … … (𝐹𝑜𝑟 𝑎𝑖𝑟, 𝜀1 = 1) 

It is possible to excite surface plasmon if any dielectric is present in conjunction with metal satisfying 

the conditions of momentum conservation at a particular frequency. The light line bending at that 

specific frequency is the frequency of the surface plasmon resonance. 

The interaction between the surface charge density and the electromagnetic fields results in the 

momentum of the SP being greater than that of a free-space photon of the same frequency. For SP to 
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be possible, εm and εd must have opposite signs. This condition is satisfied for metals because εm is 

negative.1, 19-20 

b) Scattering and Absorption by Metal Nanostructures: 

Metal nanoparticles possess high scattering and absorption cross section for light which are useful in 

various applications. Absorption and scattering cross sections, Cabs and Csca are given by the equations 

that govern the scattering and absorption of light for particles, at d <<λ limit, can be written as:  

𝜎𝑠𝑐𝑎𝑡 =
𝑘4

6𝜋
|𝛼|2…………….. (1) 

                                                               𝜎𝑎𝑏𝑠 = 𝑘 𝐼𝑚 (𝛼)…………... (2) 

The polarizability α of the particle is given by: 

𝛼 = 4𝜋𝑎3 𝜀−𝜀𝑚

𝜀+2𝜀𝑚
…………. (3) 

Where, 𝜀𝑚 = dielectric function of the metal particle, ε = dielectric function of the embedding 

medium and a = radius of metal particle.  

For spherical particles, when the denominator in the equation 3, i.e. [ε + 2 𝜀𝑚] is minimum the 

polarizability of the particle becomes maximum and resonance occurs which is the case in metals 

with negative dielectric constant. Different metals have different densities of electrons and reflect 

specific radiation, depending on the resonance. The plasmon resonant frequency can be modified or 

shifted depending on the dielectric constant of the host medium. Higher refractive index leads to a 

higher wavelength shift and broaden the plasmon resonance frequency range. The equations also 
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show that scattering and absorption of a metal nanoparticle are resonantly enhanced at its plasmon 

resonance.2, 3, 19-21 

Plasmonic metal nanostructures are particularly stimulating on account of their wavelength dependent 

LSPR absorption and scattering. The geometric properties for example size, shape and physical 

properties such as dielectric constant, refractive index influences the optical properties of the 

nanostructures. The smaller metal nanoparticles predominantly absorbing in nature which can confine 

electromagnetic field in the nanoscale dimensions. This concentration of EM field alternatively give 

rise the highly important near-field enhancement as in surface enhanced Raman spectroscopy (SERS). 

The larger nanoparticles predominantly behave as a light scatterer in all direction after absorption of 

resonance frequency. Such peculiar nature of the plasmonic nanostructure is highly appreciated as 

nano-mirrors in solar cells, photodetectors and photonics.  However, these factors not concerted only 

to the metal nanoparticles. The other 1D, 2D and 3D metal nanostructures are also proving their 

impact in the said applications.  These structure possess higher dimensional plasmon or multimodal 

plasmons which are useful in the low frequency or in the infrared region.22-27 

SPRs on metal nanostructures not only altered by small changes in the morphology but also 

influenced by the modification in the physical environment around the metallic nanostructures. Most 

important physical property is the dielectric strength and refractive index of the surrounding media 

which can be shown to shift SPRs. In particular, high value of these factors of a medium shifts SPRs 

to the longer wavelength of the electromagnetic spectrum by substrate induced multipolar coupling, 

or local field effects. SP can always absorb light from or emit light into the surrounding medium when 

the resonant wavelength is matched. Either SPP or LSP extends its energy distribution (a near-field 

electromagnetic field distribution) in the dielectric or semiconductor material when an SP mode is 
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generated at the interface between a dielectric (semiconductor) and a metal structure. Such a near-

field energy distribution can be absorbed or amplified by the dielectric or semiconductor depending 

on its excitation condition. In a solar cell, the effective absorption of an SP mode on a metal 

nanostructure and hence the transfer of SP energy into the solar cell absorbing material create an extra 

channel for harvesting sunlight photons. The SP interaction in a solar cell is particularly useful in 

enhancing the absorption efficiency in the spectral range of a low material absorption coefficient.28-

31 

c) Plasmon Decay Pathways: 

Metals nanostructures owning high density electronic states and larger scattering, absorbing cross 

section can be exploited for the energy harvesting and consumption technologies. Plasmonic 

properties of metal nanostructures enhance light absorption and emission of the other host materials.  

The excited plasmons can be utilized through enabling proper decay channels such as, 

1) Radiative and 2) Non-radiative represented in the Figure 1.4.  

The excited surface plasmon can be relaxed by any of the above mentioned ways. In the first case the 

surface plasmon re-emit the absorbed photons. These photons can then be absorbed by the other 

semiconducting materials in the vicinity. Thus, minimizes the absorption losses of the semiconductor. 

While in the second route, the excited surface plasmon get converted into a pool of hot electrons. The 

presence of the semiconductor nearby the metal nanostructure can be used to extract these electron 

via Schottky barrier tunnelling.  High energy conversion efficiency can be achieved by hot electron 

transfer in the conduction band (CB) of the semiconductor as a charge carriers.33-36 
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Figure 1.4 Radiative decay modes: a) far-field scattering, b) near-field coupling. Nonradiative decay modes: 

c) hot-electron transfer, d) plasmon resonant energy transfer.32 

 

1.1.3 Semiconductors: 

Semiconductor and semiconductor nanostructures are extremely important and relatively earliest 

explored materials. Contemporary electronic devices for example optoelectronic devices, including 

solar cells, photodetectors, field-effect transistors, light-emitting diodes, integrated circuits are based 

on various semiconductors.  Semiconductors are intermediate materials between the conductor and 

insulator. They are arbitrarily distinguished on the basis of the magnitude of the energy band gap (Eg) 

between the filled valence band (VB) and the empty conduction band (CB). In semiconductors the 

energy band gap is typically in the range of 1 - 4 eV. The width of the band gap determines the 

conductivity as well as optical response of the semiconductor materials.37-38 
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Low dimensional semiconductor nanostructures such as quantum dots, nanosheets, nanoparticles and 

nanowires exhibit superior properties than their bulk equivalents. They are also advantages regarding 

high physio-chemical stabilities, unusual optical and electronic properties. Optical as well as 

electronic properties of the semiconductors can be tuned by controlling the dimensions and chemical 

compositions. Wide band gap semiconductors are the most commonly used materials such as TiO2, 

ZnO etc. These inorganic semiconductor materials have high stability, environmental compatibility 

and photocatalytic activity. They have been widely popular as photocatalysts for direct conversion of 

solar energy into fuels. However, the efficiency of semiconductors is limited by their inability to 

absorb visible light due to high band gap.39-41 

Graphene shows high room-temperature carrier mobility, tunable bandgap, and high transparency in 

visible range, and high mechanical strength.42, 43 These unique properties make them very suitable for 

transparent electrodes, display devices, ultrafast lasers, optical modulators and solar cell 

applications.42-46 Extensive studies have been performed to pursue the application of graphene to 

electronic devices because of its superior electronic properties. Synthesis of single layer graphene is 

economically costly requiring high temperature. However, rGO has a high density of states (DOS) 

away from the Dirac point with a semi-metallic band structure that is similar to that of metal NPs. 

rGO can be produced from graphene oxide in simple reduction processes alongwith high mass 

production. Also, we can modulate or alter the properties of the rGO by controlling the reduction 

process.45-48 

Silicon is one of the highly significant semiconductor in photovoltaic cells and other optoelectronic 

devices.49-52 However, the high refractive index of silicon limits its application due to intrinsic photon 

loss which is upto 40% occurs due to back reflection from the silicon/air interface.53 Antireflection 
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layers with a graded-refractive-index and surface nano texturing have been widely explored in order 

to suppress the surface reflection over a broad wavelength range. 1D silicon nanowires (SiNWs) have 

been extensively researched and widely explored for its possible applications in the new generation 

solar cells, field effect transistors, optical and chemical sensing. The magnitude of the charge 

transport of the carriers in the SiNWs is lower than that observed in bulk Si due to lateral diffusion. 

Additionally the optical absorption of the SiNWs is far greater than the bulk Si ranging from visible 

to near infrared which results in a higher efficiency of the SiNWs based device. Various synthesis 

methods are available for the synthesis of SiNWs which include highly expensive and complicated 

process such as plasma etching, reactive ion etching, and laser assisted chemical etching etc. 

However, metal assisted chemical etching of silicon surface is popularly used for fabrication of 

SiNWs arrays. This method is very cheap and suitable for high-throughput and inexpensive industrial 

production.52-66 

In recent decade, a great deal of research has been carried out to improve the efficiency of photo-

catalysts and photovoltaic devices by integration of plasmonic nanoparticles (NPs) with 

semiconductor materials. The presence of plasmonic NPs leads to increase in the absorption cross-

section of semiconductors via strong field enhancement, extension of light absorption to longer 

wavelengths and enhances electron–hole charge separation in semiconductor medium, thus maximize 

the efficiency of photocatalytic and photovoltaic devices. However, these semiconductor materials 

have very weak interaction in the visible light lowering their efficiency due to relatively small optical 

cross-sections in the visible region. Visible-light response of metal oxide semiconductor can be met 

by metal or non-metallic elements, controlling the morphology, developing heterostructures, 

integrating semiconductors with plasmonic metals. 
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1.1.4 Metal-semiconductor hybrids: 

Surface plasmon resonances in metallic nanostructure inherit an intense and enhanced 

electromagnetic field which typically occurs nearby to the metal surface. It depends on the resonance 

frequency of the nanoparticle’s size, shape, and local dielectric environment. These unique properties 

of plasmonic materials can be exploited as entirely new approach for energy application in the 

existing and emerging technologies. Integration of semiconductors with plasmonic metals to form 

plasmonic metal/semiconductor hybrid nanostructures has recently attracted much attention because 

of the unique properties of SPR.  

Metal-semiconductor hybrid consists of multicomponent heterostructures with the properties 

different than its original counterparts. They may exhibit not only combined properties of the each 

components but also, interestingly, enhanced properties which can be tuned by altering the material 

characteristics. The close interaction of metallic nanostructure with the semiconductor component 

remarkably alter the hybrid’s physical features such as plasmon-exciton coupling, local dielectric 

environment reform, improved light harvesting due to enhanced absorbance, charge separation 

relative to the each component. This hybrid effect results in the optical absorption enhancement of 

metal-semiconductor hybrid. We can selectively implement such desired properties into various 

applications including photonic, electronic, and optoelectronic. The surface plasmons can conduit the 

absorbed energy directly to the free electrons, and the generated hot electrons can be utilized in 

thermoelectric, solar cells and photocatalysis. The advantages of plasmonic metal-semiconductor 

hybrids over other conventional tools are expected to lead to performance improvements not 

achievable by other methods are identified.  
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1.1.5 Approaches and Applications: 

The high absorption and scattering coefficient associated with the excitation of SPs opens a wide 

range of potential applications of metallic NPs in many fields. The possibility to concentrate, amplify 

and manipulate light at the nanoscale through SPs provides a method to improve optical effects or 

activate processes in a controlled way. There are hundreds of potential applications of SPs in different 

fields that have been thoroughly reported in the literature. We will just highlight some of them in 

order to illustrate capabilities of SPs in four selected fields: energy, environment protection and 

information technologies.  

Plasmonic and surface plasmon enhanced photodetectors are emerging interests. Metallic 

nanostructures inherently support surface plasmons and when integrated in detectors based on internal 

photoemission or bandgap emission they enhanced the photodetection sensitivity along with the 

spectral range of interest. Metal waveguides, metal gratings, on nano-particles, sub-wavelength holes 

in a metal film are exploited to address the physical problems related to low-noise high-speed 

detection, single-plasmon detection, near- and mid-infrared imaging, bio-chemical sensing.  

1.1.5: I] Optoelectronics Devices: 

a) Photovoltaics: 

Unlimited amount of solar energy is available as clean energy source to us on the earth and has to be 

harvested to overcome the growing energy demand.  Solar energy is on the top amongst the alternative 

energy sources related to the ecological, environmentally friendly applications. It also concern with 

the calamitous environmental pollution arising as a result from burning fossil fuels. Photovoltaic cells 
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can offer efficient management of such energy by effectively converting sunlight into electrical 

power.67-68 

Most of the semiconductor solar cells depend on the band-to-band excitation in the semiconductors, 

so that their spectral response is dependent on their bandgap. Large scale implementation of 

conventional photovoltaic technology hinders our ability to produce high efficiency modules. Also, 

solar cells have their own limitations including poor absorption. The energy conversion efficiencies 

of such cells are still low due to the large divergence between electronic and optical length scales in 

these devices; for photon energies close to the bandgap, the absorption depth of light in 

semiconductors is significantly longer than the electronic (minority carrier or exciton) diffusion 

length in most deposited thin film materials. In thin film solar cell, the reduced thickness of the silicon 

layer leads to insufficient sunlight absorption and inevitably the low energy conversion efficiency. 

Therefore light trapping technology is of paramount importance to increase the performance of thin-

film solar cells to make them competitive with crystalline silicon solar cells, which are still dominant 

in the solar cell market. 

Metal nanostructures can be used to tailor the optical and electronic properties of such devices due to 

plasmonic resonance in the vicinity of a metal-semiconductor junction. Relaxation of plasmons 

generates hot electrons which has tremendous applications in solar energy harvesting and 

photodetection. The ability to fabricate hot carrier based devices with tailored spectral response, is 

exciting for solar energy harvesting, visible or infrared detection.69-70 
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Figure 1.6 Plasmonic light-trapping for thin-film solar cells. a) Light scattering when the metal nanoparticles 

on the top of semiconductor surface. b) Absorption enhancement due to near field effect mechanism of LSPRs 

of metal nanoparticles embedded in the semiconductor.3 

Plasmonic nanostructures can offer at least three ways of reducing the physical thickness of the 

photovoltaic absorber layers while keeping their optical thickness constant. The incorporation of 

metallic NPs in solar cells can increase the efficiency of charge separation by several physical 

processes. Figure 1.6 illustrates, by placing metallic NPs at the device surface, upon light 

illumination, the large scattering cross section associated with SPs can scatter the normal incident 

light beams. Hence, the effective path across the active absorption layer is increased. Moreover, with 

a proper architecture, this scattering may be used to promote total reflection inside the layer trapping 

the photons until they are finally absorbed. The light concentration and local amplification in the 

vicinity of the NP when SPs are excited increases the absorption efficiency.  

Photovoltaic cell efficiency of the order of 10–15% has been achieved by incorporating Au and Ag 

NPs on the cell surface. The efficiency in this kind of device has a complex dependence on the size 

of NPs, shape and spatial distribution, since interacting effects play a different role on the light 

scattering and absorption processes. The impact of both mechanisms in the final improvement is not 
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easy to disentangle although most recent results point towards the scattering process as the key one. 

Recently the silver nanoparticle-enabled plasmonic effect has been proposed and demonstrated as a 

promising approach to achieving light trapping in thin-film solar cells because the relative scattering 

efficiency of silver nanoparticles is higher than that of other noble metals in the visible range. 

The nanoparticles can be used to effectively scatter the incident light into the intrinsic absorbing layer, 

increasing the optical path length in the thin film solar cells. It can also excite the surface plasmon 

modes to improve the light absorption within the absorbing layer. However, due to the resonant nature 

of the plasmonic effect useful absorption enhancements can only be realized at certain resonant 

scattering wavelengths determined by the nanoparticle size, shape, and their local dielectric 

environment. Therefore, broadband absorption enhancement is the primary challenge to tackle before 

the plasmonic solar cells can take off from laboratories. To achieve a broadband absorption 

enhancement in the silicon layer, the plasmonic nanostructures need to be able to strongly scatter the 

incident solar light into a large angle range so that light can be best trapped inside the silicon layer 

while keeping the particle absorption minimum.71-90 

b) Photodetectors: 

The ability of plasmonic structures to manipulate light in the nanoscale dimensions giving rise to 

potential application optoelectronic devices. The integration of metallic nanostructures with existing 

electronic and dielectric devices can be realized by an increasing number of nanofabrication 

techniques, including mature silicon integrated circuit technology. Of the many emerging 

applications, plasmon enhanced photodetectors are particularly promising. 
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Figure 1.7 An optical antenna-diode for IR photodetection. A) Plasmonically driven internal photoemission 

over a nanoantenna/semiconductor Schottky barrier (ΦB). B and C) Represents AuNRs antenna on silicon 

substrate D and F) Responsivity for different AuNRs antenna lengths: From 110-158 nm. G, H and K) Au 

nanostripe based Si-Schottky photodetector. I, J and L) Photocurrent from the respective devices.9, 91, 92 

 

By using metallic nanostructures as a bridge between dielectric microphotonics and nanoscale 

electronics, one plays to the strengths of both the metallic nanostructures (concentrating fields and 

subwavelength guiding) and semiconductor electronic components (high speed and high performance 

information processing). Plasmonics also offers the possibility of introducing new functionality, 

including polarization, angle or wavelength selectivity. 

Gold nanorods as a light harvesting optical antenna in photodiodes have been demonstrated to 

enhance the photodetection. Coupling of photons with metallic nanoantenna excite plasmons, latter 

decaying into hot electrons crosses a potential barrier between the interfaces, results in a photocurrent. 
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By using gold nanoislands M. Naziradeh et al reported high photoresponsivity (3.5 mA/W) for Silicon 

based photodetector. Here they have explained that the absorption of sub bandgap electrons via the 

internal emission is enhanced resulting into high efficiencies. Multicolour graphene photodetector 

shows 1500% photocurrent and 1.5% external quantum efficiency due to plasmonic enhancement as 

reported by Y. Liu et al.93-94 

Metallic- semiconductor-metal (MSM) and metal-insulator-metal (MIM) nano-junction has also been 

studied in which substantial boost is observed in the photodetection. Overall by harnessing the 

absorption and decay of surface plasmons (SPs) much higher photon to electron conversion efficiency 

can be obtained.  This takes advantage of the higher absorptivity and spatial localization of SPs 

relative to linear bulk absorption and could operate across a broad frequency range.  

1.1.5: II] Photoelectrochemical Water Splitting: 

Photo-assisted hydrogen generation is a new strategy coming forward to sustain the energy crisis. 

Hydrogen can be stored and used as a fuel by simple water decomposition (2H2O → 2H2+O2) which 

is an endothermic decomposition process.95 Environment friendly and clean solar light can be used 

to promote water splitting. Wide band gap semiconductors (e.g. TiO2, ZnO) can be sensitized with 

metal nanostructures and effectively used to harvest photons over the entire solar spectrum. Such 

hybrids by using local surface plasmon resonances can be excited in the defined region of the 

spectrum to carry out hydrogen production. 
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Figure 1.8.a) Schematics of hot electron transfer. b) AuNPs on ZnO nanorods. c) H2 and O2 evolution using 

Au/ZnO and ZnO photoelectrodes under AM 1.5G solar light. d) Absorption spectra for hematite nanorods on 

FTO and on the Au nanohole array pattern, respectively. e) Photocurrent dynamics of photoelectrodes versus 

Ag/AgCl. f) IPCE spectra of the electrodes. g) Enhanced electromagnetic field contribution in Janus 

AuNPs/TiO2 in the water splitting.99,100 

As in the above mentioned processes, SPs have demonstrated their capabilities to improve the 

efficiency of the process. Liu et al recently found an increase of a factor of 66 on the water splitting 

photocatalysis by TiO2 when incorporated Au NPs.  The local enhancement of the temperature 

associated with SP excitation may help the catalysis process that should be a photothermal assisted 

catalysis rather than a real photocatalytic one.96-98 
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The mechanism is based on the direct transfer of the charge carriers from the plasmonic nanostructure 

to a neighbouring semiconductor or to a semiconductor photocatalyst, or energy transfer in a 

neighbouring medium, resulting into photoconversion.  

Such processes are highly important to accelerate an entire new prototype in garnering photons for 

real world application. The strong dependence of the wavelength at which the local surface plasmon 

can be excited on the nanostructure makes it possible, in principle, to design plasmonic devices that 

can harvest photons over the entire solar spectrum and beyond. For example, platinum nanoparticles 

on TiO2 coated gold nanorods has been demonstrated in the hydrogen evolution. Such photocatalyst 

harness the visible light improving the rate of hydrogen evolution.  

1.1.5: III] Plasmon-enhanced photocatalysis: 

Many industrial processes result in products or by-products that are hazardous to humans and the 

environment. Reaction of these products to be transformed into inert ones is mandatory in order to 

ensure a secure and sustainable development of our society. Catalysis provides a pathway to eliminate 

these hazardous products quickly, hence reducing their potential danger. Among the different 

catalytic processes, photocatalysis exhibits particular importance since it is a clean process that can 

use solar light and mimics other biological processes.  

Awazu et al demonstrated the increase in photocatalytic efficiency of a TiO2 layer by embedding Ag 

NPs near the surface. Similarly, gold nanoparticles supported on Fe2O3 can substantially improve the 

catalysis of carbon monoxide. AuNPs/ Fe2O3 hybrid shows outstanding activity results as the 

excitation of SPs in AuNPs enhances the photocatalysis of Fe2O3. TiO2 also shows SP enhanced 

photocatalysis as demonstrated in various reactions such as methanol dehydrogenation, acetic acid 
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decomposition, propanol oxidation and others. Seh et al demonstrated a photocatalytic process for 

efficient hydrogen generation using Janus Au-TiO2 nanostructures due to their strong localization of 

plasmonic near-fields at the Au-TiO2 interface.101-107 

1.1.5: IV] Surface enhanced Raman spectroscopy: 

Surface enhanced Raman scattering (SERS) is based on the enhancement of Raman scattering of an 

analyte molecule near or on a roughened metal substrate surface. Such enhancements were first 

observed by Van Duyne et al. and Creighton et al for pyridine adsorbed onto an electrochemically 

roughened silver electrode. Latter Moskovitz and co-workers correctly deduced the origin of the 

Raman enhancement is largely due to an enhanced EM field at the metal substrate surface due to 

increased absorption of the incident light. 

At present there are two theories explaining the origin of SERS with substantially different 

mechanisms. The electromagnetic theory is based on the excitation of surface plasmons while 

chemical theory relies on the charge transfer.  

1) EM theory: It is believed that the excited plasmons can amplify the electromagnetic field at the 

surface of the metal nanoparticle. At resonance wavelength of the surface plasmon, the field 

enhancement is highest and magnifies the intensity of the incident light. Raman scattering is highest 

when plasmon oscillations are perpendicular to the surface. Any molecule adsorbed on the 

nanoparticles surface experiences this field and Raman scattering occurs regardless of the molecule. 

The Raman signal output for molecules being studied is enhanced by the EM field by the factor of 

E4, however it is not same for all frequencies.   

2) Chemical Theory: In this theory a charge transfer in involved between the metal and adsorbed 

molecules. It occurs in conjunction with the electromagnetic enhancement. Chemical enhancement 
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mechanism in which metal-molecule charge transfer complexes are formed, which improve 

resonance with the Raman excitation laser. The chemical enhancement is sensitive to the surface 

properties of the SERS substrate and the nature of the analyte molecules. 

The ability to analyse the composition of a mixture on the nanoscale makes the use of SERS substrates 

beneficial for environmental analysis, pharmaceuticals, material sciences, art and archaeological 

research, forensic science, drug and explosives detection, food quality analysis, and single algal cell 

detection. SERS combined with plasmonic sensing can be used for high-sensitivity and quantitative 

detection of biomolecular interaction.108-115 
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1.1.6 Stimulus behind the Thesis: 

Plasmonics is a bourgeoning field in fundamental science and optoelectronics that exploits the unique 

optical properties of metallic nanostructures to control and manipulate light at nanodimensions. 

Extraordinary amalgamation of optical and electronic tasks can be achieved in the enormously vast 

applications through the plasmonics. Intense light localization, plasmonic optical antenna effect, 

optical resonators and lenses are a few excellent examples. Plasmonic nanoantennas deliver an 

expedient way to convert optical radiation into intense localized field which enhance a range of linear 

and nonlinear phenomena. 

The metal nanostructures fundamental property i.e. LSPs demonstrates the huge optical absorption 

and scattering cross sections. The SP resonance depends on the physical parameters such as size, 

shape and alignment. By controlling these factors, permits us to design of innovative devices that 

represent a breakthrough with conventional ones. The characteristics of the SPs in the metallic 

nanostructures permit us to realise regions forbidden by traditional optics. Metallic nanostructures 

efficiently mediate interactions between radiation and other semiconductor components in the 

devices. These applications include completely new approaches to problems not yet solved and 

improvement of well-established optical processes. However, the present-day knowledge is solid 

enough to develop a vast range of applications, some of them already achieved, others in development 

and some others yet to be addressed.  

The increase in the conversion efficiency and reduced cost are the constant pursuit for the 

optoelectronic devices such as photodetectors and photovoltaics. Among various approaches to 

enhance efficiency and reduce cost, plasmonic structures have received much attention in the recent 
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years. Integrating these metallic nanostructures with the semiconductors, the optical absorption 

efficiency of the device can be increased which ultimately results into enhanced efficiency with lower 

cost. Various methods are available to incorporate plasmonically active metal nanostructures such as 

thermal evaporation and annealing, sputtering, colloidal metal nanoparticles NPs. Each method is 

associated with its precise control over the spectral position and line width of the plasmon resonance.  

As the individual components as well as the integration structures differ from one another, each of 

these works offers important insights on the characteristic influence that plasmons have on the 

particular devices and implications for future application. 

Intense research has been forthcoming to delve the optical properties of a variety of metallic 

nanostructures for effective control over concentrating light into nanoscale volumes. Plasmonics for 

extreme light concentration higher efficiency solar cells, and techniques for locally controlling 

catalytic and thermally stimulated processes. As well as acting as an interface with the nanoscale, 

plasmonic structures can also change light–matter interactions at a very fundamental level. 

1.1.7 Constitution of Thesis: 

The present thesis is inspired from several interesting properties own by the metal nanoparticles for 

example surface plasmon resonance in the solar spectrum, far field and near field effect of the surface 

plasmons, enhancement in the EM field. Due to above mentioned effects metal nanostructures finds 

extraordinary applications in both fundamental and applied aspects. 

Here we assemble investigations based on metal nanostructures/ semiconductor hybrid materials in 

the optical absorption enhancement and subsequent application in the photon conversion into 

electrical current. Chapter I expresses the review of some basic of surface plasmon theory of metal 
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nanostructures and its potential applications are discussed to explain their impact in diverse fields like 

optoelectronics, photocatalysis, chemical sensing.  

Chapter II demonstrates the fabrication of functionalized rGO electrodes which were assembled with 

gold nanoparticles (AuNPs).  Graphene with 2 D hexagonal arrangement same as the graphite has 

been widely explored for practical applications such as transparent electrodes, field effect transistors, 

photodetectors, chemical sensors and in photocatalysis etc. Its equivalents like graphene oxide (GO) 

and reduced graphene oxide (rGO) altogether important for the same applications. However, they 

possess low conductivity as in rGO and almost insulating nature of the GO due oxygen functional 

groups and defects. These functional groups can be reduced or utilized for their effective application 

in the intended area.  

In our approach we have tried to functionalize these groups with silane and one on which click 

reaction has been carried out. Citrate capped gold nanoparticles (AuNPs) are then self-assembled 

electrostatically on the amine terminals. Such functionalized graphene and AuNPs hybrid is studied 

for their photoelectrochemical properties. The electrochemical cyclic voltammetry and impedance 

clearly indicates the decreased resistance for click modified than the simple linear chain silane 

modified graphene surface. The wavelength dependent photocurrent suggests the plasmon effect of 

gold nanoparticles. 

Chapter III describes the effect of metal nanoparticles on the semiconductor heterojunction between 

n-SiNWs and TiO2.  A TiO2 thin layer was deposited on the surface of the SiNWs by dip coating 

method followed by thermal heating. For gold nanoparticles sensitization, a simple soaking of 
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heterojunction in the gold salt solution has been carried out. The materials were characterized for the 

optical absorption, the photoluminescence as well as the photocurrent enhancement was studied.  

The increased photocurrent observed for the heterojunction can be correlated with the enhanced 

optical properties of the heterojunction. Higher photoluminescence was observed for TiO2 due to near 

electric field enhancement by the nanoparticles’ LSPRs involvement. The improved 

photoelectrochemical properties of such heterojunction can be related to generation of higher number 

of excitons in the TiO2 and transfer of metal hot electrons into the conduction band of TiO2. 

In the chapter IV we have fabricated heterojunction of SiNWs/CuS. Copper sulphide was deposited 

by radio frequency magnetron sputtering on the H-terminated silicon nanowires. The solid state 

device have been studied for the photodetection. Later we have dropcasted gold nanorods on the 

surface of the photodiode and the performance of the device is evaluated.  

Finally, chapter V includes major conclusions of the present study and future directions for the 

effective utilization of metal nanoparticles for their potential applications in optoelectronic devices 

such as solar cells, photodetectors, light emitting diodes etc. 
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Plasmon Enhanced Photocurrent Generation from 

Click-Chemically Modified Graphene 

Functionalized rGO (reduced graphene oxide) electrodes were prepared, one having linear carbon 

chain and other with triazole aromatic ring (via cycloaddition reaction). The electrochemical 

properties of the functionalized rGO have been investigated alongwith visible-light response after 

covalent linking of gold nanoparticles (AuNPs) on the linkers.  

.  

Schematics of the AuNPs functionalize graphene and its photocurrent performance. 

Cyclic voltammetry (CV) and impedance measurements suggest fast electron transfer kinetics on 

account of the low resistance offered by the click-modified rGO surface. The introduction of triazoles 

offers the efficient bridge for electron transport between the AuNPs and reduced graphene oxide. 
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2.1 Introduction: 

Graphene is one atom thick 2D structure of carbon network. It possess highly impressive properties 

e.g. electrical conductivity (theoretical ~ 200000 cm2 V-1 s-1), thermal conductivity (5300 W m-1 k-1) 

, mechanical properties and high surface area (2360 cm2).1-5 It has zero band gap and ballistic electron 

transport due to linear E-k dispersion relation. Based on these excellent properties it is extensively 

used in variety of applications ranging from electronics6,7, energy storage8,9 and sensing devices.10-12 

However, graphene has many obstacles in the large scale applications e.g. it cannot be synthesized in 

bulk quantity or not suitable for surface modification due to lack of chemical functionalities.  

Additionally, the hydrophobic nature and absence of a bandgap limit graphene’s utility in water-based 

applications.13Analogues of graphene, Graphene oxide (GO) and partially reduced graphene oxide 

(rGO) have numerous electroactive sites owing to oxygen functionalities on the basal plane and the 

edges; they are also called as functionalised graphene.14 These functionalities allow non-covalent and 

covalent based chemistry on its surface for practical application of graphene in the devices. Self-

assembled monolayers (SAMs), which are ultrathin molecular films, can be used to modify the 

surface and influence the electronic properties of graphene.15-18 Covalent bonding facilitates and 

controls the transport of electrons and thus can effectively charge and discharge electrons onto the 

Au nanoparticles by means of linker molecules. Such molecular conducting junctions are necessary 

for controlled, efficient electron transfer and excitation energy transfer between two electrodes in 

which one acts as a donor and other one act as an acceptor. Conjugated π-systems are of special 

interest in this respect. As a spacer or bridge, such systems significantly affect the rate of electron 

transfer, which is dependent on the length and electronic structure of the bridge, the donor–bridge 

energy gap for injection, the spectral density coupling of molecules and the electrode.19-21 Aromatic 
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triazoles have been used as potential connecting bridge to facilitate photoelectron transfer through 

the involvement of a conjugative p network in intramolecular processes.22-24 The Cu-catalysed azide–

alkyne cycloaddition reaction between terminal alkynes and azides is famously known as “click 

chemistry” or Huisgen 1,3-dipolar cycloaddition. It has found wide applications in organic chemistry, 

polymer chemistry, supramolecular chemistry, drug discovery and so on.25-27 Click chemistry is one 

of the strategies that can be implemented easily on various surfaces: for example, silicon28, 

semiconductor nanoparticles and metal nanoparticles29, graphene30, graphene oxide31 and so forth. 

Plasmonic metal nanoparticles like Au and Ag possess higher scattering and absorption cross section 

and can be utilized in various applications like non-linear optics32-34, surface-enhanced Raman 

scattering (SERS)-based sensors35-37, energy harvesting and photocatalysis.38-40 Integration of gold 

nanoparticles with the semiconductor structures have been investigated for their enhanced 

photoluminescence and photocurrent in hybrids like TiO2/Au41,42, ZnO/Au43-45. Dye-sensitised solar 

cells (DSSCs), photochromic molecules such as PdPc (palladium phthalocyanine)46,47 and 

porphyrins48showed increase in the photocurrent49 due to plasmonic AuNPs. Localised surface 

plasmons on the AuNPs significantly improve photocurrent signals by intense photon absorption and 

they induce a large electromagnetic field adjacent to its surface. Covalently immobilised AuNPs on 

the rGO surface through organic linkers has been suggested as a means of achieving controllable 

transport in memory devices.50 

In this chapter, we have fabricated functionalized rGO electrodes by different organic molecules. 

First, silanization of rGO surface was carried out by simple hydrolysis process with 

Azidopropyltriethoxysilane (AzPTES) and aminopropyltrimethoxysilane (APTMS). The copper-

mediated click chemistry reaction was carried out on AzPTES functionalized rGO surface which 
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converts azide into an aromatic 1,2,3-triazoles. Finally, aromatic and non-aromatic linkers were 

attached on the rGO surface having amine group on the terminal end.  Citrate capped AuNPs were 

subsequently self-assembled on the amine terminal end.  

The optical and electrochemical properties have been studied to understand the effect of metal 

nanoparticles. We studied the influence of AuNPs assembled on the rGO surface for plasmon 

enhanced photocurrent generation. The interfacial properties of the covalently modified rGO are 

considerably altered by gold nanoparticle immobilisation. The aromatic 1,2,3 triazole acts as a 

perfectly suited linker between rGO and AuNPs for efficient charge transfer. After photoexcitation 

of Au nanoparticles, efficient charge separation and electron transfer occurs to the graphene through 

the molecular linkers. The maximum photocurrent is achieved when a triazole interfaces with the 

gold nanoparticles, thus indicating the necessity of π- conjugation for the charge transfer. 

2.2 Experimental Methods: 

2.2.1 Synthesis of GO and rGO 

Well known hummers method is used to synthesise Graphene oxide (GO) where natural graphite 

exfoliation is carried out in the acidic medium. The reduction of graphene oxide was performed by 

irradiating its aqueous dispersion (50 mg, 1 mg/ml) with UV light source for 6 hrs (3 mW, 250–400 

nm).52 The reduction of GO can be confirmed from the dark brown colouration which starts to settle 

from its aqueous solution. The samples were collected by centrifugation at 12000 rpm and redispersed 

in the ethanol and used for further studies. 
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2.2.2 Spray Deposition and Functionalization of rGO: 

Transparent conducting oxides plates, here FTO (resistivity: 15 Ωcm-2, Solaronix, Switzerland) was 

used as conducting electrode. Small pieces of FTO were cut into pieces of dimensions 1cm x 1 cm. 

FTO-coated glass plates were pre-cleaned by acetone, isopropyl alcohol and finally with water under 

ultrasonication and dried in N2 gas. The dispersion of rGO in ethanol was spray coated with air 

blowing on the conducting surface of the preheated FTO at 150º C until the desired thickness was 

achieved. Finally, the rGO layer on the FTO coated glass was heated at 150º C for 2 hrs until complete 

removal of solvent and to ensure film adhesion and better contact of rGO sheets onto the FTO surface. 

The FTO/rGO plates were immersed in a solution of APTMS and AzPTES in ethanol for 12 hr for 

amine and azide functionalization, respectively. After the functionalization of the FTO/rGO plates 

with amine and azide, the plates were washed with ethanol and water and dried under N2 gas. The 

click attachment of propargylamine was performed on the azide-terminated FTO/rGO electrodes. The 

electrodes were kept in the solution that contained propargylamine (50 ml), copper sulphate 

pentahydrate (CuSO4·5H2O, 1 mM) and sodium ascorbate (1 mM) in ethanol (10 ml) for 12 hr at 

room temperature. The electrodes were then washed with ethanol and water several times until the 

excess amount of physically adsorbed reactants were removed from the substrate and dried under N2 

gas. 

2.2.3 Synthesis of Gold Nanoparticles: 

Gold nanoparticles were prepared by the citrate reduction method. Briefly, HAuCl4 (20 ml, 1 mM) 

was heated in a water bath at 120º C for 15 min and citrate solution (20 ml, 1 mM) was added to the 

HAuCl4 solution at once. The yellow solution of the gold ions gradually turned wine red, thus 
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indicating the formation of gold nanoparticles. Heating was continued for 15 min and then the mixture 

was allowed to cool to room temperature. The functionalised FTO/rGO plates were then immersed in 

the as-synthesised gold nanoparticle solution (10 ml, pH~ 6.4) for 30 min. After that, the plates were 

washed in a water stream to remove physically adsorbed gold nanoparticles and then dried in N2 gas.  

2.3 Characterization Section: 

2.3.1 Morphology: 

Vibrational characteristics after covalent functionalization of rGO surface and after attaching gold 

nanoparticles were studied by ATR-FTIR spectra which were obtained by FTIR Spectrum GX-Perkin 

Elmer instrument. Atomic force microscopy images were taken in tapping mode with nanoscope-IV 

multimode scanning probe microscope. Jasco V-570 spectrometer is used for UV–Visible and 

diffused reflectance spectrum recording. Morphological characterization of the samples was 

examined by using a Quanta 200 3D, FEI scanning electron microscope (SEM). High resolution 

transmission electron microscope (HR-TEM) images were taken by using FEI Technai 300 keV. The 

Raman spectra collected using LabRAM HR800 from JY Horiba, France with laser wavelength of 

632.84 nm (He-Ne Laser, 10mW of power) and 2μm spot size. XPS data were acquired fromVG 

Microtech Multilab ESCA-3000 spectrometer equipped with a non-monochromatic Mg (Kα)-Xray 

(1253.6 eV) source. 

2.3.2 Electrochemical Measurements: 

Electrochemical measurements along with photocurrent measurements were performed on 

Potentiostat (Biologic SP 300) coupled with 300W Xenon lamp (ScienceTech) under AM 1.5 

conditions. 
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Electrochemical characterization is carried out under three-electrode configuration where FTO/rGO 

and functionalized FTO/rGO were used as working electrode, Ag/AgCl as a reference electrode and 

counter electrode was Platinum foil. Aqueous KCl (0.1 M) solution was used as electrolyte with 10 

mM potassium ferrocyanide which served as a redox couple. Before experiment the solution was 

deaerated by purging N2 gas for 1 hr which removes dissolved oxygen from the system. Copper wire 

is soldered on conducting side of the FTO.  

2.3.3 Photoelectrochemical Measurements:    

For photocurrent measurement 1 M Na2SO4 aqueous solution was used as electrolyte and an electron 

donor. Fixed area of 5 mm X 5 mm of the working electrode was exposed to the light. A Xenon lamp 

in the solar simulator was the white light source having intensity of 100 mW/cm2. Light emitting 

diodes purchased from Luxeon star, Canada were used for the wavelength dependent photocurrent 

measurements.  
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2.4 Results and Discussion: 

Graphene oxide was first synthesised by Hummers method with acid-mediated oxidation and 

exfoliation of graphite powder.51In this work photoinduced conversion of GO to rGO is carried out 

using ultraviolet irradiation. Reduction of aqueous dispersion of GO was done by exposing the 

solution under UV light (3 mW) for six hours. GO significantly absorbs UV radiation and generate 

photoexcited electrons; relaxation of these electrons causes phonon vibration in the graphene lattice 

through thermal energy transfer. This creates localised heating and simultaneous removal of oxygen 

functionalities from the surface. In such process hydrated or solvated electrons can trigger the 

reduction of the graphene oxide.51,52 

 

Scheme 2.1. Schematic of the GO surface functionalisation and immobilisation of AuNPs. 

Conducting side of the cleaned fluorine-doped tin oxide (FTO) substrate was spray coated with 

reduced graphene oxide. The surface of rGO deposited on FTO was then modified chemically by 

covalent reactions. The above scheme 2.1 represents the process of the self -assembled monolayers 

Scheme

Schematics of the rGO functionalization

Graphene Oxide
(Hummer’s Method)

UV IRR, (3 mW/cm2)

Reduced Graphene Oxide1) 

2) 
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formation on the rGO. Two types of organic linkers were attached onto the rGO surface by 

hydrosilylation. In first approach we used aminopropyltrimethoxysilane (APTMS) which is linear 

chain molecule and in the second azidopropyltriethoxysilane (AzPTES) followed by click reaction. 

After click functionalization with propargylamine, a triazole is formed which is an aromatic moiety. 

Both the reaction at the end will generate amine groups which can be subsequently used for the 

AuNPs attachment onto the functionalized rGO/FTO substrates.  

2.4.1 Optical, AFM and SEM Analysis: 

Morphological surface characteristics of spray deposited rGO on FTO are studied by optical, AFM 

images. Optical images reveal the brownish coloured thin film of the rGO on the FTO surface. AFM 

shows highly rough surface of FTO which indicates granules of FTO which can be formed after 

sputter coating of FTO on the glass. 

 

Figure 2.1.Optical microscopic images a) bare FTO, d) Spray coated rGO on FTO. Surface roughness analysis 

by AFM b) FTO top view and c) 3D plot. e) AFM top view and f) 3D plot after spray coating of rGO on FTO. 
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FTO roughness decreases after of spraying of rGO solution indicating the deposition of active layer 

of rGO as can be seen in the Figure 2.1c and d. The roughness of bare FTO was 36.7 nm which is 

reduced to 25.4 nm after rGO deposition as calculated from the AFM images (Fig 2.1e & f). Scanning 

electron microscopic images reveal the rough nature of the bare FTO surface and after spray 

depositing rGO sheets on the FTO surface. We can clearly see the flat rGO sheets on the FTO with 

edges partly protruding out of the surface shows the effectiveness of the spray deposition as in the 

Figure 2.2A and B. 

2.4.2 Fourier Transform Infrared spectroscopy and Raman measurement: 

The graphene oxide, reduced graphene oxide, chemically modified rGO substrates along with gold 

nanoparticles assembled rGO were characterised by FTIR (Figure 3a). The oxygen functionalities 

present on the GO surface includes alcoholic, carbonyl, C=C and epoxy groups abundantly which 

was confirmed from the various IR vibrational modes at 3363, 1732, 1630 and 1059 cm-1. 

 

Figure 2.2. Scanning electron microscope images a) bare FTO, b) Spray coated rGO on FTO. 
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The reduction of GO sheets can be observed as the IR intensity of OH and C=O group on the GO is 

decreased upon irradiation with UV light. However it also indicates that presence of sufficient 

functionalities are available over their surface for further chemical modification (Figure 2.3A – a, 

b). 

The silanization of rGO is based on silane chemistry in which -OH or -COOH groups are necessary 

for covalent attachment onto the surface. Briefly, the silane reacts with the above-mentioned 

functional groups by hydroxylation. Such SAMs have excellent stability under ambient atmosphere, 

which simultaneously passivates the electronic defects on the graphene edges and surface.7 The FTIR 

spectra of APTMS and AzPTES-modified rGO show a characteristic Si-O-C peak at 1100 cm-

1alongwith additional peaks at 740 and 890 cm-1 could be assigned to Si-O-Si and Si-O-C symmetric 

stretching modes.  The peak at 2090 cm-1 correspond to azide vibrational mode as in Figure 2.3A (c).  

 

Figure 2.3. A) ATR/FTIR spectra of a) GO, b) rGO, c) N3/rGO, d) click/rGO, e) APTMS/rGO, f) 

AuNPs(click)/rGO and g) AuNPs(APTMS)/rGO. B) Raman spectra of a) GO, b) rGO, c) 

AuNPs(APTMS)/rGO and d) AuNPs(click)/rGO. 
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In the click reaction 1,3-dipolar addition of propargylamine was carried out in the presence of Copper 

as catalyst and sodium ascorbate as a reducing agent. Cu (I) generated after the reduction formed a 

complex with propargylamine by reacting with a terminal alkyne, which then selectively added to 

azide to form 1,2,3-triazole. After click reaction the azide peak (2090 cm-1) completely disappeared 

as can be seen in the IR spectra (Figure 2.3A (d)), thus indicating successful click attachment of the 

propargylamine on the azide-terminated GO surface, whereas the triazole ring peak appears at 1066 

cm-1 after the click reaction. The click reaction on the N3-rGO ultimately terminates the rGO surface 

with the amine end, which electrostatically immobilises citrate-capped AuNPs. The appearance of 

peaks at 1460 and 1574 cm-1 represent C-N stretching and N-H bending modes of amide groups, 

which further confirms the covalent attachment of AuNPs onto the functionalised rGO surface.54 

Raman spectroscopy (633 nm excitation wavelength) was used to investigate the structural changes 

and interaction effects of gold nanoparticles with the graphene surface. Graphene oxide displays two 

distinctive peaks: the G band for the graphitic mode that arises from the first-order scattering of the 

E2g phonon (~ 1320 cm-1) at the Brilliouin zone centre and the in-plane breathing modes (1590 cm-1) 

of the six atom ring (A1g phonon) respectively in the Raman spectrum (Figure 2.3B)  . The graphitic 

nature of the GO can be measured from the ID/IG ratio. The ratio for the GO and rGO was found to 

be 1.83 and 1.63. The ID/IG ratio indicates the average size of sp2 domains in the graphene. In our 

case the decrease in the ratio is attributed to desorption of the oxygen functionalities, that is, the 

removal of defects with the introduction of sp2 domains at different levels and subsequent reduction 

of the GO surface.27 The ratio for APTMS and the click-modified rGO surface was found to be 1.56 

and 1.49, respectively. AuNPs deposited on the APTMS and click-functionalized rGO surface shows 

enhanced Raman signals of the rGO bands. The gold nanoparticles interfaced with APTMS showed 
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a 97% enhancement in the D band, whereas a 426% enhancement was observed for the click-modified 

surface. The enhancement could be attributed to electromagnetic (excitation of LSPs) or chemical 

mechanisms (charge-transfer mechanism).28 The enhanced Raman intensity of the D and G bands in 

the Raman spectra of the AuNPs on the click-modified rGO surface can be attributed to the 

involvement of the resonating SPs on the surface of the Au nanoparticles, which would induce 

concentrated electromagnetic fields around the nanoparticle as well as charge transfer because of the 

linkers used for the covalent assembly of AuNPs.  

2.4.3 Transmission Electron Microscopy and X-Ray Diffraction: 

Transmission electron microscopy was carried out to investigate the morphology and adsorption of 

AuNPs on the click-modified GO surface. 

 

Figure 2.4. (a-c) HRTEM images of rGO(click)/AuNPs. (d) Selective area electron diffraction pattern. 
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Figure 2.4a–d shows the HRTEM images of the as-prepared rGO/Au. AuNPs with an average 

diameter of 12 nm were observed on the surface of the rGO, which was confirmed from the particle-

size distribution calculated from Figure 2.5a. A lattice spacing of 0.246 nm was measured, which 

corresponds to (111) and other planes for face-centred cubic (fcc) Au nanocrystals. 

The X-ray diffraction (XRD) is the most widely used technique for structural characterization. The 

XRD pattern for the GO, rGO and rGO with AuNPs is shown in Figure 2.5b. The peaks at 9.98 (001) 

and 24.5 (002) are the characteristic of GO and rGO, respectively. The diffraction peak at 2θ ~10 is 

mainly due to the oxidative exfoliation of graphite. While reduced graphene oxide diffraction peak at 

2θ ~ 25 corresponding to the highly organized layer structure with decreased interlayer distance along 

the (002) orientation. The other peaks such as 38 (111), 44.3 (200) and 64.4 (220) in the XRD and 

selected-area electron diffraction (SAED) patterns also reveal the face centred cubic (JCPDS no. 04-

0784) structure of the AuNPs. 

 

Figure 2.5. (a) Gold nanoparticles size distribution (b) XRD pattern for the as synthesized GO, rGO and 

functionalized rGO with gold nanoparticles. 
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2.4.4 X-ray Photoelectron Spectroscopy: 

In XPS survey, GO samples showed that considerable oxygen moieties are present in the carbon 

backbone of the GO as in Figure 2.6a. The carbon 1s shows four peaks at 284.5, 286.4, 287.5 and 

288.5 eV that correspond to C=C, C-O, C=O, and O=C-O, respectively.24 Figure 2.6b indicates 

lowering in the oxygenated carbon intensity of the GO surface confirming the reduction of GO into 

rGO. Also, the carbon peak shows considerable increase in the intensity of the C=C bond, which 

suggests the restoration of the hexagonal network of graphene owing to the reduction of GO to rGO.  

 

Figure 2.6. XPS spectra of C and N before and after click functionalization of rGO: C1s peak in (a) GO, (b) 

rGO, (c) azide-modified rGO, and N1s peak in (d) azide and e) after click reaction. 

After click modification we can see the peak at 285.7 eV representing the C-N bond (Figure 2.6c) 

from the successful integration of amine moieties on the rGO surface. Figure 2.6d reveals the 
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presence of a nitrogen peak in the form of azide, which can be deconvoluted into two nitrogen (ratio 

of 2:1) peaks at 400 and 403.7 eV, thereby confirming the successful azide functionalization of the 

rGO surface. However, Figure 6e represents the XPS data obtained for the same surface after the 

click reaction whereby the absence of an azide peak at 403 eV along with the broadening of the N 

peak at 399.5 eV in the XPS spectra confirms the formation of triazoles. The high-resolution scan of 

this broad peak shows the presence of three N atoms in different environments, namely, NH2 at 399.5 

eV, N=N of the triazoles at 400.5 eV and NH4
+ at 401.7 eV. 29 

2.4.5 Electrochemical Experiments: 

2.4.5 (a) Cyclic Voltammetry: 

Electrochemical measurements were carried out to comprehend the electrochemical reaction 

occurring on the different electrode interfaces.  

 

Figure 2.7. (a) Cyclic voltammograms of rGO and (b) functionalized rGO in 10 mM of potassium ferrocyanide 

and 0.1 M KCl versus Ag/AgCl. 

The cyclic voltammograms of various electrodes are studied by using 10 mM potassium ferrocyanide 

(as a fast electron-transfer probe) in 0.1 M KCl as a supporting electrolyte at a scan rate of 100 mV/s.  
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Figure 2.7a represents the very well behaved cathodic (ipc) and anodic (ipa) characteristic peaks for 

the [Fe (CN)6
3-/4-] redox system on the bare FTO and FTO/rGO electrode which are well defined and 

sharp. The shift in the peak values suggests that the reaction kinetics on the different electrodes are 

different. For rGO the peak potential shift is 0.214 V suggesting that the rGO is a highly conducting 

layer owing to high-quality sp2 network and high surface area. The redox peaks on rGO are due to 

the defects related to some oxygen functionalities and defects still present on its edges and surface 

which can act as a redox centre. However, after functionalization the redox couple’s peaks disappear 

indicating electron blocking behaviour self-assembled monolayers as in Figure 2.7B.  

 

Figure 2.8. (a) CV and (b) EIS measurements of rGO and functionalised rGO after AuNPs attachment in 10 

mm of potassium ferrocyanide and 0.1 M KCl versus Ag/AgCl (EIS frequency range: 10 kHz–0.1 Hz). 

After gold nanoparticles assembly the redox peaks again appear suggesting that the AuNPs are 

serving as redox centre. In figure 8a for the rGO(APTMS)/AuNPs electrode, the cathodic and anodic 

peaks are found at 0.494 and at -0.138 V, whereas for the rGO-(click)/AuNPs electrode, they are at 

0.320 and 0.003 V, respectively. The peak potential separations (Δ Ep) for [Fe (CN)6
3-/4-] are found 

to be 0.632 and 0.323 V, corresponding to rGO(APTMS)/AuNPs and rGO(click)/AuNPs. This 

indicates facile heterogeneous electron-transfer kinetics of the redox couple at rGO and AuNPs 
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deposited on the rGO surface. It becomes sluggish for the rGO(APTMS)/AuNPs electrode relative to 

rGO- (Click)/AuNPs. The nature of the linkers between the AuNPs and rGO affects the interfacial 

electronic structure and charge-transfer rate. The lower Δ Ep value for clicked rGO might be 

attributed to the low barrier offered by the triazole ring conjugated with rGO, whereas aminosilane 

offers greater resistance to the electron transfer, which hinders the electron transport. 

2.4.5 (b) Impedance: 

Figure 2.8b shows the electrochemical impedance characteristics of AuNPs attached on 

functionalized rGO. It illustrates the resistance offered by the interface of different electrodes. The 

impedance generally has two processes: 1) charge-transfer resistance-limiting process also called as 

faradic reaction where small semicircle at higher frequencies appears and 2) the diffusion process 

corresponding to ion transfer at the electrodes represented by a straight line at lower frequencies. The 

plot shows simultaneous appearance of these processes for the electrodes. The FTO/rGO electrode 

has a low charge-transfer resistance value (≈ 27 Ω) because of the direct interaction of redox species 

with the rGO conducting surface. However, functionalised rGO electrodes shows slight increase in 

the Rct values after gold nanoparticles were assembled on it. The AuNPs on click-modified surface 

offer less resistance to the charge transfer (Rct ≈ 52 Ω) than the APTMS-modified surface (Rct ≈ 76 

Ω), which can be attributed to the aromatic triazole ring assisting or providing the necessary 

conducting link for the electron transfer onto the electrode surface. 

2.4.6 Photoelectrochemical Experiments: 

The gold nanoparticles immobilized on the chemically modified rGO surface were studied for 

photocurrent generation. Figure 2.9a, represents the linear sweep voltammograms for rGO (a), 
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AuNPs on APTMS (b) and click functionalized rGO (c) respectively in the presence of white light. 

It indicates higher photocurrent generation for AuNPs attached on click modified rGO electrode. 

The transient photocurrent versus time was recorded at 0 V against the open circuit potential (Eocp) in 

which Ag/AgCl and Platinum foil served as a reference electrode and as a counter electrode, 

respectively. The photocurrent responses were measured for rGO, rGO(APTMS)/AuNPs and 

rGO(click)/AuNPs electrodes irradiated with white light in the visible range (λ >400 nm,100 

mW/cm2) are plotted in Figure 2.9b. On/off cycle photocurrent was prompt and became stable in the 

time interval of the pulse illumination.  

 

Figure 2.9. (a) Linear sweep voltammograms. (b) Transient photocurrent responses of a) FTO/rGO, b) 

FTO/rGO(APTMS)/AuNPs and(c) FTO/rGO(click)/ AuNPs electrodes using 1 M Na2SO4 as an electrolyte (at 

0 V bias versus Eocv) under white light irradiation. 

When irradiated with white light, a cathodic photoresponse was shown by rGO electrodes with 

photocurrent ~ 0.54 µA/cm2. The click-modified rGO exhibited a cathodic photocurrent of five orders 

of magnitude higher (3.62 µA/cm2) than APTMS/rGO (0.70 µA/cm2). 
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To ascertain the plasmonic effect in photocurrent generation, the click-modified samples were 

irradiated with light of specific wavelengths. Figure 2.10 reveals the wavelength dependent 

photocurrent measurements for the AuNPs on click functionalized rGO electrodes. On light 

irradiation with 530 nm, it showed the highest photocurrent (2.36 µA/cm2) relative to the other 

wavelengths. The wavelength of incident light is close to the surface plasmon band of the gold 

nanoparticles i.e. λ ~ 543 nm; indicating the photocurrent from the AuNPs. This can be attributed to 

the SPs generated on the AuNPs by light irradiation; which induces a dipole that enhances the electric 

field, thus leading to separation and generation of hot electrons.  

 

Figure 2.10. Wavelength dependent photocurrent responses of FTO/rGO(click)/AuNPs electrodes in 1 M 

Na2SO4 as an electrolyte and applying 0 V bias. 

These hot electrons then effectively transferred to the graphene electrode with the help of triazole 

ring enabling higher photocurrent. It shows that the conjugated triazole moiety can serve as a better 

linker than the unconjugated one, thereby facilitating charge transfer from AuNPs to graphene. It also 
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reveals the better electronic conductivity of rGO for inter- facial shuttling of electrons from the 

AuNPs to the rGO surface through the aromatic triazole linker. It is worth mentioning that the 

presence of bifunctional linkers between semiconductor and AuNPs could affect the electronic 

structure at the interface as well as the electron-transfer rate.55-57 In such a system, the photoexcited 

electron can relax by any one of the two mechanisms, namely, tunnelling or resonant charge-transfer 

mechanisms. We believe that resonant charge transfer is probably the more suitable mechanism in 

our case. The result shows that the selective π-conjugated covalent attachments on the rGO 

remarkably enhance the photoelectrical transport properties of the rGO. 

2.5 Conclusion: 

Enhanced photocurrent generation was observed from the functionalized rGO electrodes when 

assembled with AuNPs on different linker molecules due to plasmonic assistance. The AuNPs on 

click-functionalized rGO shows enhanced photocurrent whereby AuNPs act as a plasmonic antenna 

and triazoles act as an effective electron-transferring linker. The structure of self-assembled 

monolayers influences the electron-transport properties in the hybrid.  The aromatic triazoles show 

the faster electron transfer than linear one. Cyclic voltammetry and electron impedance spectroscopy 

(EIS) measurement of the electrode interface also suggest that the π-conjugated triazole ring to be an 

excellent bridge for the fast charge transport from the AuNPs to the graphene surface. The inclusion 

of π- conjugation near metal nanoparticles allows electron delocalization over the aromatic ring. This 

increases the scattering cross section due to intense electromagnetic field resulting into Raman 

intensity enhancement in the rGO bands. It also acts as an efficient pathway for the relaxation of hot 

electrons, thereby ensuring a large photocurrent from the hybrid. 
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Enhanced Photoluminescence and Photoactivity of 

Plasmon Sensitized nSiNWs/TiO2 Heterostructures 

A radial heterojunction between TiO2 deposited on nSiNWs surface were fabricated by dip coating 

and thermal annealing of the samples. Sensitization by gold nanoparticles on the heterojunction was 

achieved by soaking and subsequent heating. The AuNPs thus formed influence the optical and 

photocurrent properties of the heterojunction considerably. Improvement in the band gap emission 

of TiO2 has been found at the expense of defect radiation. Excitation of AuNPs deposited on 

nSiNWs/TiO2 by light irradiation shows a wavelength-dependent photocurrent due to the increased 

photoactivity of the heterojunction. 

 

Schematic illustrations of the heterojunction optical properties and photocurrent results. 
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3.1 Introduction: 

Metal nanoparticles exhibit localized surface plasmon resonance (LSPR) by the interaction 

of visible-light photons with the valence electrons on the metal surface. At a resonance frequency of 

metal nanoparticles the strongest optical interaction occurs being a function of the size, shape, type 

of metals as well as the local dielectric environment.1,2 The large resonant scattering cross sections 

of metal nanostructures offer the potential to scatter light strongly, while LSPs can guide and 

confine light flux in nanoscale dimensions.3 The LSPs decay radiatively by scattering or non-

radiatively resulting in energy absorption.4 These tunable properties of metal nanoparticles can be 

used in a variety of applications from non-linear optics and photovoltaics to sensing.5,7 Light 

detection and photocurrent generation from the excitation of surface plasmon on the surface of 

metal nanoparticles is a recent concept. There has been a profound surge of interest in exploiting the 

collective oscillations of the conduction electrons of a metal as a powerful method for use in 

nanoscience and nanotechnology.  

One-dimensional SiNWs arrays offer increased surface area, enhanced light absorption and 

reduced charge recombination. Due to their versatile properties and easy, controllable synthesis, 

silicon nanowires (SiNWs) are important candidates for optoelectronic devices and solar cells.8,9 

Large-scale silicon nanowire (SiNWs) arrays fabricated by metal assisted chemical etching have 

been used as the antireflection layer for photovoltaic cells and for other optoelectronic devices 10-14. 

This method is very cheap and simple, suitable for high-throughput and inexpensive industrial 

production. Oxides with wide band gaps and high dielectric constants, commonly known as k-

oxides, are of great interest in the electronic industry. TiO2 is a remarkable semiconductor material 
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with a large band gap (3.0–3.2 eV), is chemically inert, has a high photo-conversion efficiency and 

good photo-stability.15,16 Although Si is more efficient, it corrodes in water, and the large band gap 

of TiO2 restricts its applications in certain requirements, e.g. water splitting in the visible part of the 

spectrum. Semiconductor heterojunctions are being studied to overcome these shortcomings. The 

performance of functional devices in water splitting applications is based on the heterojunctions 

formed between TiO2 and silicon. Such heterojunctions allow effective separation and utilization of 

charge carriers (e-/h+) by increased absorption of light. Band bending near the junction of 

nSiNWs/TiO2 for photo-oxidative properties of the hybrid in photoelectrochemical cells has been 

studied, where it has been observed that the photocurrent increases due to enhanced charge 

separation and minimum recombination.17 Photocatalytic degradation of phenol on an electrode 

with n–n and p–n heterojunctions has been observed between SiNWs and TiO2.
18 Semiconductor– 

metal composites are highly valued for their visible light sensitivity because of the plasmonic 

antenna effect of metal nanoparticles extending the absorption range of wide band gap 

semiconductors. Such hybrid nanomaterials show enhanced physical properties such as low 

reflection, high absorption, dielectric strength etc.  

In this chapter, we demonstrate the effect of the surface plasmon of gold nanoparticles on 

SiNWs/TiO2 heterojunctions. These hybrids show enhanced optical absorption, emission and 

photocurrent generation. Plasmonic sensitization enhances self-trapped exciton emission and 

oxygen vacancy radiative recombination emission properties of TiO2. Light-emitting diodes (LEDs) 

are used as the source of light for photocurrent measurements. Enhanced photocurrent is achieved 

by decorating AuNPs on the surface of nSiNWs/TiO2 heterojunctions due to plasmonic charge 

carrier generation. 
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3.2 Experimental Methods: 

3.2.1 Synthesis of TiO2 sol.: 

Titanium isopropoxide (TTIP) is used as a precursor for the synthesis of the titanium sol. In the 

preparation, 0.5 ml of TTIP was added into 5 ml of ethanol with simultaneous addition of 0.2 ml of 

acetic acid. Double distilled water (0.5 ml) is added dropwise in the above solution alongwith 

sonication for the hydrolysis of titanium isopropoxide. A white turbidity appears indicating the 

formation of TiO2 which was dissolved by adding some amount of dilute HNO3. The clear solution 

thus formed is the sol of titanium. As prepared titanium sol is stable for many days, subsequently 

used for the TiO2 coating on n-SiNWs. 

3.2.2 Synthesis of n-SiNWs/TiO2: 

Electroless metal deposition method is used to synthesize SiNWs. The Silicon wafers cut into small 

pieces and clean with acetone, isopropyl alcohol finally with DI-water by sonication. The cleaned 

wafers were blow dried under N2 gas. The wafers then treated with piranha solution for 30 minutes 

(H2SO4:H2O2, 3:1) to oxidize any organic contaminants and simultaneously creating hydroxylated 

surface on the Silicon. The etching of silicon is carried out using 0.04 M AgNO3 and 5% HF (1:1) 

for 5 minutes at 55°C. After etching, SiNWs were kept in 5 M HNO3 to remove deposited silver. 

For TiO2 thin film coating, native oxide layer was removed from the surface of the SiNWs by 

keeping it in 5% HF solution for 5 min. H-terminated SiNWs array was deep coated for 10 times in 

TiO2 sol to form TiO2 coating on SiNWs. After, complete drying the substrate was annealed at 

500°C for 1 hr. under ambient oxygen to form TiO2 covered n-SiNWs. 
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3.2.3 Gold deposition on n-SiNWs/TiO2: 

For gold deposition the TiO2 coated samples were soaked in gold salt solution (1mM HAuCl4) for 

30 minutes and dried under IR lamp. These samples were then annealed at 400°C (10 minutes) for 

the gold nanoparticle formation. 

3.3 Characterization: 

3.3.1 Morphology: 

Morphological characteristics of the as synthesized materials was examined by using Quanta 200 

3D, FEI scanning electron microscope (SEM). High resolution transmission electron microscope 

(HR-TEM) images were taken by using FEI Technai 300 keV. X-Ray diffraction studies were 

carried out on a Phillips PW 1830 instrument operating at 40 kV and a current of 30 mA with Cu 

Kα radiation. UV–Visible diffused reflectance spectra were recorded using a Jasco V-570 

spectrophotometer. The Raman spectra were collected using LabRAM HR800 (Jobin Yvon Horiba, 

France) with laser wavelength of 632.84 nm (He-Ne Laser, 20 mW of power) and 2 μm spot size. 

PL data were recorded on Fluorolog Horiba Jobin Yvon fluorescence spectrophotometer using a 

xenon lamp with an excitation wavelength of 340 nm. Electrochemical measurements along with 

photocurrent measurements were performed on Potentiostat (Biologic SP 300, Netherlands). 

3.3.2 Photo-Electrochemical (PEC) Measurements: 

PEC study was carried out in neutral 1 M Na2SO4 using three electrode system where Ag/AgCl and 

Pt foil served as reference and counter electrodes. All samples were covered with Teflon tape 

exposing the front side (0.5 cm x 0.5 cm) of the electrode. Contacts were made using Ga-In 
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conducting liquid. Visible light measurements were carried out by irradiating the exposed part of 

the samples with white and monochromatic LED sources (Luxeon Star, Canada). The photocurrents 

for each sample were then normalized with respect to per unit area and plotted. 

3.4 Result and Discussion: 

3.4.1 SEM and TEM: 

The heterojunction materials fabricated by the above process were characterized by scanning 

electron microscopy.  

 

Figure 3.1. a) Top view and b) cross section (tilt at 45°) SEM views of the as-prepared nSiNWs/TiO2 

heterojunction. c, d) HRTEM images of the TiO2-coated nSiNWs before and after gold nanoparticle 

deposition, respectively. 
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Vertical SiNWs of approximately 3 µm in length and 100 nm in diameter was observed on the 

silicon surface which are shown in Figure 3.1a and b. Individual Si nanowires are uniformly 

covered by the TiO2 layer as can be seen in Figure 3.1b.  

High resolution TEM of the SiNWs/TiO2 sample, shown in the Figure 3.1c, reveals the thickness of 

the TiO2 layer of approximately 20 nm. These samples were soaked in a gold salt solution where Au 

(III) ions physically adsorbed on the TiO2 surface. After thermal annealing the nanoparticles are 

found to be partially embedded in the TiO2 matrix. The Figure 3.1d shows ~9 nm sized gold 

nanoparticles on TiO2 surface, suggesting the effectiveness of the process utilized herein for the 

synthesis of the hybrids. The relative size distribution of gold nanoparticles was calculated after 

measuring several particles from the Figure 3.2. 

 

Figure 3.2. Particle size distribution of gold nanoparticles on the heterojunction. 
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3.4.2 XRD and Diffuse Reflectance spectroscopy: 

XRD patterns of the samples were plotted in the Figure 3.3a shows the peaks at 2θ = 32.2 (100) 

and 69.3 (400) correspond to the highly crystalline nature of SiNWs. The peaks appearing at 25.4 

(101), and 75.3 (215) belong to the crystalline anatase phase of the TiO2 [JCPDS No. 841285]. 

After gold nanoparticles deposition new peaks appears at 38.2 and 44.4 representing (100) and 

(200) planes of face-centred cubic symmetry of the gold nanoparticles [JCPDS No. 040784]. 

 

Figure 3.3. a) X-Ray diffraction pattern showing the anatase form of the thin TiO2 overlayer along with 

typical gold lattice planes. b) Comparative diffuse reflectance spectra of the as-prepared samples. 

Diffuse reflectance spectra (Figure 3.3b) were recorded for the SiNWs, TiO2-coated SiNWs and 

Au nanoparticle decorated SiNWs/TiO2 samples. All samples show lower reflectance over the 

spectral range of 300–800 nm than the silicon. SiNWs have inherent lower reflectance due to 

internal reflection of light. The thin TiO2 layer on the SiNWs acts as a surface passivating layer as 

well as an anti-reflection coating, thereby, improving the absorbance by multiple internal 

reflections. This reveals the increased light harvesting capability of heterojunctions compared to 
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pristine SiNWs. The heterojunction can utilize light from both the visible and UV regions of the 

electromagnetic spectrum, which can be utilized in various potential applications. The TiO2-coated 

SiNWs samples show ~8% reflectance over the entire visible range after the embedding of gold 

nanoparticles in the TiO2 matrix. 

Gold nanoparticles have absorption in the range of 450–550 nm due to the surface plasmon. 

Deposition of AuNPs on the TiO2 overlayer further enhances light absorption of the heterojunction. 

The possible reason may be an interaction of LSPRs with the light. This results into higher 

scattering cross section on gold nanoparticles which increases the scattering of light leading to more 

photon absorption.19 Mechanisms such as (i) a change in the refractive index of the metal oxide 

(here TiO2) due to the embedded gold nanoparticles or (ii) a change in the effective electron density 

of the AuNPs could be responsible for the broad nature of the peak.  

3.4.3 Raman Spectroscopy and Photoluminescence: 

 

Figure 3.4. a) Micro-Raman spectra before and after deposition of AuNPs on the nSiNWs/TiO2 

heterojunction, indicating the typical anatase peak of TiO2 and first and second order silicon peaks. b) Room 

temperature photoluminescence spectra of the heterojunctions.  
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 Raman scattering is a sensitive technique to probe crystallinity of the lattice microstructures. 

Figure 3.4a display the Raman spectra of the samples where we can see the typical peaks for the 

Silicon and TiO2. The characteristic silicon peak appears at 520.13 cm-1, corresponding to the first 

order longitudinal and transversal optical phonon (LTO) in the diamond structures of SiNWs. The 

peak at 303.86 cm-1 is the second order transverse acoustic phonon (2TA) contribution, which 

appears to be significant in the spectra.21,22 Sharp peaks at 145.60 cm-1 and 636.96 cm-1 belong to 

the optical vibration Eg modes in anatase TiO2.
20  

The broad band centred at 960.1 cm-1 is related to second order transversal optical phonons (2TO) 

in silicon, and also suggests a strong interaction between the TiO2 thin film and the silicon surface. 

The peak at 855.8 cm-1 could be ascribed to a Ti–O–Ti stretch, indicating 2D connectivity.23 

Room temperature solid state photoluminescence (PL) spectroscopy was used to understand the 

presence of defects and the recombination ability of charge carriers. Room temperature 

photoluminescence spectra have been plotted in Figure 3.4b. The as-prepared samples were excited 

at the band edge absorption of the TiO2, i.e. 340 nm. Both samples show multi-emission peaks 

which have been de-convoluted using Gaussian fitting in order to understand their peak positions 

and nature. For semiconductors such as TiO2 and ZnO on excitation by photon energy equal to or 

higher than their band gap, electrons can be transferred from the valence band to the conduction 

band, generating excitons which after recombining emit radiation approximately equal in energy to 

the band gap. However, this is not always true, since the presence of defects such as oxygen 

deficiencies, impurities or metal doping creates sub-energy levels that can capture the electrons, 

resulting in emission of photons lower in energy than the band gap. The oxygen-related defects in 
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TiO2 are intrinsic and particularly important as they give rise to intermediate energy levels within 

the band gap. As a consequence, many recombination centres are introduced for electron–hole pairs. 

In the absence of gold nanoparticles, TiO2 shows PL peaks at 415 nm, 451 nm and 503 nm (Figure 

3.5a), which belong to self-trapped excitons (STEs), oxygen vacancies with two electrons (F-center 

or VO
●●) and oxygen vacancies with one electron (VO

●), respectively. After gold nanoparticle 

deposition (Figure 3.5b), new peaks appeared at 403 nm, 433 nm and 458 nm. All these peaks 

confirm the anatase-type TiO2 thin layer formed on the SiNWs.  

 

Figure 3.5. a) Gaussian fitted PL peaks of the as-prepared samples before and b) after AuNPs deposition 

respectively. 

The PL of anatase TiO2 has three different physical origins, namely radiative recombination of self-

trapped excitons, oxygen vacancies (OVs), and surface states24 in the defect states within the band 

gap. It has been reported that oxygen vacancies in metal oxides behave as deep trap states which 

enhance the recombination of charge carriers, and shallow trap states promote diffusion of carriers 

to the surface.25, 26 
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The mechanism for the PL in TiO2 can be described by the following processes.19 

 

where, V is a Kroger notation for the ionized oxygen vacancy level. 

The conduction and valence band edges for titanium oxide lie at ~ 4.26 eV and ~ 7.46 eV with 

respect to the vacuum, considering the anatase TiO2 band gap of 3.2 eV.27 The shallow traps 

belonging to oxygen vacancies were established to be 0.51 eV19 and 0.8 eV28 below the conduction 

band. The peaks at 451 nm and 503 nm in Fig. 3c are nearly coincident with these OV levels. The 

electrons excited from the valence band (VB) of the TiO2 cannot reach the conduction band (CB) of 

TiO2; instead they are captured by the oxygen vacancies via a non-radiative process and then 

recombine with the holes in the VB, accompanying radiative emission in the visible region 

corresponding to the peak at 415 nm. A blue shift of 12 nm in the band edge luminescence is 

observed for the gold-deposited samples, suggesting trapping of electrons in the energy level just 

below the CB of TiO2. It also emphasizes the strong interfacial interaction between TiO2 and gold 

nanoparticles. The emission at 432 nm corresponds to self-trapped excitons, which have been 

suggested to occur due to oxygen vacancies created by metal doping (here by Au metal).29,30 The 

considerably increased intensity of shallow trap states after the deposition of gold nanoparticles 

infers increased radiative recombination at this level. The photoluminescence of the heterojunction 

on gold deposition shows a 5-fold enhancement after integrating the emission signals of TiO2. This 
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suggests that the rate of semiconductor emission in a gold nanoparticle-decorated heterojunction 

system, which is a function of the concentration of electron–hole pairs in the semiconductor, is 

larger than that in the isolated heterojunction system. This can be explained only by the 

involvement of SPR of AuNPs, which increases the rate of electron–hole pair formation in the 

semiconductor due to a near-field effect. The photoexcited plasmonic AuNPs efficiently scatter 

resonant photons, increasing the average photon path length in the TiO2 layer and ultimately 

resulting in an enhanced rate of exciton formation. More precisely, the defect emission energy (503 

nm) is close to the SPR of gold nanoparticles as per the DRS spectra. This energy is absorbed by 

the gold nanoparticles, generating energetic electrons (hot electrons) in the high energy state within 

the Fermi level, which could be transferred from the gold nanoparticles into the conduction band of 

the TiO2. After this, by combining with the holes in the VB of the TiO2, relaxation occurs by 

emission of energetic photons, which results in an increase in the intensity of the other emission 

band of TiO2.
31,32  

3.4.4 Photoelectrochemical Measurements: 

The higher optical absorption can be useful for the photoconversion into electrical current 

generation. As the samples prepared show increased absorption and PL enhancement we carried out 

photocurrent experiments. The Silicon nanowires with TiO2 and after gold nanoparticles deposition 

are used as active electrodes. Aqueous solution of 1M Na2SO4 acts as an electron donor. The 

photoelectrochemical measurements of the samples were studied in a solution under LED light 

illumination. Figure. 3.6 shows the linear sweep voltammograms before and after gold nanoparticle 

deposition on the heterojunction. These voltammograms are recorded in the potential range between 
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-1 to +2 V, with Ag/AgCl as a reference electrode, under dark and white light illumination and with 

a scan rate of 100mV/s. Increase in the photocurrent is observed for gold nanoparticle-decorated 

samples over the dark current than the standard sample as evident in the Figure 3.6A.  Spectrally 

resolved analysis plotted in the Figure 3.6B suggests substantially higher photocurrent at 

wavelength of 530 nm.  

 

Figure 3.6. A) Linear sweep voltammograms (LSVs) of the nSiNWs/TiO2 and nSiNWs/TiO2/Au samples 

under dark and white light. B) LSVs under various wavelength irradiations.  

The dynamic photocurrent i.e. at the time of on-off illumination is carried out and represented in 

Figure 3.7. At applied potential of 0.5 V versus Ag/AgCl as reference electrode, the SiNWs/TiO2 

heterojunction shows a maximum photocurrent of 0.33 µA/cm2 under white light irradiation 

(Figure 3.7A). The favourable band alignment for the possible photoexcited electron transfer and 

absorption of the visible light by the heterojunction are responsible for the current generation. 

AuNPs deposited heterojunction electrodes showed 25-fold enhancement in the photocurrent (~ 8.4 

µA/cm2). This increase in the current can be attributed to the possible role of the localized surface 
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plasmon on the gold nanoparticles revealing the usefulness of the higher optical absorption of the 

heterojunction as discussed above. A wavelength-dependent study was carried out and the results 

are presented in Figure 3.7B. When irradiated by a green LED light with central wavelength at 530 

nm and with an incident power of 11.2 mW on the prescribed area of the electrode, i.e. 0.5 cm X 0.5 

cm, the highest current is obtained as compared to the other wavelengths.  

 

Figure 3.7. A) Photoresponse of heterojunction under white light irradiation. B) Wavelength dependent 

photoresponse of the nSiNWs/TiO2/Au at bias of 0.5 V Vs Ag/AgCl in 1 M Na2SO4 as an electrolyte. 

The gold deposited on the heterojunction has a maximum absorbance in the region of 400–550 nm, 

which is due to the combined effect of SPR and the dielectric strength of the TiO2. Therefore, it is 

reasonable that the photocurrent response at 470 nm (~ 6.43 µA/cm2) and 530 nm (~ 7.8 µA/cm2) is 

because of the spectral overlap of the energy levels of the SPR of the gold nanoparticles and TiO2. 

The photon energy (530 nm) is selectively absorbed by the gold nanoparticles over the highly 

energetic photons (470 nm) and hence the maximum photocurrent is observed under green light 

irradiation. The absorbance of the gold-decorated samples extends over the entire visible region, 

hence it should be able to convert incident photons of 665 nm wavelength as well, resulting in the 
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higher photocurrent (~ 4.14 µA/cm2) at this wavelength. To produce photocurrent from the gold 

nanoparticle decorated nSiNWs/TiO2, the electrons and holes must have to be transferred across the 

heterojunction (Scheme 3.1). 

 A barrier of 1.1 eV exists between the AuNPs–TiO2 interface because of the difference in the work 

function of gold (~ 5 eV) and the electron affinity of TiO2 (~ 3.9 eV)33, which has to be overcome 

by the electrons so as to contribute to the current. 

 

Scheme 3.1. Simplified illustration for the band energies and possible charge transfer from gold 

nanoparticle SPR level into the conduction band of TiO2 under visible light illumination. 

As the present study suggests, the increase in the photocurrent on visible light irradiation indicates 

that these electrons have enough energy to cross the Schottky barrier. Also, SPRs on gold can be 

stimulated by the defect emission (~ 2.5 eV) energy transfer. The excited SPRs might be 

responsible for the electron tunnelling from gold to the TiO2 conduction band. As a result, electron 

density increases in the conduction band of TiO2, leading to a higher recombination rate of 
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electron–hole pairs, which enhances the PL properties of TiO2. All of this suggests a synergistic 

effect between TiO2 emission and gold SPR involvement in the enhanced photoactivity of the 

heterojunction. 

3.5 Conclusions: 

A simple method has been presented for the synthesis of heterojunctions, along with improved and 

new properties of such heterojunctions resulting from deposition of gold nanoparticles. The 

influence of the SPR of gold nanoparticles on the optical and photocurrent properties of the 

nSiNWs/TiO2 heterojunction has been investigated. Such gold plasmon-sensitized SiNWs/TiO2 

exhibits broadband visible light absorbance and photoresponse at matching wavelengths between 

the SPR and interband transitions. The enhanced absorption, enhanced rate of electron–hole pair 

formation, electric field amplification and simultaneous plasmonic energy transfer to the 

semiconductor is attributed to the increased response towards the multiwavelength 

photoconductivity of the heterojunction. The deposition of noble metal nanoparticles on 

semiconductors or semiconductor heterojunctions can be effectively used in the preparation of 

highly efficient optoelectronic devices. 
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Optical Antenna Effect on SiNWs/CuS photodiode 

This chapter is based on the photodetection investigation of the SiNWs/CuS heterojunction by 

sensitization with gold nanorods (AuNRs). CuS was deposited on silicon nanowires by Radio 

Magnetron Sputtering and analyzed for the solid-state photodetector application. AuNRs serving as 

light trapping antenna enhances the photocurrent from the photodiode by simply dropcasting 

AuNRs on the surface of the devices.  

 

Schematics of the fabricated device and experimental results 

A maximum photo responsivity of 0.36 mA/W was achieved under 665 nm excitation wavelength 

on independent of bias which is ~ 13 times higher than heterojunction. Such plasmonic sensitization 

can be useful for enhanced sensitivity of visible as well as IR light photodetectors.  
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4.1 Introduction: 

Plasmonic nanostructures nowadays are studied extensively for efficient light trapping properties 

based on their high scattering efficiency in solar spectrum.1,2 Not only they enhance total 

absorbance by subwavelength localization of electromagnetic radiation but also boost 

photodetection performance of the device. By introducing such optical antennas in conjunction with 

other materials, the enhancement in the efficiency and performance of the solar cells and other 

optoelectronic devices have been demonstrated.3-5 The optical scattering by metal nanoparticles 

indirectly improves sensitivity of the photodetectors by the semiconductor band gap absorption.6-

9Photoelectron emission by non-radiative plasmon decay itself contributes in the optical response as 

in terahertz photodetectors.10-12 

One dimensional SiNWs and its heterojunctions are being important in many optoelectronic device 

applications. Such junction offers radial direction separation and swift collection of charges in 

regard of carrier diffusion length.13-15 CuS as a direct bandgap material with absorption in visible 

region, exhibits p-type behaviour. It has been an interesting candidate for various optoelectronic 

devices of a wide range such as photodiodes and photovoltaics.16, 17 

Optical response of photodiode is measured in the visible spectrum. The heterojunction performs 

rapid on-off response with respect to the light dynamics independent of bias potential. Gold 

nanorods were then dropcasted on the device top surface which enhances the photoresponse 

indicating the light trapping in the heterojunction. 
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4.2 Experimental Methods: 

4.2.1 SiNWs Fabrication: 

We have fabricated a radial photodiode between SiNWs and CuS. Electroless chemical deposition 

method used to grow vertically aligned SiNWs on the Silicon surface.  Precleaned n-Si wafers (100, 

Res. 0.01-0.02 Ω) and N2 blow dried wafers directly placed in etchant or silver plating solution 

(0.001 M AgNO3 + 5% HF) for 30 seconds. After removing from the silver plating solution the 

wafer washed with DI water and immersed in 4.8 M HF and 0.30 M H2O2 to etch the silicon surface 

for 1 hr at room temperature. Etched wafers rinsed several times with DI water. The Ag deposited 

on the wafer was removed by using 5M HNO3. The wafers were dried under N2 gas and used for the 

further process. 

4.2.2 RF Magnetron Sputtering of CuS: 

The CuS was deposited on SiNWs by Radio Frequency Magnetron Sputtering method. Briefly, the 

H terminated SiNWs arrays placed in the deposition chamber. The distance between sputtering 

target CuS (99.99% purity) and substrate was about 60 mm and the substrate holder rotated at a 

frequency of 10 rev/ min. Argon gas was solely introduced as both reactive and working gas during 

the sputter deposition with a flow of 30 sccm and the sputtering pressure was controlled to 6x10-3 

mbar. During deposition RF power was 100 watt and growth time was 60 min. CuS thin films were 

produced in a RF sputtering system mainly with a planar magnetron sputter gun and automatic 

tuning network.  
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4.2.3 Gold Nanorods synthesis:  

AuNRs are synthesized by well knows protocol as described below in brief.18 In 5 ml of gold salt 

aqueous solution (0.5 mM HAuCl4) 5 ml of CTAB solution (200 mM) was added with stirring. Ice 

cold NaBH4 (0.6 ml, 10 mM) was added to the above solution forming a brownish yellow solution. 

The seed solution kept at 25 °C after continuous stirring for 2 minutes. Growth solution was 

prepared by mixing 5 ml of CTAB solution (200 mM) with 0.15 ml of AgNO3  (4 mM)  followed 

by 5 ml HAuCl4 (1 mM). The solution was mixed gently and 75 μl of L-Ascorbic acid (78.8 mM) 

was added to reduce Au (III) to Au (I). 12 ml of seed solution was added to the colourless growth 

solution and allowed to stand for 2 hr without stirring. The temperature of the growth medium was 

kept constant at 27-30 °C in all the experiments.  

4.3 Result and Discussion: 

4.3.1 SEM and TEM: 

Figure 4.1 represents morphology of the SiNWs and the heterojunction observed by scanning 

electron microscopy. Etching of the silicon surface by electroless metal deposition process produces 

a high density 1D SiNWs which grows perpendicular or in the z-direction onto the Silicon substrate. 

The average length and the diameter of the SiNWs measured are ~ 5 μm and in between ~ 70-150 

nm respectively. Figure 4.1B and C show CuS deposited on the SiNWs covering the individual 

nanowires as well as the spaces in between them. We can also see the gold nanorods (AuNRs) on 

the surface of the heterojunction as in the Figure 4.1D. The inset represents transmission electron 

microscopic images of AuNRs synthesized in this study. The diameter and length of the AuNRs 

were measured to be ~13 nm and ~ 40 nm respectively. 

. 
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Figure 4.1. (A) FE-SEM cross section view of silicon wafer with vertically aligned Silicon Nanowires. (B) 

Transverse view. (C) Top view for RF magnetron sputtered CuS on the SiNWs surface. (D) Heterojunction 

with AuNRs. Inset- TEM image of AuNRs. 

4.3.2 X-ray Diffraction and Raman Spectroscopy: 

X- ray diffraction and Raman spectroscopy measurements were carried out to understand the phase 

and crystallinity of the as deposited CuS film. The dominant covellite phase structure was indicated 

by the XRD peaks in the Figure 4.2A, corresponding to (102), (006), (110), and (116) CuS 

crystallographic planes (JCPDS 00-006-0464) with space group P63/mmc.19 

The covellite structure of the CuS film has been further confirmed from the Raman analysis (633 

nm laser, 5 mW) as represented in the Figure 4.2B. Two Raman peaks for CuS appears in the 

spectrum, strong one a transverse optical (TO) phonons mode at 474 cm-1 for stretching

mode in S-S and a weak peak belongs to longitudinal optical (LO) phonon mode at 265 cm-1 for the 

Cu-S vibration.20 The other peaks 300 cm-1 and 520 cm-1 are characteristics of the various silicon 

vibrational modes such as TA and 2TO respectively.  
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Figure 4.2. (A) X-Ray diffraction pattern of CuS prepared by RF magnetron sputtering. (B) Raman spectra 

of SiNWs/CuS heterojunction. 

4.3.3 UV-Vis absorbance and Diffuse Reflectance Spectra: 

As synthesized Gold nanorods are analysed by UV-Vis absorbance spectra. Two plasmon 

resonances can be observed as the characteristics for the AuNRs as seen in the Figure 4.3A. The 

transverse plasmon appears at 516 nm while longitudinal plasmon at 764 nm. 

 

Figure 4.3. (A) Absorbance spectrum of aqueous AuNRs solution. (B) Diffuse Reflectance spectra of 

SiNWs, CuS deposited SiNWs and after AuNRs deposition film. 
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The CuS not only covers the SiNWs but also the space between the nanowires so that the internal 

reflection is reduced and consequently results into the low absorption than the SiNWs. However, 

the same device displays lower reflectance (~ 5%) after dropcasting the AuNRs on its surface. The 

band gap of the CuS film is measured to be 1.80 eV using the Kubelka-Munk function plot.21 

In the visible region the device absorbance slightly broadens from 600-800 nm probably due to the 

coupling of CuS exciton and surface plasmons. It is well known fact that the metallic nanoparticles 

act as light trapping system and thereby enhances the absorption properties of the device.  
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4.3.4 Electrical Measurements: 

The current density (J) vs bias potential (V) analysis was performed with semiconductor parameter 

analyser (Keithley-4200 SCS) and represented in the Figure 4.4.  

 

Figure 4.4. (A, B) Current density Vs bias potential curves of the device without (S) and with AuNRs (S1) 

in Dark (black and blue color line) and on 665 nm excitation wavelength (red and magenta color line). (C) 

Bias dependent JPh/JD ratio. (D) Optical responsivity of the same devices. 

The SiNWs/CuS photodiode with control device (S) and AuNRs deposited device (S1) shows well 

behaved J-V curves in the dark and light illumination (λ ~ 665 nm, ~18 mW/cm2).  
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The J-V curves of the diodes show the ohmic behaviour in the dark which indicates the formation of 

a junction between the CuS film and n-Si. The rectifying nature of the heterojunction can be 

observed on the excitation wavelength 665 nm at forward bias for both devices. However, the 

AuNRs modified device appears to have stronger photoresponse as in Figure 4.4A. 

The dark current of the diodes S and S1 are approximately 1.94 x10-5 A and 3.63 x 10-5 A, while the 

photocurrents increased to 1.9 x 10-4 A and 5.3 x 10-4A at 1 V bias respectively. Figure 4.4B 

represents the log I vs V characteristics where the heterojunction with AuNRs generates - 0.15 V of 

open circuit voltage on the irradiation. The device S exhibits higher photoresponse for the 

wavelength 665 nm than other i.e. 530 nm and 470 nm as seen in the Figure 4.4C. AuNRs further 

enhance the photocurrent generation from the sample S as represented in the Figure 4.4D. 

 

Figure 4.5. Bias dependent (A) Photocurrent ratio. (B) Responsivity for both the samples S and S1 on 

excitation wavelength of 665 nm. 
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The JPh/JD ratio Vs Bias Potential (Photoconductive gain, η= JPh/JD) indicates the higher 

photosensitivity of the device with AuNRs in Figure 4.5A. Both devices show maximum response 

in the range of 1 to 1.6 V corresponding to the 665 nm excitation wavelength. After AuNRs 

deposition on the device the JPh/JD ratio or the photoconductive gain increases. The same is true for 

the responsivity plotted in the Figure 4.5B.  

Figure 4.6. (A, B) Bias dependent JPh/JD ratio and responsivity of the device S1 on various wavelength 

excitation. (C, D) Comparative JPh/JD and responsivity as a function of applied bias for the device S and S1. 
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A comparative data of bias dependent photoconductive gain and responsivity is plotted for the 

sample S1 (Figure 4.6B) after excitation by various wavelengths. Both photoconductive gain and 

responsivity is higher at wavelength 665 nm for the device S1 i.e. with AuNRs suggesting the 

higher absorption of the near infrared wavelength by the device. Altogether both characteristics are 

represented in the Figure 4.6A and B indicating higher response due to AuNRs deposition on the 

heterojunction device. 

One can clearly see that the maximum JPh/JD ratio has different potential values at various 

wavelengths and is also different for the two devices. It is obvious that at higher potential more 

photocurrent generation results into higher responsivity. It is to be noted that the AuNRs modified 

photodiode shows higher photocurrent ratio and responsivity due to the higher absorption by optical 

antenna effect. Table 1 represents the JPh/JD ratio measured at their maximum alongwith 

responsivities measured at 1V bias potential at various wavelengths. The responsivity (R665 nm) 

measured for photodiode S is 10.4 mA/W which reaches to 29.3 mA/W for photodiode S1 at 1 V 

bias potential. This specifies ~ 2.8 times enhancement in the responsivity of the photodiode S1 due 

to higher absorption. The device indicates the significance of optical trapping owing to presence of 

AuNRs. 

Table 1: Summarized JPh/JD ratio, Responsivity for the devices S an S1. 

 JPh/JD ratio at the maximum Responsivity (mA/W) at 1V 

λ (nm) S S2 S S2 

665 nm 15.76 17.94 10.4 29.3 

530 nm 9.44 14.41 8.55 23.3 

470 nm 3.54 7.81 3.87 14.75 
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Figure 4.7. (A) Dynamic photoresponse. (B) Photocurrent vs incident power for the device S and S1 on 

different excitation wavelength.  

The comparative photoresponse plot of both the devices on irradiation by various wavelengths is 

plotted in the Figure 4.7A. Both the devices show a quick and strong response. It is evident that the 

heterojunction efficiently generates and sweeps out charged carriers. The photoresponse for the 

device S1 is considerably enhanced than the device S. Gold nanorods in the device S1 effectively 

scatters incoming radiation in the heterojunction which increases the photogenerated carriers and 

subsequently increases the photocurrent.   

Figure 4.7B shows the photocurrent density as a function of the intensity of the excitation 

wavelength. On increasing the energy, more electron-hole pairs generated resulting into high 

photocurrent. The AuNRs as an optical antenna increase the absorption of the device producing  
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higher amount of e-/h+ pairs than the standard device. It also confirms the sublinear power law 

behaviour of the device. 

Figure 4.8. (A) Photocurrent as a function of light intensity (λ ~ 665 nm). (B) Wavelength dependent 

transient photocurrent at 1V for device S and S1. 

Figure 4.8A represents the dynamic photocurrent vs incident power of 665 nm wavelength on the 

devices at zero bias which is used for the calculation of photocurrent density with respect to the 

incident power. There is substantial increase in the dynamic photocurrent at potential set to 1V as 

shown in the Figure 4.8B. 

The photodetector figures of merit such as responsivity (R) and detectivity (D) are measured and 

plotted in the Figure 4.9 (A, D) alongwith photocurrent (JPh) as a function of incident power (λexe= 

665 nm). R and D values for both the devices, calculated using following standard equations, 

𝐷 =  
𝐽𝑃ℎ√𝐴

𝑃𝑂𝑝𝑡√2𝑞𝐽𝐷
  …………. 1) 

𝑅 =
𝐽𝑃ℎ

𝑃𝑂𝑝𝑡
              ………… 2) 

where,  
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D = Specific detectivity (Shot noise i.e. when dark current equals to noise current) 

R= Responsivity 

𝐽𝑃ℎ = Photocurrent 

𝐽𝐷 = Dark Current 

𝑃𝑂𝑝𝑡 = Incident optical power 

q = Electron charge 

A = Effective area of the device 

On excitation at λ~ 665 nm, both photocurrent and responsivity of the device S1 reaches to 1.87 

μA/cm2 and 3.12 mA/W at incident power of 0.6 mW/cm2 respectively which is ~7 times higher the 

sample S. 

The detectivity value for the sample S1 was found to be 3.19 X 1010 Jones ~ 3 times higher than the 

standard sample under same wavelength and power. The measurement clearly shows that the 

increased photoresponse of the SiNWs/CuS heterojunction due to AuNRs deposition on the surface. 

The optical scattering of the AuNPs enhances the absorption of the heterojunction in the visible 

region which results into improved detection capabilities of the samples. The device shows a high R 

and D values under low excitation power at 0 V suggesting that the built-in potential can efficiently 

separate photoelectrons on incident photon energy resulting into a large electrical signal. 
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Figure 4.9. Incident power (λ~ 665 nm) dependent (A) Photocurrent (JPh). (B) Responsivity (R). (C) 

Detectivity (D) of the device S and S1. (D) Combined plot of Photocurrent and Responsivity of the device 

S1. 

Same measurements are carried out for both the devices on excitation of other wavelengths i.e. 470 

nm and 530 nm and plotted in the Figure 4.10 and 4.11.   
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Figure 4.10. Incident power dependent (A) Photocurrent (JPh). (B) Responsivity (R). (C) Detectivity and 

with (D) combined plot of JPh and R on excitation wavelength ~ 470 nm respectively. 

The heterojunction therefore shows increase in the optical absorption consequently more 

photoexcited electrons are generated. The inbuilt potential extracts more electrons resulting in large 

photocurrent. The mechanism of electron separation in the heterojunction can be understood from 

the band alignments. 

The values of band gap (Eg) and electron affinity (𝜒𝑆𝑖 ) for Si are 1.12 eV and 4.05 eV.22 While the 

calculated band gap of CuS is 1.80 eV with its electron affinity of 1.91 eV. 
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Figure 4.11. Incident power dependent A) Photocurrent (JPh). (B) Responsivity (R). (C) Detectivity and (D) 

combined plot of JPh and R on excitation wavelength ~ 530 nm respectively. 

Band offsets between the Si and CuS based on Andersons approximation represented in the Figure 

4.12.23The heterojunction clearly represents large conduction band offset (∆𝐸𝑐) value of 2.14 eV 

and valence band offset value of (∆𝐸𝑣) 1.46 eV for electron and hole transport. The photoelectrons 

from the CuS conduction band diffuses to the conduction band of the silicon due to the energy 

difference producing appreciable photocurrent. 
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Figure 4.12. Band energy alignment in the SiNWs/CuS heterojunction (all values in eV.) 

The plasmonic metal nanorods further increase the photogenerated exciton pairs in the CuS. This 

increases the total output photocurrent which is a result of absorption enhancement of the 

semiconductor heterojunction. Difference of work function between CuS and SiNWs may also

influence the band alignment which causes Fermi level displacement and therefore reduces the 

effective barrier to current flow in light. 
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4.4 Conclusion: 

The heterojunction diode between SiNWs and CuS is fabricated by resonant magnetron sputtering 

and displays stable, quick and good photoresponse. The responsivity of 0.027 mA/W of the 

SiNWs/CuS junction is increased ~13 times i.e. 0.36 mA/W for AuNRs deposited device at open 

circuit voltage. The result indicates that the optical antenna effect of AuNRs enhances the 

photocurrent, responsivity and detectivity of the photodiode. Both the devices are operating on the 

independent bias and able to differentiate specific wavelengths. The observed photodetector figures 

of merits are based on low temperature device fabrication. 

We believe that they can be further improved by optimizing the CuS sputtering time and film 

thickness. The use of metal nanostructure can enhance the optical properties of the semiconductor 

devices which is enormously applicable for high speed photodetector.  
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Conclusion and Future Work 

We have demonstrated the application of surface plasmon on the metal nanostructures in order to 

enhance the optical absorption and photodetection properties of the functionalized graphene, metal-

semiconductor heterojunction between SiNWs/TiO2, SiNWs/CuS in chapter 2, 3 and 4 respectively. 

Interesting coupling of surface plasmon is observed through optical absorption improvement and 

subsequently utilized for photocurrent enhancement. In this chapter, we will summarize the surface 

plasmon characteristics found in our studies and propose new research directions on surface 

plasmon application in optoelectronic devices.  

5.1 Conclusions 

Metal nanostructure possessing the surface plasmon resonance are the foundation on account of 

their high absorption/scattering cross section, ability to concentrate light in the nanoscale space. 

These plasmonic metal nanostructures nowadays are extensively being exploited for efficient 

optical trapping in solar spectrum due to their high scattering efficiency. Not only they enhances 

total absorbance by subwavelength localization of electromagnetic radiation but also boost 

photodetection performance of the device. By introducing such optical antennas in conjunction with 

other materials, the enhancements in the efficiency and performance of the solar cells and other 

optoelectronic devices have been demonstrated. The optical scattering by metal nanoparticles 

indirectly improves sensitivity of the photodetectors by the semiconductor band gap absorption. 

Photoelectron emission by non-radiative plasmon decay itself contributes in the optical response as 

in terahertz photodetectors. 
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The MNSs also have other enormous application in optoelectronic devices, optical/chemical 

sensing, photocatalysis etc.  

In the first chapter, we have focussed on the charge transfer characteristics of organic molecules 

acting as linkers between acceptor and donor. Such molecular conducting junctions are necessary 

for controlled, efficient electron transfer and excitation energy transfer between two electrodes in 

which one acts as a donor and other one act as an acceptor. Saturated and non-saturated organic 

molecules in the form of self-assembled monolayers have been widely studied as a potential 

connecting bridge to facilitate electron transfer. Aromatic linkers suggested to be more efficient in 

such transfer by the involvement of a π-electrons in intramolecular as well as intermolecular 

processes. 

In this particular study, rGO electrodes were fabricated on FTO by spray coating and then 

functionalized with linear chain (APTMS) molecule as well as with another organic molecule 

having aromatic triazole ring. Huisgen 1, 3-dipolar cycloaddition or “click chemistry” was 

performed to introduce aromatic triazole ring through the Cu-catalysed azide–alkyne cycloaddition 

reaction between terminal alkynes and azides. These linkers have bifunctional nature i.e. silane 

moiety anchored on rGO surface and amine groups at the free end for the electrostatic assembly of 

the AuNPs.  

We explored the influence of AuNPs assembled on such organic linker functionalized rGO surface 

in photocurrent enhancement. Raman spectroscopic study reveals the significant enhancement of 

Raman intensity in the D and G band of the rGO. The highest enhancement is observed for the 

AuNPs assembled on the click modified rGO surface than the APTMS/rGO. Clicked rGO surface 
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has aromatic triazole ring which assists in the charge delocalization of the AuNPs and subsequent 

transfer to the graphene. The observed enhancement can be due to two separate mechanisms a) 

electromagnetic and b) chemical and it is highly debated in the literature. In this case it is the 

combined effect of these mechanisms. The scattering cross section of the AuNPs increases because 

of the higher electromagnetic field created by the localized surface plasmons on the nanoparticles as 

well as the delocalization or polarization by effective charge transfer from the AuNPs to the rGO 

through the aromatic linkers. The delocalization is ineffective or very small in the case of APTMS 

linkers due to lack of π-electrons and hence low Raman intensity. 

The interfacial properties of the covalently modified rGO have considerably changed upon gold 

nanoparticle immobilisation. The electrochemical observation of rGO electrode reveals the highly 

conducting rGO surface where numerous defects on the edges as well as some functional groups 

can act as redox active centres while the aromatic backbone assists in the fast electron transport. 

Functionalized rGO electrodes on the other hand suggest purely blocking nature and compact 

monolayers of the organic molecules which have been used to functionalize the graphene. However, 

the redox properties of the ferrocyanide probe reappear after gold nanoparticles attachment on these 

linkers suggesting the formation of electron transport bridges between the AuNPs and graphene. 

AuNPs act as nanosized redox centres for the ferrocyanide probe as indicated by the cyclic 

voltametry and impedance measurement. The difference between the linkers can also be 

distinguished from the low resistance observed for the AuNPs attached on click modified rGO 

surface.  
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Enhanced photocurrent is observed for the rGO/AuNPs hybrid with different linker molecules. 

AuNPs assembled on the click-functionalised rGO shows higher photocurrent density than AuNPs 

assembled on the aliphatic linkers on the rGO. Here, AuNPs act as plasmonic antenna for light 

harvesting and triazole act as an effective electron-transferring linker. The wavelength dependent 

photocurrent reveals the plasmon intervened photocurrent. The nature of SAMs influences the 

electron-transport properties in the hybrid in which aromatic triazoles show the fast electrical 

conduction. Also, by comparison, the CV and electron impedance spectroscopy (EIS) data at the 

interface of the electrodes suggest the conjugated triazole ring to be an excellent bridge for the fast 

charge transport to the graphene surface. The inclusion of π- conjugation near metal nanoparticles 

allows an efficient pathway for the relaxation of hot electrons, thereby ensuring a large photocurrent 

from the hybrid. 

Chapter 2 deals to understand the effect of the surface plasmon of gold nanoparticles on 

SiNWs/TiO2 heterojunctions. Here, simple dip coating method has been carried out for the 

synthesis of heterojunctions and gold nanoparticles were embedded in the TiO2 matrix by soaking it 

in gold salt solution along with annealing under normal atmosphere. The SiNWs already has low 

reflectance which is further lowered by the TiO2 thin coating on the SiNWs. This is attributed to the 

antireflection properties of the TiO2. However, large enhancement can be observed after deposition 

of gold nanoparticles which is due to the high absorption and scattering properties of the 

nanoparticles.  

The absorption and scattering cross section are the result of the surface plasmon resonance of gold 

which can be altered by the environment around the nanoparticles. TiO2 with highest refractive 
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index and dielectric constant affect the SPR frequency as well.  This influences the optical and 

photocurrent properties of the nSiNWs/TiO2 heterojunction. Such gold plasmon-sensitized 

SiNWs/TiO2 exhibits broadband visible light absorbance and photoresponse at matching 

wavelengths between the SPR and interband transitions.  

TiO2 layers formed on the surface of SiNWs shows photoluminescence as a result of oxygen 

vacancies. A large enhancement in photoluminescence is also observed after gold nanoparticles 

deposition. The positions of energy of the vacancies lie just below the conduction band of the TiO2 

and they can be differentiated into a) band edge emission from TiO2, b) single and c) double 

electron vacancies. It is found that the TiO2 PL peaks originally appeared were shifted to higher 

energy levels after gold nanoparticles deposition. Furthermore the two electron oxygen vacancy 

related peaks were absent. The analogy behind the increased intensity can be due to the formation 

of more oxygen vacancies or enhanced rate of exciton formation. The disappearance of the shallow 

oxygen vacancies of TiO2 at 505 nm suggest that this emission energy can be utilized for the 

excitation of SPR on the gold nanoparticles. Electric field in the vicinity of gold nanoparticles can 

be amplified which results in the creation of more excitons in the nearby TiO2. The gold 

nanoparticles decorated heterojunction shows highest photocurrent than the standard sample. The 

maximum photocurrent was achieved near the plasmon resonance wavelength of the gold 

nanoparticle. The simultaneous plasmonic energy transfer to the semiconductor is attributed to the 

increased response towards the multiwavelength photoconductivity of the heterojunction. The 

deposition of noble metal nanoparticles on semiconductors or semiconductor heterojunctions can be 

effectively used in the preparation of highly efficient optoelectronic devices. 
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These hybrids show enhanced optical absorption, emission and photocurrent generation. Plasmonic 

sensitization enhances self-trapped exciton emission and oxygen vacancy radiative recombination 

emission properties of TiO2.  

The adsorption of metal nanostructures on the photodetection properties of the heterojunction based 

photodiode has been carried out and discussed in the chapter 3. A solid-state photodiode between p- 

CuS and Si nanowires is fabricated by Radio Frequency Magnetron Sputtering (RF) and studied for 

photodetection. The significant enhancement in the optical absorption and photocurrent is observed 

for the AuNRs dropcasted on the heterojunction surface. The AuNRs on the device surface serve as 

the light scattering antenna thereby increasing the optical absorption. Such plasmonic sensitization 

can be useful for enhanced sensitivity of visible as well as IR light photodetectors.  

The heterojunction diode between SiNWs and CuS as fabricated displayed stable, quick and good 

photoresponse. Nearly thirteen times enhancement can be observed in the responsivity of the 

SiNWs/CuS junction after AuNRs deposition at open circuit voltage. While the detectivity reflect 

three times increment due to AuNRs. The result indicates that the optical antenna effect of AuNRs 

enhances the photocurrent, responsivity and detectivity of the photodiode. Both the devices are 

operating on independent bias and able to differentiate specific wavelengths. The observed 

photodetector figures of merits are based on low temperature device fabrication. We believe that 

they can be further improved by optimizing the CuS sputtering time and film thickness. The use of 

metal nanostructure can enhanced the optical properties of the semiconductor devices which is 

enormously applicable for high speed photodetector. 
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At last, the works mentioned in the thesis reveals the practicality of metal nanostructures in the 

optical absorption and device property enhancements. Simple covalent attachment, partial thermal 

treatment and deposition of plasmonic metal nanoparticles can be effectively controlled and 

alternatively improves the semiconductor electrochemical and physical characteristics. The optical 

loss occurring due to defects in the semiconductor or the inherent higher reflection can be 

minimized by using metal nanostructures. 

5.2 Future Plans: 

The works presented in the various chapters have opened up some interesting phenomena. They 

have to be fully understood for unravelling their importance in various applications. 

1) Charge transfer rate on the electron transfer rate from metal nanoparticles to the electrode 

through the molecular linkers and surface enhanced Raman spectroscopy (SERS): 

The plasmonic photocurrent observed for the rGO electrodes with different molecular linkers on 

different wavelength excitation presents a way to extract electrons from metal nanoparticles. The 

covalent bonding of aliphatic and aromatic molecules can be used for the efficient electron transfer. 

However, the rate of electron transfer is different with respect to the nature of the covalent linkers. 

As, discussed in the chapter 1, highest electron transfer rate is observed for the aromatic linkers. It 

is therefore necessary to study the electron transfer rate through such molecular linkers. We can 

efficiently use these bridges in the molecular switches, solar cells, and photodetectors by controlling 

the electron transfer rate. 
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The enhancement observed in the Raman bands of rGO implicates that these linkers can be useful in 

the detection of very low concentration of chemical compounds. By using different linkers in 

conjugation with the analyte we can efficiently detect the hazardous molecules.  

2) Detailed understanding of the photoluminescence enhancement by metal nanoparticles: 

The metal nanostructures possess high scattering and absorption cross section. The peculiar 

properties can be used in the light harvesting with the help of semiconductor materials. The light 

scattering by metal nanostructures in the semiconductor thin films alternatively increase their 

absorption in the interested region of solar spectrum or in the whole spectrum region. The enhanced 

absorption can be then effectively used for the efficiency enhancement in the solar cells, optical 

detection in the photodetectors, laser upconversion etc.  

The second chapter in the thesis describes the effective increase in the photocurrent due to higher 

absorption and photoluminescence. The scattering by metal nanoparticles enhances these peculiar 

properties of the heterojunction. The photoluminescence due to oxygen defects present in the TiO2 

can be suppressed using the metal nanoparticles by absorption. This leads to the generation of 

intense electromagnetic field around the metal nanoparticles which can be used in the separation of 

excitons in the semiconductor. It also increases the excited electron density in the conduction band 

of the semiconductor. This process has to be studied more regressively. 

3) Wide spectrum absorption enhancement: 

This is of particular interest as the scattering by metal nanostructures are not only confined to the 

SPR. It is possible to enhance the hybrid absorption in the other region of the solar spectrum as 
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well. Therefore we can effectively use the whole solar spectrum for various applications. A 

comprehensive strategy of light trapping subsequent optical absorption enhancement in 

SiNWs/TiO2 and SiNWs/ CuS through plasmonic metal nanostructures has been realized in ultra-

broadband region. This enhancement can be translated to any wavelength from ultraviolet to 

terahertz ranges by simple modification of the geometric design of the plasmonic nanostructure and 

can be applied not only in two dimensional but also one dimensional materials and their 

heterojunction structures. It may significantly improve the efficiency of optical devices such as 

broadband photodetectors and solar cells based on silicon, graphene as well as other semiconductor 

materials. 
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