STUDIES ON SURFACE PLASMON RESONANCE
BASED FIBER OPTIC SENSORS
Thesis submitted in fulfillment of the requirements for the Degree of

DOCTOR OF PHILOSOPHY
By

MAHIMA RANI

Department of Physics and Materials Science and Engineering
JAYPEE INSTITUTE OF INFORMATION TECHNOLOGY
(Declared Deemed to be University U/S 3 of UGC Act)
A-10, SECTOR-62, NOIDA, INDIA

July, 2014

@ Copyright JAYPEE INSTITUTE OF INFORMATION TECHNOLOGY
(Declared Deemed to be University U/S 3 of UGC Act)
NOIDA
July 2014
ALL RIGHTS RESERVED

Dedicated
To
My Parents

TABLE OF CONTENTS
INNER FIRST PAGE

i

TABLE OF CONTENTS

ii

DECLARATION BY THE SCHOLAR

vi

SUPERVISOR’S CERTIFICATE

vii

ACKNOWLEDGEMENT

viii

ABSTRACT

x

LIST OF ACRONYMS AND ABBREVIATIONS

xi

LIST OF FIGURES

xii

LIST OF TABLES

xxii

CHAPTER-1
INTRODUCTION

1

1.1

BACKGROUND

1

1.2

PLASMONS AND SURFACE PLASMONS

4

1.2.1

7

PROPAGATION LENGTH

1.2.2 PENETRATION DEPTH

7

EXCITATION OF SURFACE PLASMONS

8

1.3.1 EXCITATION OF SURFACE PLASMONS BY LIGHT

9

1.3.2 OTTO CONFIGURATION

9

1.3.3 KRETSCHMANN-RAETHER CONFIGURATION

11

1.4

SENSING PRINCIPLE OF SPR

14

1.5

KRETSCHMANN-RAETHER CONFIGURATION IN OPTICAL FIBER

16

1.6

PERFORMANCE PARAMETERS OF THE SPR SENSOR

17

1.3

ii

1.7

THESIS FORMATION

19

CHAPTER-2
SURFACE PLASMON RESONANCE BASED FIBER OPTIC
SENSOR WITH DOUBLE RESONANCE DIPS

25

2.1

INTRODUCTION

25

2.2

THEORY

27

2.2.1

LAYER I (FIBER CORE)

28

2.2.2

LAYER II (ITO LAYER)

29

2.2.3

LAYER III (Au LAYER)

29

2.2.4

LAYER IV (SENSING MEDIUM)

29

2.2.5

TRANSMITTED POWER

30

2.2.6

SENSITIVITY

32

2.3

RESULTS AND DISCUSSION

32

2.4

CONCLUSIONS

51

CHAPTER-3
SURFACE PLASMON RESONANCE BASED FIBER OPTIC
SENSOR UTILIZING INDIUM OXIDE

52

3.1

INTRODUCTION

52

3.2

THEORY

53

3.2.1

LAYER I (FIBER CORE)

53

3.2.2

LAYER II (In2O3 LAYER)

54

3.2.3

LAYER III (SENSING MEDIUM)

54

3.2.4

TRANSMITTED POWER

55

3.2.5

SENSITIVITY

56

iii

3.3

RESULTS AND DISCUSSION

56

3.4

CONCLUSIONS

62

CHAPTER-4
LOCALIZED SURFACE PLASMON RESONANCE BASED FIBER
OPTIC SENSOR USING NANOPARTICLES

63

4.1

INTRODUCTION

63

4.2

THEORY

64

4.2.1

LAYER I (FIBER CORE)

65

4.2.2

LAYER II (NANOPARTICLES LAYER)

66

4.2.3

LAYER III (SENSING MEDIUM)

67

4.2.4 TRANSMITTED POWER

68

4.2.5 SENSITIVITY

69

4.3

RESULTS AND DISCUSSION

69

4.4

CONCLUSIONS

94

CHAPTER-5
NANOCOMPOSITES BASED FIBER OPTIC SPR SENSOR

95

5.1

INTRODUCTION

95

5.2

THEORY

96

5.2.1

LAYER I (FIBER CORE)

97

5.2.2

LAYER II (NANOCOMPOSITE LAYER)

98

5.2.3

LAYER III (SENSING MEDIUM)

99

5.2.4

TRANSMITTED POWER

100

5.2.5

SENSITIVITY

101

5.3

RESULTS AND DISCUSSION

101

5.4

CONCLUSIONS

119

iv

CHAPTER-6
SURFACE PLASMON RESONANCE BASED FIBER OPTIC

120

SENSOR USING INDIUM NITRIDE
6.1

INTRODUCTION

120

6.2

THEORY

121

6.2.1

LAYER I (FIBER CORE)

122

6.2.2

LAYER II (INN LAYER)

122

6.2.3

LAYER III (SENSING MEDIUM)

123

6.2.4

TRANSMITTED POWER

123

6.2.5

SENSITIVITY

124

6.3

RESULTS AND DISCUSSION

125

6.4

CONCLUSIONS

135

CHAPTER-7
SUMMARY

137

APPENDIX A

140

REFERENCES

142

LIST OF PUBLICATIONS

156
Synopsis-1

SYNOPSIS

v

DECLARATION BY THE SCHOLAR

I hereby declare that the work reported in the Ph.D. thesis entitled “Studies on surface

plasmon resonance based fiber optic sensors” Submitted at Jaypee Institute of
Information Technology, Noida, India, is an authentic record of my work carried out
under the supervision of Dr. Navneet Kumar Sharma. I have not submitted this work
elsewhere for any other degree or diploma. I am fully responsible for the contents of my Ph.D.
Thesis.

(Mahima Rani)
Department of Physics and Materials Science & Engineering
Jaypee Institute of Information Technology, Noida, India
July 8, 2014

vi

SUPERVISOR’S CERTIFICATE

This is to certify that the work reported in the Ph.D. thesis entitled “Studies on surface

plasmon resonance based fiber optic sensors”, submitted by Mahima Rani at
Jaypee Institute of Information Technology, Noida, India, is a bonafide record of
her original work carried out under my supervision. This work has not been submitted elsewhere
for any other degree or diploma.

(Dr. Navneet Kumar Sharma)
Assistant Professor (Senior Grade)
Department of Physics and Materials Science & Engineering
Jaypee Institute of Information Technology, Noida, India
July 8, 2014

vii

ACKNOWLEDGEMENTS
I would like to express my sincere thanks to our almighty God for his grace in completion of this
thesis.
I greatly thank my learned and respectable supervisor Dr. Navneet Kumar Sharma,
Department of Physics and Materials Science & Engineering, Jaypee Institute of Information
Technology, Noida who supported and guided me unconditionally throughout my research with
his patience and encouragement. The outcome of this research would have never happened
lacking his encouragement, unreserved support and the freedom in research given to me.
I thank almighty for having given me an opportunity of doing research work under kind
guidance of Dr. Sharma. There was not only thought-provoking discussion on research
problems but also got to learn moral characteristics of life and a rock solid support of him
whenever I required. Dr. Sharma, more than supervisor, he has been like father figure to me.
Very special thanks to Prof. K. C. Mathur, Prof. D. K. Rai and Prof. Bani Singh. Their
valuable teaching assistance and suggestions on various topics and courses related to my Ph.D.
course work have just been incredible which has extensively improved my research completion.
Their proficient teaching approach was accountable for making this subject most fascinating in
physics.
I thankfully acknowledge Jaypee Institute of Information Technology, Noida for providing me
teaching assistantship throughout my Ph.D. work.
I owe my earnest appreciation, love and thankfulness to my family – my dear parents Smt.
Sumedha Arya and Dr. Rajpal Singh, my brother-sister Abhinav, Yamini and Vidya. Without
their constant support and encouragement I could never have finished my PhD research work.
Their blessings and encouragement have shown me the path to pursue goals in my life. I would
like to express my gratitude and sincere thanks to all my colleagues and friends including
Prateek, Sarika, Swati, Nidhi, Chitra, Vineet, Kanika, Neetima, Kishor, Dinesh, Pradeep and
Manoj for maintaining a friendly environment and helping me in several discussions.

viii

Lastly I offer my genuine regards and blessings to all those who helped me in any respect in
successfully completion of this dissertation.

(Mahima Rani)

ix

ABSTRACT
Over the past few decades, researchers have shown immense interest in a new technology,
named Surface plasmon resonance (SPR) which utilizes the fascinating light-matter
interaction involved at a metal-dielectric interface. This technology is employed for fast and
accurate measurement of various physical, chemical and biochemical parameters. The present
thesis is focused on the theoretical studies of SPR based fiber optic sensors with different
materials for sensitivity enhancement. First study presents the theoretical analysis of SPR
based fiber optic sensor with bi layers of ITO-Au. The SPR sensor shows high sensitivity
with two resonance dips, one in the visible and other in the near infrared region of spectrum.
Besides it, increase in ITO layer thickness decreases the sensitivity of both left and right
resonance dips for all thicknesses of Au layer. In another study, the theoretical analysis has
been extended to SPR based fiber optic sensor with indium oxide (In2O3). In2O3 layer based
SPR sensor is found to possess high sensitivity with resonance dip in near infrared region of
spectrum. The sensitivity of SPR sensor decreases with increase in thickness of In2O3 layer.
Next study discusses the theoretical investigations of LSPR based fiber optic sensor with
nanoparticles. Nanoparticles of four materials: ITO, Au, Ag and Cu are considered. The
sensitivity of sensor increases with increase in thickness of nanoparticles layer for all four
materials. Also, for a fixed thickness of nanoparticles layer, the sensitivity of sensor further
increases as the particle size of nanoparticles increases. Another important study analyzes a
SPR based fiber optic sensor with nanocomposites theoretically. Several nanocomposites
comprising nanoparticles of Au, Ag and Cu with their varying volume fractions embedded in
host dielectric matrices of titanium oxide (TiO2) and indium nitride (InN) are considered. The
sensitivity of Au/Ag/Cu-InN nanocomposites based SPR sensor for all thicknesses of
nanocomposites with any volume fraction of nanoparticles is higher than that of Au/Ag/CuTiO2 nanocomposites. Further, the sensitivity of SPR sensor increases with increase in both
thickness of nanocomposites and volume fraction of metal nanoparticles. Last study reports a
SPR based fiber optic sensor with InN theoretically. Depending upon various parameter
values of InN, two SPR sensors viz “Sensor A” and “Sensor B” have been considered. Both
sensors A and B reveal their SPR resonance dips in near IR region of spectrum. InN layer
based fiber optic SPR sensor with Sensor A parameter values displays high sensitivity.

x

LIST OF ACRONYMS & ABBREVIATIONS

ATR

Attenuated total internal reflection

ITO

Indium tin oxide

LSPR

Localized surface plasmon resonance

PCS

Plastic clad silica

RIU

Refractive index unit

SPR

Surface plasmon resonance

TCO

Transparent conducting oxide

TIR

Total internal reflection

TM

Transverse magnetic

xi

LIST OF FIGURES
Figure
Number
1.1

Caption

Page
Number

Exponential decay of field intensity of surface plasmon wave at the

6

metal and dielectric interface. δd and δ m are the penetration depths of
the surface plasmon wave both into the dielectric as well as in the
metal
1.2

Setting up of an evanescent wave at prism metal interface at θ > θ ATR

10

1.3

Otto configuration for excitation of surface plasmons at metal-

11

dielectric interface
1.4

Kretschmann- Reather configuration for excitation of surface plasmons

12

at metal-dielectric interface
1.5

Dispersion curves for direct light wave in dielectric (kinc), evanescent

13

wave (kev) for θ = θATR and θ =  , surface plasmon wave ksp at metal2

dielectric interface and at metal-prism interface
1.6

Reflectance (R) as a function of angle of incidence (θ) at the prism-

15

metal interface. A sharp drop in reflected signal is observed at an angle
θres
1.7

Kretschmann configuration for the excitation of surface plasmons at

16

metal-dielectric interface in a multimode fiber

1.8

Shift in resonance wavelength (δλres) with a change in refractive index
of sensing

xii

18

2.1

Schematic diagram of SPR based fiber optic sensor with bi layers of

27

ITO-Au
2.2

Variation of resonance wavelength of left resonance dip with refractive

33

index of sensing medium for different thicknesses of ITO layer with 25
nm thick Au layer
2.3

Variation of resonance wavelength of right resonance dip with

34

refractive index of sensing medium for different thicknesses of ITO
layer with 25 nm thick Au layer
2.4

Variation of resonance wavelength of left resonance dip with refractive

35

index of sensing medium for different thicknesses of ITO layer with 30
nm thick Au layer
2.5

Variation of resonance wavelength of right resonance dip with

36

refractive index of sensing medium for different thicknesses of ITO
layer with 30 nm thick Au layer
2.6

Variation of resonance wavelength of left resonance dip with refractive

37

index of sensing medium for different thicknesses of ITO layer with 35
nm thick Au layer
2.7

Variation of resonance wavelength of right resonance dip with

38

refractive index of sensing medium for different thicknesses of ITO
layer with 35 nm thick Au layer
2.8

Variation of resonance wavelength of left resonance dip with refractive
index of sensing medium for different thicknesses of ITO layer with 40
nm thick Au layer

xiii

39

2.9

Variation of resonance wavelength of right resonance dip with

40

refractive index of sensing medium for different thicknesses of ITO
layer with 40 nm thick Au layer
2.10

Variation of resonance wavelength of single resonance dip with

41

refractive index of sensing medium for fixed zero thickness of ITO
layer with different thicknesses of Au layer
2.11

SPR transmittance curves for various thicknesses of ITO layer and

43

fixed 30 nm thick Au layer at a refractive index of sensing medium =
1.32
2.12

Variation of sensitivity of left resonance dip with thickness of ITO

45

layer for fixed 25 nm, 30 nm, 35 nm and 40 nm thick Au layer
2.13

Variation of sensitivity of right resonance dip with thickness of ITO

46

layer for fixed 25 nm, 30 nm, 35 nm and 40 nm thick Au layer
2.14

Variation of sensitivity of left resonance dip with thickness of Au layer

47

for fixed 100 nm, 125 nm, 150 nm, 175 nm and 200 nm thick ITO layer
2.15

Variation of sensitivity of right resonance dip with thickness of Au

48

layer for fixed 100 nm, 125 nm, 150 nm, 175 nm and 200 nm thick ITO
layer
2.16

Variation of sensitivity of single resonance dip with thickness of Au

49

layer for fixed zero thickness of ITO layer
3.1

Schematic diagram of SPR based fiber optic sensor with In2O3 layer

53

3.2

Transmittance curves of SPR based fiber optic sensor for different

57

thickness values of In2O3 layer for refractive index of sensing medium
xiv

= 1.30
3.3

Transmittance curves of SPR based fiber optic sensor for different

57

thickness values of In2O3 layer for refractive index of sensing medium
= 1.38
3.4

Variations of resonance wavelength of the SPR based fiber optic sensor

59

with refractive index of sensing medium for different thickness values
of In2O3 layer
3.5

Variations of sensitivity of the SPR based fiber optic sensor with

61

thickness of In2O3 layer
4.1

Schematic diagram of LSPR based fiber optic sensor with

65

nanoparticles layer
4.2

Variation of resonance wavelength with refractive index of sensing

70

medium for 40 nm thick ITO nanoparticles layer with 5 nm particle
size
4.3

Variations of resonance wavelength with refractive index of sensing

71

medium for 40 nm thick ITO, Au, Ag and Cu nanoparticles layer with
10 nm particle size
4.4

Variations of resonance wavelength with refractive index of sensing

72

medium for 40 nm thick ITO, Au, Ag and Cu nanoparticles layer with
15 nm particle size
4.5

Variations of resonance wavelength with refractive index of sensing
medium for 40 nm thick ITO, Au, Ag and Cu nanoparticles layer with
20 nm particle size

xv

73

4.6

Variations of resonance wavelength with refractive index of sensing

74

medium for 40 nm thick ITO, Au, Ag and Cu nanoparticles layer with
25 nm particle size
4.7

Variations of resonance wavelength with refractive index of sensing

75

medium for 40 nm thick ITO, Au, Ag and Cu nanoparticles layer with
30 nm particle size
4.8

Variation of resonance wavelength with refractive index of sensing

76

medium for 50 nm thick ITO nanoparticles layer with 5 nm particle
size
4.9

Variations of resonance wavelength with refractive index of sensing

77

medium for 50 nm thick ITO, Au, Ag and Cu nanoparticles layer with
10 nm particle size
4.10

Variations of resonance wavelength with refractive index of sensing

78

medium for 50 nm thick ITO, Au, Ag and Cu nanoparticles layer with
15 nm particle size

4.11

Variations of resonance wavelength with refractive index of sensing

79

medium for 50 nm thick ITO, Au, Ag and Cu nanoparticles layer with
20 nm particle size
4.12

Variations of resonance wavelength with refractive index of sensing

80

medium for 50 nm thick ITO, Au, Ag and Cu nanoparticles layer with
25 nm particle size
4.13

Variations of resonance wavelength with refractive index of sensing
medium for 50 nm thick ITO, Au, Ag and Cu nanoparticles layer with
30 nm particle size

xvi

81

4.14

Variation of resonance wavelength with refractive index of sensing

82

medium for 60 nm thick ITO nanoparticles layer with 5 nm particle
size
4.15

Variations of resonance wavelength with refractive index of sensing

83

medium for 60 nm thick ITO, Au, Ag and Cu nanoparticles layer with
10 nm particle size
4.16

Variations of resonance wavelength with refractive index of sensing

84

medium for 60 nm thick ITO, Au, Ag and Cu nanoparticles layer with
15 nm particle size
4.17

Variations of resonance wavelength with refractive index of sensing

85

medium for 60 nm thick ITO, Au, Ag and Cu nanoparticles layer with
20 nm particle size
4.18

Variations of resonance wavelength with refractive index of sensing

86

medium for 60 nm thick ITO, Au, Ag and Cu nanoparticles layer with
25 nm particle size
4.19

Variations of resonance wavelength with refractive index of sensing

87

medium for 60 nm thick ITO, Au, Ag and Cu nanoparticles layer with
30 nm particle size
4.20

Variations of sensitivity with particle size of nanoparticles for 40 nm

90

thick ITO, Au, Ag and Cu nanoparticles layer
4.21

Variations of sensitivity with particle size of nanoparticles for 50 nm

91

thick ITO, Au, Ag and Cu nanoparticles layer
4.22

Variations of sensitivity with particle size of nanoparticles for 60 nm
thick ITO, Au, Ag and Cu nanoparticles layer
xvii

92

5.1

Schematic

diagram

of

SPR

based

fiber

optic

sensor

with

97

Variations of resonance wavelength with refractive index of sensing

102

nanocomposite layer
5.2

medium for 10-70 nm thick (a) Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2
nanocomposite layers with fixed volume fraction of 0.55
5.3

Variations of resonance wavelength with refractive index of sensing

103

medium for 10-70 nm thick (a) Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2
nanocomposite layers with fixed volume fraction of 0.65

5.4

Variations of resonance wavelength with refractive index of sensing

104

medium for 10-70 nm thick (a) Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2
nanocomposite layers with fixed volume fraction of 0.75

5.5

Variations of resonance wavelength with refractive index of sensing

105

medium for 10-70 nm thick (a) Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2
nanocomposite layers with fixed volume fraction of 0.85

5.6

Variations of resonance wavelength with refractive index of sensing

106

medium for 10-70 nm thick (a) Au-InN (b) Ag-InN and (c) Cu-InN
nanocomposite layers with fixed volume fraction of 0.55

5.7

Variations of resonance wavelength with refractive index of sensing

107

medium for 10-70 nm thick (a) Au-InN (b) Ag-InN and (c) Cu-InN
nanocomposite layers with fixed volume fraction of 0.65

5.8

Variations of resonance wavelength with refractive index of sensing
medium for 10-70 nm thick (a) Au-InN (b) Ag-InN and (c) Cu-InN
nanocomposite layers with fixed volume fraction of 0.75
xviii

108

5.9

Variations of resonance wavelength with refractive index of sensing

109

medium for 10-70 nm thick (a) Au-InN (b) Ag-InN and (c) Cu-InN
nanocomposite layers with fixed volume fraction of 0.85

5.10

Transmittance curve of SPR based fiber optic sensor for 50 nm thick

110

Au-TiO2 nanocomposite layer with fixed volume fraction of 0.85 for
refractive index of sensing medium = 1.37

5.11

Transmittance curves of SPR based fiber optic sensor for 70 nm thick

111

Au-TiO2 nanocomposite layer with fixed volume fractions of 0.75 and
0.85 for refractive index of sensing medium = 1.37

5.12

Transmittance curves of SPR based fiber optic sensor for 50 nm thick

111

Au-InN nanocomposite layer with fixed volume fractions of 0.65, 0.75
and 0.85 for refractive index of sensing medium = 1.37

5.13

Transmittance curves of SPR based fiber optic sensor for 70 nm thick

112

Au-InN nanocomposite layer with fixed volume fractions of 0.55, 0.65,
0.75 and 0.85 for refractive index of sensing medium = 1.37

5.14

Variation of sensitivity with volume fraction of metal nanoparticles in
Au-TiO2,

Ag-TiO2

and

Cu-TiO2

nanocomposites

for

115

fixed

nanocomposite thickness of (a) 10 nm (b) 30 nm (c) 50 nm and (d) 70
nm

5.15

Variation of sensitivity with volume fraction of metal nanoparticles in

116

Au-InN, Ag-InN and Cu-InN nanocomposites for fixed nanocomposite
thickness of (a) 10 nm (b) 30 nm (c) 50 nm and (d) 70 nm

5.16

Variation of sensitivity with thickness of Au-TiO2, Ag-TiO2 and Cuxix

117

TiO2 nanocomposites for fixed (a) 0.55 (b) 0.65 (c) 0.75 and (d) 0.85
volume fraction of metal nanoparticles

5.17

Variation of sensitivity with thickness of Au-InN, Ag-InN and Cu-InN

118

nanocomposites for fixed (a) 0.55 (b) 0.65 (c) 0.75 and (d) 0.85 volume
fraction of metal nanoparticles

6.1

Schematic diagram of SPR based fiber optic sensor with InN layer

121

6.2

Variations of resonance wavelength of the SPR based sensor A with

127

refractive index of sensing medium for different thickness values (40
nm to 70 nm) of InN layer

6.3

Variations of resonance wavelength of the SPR based sensor A with

128

refractive index of sensing medium for different thickness values (75
nm to 100 nm) of InN layer

6.4

Variations of resonance wavelength of the SPR based sensor B with

129

refractive index of sensing medium for different thickness values (40
nm to 70 nm) of InN layer

6.5

Variations of resonance wavelength of the SPR based sensor B with

130

refractive index of sensing medium for different thickness values (75
nm to 100 nm) of InN layer

6.6

Variations of sensitivity of the SPR based sensors A and B with

132

thickness of InN layer

6.7

Transmittance curves of SPR based sensor A for different thickness
values of InN layer for refractive index of sensing medium = 1.30

xx

133

6.8

Transmittance curves of SPR based sensor A for different thickness

134

values of InN layer for refractive index of sensing medium = 1.34

6.9

Transmittance curves of SPR based sensor A for different thickness

134

values of InN layer for refractive index of sensing medium = 1.38

6.10

Transmittance curves of SPR based sensor A for different thickness
values of InN layer for refractive index of sensing medium = 1.40

xxi

135

LIST OF TABLES
Table
Number
2.1

Caption

Page
Number

Comparison of sensitivity of SPR based fiber optic sensor for different

44

thickness values of ITO layer with 25 nm, 30 nm, 35 nm and 40 nm
thick Au layer
3.1

Resonance wavelengths of SPR based fiber optic sensor for different

58

values of thickness of In2O3 layer
3.2

Sensitivity of SPR based fiber optic sensor for different values of

60

thickness of In2O3 layer
4.1

Plasma wavelength, Bulk collision wavelength and Fermi velocity for

67

ITO, Au, Ag and Cu
4.2

Comparison of sensitivity of LSPR based fiber optic sensor for various

88

thickness values of nanoparticles layer of ITO, Au, Ag and Cu
nanoparticles with 5, 10, 15, 20, 25 and 30 nm particle sizes
5.1

Comparison of sensitivity of SPR sensor for different thickness values

113

of TiO2 based various nanocomposite layers
5.2

Comparison of sensitivity of SPR sensor for different thickness values

113

of InN based various nanocomposite layers

6.1

Resonance wavelength of SPR based Sensor A for different values of

126

thickness of InN layer

6.2

Resonance wavelength of SPR based Sensor B for different values of
xxii

126

thickness of InN layer

6.3

Comparison of sensitivities of SPR based Sensors A and B for different
values of thickness of InN layer

xxiii

131

CHAPTER 1
INTRODUCTION

1.1

Background

The optoelectronics and fiber optic communication industries have witnessed the exponential
growth during past three decades. The optoelectronics industry has enriched numerous
advantageous products such as compact disc (CD) players, laser printers, bar code scanners,
optical switching devices, organic light emitting diodes and laser pointers [1]. On the other
hand, fiber optics has revolutionized the telecommunication industry by providing high
performance and extremely reliable telecommunication links. In parallel with these
developments, fiber optic sensor technology is also emerging with equal pace [2-5]. The
remarkable interest in optical fibers for their use in sensing applications can be attributed to
numerous magical advantages such as: they are flexible, light weighted and small in size
(therefore miniaturization can be attained). They are purely dielectric and hence they can be
easily used in hazardous areas. They are immune to electromagnetic interference. Further,
remote sensing as well as distributed sensing can be achieved by using them. In addition,
optical fibers are highly sensitive, environmental resistant, explosion proof as well as have
large bandwidth and very short response time. Because of these advantages, fiber optic
sensors have been finding variety of applications in electrical power industry, industrial
process control, medical sciences, automobiles, defense sector and research. Besides it, fiber
optic sensors are significantly advantageous over traditional sensors in many ways such as
cost difference and improved quality. Their applications in these fields allow the measurement
of various physical and chemical parameters such as rotation, acceleration, electric field,
magnetic field, temperature, refractive index, concentration, pressure, acoustics, vibration,
linear and angular positions, strain, humidity, viscosity and pH [6-52]. Basically, a fiber optic
sensor requires a light source, sensor geometry, detection system and referencing scheme. A
typical fiber optic sensor utilizes launching of light at one end of the fiber which is guided
1

through the fiber using the phenomenon of total internal reflection. The measurand (sample) is
placed in contact with the core of the optical fiber. This measurand modulates some property
of the guided light such as wavelength, phase, intensity, polarization etc. At the output end of
the fiber, the change in the light property is measured to obtain the information about the
change in the measurand. The fiber optic sensors are mainly classified in following three
categories:
(i) External sensors: External sensors are those in which, the optical fiber used is bare ended
and it only collects and guides the light rays. For example, laser Doppler velocimeter and non
contact displacement sensor etc.
(ii) Intrinsic sensors: Intrinsic sensors are those in which, optical fiber becomes the main and
key element. The optical fiber is used to transmit the light from source to the probe attached at
the other end of the fiber. Further this light signal is sent to the detector.
(iii) Extrinsic sensors: Extrinsic sensors are those in which, optical fiber does not play any
role in sensing. It is used just for the transmission and receiving of light.
Numerous techniques have been used for sensing such as doppler effect, interferometry,
photolumnisense, evanescent wave absorption spectroscopy and surface plasmon resonance
(SPR). Apart from all other sensing techniques, SPR has achieved much attention during last
thirty years. Starting with the first application of SPR [53], several other research groups [5487] have used the phenomenon of surface plasmon resonance for sensing various physical and
chemical parameters. Apart from sensing, SPR technique is also suitable for microscopic
imaging [88], miniaturized plasmonic waveguides [89], polarizers [90] and surface enhanced
Raman scattering (SERS) spectroscopy [91].
Surface plasmon resonance has a wide history of around 100 years. Recently it has
attracted a good interest due to variety of reasons. First observation about surface plasmon
was made by Wood in 1902 [92]. As per his observation, when polarized light was shone on a
mirror with the diffraction grating on its surface, an anomalous pattern of dark and bright
bands was observed in the reflected light. In 1907, Zenneck theoretically demonstrated that
the radio frequency surface electromagnetic waves occur at the boundary of two media when
one medium is a lossy dielectric or metal and the other is a loss free medium [93]. He
concluded that the lossy part of the dielectric constant is responsible for binding the
electromagnetic waves to the interface. In 1909, Somerfield observed that the field amplitudes
2

of the surface waves present on the metal dielectric interface vary inversely as the square root
of the distance from the source dipole [94]. In 1941, Fano concluded theoretically that the
anomalies reported by Wood (in 1902) were because of the excitation of surface waves on the
surface of diffraction grating [95]. In 1957, Ritchie theoretically revealed the excitation of the
surface plasmons on the metal surface [96]. In 1959, a large drop in reflectivity was observed
by Thurbadar when thin metal films were illuminated on a substrate but this phenomenon was
not linked with the surface plasmons [97]. Powell and Swan in 1960 observed that electrons
could excite surface plasmons at the metal dielectric interface [98]. Stern and Ferrell revealed
that the electromagnetic waves at the metallic surface involved electromagnetic radiation
coupled to the surface plasmons [99]. Later in 1968, Otto explained Thurbadar’s results and
explained that the drop in the intensity of reflected light in attenuated total internal reflection
is because of the excitation of surface plasmons [100]. However, due to a finite gap between
the metal layer and the prism base, the Otto configuration is not very much suitable for the
practical point of view rather it is more suited for the study of single crystal surface.
Kretschmann, in 1971 modified Otto configuration by directly depositing a thin metallic layer
on to the base of a coupling prism and the dielectric medium (sample) whose refractive index
is to be measured, is kept in contact with the metallic layer [101]. If a p-polarized i.e.
transverse magnetic (TM) polarized light is incident on the metal-prism interface and the
reflectance is measured as a function of angle of incidence, a sharp dip is obtained at a
particular angle called the resonance angle. By measuring this resonance angle, the value of
dielectric constant of the sample can be determined. This method is known as angular
interrogation method. However, the prism based SPR sensor has a number of shortcomings.
Bulky size of the prism and the presence of various optical and mechanical moving parts are
some of the drawbacks which make it difficult in optimization and commercialization on a
large scale. In addition, remote sensing can not be realized by the prism based SPR sensing
device. After the introduction of the phenomenon of SPR in sensing by Kretschmann, various
efforts were made towards the development of optical fiber SPR sensors. The miniaturization
of SPR probe is achieved by the use of optical fiber due to its small core diameter.
Further, fiber optic SPR sensing offers simplified optical design and the capability for
remote sensing. In a fiber optic SPR sensor, the metal layer is directly deposited on to the core
of the optical fiber. The SPR sensing method of fixed range of angle of incidence and
modulated wavelength is generally used in a SPR based fiber optic sensor. This method is
called as wavelength interrogation method. This is because of the reason that spectral
3

distribution of light may be preserved in an optical fiber, whereas the angular intensity
distribution of light will be indistinguishable due to mode mixing (as a consequence of
inherent bending) of the multimode optical fiber in practical sensing applications. Also, the
sensor is normally fabricated on a multimode optical fiber, where there is not a fixed angle of
incidence rather a range of incident angles are allowed to propagate in the fiber.
The metals used for the SPR excitations are generally gold and silver. Though, they have
their own limitations. Silver has a small value of the imaginary part of the dielectric constant,
which gives a sharp resonance dip leading to a better detection accuracy. On the other hand,
silver is chemically very reactive and it gets oxidized very quickly when comes in contact
with air or water. However, gold is chemically very stable and the gold coated SPR sensor
offers high sensitivity than that of silver. Since, any SPR sensor should have high value of
sensitivity as well as detection accuracy, a single metallic layer having the properties of both
silver and gold can be extremely advantageous. Zynio et al. proposed an idea of using a
combination of gold and silver layers as a bimetallic one for the prism based sensors [102].
Later this bimetallic combination was utilized for SPR based fiber optic sensor [103]. For
further improvement in sensitivity of the SPR sensors, several modifications were carried out
in the SPR probe. For example, the use of tapering the SPR probe with symmetric [104] and
asymmetric metallic coatings [105] was presented. There was observation of multiple SPR
dips in case of asymmetric metallic coating. Along with these, dual-tapered and tetra-tapered
fiber optic SPR probes for gas and liquid sensing [106], asymmetric double layer covered
tapered fiber optic sensor [107] and a truncated tapered fiber optic SPR sensor for detection of
refractive index [108] have also been reported. In continuation to this, with time a large
number of theoretical and experimental research investigations have been carried out to
improve the performance of SPR based fiber optic sensor [122,123,73,74,77,79,83-86].

1.2

Plasmons and surface plasmons

Band theory of solids can explain almost all properties of the solid state. However, plasma
model is also a quite different approach which can explain various properties of the solid
state. The free electrons in the metal are like electron gas with high density of about 1023 cm-3.
The positive ions have infinitely large mass compared to the mass of the free electrons.
According to jellium model [109], these positive ions can be replaced by a positive constant
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background charge. Still, the total charge density in the conductor remains zero. If the density
of the free electrons is now locally reduced by applying an external electric field on the
conductor so that the movement of the free electrons may occur, the negatively charged free
electrons are no longer screened by the background rather they begin to get attracted by the
positive ion background. Hence, free electrons start moving towards the positive region and
get accumulated with a density higher than required for the local charge neutrality. Now, at
this point the Coulomb repulsion among the moving free electrons acts as a restoring force
and generates motion in opposite direction. The resultant of these two forces (attractive
driving force and repulsive restoring force) set up the longitudinal oscillations among the free
electrons. These longitudinal density fluctuations known as plasma oscillations propagate
through the entire volume of the metal. Frequency of these plasma oscillations is given by,

p 

4 n e 2
m0

(1.1)

Where n is the density of free electrons, e is the electronic charge and m0 is the mass of
electron [110].
The coherent oscillations of free electrons on metal-dielectric interface are called as
surface plasmons. Surface plasmons are the propagating electron density waves occurring at
the metal-dielectric interface and can also be viewed as the electromagnetic waves strongly
bound to the interface. They are transverse magnetically (TM) polarized in nature and
therefore can be excited only by the TM polarized light. Let us consider a metal and a
dielectric layer to be stacked along the z-axis and the direction of propagation of the surface
plasmon wave along x-axis.
The field associated with the surface plasmon wave is given as,

E  E0 exp [ i( k x x  k z z   t )]

(1.2)

+ and – signs are for z  0 and z  0 respectively. The propagation constant kz is imaginary
which makes the exponential decay of the field. The wave vector kx is parallel to the x-axis
and is give as, k x 

2

p

;  p is called as plasma wavelength [110]. By applying the boundary
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conditions at the metal-dielectric interface, the dispersion relation for surface plasmon wave
can be obtained to be,

  
k sp  k x   m d
c  m d

12





(1.3)

Where εm and εd are the dielectric constants of metal and dielectric respectively. ω is the
frequency of incident light and c is the speed of light in vacuum.
The variation of electric field associated with surface plasmon wave across the interface is
shown in Fig. 1.1.

Dielectric
z
δd

δm

Ez
Metal

Figure 1.1: Exponential decay of field intensity of surface plasmon wave at the metal-dielectric interface. δd and
δm are the penetration depths of the surface plasmon wave in dielectric and metal respectively

Some useful parameters related to surface plasmon waves are defined below:
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1.2.1 Propagation length

Surface plasmon wave is an exponentially decaying wave both in metal as well as in dielectric
medium. The dielectric constant of metal εm is a complex number and hence from Eq. (1.3),
the propagation constant of the surface plasmon wave ksp will also be a complex number.

ksp  k x  k x  ik x

1

(1.4)
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(1.5)

1

2

(1.6)

Where  m   m  i m is the dielectric constant of metal with  m and  m being the real and
imaginary parts [110]. Also k x and k x are the real and imaginary parts of propagation
constant of surface plasmon wave. The length over which the intensity of the surface plasmon
wave decreases to 1 of its maximum value is called as the propagation length and is given
e
as,

Lsp  2k x 

1

(1.7)

For silver-air interface at λ = 514.5 nm, Lsp = 22 µm. Lsp becomes 500 µm at λ = 1060 nm
[110].

1.2.2

Penetration depth

The propagation constant of the surface plasmon wave along the z-axis is given as,
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  c 


1

2

(1.8)

Here, i corresponds to 1 and 2 for metal and dielectric medium respectively [110]. The electric
field amplitude of surface plasmon wave decreases exponentially perpendicular to the
interface. The perpendicular distance over which the field amplitude reduces to 1

e

of its

value at the interface is called as the penetration depth of the surface plasmon wave.
For silver-air interface at λ = 600 nm, δm = 24 nm and δd = 390 nm. Also for gold-air interface
at λ = 600 nm, δm = 31 nm and δd = 280 nm [110].

1.3

Excitation of surface plasmons

There are several methods to excite surface plasmon waves such as prism coupling, grating
coupling, excitation using highly focussed optical beams, excitation upon charged particle
impact, near field excitation etc. Initially in 1957 as suggested by Ritchie [96], surface
plasmon waves can be excited by low energy electron beam diffraction experiments. The most
common technique used for the excitation of surface plasmon wave is the prism coupling. The
two different configurations, Otto configuration and Kretschman-Raether configuration are
based on prism coupling utilizing attenuated total internal reflection. Another technique used
for the excitation of surface plasmon waves is the grating coupling. In this technique, light
beam is launched from the dielectric on to the metal grating, which generates a series of
diffracted waves. These diffracted waves can couple with the surface plasmon wave provided
the propagation constant of the diffracted wave propagating along the grating surface matches
with the propagation constant of the surface plasmon wave [57]. The surface plasmon waves
can also be excited by a microscope of high numerical aperture [111]. Near field optical
microscopic technique also permits the local excitation of surface plasmon polariton over an
area a << λ0 (a is the area and λ0 is the free space wavelength) and hence acts as a point
source for surface plasmon waves [112]. The excitation of surface plasmon waves by light is
discussed below in detail.
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1.3.1 Excitation of surface plasmons by light

As stated above, the surface plasmons can be excited by light. The propagation constant of
light wave having frequency ω, in air is given by,

kinc 



(1.9)

c

For the excitation of surface plasmons, the propagation constant of the incident light
should be equal to the propagation constant of the surface plasmon wave given by Eq. (1.3).
As the surface plasmon wave is TM-polarized, the incident light used for the excitation should
be p-polarized. Since the dielectric constant of dielectric medium is positive (εd > 0) and that
of metal is negative (εm < 0), therefore for a given frequency the propagation constant of the
surface plasmon wave is always greater than the propagation constant of the incident light.
Therefore, surface plasmons can never be excited only by the direct light. Hence, to excite
surface plasmon wave at a particular wavelength, an extra amount of momentum (Δk) and so
energy is needed to be imparted to the direct light. Numerous techniques were utilized to
increase the momentum of the light for the excitation of surface plasmons. Though, the first
effort was made by Otto in 1968, which utilizes a prism to produce the evanescent wave for
the excitation of surface plasmon wave [100]. However, this method was hard to implement
practically and hence was later modified by Kretschmann and Raether [113]. These various
techniques are discussed below in detail.

1.3.2 Otto configuration

In 1968, Otto utilized a coupling prism for the excitation of the surface plasmon wave [100].
The idea behind this configuration was the coupling of surface plasmon wave with the
evanescent wave. The evanescent wave arises at the base of a coupling prism due to
attenuated total reflection when a light beam is incident at an angle greater than the critical
angle (θATR) of the interface, as shown in Fig. 1.2.
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Figure 1.2: Setting up of an evanescent wave at the prism-air interface at an angle θ > θATR

The evanescent wave is decaying in nature and it has the propagation constant along the
interface. Both these characteristics of an evanescent wave match to those of a surface
plasmon wave and hence there is a strong possibility of interaction between these two waves.
The x-component of the propagation constant of the evanescent wave at prism-air interface is
given as,

k ev 


c

 g sin

(1.10)

Where,  g is the dielectric constant of the material of the prism and  is the angle of
incidence of p-polarized light [110].
In Otto configuration, for the excitation of surface plasmon wave, the metal layer is kept
underneath the prism base keeping the gap between the two as shown in Fig. 1.3. The gap is
filled with the sample liquid having refractive index smaller than that of prism.
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Figure 1.3: Otto configuration for the excitation of surface plasmons at metal-dielectric interface

The evanescent wave at the prism-liquid interface excites the surface plasmon wave at the
metal-dielectric interface if the wave vectors of the evanescent wave and surface plasmon
wave are same. When the two wave vectors match, the reflected light shows a minimum.
Though, this configuration is quite difficult to realize as one has to maintain the finite gap
between the base of the prism and metal layer. However, this method has been found very
interesting and useful for studying the single crystal metal surfaces and adsorption on them.
Later in 1968, this configuration was modified by Kretschmann and Raether [113].
Kretschmann and Raether configuration is one of the most famous techniques to be used for
the excitation of surface plasmon wave till date.

1.3.3 Kretschmann-Raether configuration

Improving Otto configuration [100], in which there was an air gap between the prism base and
the metal layer, Kretschmann and Raether discovered a new configuration [113,101] for the
excitation of surface plasmons as shown in Fig. 1.4. In this configuration, similar to Otto
configuration, evanescent wave excites the surface plasmons. A thin metal film nearly 50 nm
thick is coated at the base of a high refractive index glass prism and is kept in direct contact
with the dielectric sensing medium of lower refractive index.
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Figure 1.4: Kretschmann configuration for the excitation of surface plasmons at metal-dielectric interface

When a p-polarized light is incident through the prism on the interface of the prism and
metal layer at an angle θ equal to or greater than the angle of ATR (θATR), the evanescent wave
is produced at the prism-metal interface, which propagates along the interface. When the wave
vector of the evanescent wave matches with that of the surface plasmon wave, resonance
occurs and the energy gets coupled to the surface plasmons. This resonance condition appears
in form of minima in the reflected light intensity. Fig. 1.5 depicts the dispersion curves of
both evanescent wave and the surface plasmon wave.
The wave vector kev of the evanescent wave is equal to the lateral component of the
incident light wave vector (kg) travelling in the prism [110]. Therefore,

k ev  k g sin 


c

 g sin

(1.11)

The wave vector of the surface plasmon wave is given by Eq. (1.3). As discussed earlier, the
excitation of surface plasmons takes place only when the wave vector of the evanescent wave
matches exactly with that of the surface plasmon wave of same frequency and state of
polarization. This occurs at a particular angle of incidence θres, known as the resonance angle.
Hence the resonance condition for surface plasmons is given as,
12
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Where εs is the dielectric constant of the sensing medium.

kinc

kev= kgsinθ

Frequency ω
ωω
ω

kev = kg

ksp (metal-dielectric)

ω0
0
00
00
0

ksp (metal-prism)

0
kev = ksp
Propagation constant k
Figure 1.5: Dispersion curves for direct light wave in dielectric (kinc), evanescent wave (kev) for θ = θATR and θ =
 , surface plasmon wave ksp at metal-dielectric interface and at metal-prism interface
2

Fig. 1.5 reveals that the propagation constant curves for surface plasmon wave and
evanescent wave cross each other at many points lying between kev = kg sinθ and kev = kg (at a
particular frequency for different angles of incidence). It means that the propagation constant
of the evanescent wave (kev) may coincide with that of the surface plasmon wave (at the
metal-dielectric interface) at a particular frequency and angle of incidence of light beam. An
important thing to be noticed here is that the propagation constant of surface plasmon wave at
the metal-prism interface lies right to the maximum propagation constant of evanescent wave
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(kev = kg) and the two curves never cross each other. This confirms that surface plasmons at
metal-prism interface can never be excited.

1.4

Sensing principle of SPR

The excitation of surface plasmons at the metal-dielectric interface, results in the transfer of
energy from incident light to surface plasmons. This reduces the reflected light intensity
(reflectance) at some particular angle of incidence known as the resonance angle. If the output
signal i.e. reflectance (R) is measured as a function of incident angle θ, a sharp dip is observed
at resonance angle θres due to the transfer of energy to surface plasmons as shown in Fig. 1.6.
Knowing this resonance angle θres, the dielectric constant of the sensing medium can be
determined using Eq. (1.12). The resonance angle is very sensitive to the variations in the
refractive index or the dielectric constant of the sensing medium. Even a minute change in the
refractive index of the sensing medium alters the resonance condition significantly. Increase
in the refractive index of the sensing medium enhances the corresponding resonance angle.
Thus, by knowing the change in the resonance angle, the change in the refractive index of the
sensing medium can be determined. The method, in which the dielectric constant of the
sensing medium is obtained by changing the incidence angle of the incident light and keeping
the wavelength of the light fixed, is known as the angular interrogation method.
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Reflectance (R)

0

θres
Angle (θ)

Figure 1.6: Reflectance (R) as a function of angle of incidence (θ) at the prism-metal interface. A sharp dip in
reflected signal is observed at an angle θres

However, there is another method called as the spectral interrogation (wavelength
interrogation) method, in which the wavelength of the light beam is varied by keeping the
angle of incidence fixed. In spectral interrogation method, white light from a polychromatic
source is launched on the metal layer through the prism at a particular angle of incidence
greater than the critical angle. The evanescent field so produced extends through the metal
layer. The wave vector of the evanescent wave given by Eq. (1.11) and the wave vector of the
surface plasmon wave given by Eq. (1.3) are wavelength dependent because the dielectric
constant of metal, material of the prism and sensing medium are wavelength dependent. For a
surface plasmon wave to be excited, the two wave vectors must be same. This happens at a
particular wavelength of the incident light, which results in transfer of energy from the
incident wave to the surface plasmon wave and hence large attenuation in the reflected light
intensity takes place. The SPR curve obtained in this case is same as one shown in Fig. 1.6
except that instead of angle, wavelength is taken on the x-axis and the resonance angle is
replaced by the resonance wavelength and as a result, the complete resonance curve is
15

determined. Hence, one can determine the refractive index of the sensing medium by
monitoring the resonance wavelength (λres) from the reflected light intensity spectrum. To
cover a greater range of the refractive index of the sensing medium, the spectral interrogation
method is much better.

1.5

Kretschmann-Raether configuration in optical fiber

As mentioned earlier, Kretschmann configuration used for the excitation of surface plasmons
comprises a dielectric prism and a thin metal layer coated on to the base of the prism. The
total internal reflection phenomena and therefore the generation of evanescent waves is the
basis behind the excitation of surface plasmons. In a typical optical fiber, guidance of light
takes place through total internal reflection phenomena at the core-cladding interface. An
evanescent wave is generated in the cladding of the fiber, which propagates along the corecladding interface. This evanescent field decays exponentially in the cladding region. Because
of these properties, the bulky prism in the Kretschmann configuration can be replaced by the
core of the optical fiber. In an optical fiber based SPR sensor, a small length of cladding is
removed from the middle portion of the fiber and a thin metal layer such as gold or silver is
coated on to the bare core. The medium which is needed to be sensed is placed in contact with
the metal layer as shown in Fig. 1.7. As the wavelength-intensity distribution is preserved in
an optical fiber, the wavelength interrogation method is used in this case.

Evanescent Wave

SP Wave
Cladding

Cladding
Core
Core
Cladding

Cladding
Sensing medium

Metal layer

Figure 1.7: Kretschmann configuration for the excitation of surface plasmons at metal-dielectric interface
realized in a multimoded optical fiber
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Hence, the light from a polychromatic source is launched at one of the ends of the fiber and
the transmitted light is received at the other end of the fiber. As the sensor uses a multimode
fiber, a range of angles corresponding to guided rays are launched in the fiber and
corresponding to each angle of incidence, resonance occurs at one particular wavelength. By
measuring the resultant resonance wavelength, the refractive index and hence the dielectric
constant of the sensing medium can be determined. Also, a minute change in the refractive
index of the sensing medium alters the resonance condition. The shift in the resonance
wavelength is a measure of the change in the refractive index of the sensing medium.

1.6

Performance parameters of the SPR sensor

In angular interrogation based SPR sensor, the resonance angle (θres) is determined
corresponding to refractive index of the sensing medium (ns). A small change in the refractive
index of the sensing medium δns shifts the resonance angle by δθres. While in case of
wavelength interrogation method, instead of shift in resonance angle, a shift in resonance
wavelength δλres, takes place. Sensitivity is the main performance parameter, which
determines the performance of a fiber optic SPR sensor. For a typical SPR based fiber optic
sensor, the sensitivity should be as high as possible.
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Figure 1.8: The shift in resonance wavelength (δλres) with a change in refractive index of the sensing medium

Thus, the sensitivity of a SPR sensor depends on the shift in resonance angle (angular
interrogation) or the resonance wavelength (wavelength interrogation) with a change in the
refractive index of the sensing medium. Larger is the shift, better will be the sensitivity of the
SPR sensor. To define the sensitivity of a SPR based sensor, two SPR curves are plotted for
two different values of the refractive index of the sensing medium as shown in Fig. 1.8. On
increasing the refractive index of the sensing medium by an amount ns , the resonance
wavelength also shifts by an amount  res . Hence, the sensitivity of a SPR based fiber optic
sensor is defined as [66],

Sn 

  res
 ns

(1.13)
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1.7

Thesis formation

As mentioned earlier, for observing SPR, Kretschmann configuration is most widely used. In
Kretschmann configuration, a high refractive index prism is coated with a thin metal layer
touching the sample (sensing medium). Surface plasmon waves are excited by evanescent
wave from the prism at the total reflection condition. The SPR phenomenon using
Kretschmann configuration was first time demonstrated for biosensing by Liedberg et al. in
1983 [54]. Their experiment released numerous opportunities in the area of SPR based sensors
for chemical and biological applications. However, in the fiber optic SPR sensor, the prism is
replaced by the core of the optical fiber and a thin metal layer is directly deposited on to the
core of the optical fiber. For SPR sensing, the method of fixed angle of incidence and
modulated wavelength i.e. wavelength interrogation method is chosen. The utilization of
optical fiber along with surface plasmon resonance for sensing applications was first time
done by Jorgenson and Yee [55]. Since then fiber optic SPR sensor has been an interesting
research subject and a number of devices have been reported on fiber optic SPR sensors [114117]. However with time, a large number of theoretical and experimental research
investigations have been carried out to improve the performance of the fiber optic SPR sensor
[58,62,118-123,73-87]. Now a days, some new types of fiber optic sensors such as micro and
nano structured fiber sensors are attracting a number of researchers due to outstanding
progress in the fields of surface plasmon resonance and photonic crystal fiber technology. In
continuation to this, we have carried out the theoretical analysis of different materials based
fiber optic SPR sensors to enhance the sensitivity of the fiber optic sensor.
Chapter 1 of the thesis gives general introduction about fiber optic sensors. As the
surface plasmon resonance (SPR) forms the subject of the thesis, this chapter covers SPR
based fiber optic sensors in greater detail. It reviews various fiber optic sensors for the
measurement of different physical and chemical parameters as well as discusses the
phenomenon of surface plasmon resonance. A section of this chapter is also dedicated to the
recent SPR based fiber optic sensors for various sensing applications.
Gold (Au) and silver (Ag) metals are mainly utilized for SPR sensor. However, Ag based
SPR sensor is not chemically much stable because Ag is very prone to oxidation. The problem
of oxidation of Ag is automatically eliminated by coating another metal on it. Zynio et al.
reported a SPR sensor based on resonant bimetallic layers of Ag-Au (Ag as an inner layer and
Au as an outer layer) [102]. In addition of protecting Ag against oxidation by the outer Au
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layer, this SPR sensor based on bimetallic layers showed high values of both sensitivity and
detection accuracy. However, both of these metals have various significant disadvantages like
occurrence of band to band transitions in the visible spectral region for Au films and very thin
films of deposited Au and Ag are not continuous but agglomerate as islands [71]. Apart from
this, the SPR sensors with a single metallic layer/bimetallic layers have their SPR wavelength
in the visible range and therefore not permitting the sensing in the infrared spectral region,
which needs attention to many environmental and security applications. It has been possible to
obtain the surface plasmon resonance with transparent conducting metal oxide thin films.
Recently, Indium tin oxide (ITO) has been reported to be a better substitute of noble metals
(Au and Ag) for producing surface plasmons [124,125]. Highest available transmissivity for
visible light combined with the lowest electrical resistivity, reflection spectra in IR region and
wide band gap semiconductor makes ITO as most widely used transparent conducting metal
oxide. In addition to this, ITO thin films are continuous (i.e. no agglomeration as islands) and
no involvement of band to band transitions. Villar et al. have shown that surface plasmon
resonances can be produced with ITO coated optical fibers [126]. In order to enhance the
sensitivity of ITO based SPR sensor further, Chapter 2 presents the theoretical analysis of
SPR based fiber optic sensor with bi layers of ITO (as an inner layer)-Au (as an outer layer).
In the SPR based fiber optic sensor, the sensing system consisting of a fiber core-ITO-Ausensing medium is considered. The plastic cladding around the core from the middle portion
of a step index multimode plastic clad silica (PCS) fiber is removed and is then coated with a
thin ITO layer, which is then further coated with Au layer. These bi layers of ITO-Au are
finally surrounded by the sensing medium. Liquids of different refractive indices are assumed
as the sensing mediums. The light from a broadband source is launched into one of the ends of
the optical fiber with proper optics and the transmitted light is detected at the other end of the
optical fiber. The surface plasmon resonance produced by coupling of evanescent light to
surface plasmons is used as the sensing mechanism. The wavelength interrogation method is
used for the analysis of SPR based fiber optic sensor. In this method, the wavelength of the
light from the broadband source is varied and the corresponding transmitted power through
the optical fiber is measured. The proposed SPR based fiber optic sensor with bi layers of
ITO-Au is shown to possess high sensitivity with two resonance dips, one in the visible and
other in the near infrared region of spectrum, opposite to the single metal layer based SPR
sensor with one and only resonance dip. The reason of occurrence of two resonance dips can
be understood by the double character of ITO. In the region of high reflectance (wavelengths
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higher than 1500 nm), the imaginary part of refractive index of ITO is higher while it is lower
for the low reflectance region (wavelengths lower than 1500 nm) [126]. This low reflectance
region i.e. low imaginary part of refractive index of ITO is responsible for the generation of
double resonance dips. Moreover, these two differentiated SPR dips have been obtained from
the same device within 510 nm to 870 nm spectrum. Besides it, increase in ITO layer
thickness decreases the sensitivity of both left and right resonance dips for all values of
thickness of Au layer. This happens because the thick ITO layer permits less interaction
between surface plasmon mode and fiber mode, resulting in little absorption of light power by
the sensing medium around resonance wavelength. This forms the ground of increase in
normalized transmitted power and as a result decreases the sensitivity of the sensor.
Furthermore, for a fixed thickness value of ITO layer, the sensitivity of left resonance dip
increases with the increase in Au layer thickness while that of right resonance dip decreases
with the increase in Au layer thickness. The optimized values of thicknesses of ITO and Au
layers of SPR based fiber optic sensor are found to be 100 nm and 35 nm respectively. The
100 nm ITO-35 nm Au layers based SPR sensor has been shown to possess 1929 nm/RIU and
929 nm/RIU sensitivities for left and right resonance dips respectively.
Among various transparent conducting oxides, Indium oxide (In2O3) is a potential
material for sensing applications due to its highest available transmissivity for visible light
combined with the lowest electrical resistivity, reflection spectra in IR region and wide band
gap semiconductor, making it one of the most widely used transparent conducting oxides
[127]. Recently, In2O3 has been reported to be a better replacement of noble metals for
producing surface plasmons [128]. Chapter 3 describes the SPR based fiber optic sensor with
Indium oxide (In2O3) theoretically. In the sensor, the sensing system comprising of a fiber
core-In2O3-sensing medium is considered. The sensitivity of the sensor is studied for various
thickness values of In2O3 layer. The In2O3 layer based sensor possesses high sensitivity with
resonance dip in the near infrared region of spectrum allowing the sensing in the infrared
spectral region, which needs attention to many environmental and security related
applications. The sensitivity of the sensor decreases with the increase in the thickness of In2O3
layer. The 170 nm thick In2O3 layer based fiber optic SPR sensor comprises high sensitivity of
4600 nm/RIU.
The metal nanoparticles (much smaller than the wavelength of light) are supposed to have
better sensing performances than materials in the micro or larger scales and reveal tremendous
optical properties because of the collective excitation of conduction electrons [129]. A metal21

dielectric interface on the nanoparticles produce significant changes in the optical properties,
which make them size and shape dependent. Localized surface plasmon resonance (LSPR)
refers to metallic nanoparticles and takes place when the frequency of incident light is equal to
the frequency of collective oscillations of conduction electrons in metallic nanoparticles
[130]. The LSPR wavelength is reliant on nanoparticle material, size, shape and surrounding
medium refractive index [131,132]. Therefore, the sensitivity of LSPR sensor is
controlled/optimized by the change of the sizes and shapes of nanoparticles. Chapter 4
discusses the theoretical investigations of LSPR based fiber optic sensor with nanoparticles.
Nanoparticles of four materials: Indiums tin oxide (ITO), gold (Au), silver (Ag) and copper
(Cu) have been considered individually and the nanoparticles are assumed to be spherical in
shape with various radii. In the LSPR based fiber optic sensor, the sensing system consisting
of fiber core-nanoparticles (of one material at a time)-sensing medium is assumed. The
sensitivity of LSPR based fiber optic sensor with each nanoparticle layer individually for
various thickness values and with different particle sizes is studied. The sensitivity of LSPR
based fiber optic sensor increases with the increase in the thickness of nanoparticles layer for
all four materials. Also, for a fixed value of thickness of nanoparticles layer, the sensitivity of
LSPR based fiber optic sensor further increases as the particle size of nanoparticles increases.
This can be explained in terms of the variation in absorption of light due to the change in
particle size of the nanoparticles [133]. The decrease in particle size results in decrease in
collision wavelength, that in turn increases the imaginary part of the dielectric function of
metallic nanoparticles and hence the imaginary part of propagation constant of surface
plasmon wave. The optimized values of thickness and particle size of nanoparticles layers for
all four materials individually are found to be 60 nm and 20 nm respectively. The sensitivity
of LSPR based fiber optic sensor is obtained to be 6240 nm/RIU, 4525 nm/RIU, 3550
nm/RIU and 3340 nm/RIU for 60 nm thick nanoparticles layer with fixed 20 nm particle size
of ITO, Au, Ag and Cu nanoparticles respectively. Containing sensitivity of 6240 nm/RIU,
the 60 nm thick ITO nanoparticles layer (with 20 nm particle size) based LSPR sensor has
been shown to comprise better sensing performance than Au, Ag and Cu nanoparticles based
LSPR sensors.
The noble metals are not appropriate for sensing of samples having low refractive indices
(such as gases) as the SPR sensors based on these metals offer small sensitivity. Besides, their
SPR resonance dips arise in UV region. Chapter 5 elaborates the theoretical analysis of SPR
based fiber optic sensor with nanocomposite. Numerous nanocomposites comprising
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nanoparticles of gold (Au), silver (Ag) and copper (Cu) with their varying volume fractions
embedded in host dielectric matrices of titanium oxide (TiO 2) and indium nitride (InN) are
considered for the study. The sensitivity of Au/Ag/Cu-InN nanocomposites based SPR sensor
for all thickness values of nanocomposites with any volume fraction of nanoparticles is higher
than that of Au/Ag/Cu-TiO2 nanocomposites. Further, the sensitivity of the sensor increases
with increase in both thickness of nanocomposites and volume fraction of metal nanoparticles.
Moreover, for a fixed nanocomposite thickness and fixed volume fraction of metal
nanoparticles, the sensitivity of sensor is superior for Au nanoparticles based nanocomposites
to that of Ag and Cu nanoparticles. The rationale that Au nanoparticles show higher
sensitivity than Ag/Cu nanoparticles is attributed to the large value of real part of dielectric
function of Au at all wavelengths [103]. Thus, Au nanoparticles in any nanocomposite
enhance the shift between resonance wavelengths for a given change of refractive index of the
sensing medium and therefore the sensitivity of the sensor increases. The SPR based fiber
optic sensor with 70 nm thick Au-InN nanocomposite containing volume fraction of 0.85
illustrates high sensitivity of 2875 nm/RIU.
In recent times, research on plasmonics has been extended to infrared (IR) spectral region
beyond the visible region. This leads to explore some new materials which could satisfy the
SPR condition at lower plasma frequencies. Recently, Indium nitride (InN) has been found to
be a fascinating semiconducting material having band gap around 0.7-1.1 eV because of its
numerous advanced properties over other group-III nitrides, metals and transparent
conducting oxides. InN is a potential candidate for plasmonics based sensing applications not
only in IR but also in THz regimes because of its smaller magnitudes of real permittivity than
metals [135]. Further, InN possesses lower value of plasma frequency compared to that of
metals, displaying greater confinement of surface plasmon waves to the interface and greater
field enhancement in IR and THz regions. In addition, Lu et al. reported the utilization of InN
as a suitable material for biosensing due to its high superficial electron concentration [136].
Chapter 6 of the thesis reports the theoretical study of surface plasmon resonance based fiber
optic sensor with InN. Depending upon various parameters values of InN, two SPR sensors
viz “Sensor A” and “Sensor B” have been analyzed theoretically. Sensors A and B are found
to display maximum sensitivities of 4493 nm/RIU and 3107 nm/RIU for 70 nm and 55 nm
thick InN layers respectively. Both sensors A and B reveal their SPR resonance dips in the
near IR region of spectrum permitting the sensing in IR spectral region. The 70 nm thick InN

23

layer based fiber optic SPR sensor with Sensor A parameters values has been shown to
acquire high sensitivity of 4493 nm/RIU.
Chapter 7 summarizes all the results reported in the thesis.
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CHAPTER 2
SURFACE PLASMON RESONANCE BASED FIBER OPTIC
SENSOR WITH DOUBLE RESONANCE DIPS
______________________________________________________________

2.1

Introduction

It is well known that gold (Au)/silver (Ag) metals are mainly used for the fabrication of SPR
sensors. However, Ag metal based SPR sensor is not chemically much stable because Ag
metal is very prone to oxidation. The problem of oxidation of Ag metal is automatically
eliminated by coating another metal on it. Zynio et al. reported a SPR sensor based on
resonant bimetallic layers of Ag-Au (Ag as an inner layer and Au as an outer layer) [102]. In
addition of protecting Ag against oxidation by the outer Au layer, this SPR sensor based on
bimetallic layers showed high values of both sensitivity and detection accuracy (signal to
noise ratio). Later, other study reported the theoretical analysis of a step index fiber optic
surface plasmon resonance sensor with bimetallic layers (Ag and Au) in terms of sensitivity
and signal to noise ratio [64]. However, both of these metals have various significant
disadvantages like occurrence of band to band transitions in the visible spectral region for Au
films and very thin films of deposited Au and Ag metals are not continuous but agglomerate
as islands [71]. Apart from this, the SPR sensors with a single metallic layer/bimetallic layers
have their SPR wavelength in the visible range and therefore not permitting the sensing in the
infrared spectral region, which needs attention to many environmental and security
applications. Enough work has been done on transparent conducting metal oxides. It has been
possible to achieve surface plasmon resonance with transparent conducting metal oxide
(TCO) thin films. Our first choice for TCO is Sn doped In2O3 i.e. indium tin oxide (ITO)
because ITO has been recently reported to be a better substitute of noble metals (Au and Ag)
for producing surface plasmons [124,125]. ITO is most privileged because it offers highest
available transmissivity for visible light combined with lowest electrical resistivity. ITO is an
n-type, highly degenerate, most widely used wide band gap semiconductor having reflection
spectra in IR region. For this reason, it is also used for energy efficient window coatings
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[137]. Physical properties of ITO films are strongly affected by Sn doping concentration.
Moreover, the charge carriers in ITO behave like an ideal free electron gas with an effective
mass of 0.4 m and a Fermi energy of EF < 1 eV, where m is the free electron mass. The carrier
concentration of highly conductive ITO materials usually falls in the range from 10 20 to 1021
cm−3. In addition, ITO thin films are continuous (i.e. no agglomeration as islands) and no
involvement of band to band transitions. Villar et al. have shown that surface plasmon
resonances can be produced with ITO coated optical fibers [126]. Recently, a surface plasmon
resonance based fiber optic sensor with ITO as a SPR active material is analyzed theoretically
and has been shown to have the sensing in the infrared region [75].
In this chapter, to enhance the sensitivity of ITO based SPR sensor further, a SPR based
fiber optic sensor with bi layers of metal oxide-metal i.e. bi layers of ITO (as an inner layer)Au (as an outer layer) has been theoretically analyzed. The surface plasmon resonance
produced by coupling of evanescent light to surface plasmons is used as the sensing
mechanism. The wavelength interrogation method is utilized for the analysis of SPR based
fiber optic sensor. In this method, the wavelength of the light from the polychromatic source
is varied and the corresponding transmitted power through the optical fiber is measured. At
resonance wavelength, a sharp dip in the transmitted power occurs. The resonance wavelength
depends on the refractive index of the sensing medium. The sensitivity of the SPR based fiber
optic sensor with bi layers has been evaluated numerically. The proposed SPR based fiber
optic sensor with bi layers of ITO-Au is shown to possess high sensitivity with two resonance
dips, one in the visible and other in the near infrared region of spectrum, opposite to the single
metal layer based SPR sensor with one and only resonance dip. Moreover, these two
differentiated SPR dips have been obtained from the same device within 510 nm to 870 nm
spectrum. Besides it, increase in ITO layer thickness decreases the sensitivity of both left and
right resonance dips for all thicknesses of Au layer. Furthermore, for a fixed thickness of ITO
layer, the sensitivity of left resonance dip increases with the increase in Au layer thickness
while that of right resonance dip decreases with the increase in Au layer thickness. For the
best sensing behaviour of SPR based fiber optic sensor, the thicknesses of ITO and Au layers
have also been optimized. The optimized thicknesses of ITO and Au layers of SPR based fiber
optic sensor are disclosed to be 100 nm and 35 nm respectively. Furthermore, 100 nm ITO-35
nm Au layers based SPR sensor has been shown to have 1929 nm/RIU and 929 nm/RIU
sensitivities for left and right resonance dips respectively.
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2.2

Theory

The SPR sensing is based on the principle of attenuated total reflection (ATR) with
Kretschmann configuration. In the proposed SPR based fiber optic sensor, the sensing system
consisting of a fiber core-ITO-Au-sensing medium is considered as shown in Fig. 2.1.

L
Sensing medium
Gold layer
ITO layer
Cladding
Core

Ө

Ө0
Cladding
Incident light

Surface plasmon wave
Figure 2.1: Schematic diagram of SPR based fiber optic sensor with bi layers of ITO-Au

The plastic cladding around the core from the middle portion of a step index multimode
plastic clad silica (PCS) fiber (Numerical aperture = 0.24 and fiber core diameter = 600 µm) is
removed and is then coated with a thin ITO layer, which is then further coated with Au layer.
These bi layers of ITO-Au are finally surrounded by the sensing medium. The light from a
broadband (polychromatic) source is launched into one of the ends of the optical fiber with
proper optics and the transmitted light is detected at the other end of the optical fiber.
In the present study, the surface plasmon resonance produced by coupling of evanescent
light to surface plasmons is used as the sensing mechanism and the wavelength interrogation
method has been utilized for the analysis of SPR based fiber optic sensor. In this method, the
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wavelength of incident light from the white light (polychromatic) source is varied and the
corresponding transmitted power through the optical fiber is measured. It is important to
notice here that in the present work, a laser source is not used to couple the incident light into
the optical fiber rather a white light source has been used. However, if a laser source is
assumed to couple the incident light into the optical fiber then the coupling of laser mode into
surface plasmons can be realized simply. The mode conversion of TM mode of a laser into
surface plasmon wave in a metal coated optical fiber is facilitated by a surface ripple of
suitable wave number [138-140]. There is always a wave number mismatch between the TM
mode and the surface plasmon wave in an optical fiber. This wave number mismatch
corresponds to the required ripple wave number for resonant mode conversion. When a laser
beam in TM mode propagates through the optical fiber, it induces oscillatory velocity on the
electrons lying at metal surface. This oscillatory velocity beats with the space modulated
density to produce a current, driving the surface plasmon wave on the boundary between
metal and free space. The field of surface plasmon waves polarizes the metal particles present
on metal surface, enhancing local fields at resonance condition. The fields polarize the
molecules adsorbed on particles. The scattered field produced by the adsorbed molecules gets
enhanced again.

2.2.1 Layer I (Fiber core)

This layer is made of core of optical fiber. The core of the optical fiber is assumed to be made
of fused silica. The refractive index of fused silica varies with wavelength according to
Sellmeier dispersion relation as,

n1 ( )  1 

a 3 2
a12
a 2 2


2  b12 2  b22 2  b32

(2.1)

Where, λ is the wavelength in µm and a1, a2, a3, b1, b2 and b3 are Sellmeier coefficients. The
values of these coefficients are given as, a1 = 0.6961663, a2 = 0.4079426, a3 = 0.8974794, b1
= 0.0684043 µm, b2 = 0.1162414 µm and b3 = 9.896161 µm [141].
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2.2.2 Layer II (ITO layer)

This layer is made of ITO. The dielectric constant of ITO is written according to the Drude
model as,

 m ( )   mr  i mi

2 c
 3.8  2
 p (c  i )

(2.2)

Here, λp and λc are the plasma wavelength and the collision wavelength respectively. Where,
λp = 5.649 x 10-7 m and λc = 11.121 x 10-6 m for ITO [71].

2.2.3 Layer III (Au layer)

This layer is made of Au metal. The dielectric constant of any metal can be written according
to Drude model as,

 m ( )   mr  i mi  1 

 2 c
2p (c  i )

(2.3)

Where, λp = 1.6826 x 10-7 m and λc = 8.9342 x 10-6 m for Au [142].

2.2.4 Layer IV (Sensing medium)

This layer is made of sensing medium. The dielectric constant of the sensing medium is  s . If

ns is the refractive index of the sensing medium, then  s  ns2 . The resonance condition for
excitation of surface plasmon wave is given as,

2



n1 sin   Re{K sp}

(2.4)
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Where, K sp 


c

 m s
2

m  s


 m ns2

 m  ns2

is the propagation constant of the surface plasmon

wave and c is the speed of light in vacuum. The left hand side of Eq. (2.4) denotes the
propagation constant of the light incident at an angle  and the right hand side shows the real
part of the propagation constant of the surface plasmon wave. If the refractive index of the
sensing medium is changed, the right hand side of the Eq. (2.4) gets modified and therefore
the resonance condition will be satisfied at some other value of the wavelength. By observing
the shift in the resonance wavelength, a change in the refractive index of the sensing medium
can be measured.

2.2.5

Transmitted Power

Meridional rays are the rays that cross the fiber axis between reflections, while the rays that
never cross the fiber axis are known as skew rays. Based on the launching condition in an
optical fiber, the light source can excite both meridional and skew rays [64]. In the present
study, the excitation conditions do not include the contribution of skew rays. However, it has
been observed in a research study [143] that, as the skewness parameter increases, the
sensitivity of the sensor decreases. Further for short length of optical fiber, the meridional rays
can be categorized in to two cases: selected ray launching and all guided rays launching. To
simplify the present analysis, only all guided rays launching case of meridional rays have
been considered as there is no fixed analytical expression for power distribution if the skew
rays are also excited in the optical fiber.
Here, it is essential to note that there is no influence of s-polarization component of
incident light on the transmitted power and sensitivity of the sensor as it is well known that
the SPR phenomenon does not take place when the incident light has s-polarization [62]. The
expression for the reflection coefficient (reflectance) of p-polarized incident light can be
obtained by using the matrix method for N-layer model as mentioned in appendix A.
Considering that all the guided rays are launched in the fiber using a collimated source and a
microscope objective, the angular power distribution of rays guided in the fiber is given as
[18],

30
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n12 sin  cos 
d
(1  n12 cos 2  ) 2

(2.5)

Where,  is the angle of the ray with the normal to the core-cladding interface. Also, n1 is the

refractive index of the core of the fiber. Further, for launching the incident beam into the
optical fiber in order to couple the beam to surface plasmon wave at the metal cladded region,
the angle at the core-metal interface in the sensing region should be lying between    cr to




2

[18]. To calculate the effective transmitted power, the reflectance (Rp) for a single

reflection is raised to the power of the number of reflections the specific propagating angle
undergoes with the sensor interface. Hence, for p-polarized light, the generalized expression
for the normalized transmitted power in an optical fiber based SPR sensor will be given as,
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Here, N ref ( ) is the total number of reflections performed by a ray making an angle 
with the normal to the core-metal layer interface in the sensing region. L and D are the length
of the exposed sensing region and the fiber core diameter respectively. Also,  cr is the critical
angle of the fiber and ncl is the refractive index of the cladding of the fiber.
Here, the power reflection in the metal cladded fiber has not been taken into account due
to the small value of intensity reflection coefficient. This can be understood from the fact that
in the SPR based fiber optic sensor, when a TM polarized (p-polarized) light enters from the
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cladded fiber into the metal coated fiber, it comes across a change in the wave number from
k z to k z and a power reflection takes place having intensity reflection coefficient
2

k  kz
, where k z and k z are the wave numbers in the cladded fiber and metal coated
R z
k z  k z
fiber respectively [138]. The value of R is found to be of the order of only 1%, which is
insignificant.
Further, it becomes necessary to discuss here that the light is efficiently coupled back in
the optical fiber upon detection of analyte due to the phenomenon of surface enhanced Raman
scattering (SERS) [138-140]. SERS is a very useful and sensitive method that allows the
detection of organic molecules attached to a rough metal surface. In SERS phenomenon, a
laser shines the rough metal surface with metallic particles attached to it. When the laser
frequency matches with the natural frequency of plasmon oscillations of particles, the laser
induces a vast field in the metallic particles, making them strong dipole oscillators at laser
frequency. The molecules adsorbed on the particles thus experience a strong field. The Raman
shifted molecular dipoles induce a strong, plasmon enhanced field inside the particles and the
particles act as radiating dipoles producing a highly enhanced Raman signal.

2.2.6

Sensitivity

Resonance wavelength ( res ) is determined corresponding to the refractive index of the
sensing medium ( ns ) in the SPR sensor based on wavelength interrogation. If the refractive
index of the sensing medium is altered by n s , the resonance wavelength shifts by  res . The
sensitivity ( S n ) of a SPR sensor with wavelength interrogation is defined as [64],

Sn 

2.3

 res
ns

(2.9)

Results and discussion

Various solutions of glycerine in water with different refractive indices are considered as the
sensing mediums. For numerical calculations, a range of solutions of glycerine in water with
32

concentrations that offer refractive indices of 1.30, 1.31, 1.32, 1.33, 1.34 and 1.35 are
assumed. The refractive index of the sensing medium is changed from 1.30 to 1.35 in steps of
0.01 and following values of the parameters have been used:
Numerical aperture of the fiber = 0.24, fiber core diameter D = 600 µm, length of the exposed
sensing region L = 15 mm.
For the optimization of thicknesses of ITO and Au layers, the transmitted output power of
SPR based fiber optic sensor have been calculated for different thickness values (100 nm, 125
nm, 150 nm, 175 nm and 200 nm) of ITO layer for fixed 25 nm, 30 nm, 35 nm and 40 nm
thick Au layer. The variations of SPR resonance wavelength of left and right resonance dips
with refractive index of sensing medium for various thickness values of ITO layer with 25
nm, 30 nm, 35 nm and 40 nm thick Au layer have been plotted in Figs. 2.2-2.9.

Figure 2.2: Variation of resonance wavelength of left resonance dip with refractive index of sensing medium for
different thicknesses of ITO layer with 25 nm thick Au layer
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Figure 2.3: Variation of resonance wavelength of right resonance dip with refractive index of sensing medium
for different thicknesses of ITO layer with 25 nm thick Au layer

Figs. 2.2 and 2.3 show the plots of resonance wavelength of left and right resonance dips
with refractive index of sensing medium for 100 nm ITO-25 nm Au layers, 125 nm ITO-25
nm Au layers, 150 nm ITO-25 nm Au layers, 175 nm ITO-25 nm Au layers and 200 nm ITO25 nm Au layers respectively.
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Figure 2.4: Variation of resonance wavelength of left resonance dip with refractive index of sensing medium for
different thicknesses of ITO layer with 30 nm thick Au layer
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Figure 2.5: Variation of resonance wavelength of right resonance dip with refractive index of sensing medium
for different thicknesses of ITO layer with 30 nm thick Au layer

Similarly, Figs. 2.4 and 2.5 illustrate the variations of resonance wavelength of the left and
right resonance dips with refractive index of sensing medium for 100 nm ITO-30 nm Au
layers, 125 nm ITO-30 nm Au layers, 150 nm ITO-30 nm Au layers, 175 nm ITO-30 nm Au
layers and 200 nm ITO-30 nm Au layers respectively.
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Figure 2.6: Variation of resonance wavelength of left resonance dip with refractive index of sensing medium for
different thicknesses of ITO layer with 35 nm thick Au layer
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Figure 2.7: Variation of resonance wavelength of right resonance dip with refractive index of sensing medium
for different thicknesses of ITO layer with 35 nm thick Au layer

Likewise, Figs. 2.6 and 2.7 demonstrate the variations of resonance wavelength of the left
and right resonance dips with refractive index of sensing medium for 100 nm ITO-35 nm Au
layers, 125 nm ITO-35 nm Au layers, 150 nm ITO-35 nm Au layers, 175 nm ITO-35 nm Au
layers and 200 nm ITO-35 nm Au layers respectively.

38

Figure 2.8: Variation of resonance wavelength of left resonance dip with refractive index of sensing medium for
different thicknesses of ITO layer with 40 nm thick Au layer
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Figure 2.9: Variation of resonance wavelength of right resonance dip with refractive index of sensing medium
for different thicknesses of ITO layer with 40 nm thick Au layer

In the same way, Figs. 2.8 and 2.9 display the variations of resonance wavelength of the
left and right resonance dips with refractive index of sensing medium for 100 nm ITO-40 nm
Au layers, 125 nm ITO-40 nm Au layers, 150 nm ITO-40 nm Au layers, 175 nm ITO-40 nm
Au layers and 200 nm ITO-40 nm Au layers respectively. The resonance wavelength of both
left and right resonance dips for a variety of thickness values (100 nm to 200 nm) of ITO layer
with 25 nm, 30 nm, 35 nm and 40 nm thick Au layer increases in a linear fashion with the
increase in refractive index of the sensing medium. The variations of resonance wavelength
with the refractive index of the sensing medium for all these cases pursue the same outfit. The
slopes of resonance wavelength over the refractive index for left resonance dips are highest
for 100 nm ITO-25 nm Au layers, 100 nm ITO-30 nm Au layers, 100 nm ITO-35 nm Au
layers and 100 nm ITO-40 nm Au layers while these are least for 200 nm ITO-25 nm Au
layers, 200 nm ITO-30 nm Au layers, 200 nm ITO-35 nm Au layers and 200 nm ITO-40 nm
Au layers. However, the shifts in resonance wavelength for all these cases are almost linear
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over the entire range of refractive indices i.e. 1.30 to 1.35 of the sensing medium. Moreover,
the occurrence of two resonance dips can be understood by the double character of ITO. In the
region of high reflectance (wavelengths higher than 1500 nm), the imaginary part of refractive
index of ITO is higher (of the order of metals) while on the other hand, it is lower for the low
reflectance region (wavelengths lower than 1500 nm) [126]. This low reflectance region i.e.
low imaginary part of refractive index of ITO is responsible for the generation of double
resonance dips.
Further, to see the clear difference between bi layers of ITO-Au with various thickness
values and single metal layer of Au (assuming zero thickness of ITO layer), a Fig. 2.10 has
also been drawn.

Figure 2.10: Variation of resonance wavelength of single resonance dip with refractive index of sensing medium
for fixed zero thickness of ITO layer with different thicknesses of Au layer
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Fig. 2.10 shows the variation of resonance wavelength of single resonance dip with
refractive index of sensing medium for fixed zero thickness of ITO layer with different
thicknesses of Au layer. Fig. 2.10 clearly reveals a single resonance dip due to the presence of
only single metal layer, just opposite to the case of bi layers of ITO-Au with a range of
thickness values having double resonance dips. In addition, the linear enhancement in
resonance wavelengths of both left and right resonance dips for a range of thickness values of
bi layers of ITO-Au including single resonance dip for single metal layer of Au (assuming
zero thickness of ITO layer) with the increase in refractive index of the sensing medium can
be easily seen in all Figs. 2.2–2.10. The explanation for these graphically presented results
(shown in Figs. 2.2–2.10) can be ascribed to Eq. (2.4). The change in resonance wavelength
with change in refractive index of sensing medium can be explained by the variation of real
part of propagation constant ( K sp ) of surface plasmon wave. It is obvious from Eq. (2.4) that
the real part of K sp is responsible for the resonance condition. The real part of K sp will be
smaller for small value of refractive index of sensing medium and hence its resonance
condition is satisfied at smaller wavelength [103]. Similarly, for the larger value of refractive
index of sensing medium, the resonance condition is satisfied at longer wavelength due to
having largest real part of K sp .
To clearly observe the left and right resonance dips, Fig. 2.11 is drawn, which shows SPR
transmittance curves for various thicknesses of ITO layer and fixed 30 nm thick Au layer at a
refractive index of sensing medium = 1.32.
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Figure 2.11: SPR transmittance curves for various thicknesses of ITO layer and fixed 30 nm thick Au layer at a
refractive index of sensing medium = 1.32

Fig. 2.11 illustrates the SPR transmittance curves for 100 nm ITO-30 nm Au layers, 125
nm ITO-30 nm Au layers, 150 nm ITO-30 nm Au layers, 175 nm ITO-30 nm Au layers and
200 nm ITO-30 nm Au layers at a refractive index of sensing medium = 1.32. In this figure,
two dips i.e. left and right resonance dips are clearly noticeable.
To obtain the maximum value of the sensitivity, it will be fine to identify the proper
values of thickness of ITO layer and Au layer of SPR based fiber optic sensor. The
sensitivities of SPR based fiber optic sensor for various thickness values (100 nm, 125 nm,
150 nm, 175 nm and 200 nm) of ITO layer with fixed 25 nm, 30 nm, 35 nm and 40 nm thick
Au layer are compared in table 2.1.
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Table 2.1: Comparison of sensitivity of SPR based fiber optic sensor for different thickness values of ITO layer
with 25 nm, 30 nm, 35 nm and 40 nm thick Au layer

Thickness
Sensitivity S n (nm/RIU)
of ITO
Thickness of Au layer Thickness of Au layer Thickness of Au layer Thickness of Au layer
layer
= 25 nm
= 30 nm
= 35 nm
= 40 nm
(nm)
Left
Right
Left
Right
Left
Right
Left
Right
resonance resonance resonance resonance resonance resonance resonance resonance
dip
dip
dip
dip
dip
dip
dip
dip
100

1500

1243

1686

1143

1929

929

2071

589

125

1429

1229

1614

1114

1814

891

2000

569

150

1229

1157

1500

1043

1686

806

1957

526

175

1071

1103

1314

1000

1586

734

1814

500

200

929

1057

1186

971

1500

694

1742

471

It can be seen from table 2.1 that the sensitivity of left resonance dips decreases from 1500
nm/RIU (for 100 nm ITO-25 nm Au layers) to 929 nm/RIU (for 200 nm ITO-25 nm Au
layers), 1686 nm/RIU (for 100 nm ITO-30 nm Au layers) to 1186 nm/RIU (for 200 nm ITO30 nm Au layers), 1929 nm/RIU (for 100 nm ITO-35 nm Au layers) to 1500 nm/RIU (for 200
nm ITO-35 nm Au layers) and 2071 nm/RIU (for 100 nm ITO-40 nm Au layers) to 1742nm/
RIU (for 200 nm ITO-40 nm Au layers). Also, the sensitivity of right resonance dips
decreases from 1243 nm/RIU (for 100 nm ITO-25 nm Au layers) to 1057 nm/RIU (for 200
nm ITO-25 nm Au layers), 1143 nm/RIU (for 100 nm ITO-30 nm Au layers) to 971 nm/RIU
(for 200 nm ITO-30 nm Au layers), 929 nm/RIU (for 100 nm ITO-35 nm Au layers) to 694
nm/RIU (for 200 nm ITO-35 nm Au layers) and 589 nm/RIU (for 100 nm ITO-40 nm Au
layers) to 471 nm/RIU (for 200 nm ITO-40 nm Au layers). Hence, the sensitivity of left
resonance dip for 100 nm ITO-40 nm Au layers based SPR sensor is maximum (2071
nm/RIU) and is minimum (929 nm/RIU) for 200 nm ITO-25 nm Au layers based SPR sensor.
In addition, the sensitivity of right resonance dip for 100 nm ITO-25 nm Au layers based SPR
sensor is highest (1243 nm/RIU) and is lowest (471 nm/RIU) for 200 nm ITO-40 nm Au
layers based SPR sensor. The variations of sensitivity of both left and right resonance dips
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with thickness of ITO layer for fixed 25 nm, 30 nm, 35 nm and 40 nm thick Au layer have
been plotted in Figs. 2.12 and 2.13 respectively.

Figure 2.12: Variation of sensitivity of left resonance dip with thickness of ITO layer for fixed 25 nm, 30 nm, 35
nm and 40 nm thick Au layer
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Figure 2.13: Variation of sensitivity of right resonance dip with thickness of ITO layer for fixed 25 nm, 30 nm,
35 nm and 40 nm thick Au layer

Figs. 2.12 and 2.13 depict the variations of sensitivity of both left and right resonance dips
with thickness of ITO layer respectively for fixed 25 nm, 30 nm, 35 nm and 40 nm thick Au
layer. It is obvious that increase in ITO layer thickness decreases the sensitivity of both left
and right resonance dips for all values of thickness of Au layer. This occurs because the thick
ITO layer allows less interaction between surface plasmon mode and fiber mode, resulting in
little absorption of light power by the sensing medium around resonance wavelength. This
forms the basis of increase in normalized transmitted power and as a result decreases the
sensitivity of the sensor. In addition, for a fixed thickness of ITO layer, the sensitivity of left
resonance dip increases with the increase in Au layer thickness while that of right resonance
dip decreases with the increase in Au layer thickness. The reason for this fact can be attributed
to the real part of propagation constant ( K sp ) of surface plasmon wave as it is accountable for
the shifting of the resonance condition/wavelength. Au layer exhibits high sensitivity because
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Au illustrates large value of real part of its dielectric constant at all wavelengths [103]. Thus,
Au layer enhances the shift between resonance wavelengths for a given change of refractive
index of the sensing medium and therefore the sensitivity of the left resonance dip increases
with the increase in thickness of Au layer for a fixed thickness of ITO layer. Also, the
variations of sensitivity of both left and right resonance dips with thickness of Au layer for
fixed 100 nm, 125 nm, 150 nm, 175 nm and 200 nm thick ITO layer have been shown in Figs.
2.14 and 2.15 respectively.

Figure 2.14: Variation of sensitivity of left resonance dip with thickness of Au layer for fixed 100 nm, 125 nm,
150 nm, 175 nm and 200 nm thick ITO layer
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Figure 2.15: Variation of sensitivity of right resonance dip with thickness of Au layer for fixed 100 nm, 125 nm,
150 nm, 175 nm and 200 nm thick ITO layer

Figs. 2.14 and 2.15 represent the variations of sensitivity of both left and right resonance
dips with thickness of Au layer respectively for fixed 100 nm, 125 nm, 150 nm, 175 nm and
200 nm thick ITO layer. It is again evident that increase in Au layer thickness increases the
sensitivity of left resonance dip and decreases the sensitivity of right resonance dip for all
thickness values of ITO layer. Further, for a fixed thickness of Au layer, the sensitivity of
both left and right resonance dips decrease with the increase in ITO layer thickness. Once
more, to observe the difference between bi layers of ITO-Au with different thickness values
and single metal layer of Au (assuming zero thickness of ITO layer), a Fig. 2.16 has been
sketched.
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Figure 2.16: Variation of sensitivity of single resonance dip with thickness of Au layer for fixed zero thickness
of ITO layer

Fig. 2.16 depicts the variation of sensitivity of single resonance dip with thickness of Au
layer for fixed zero thickness of ITO layer. Fig. 2.16 clearly discloses a single resonance dip
due to the presence of only single metal layer, just opposite to the case of bi layers of ITO-Au
with various thickness values having double resonance dips.
Hence from table 2.1, the sensitivity (shift in resonance wavelength per unit change in
refractive index of sensing medium) of left resonance dip is highest (2071 nm/RIU) while the
sensitivity of right resonance dip is lowest (589 nm/RIU) for 100 nm ITO-40 nm Au layers
based SPR sensor. On the other hand, 100 nm ITO-25 nm Au layers based SPR sensor
provides the smaller sensitivity (1500 nm/RIU) for left resonance dip but higher sensitivity
(1243 nm/RIU) for right resonance dip. Thus, neither 100 nm ITO-40 nm Au layers nor 100
nm ITO-25 nm Au layers based SPR sensor is capable to provide the highest values of
sensitivities for both left and right resonance dips simultaneously. Therefore, in devising SPR
based fiber optic sensor, the proper thickness of ITO and Au layers should be chosen
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depending upon the left or right resonance dip of interest i.e. either sensitivity of left
resonance dip (visible region of spectrum) or the sensitivity of the right resonance dip (near
infrared region of spectrum) is required to be the highest. However, it is also obvious from
table 2.1 that the average sensitivities (of left and right resonance dips) for fixed 100 nm thick
ITO layer with 25 nm, 30 nm, 35 nm and 40 nm thick Au layer are 1372 nm/RIU, 1415
nm/RIU, 1429 nm/RIU and 1330 nm/RIU respectively. Similarly, the average sensitivities for
fixed 125 nm thick ITO layer with 25 nm, 30 nm, 35 nm and 40 nm thick Au layer are 1329
nm/RIU, 1364 nm/RIU, 1353 nm/RIU and 1285 nm/RIU respectively. Likewise, the average
sensitivities for fixed 150 nm thick ITO layer with 25 nm, 30 nm, 35 nm and 40 nm thick Au
layer are 1193 nm/RIU, 1272 nm/RIU, 1246 nm/RIU and 1242 nm/RIU respectively. In the
same way, the average sensitivities for fixed 175 nm thick ITO layer with 25 nm, 30 nm, 35
nm and 40 nm thick Au layer are 1087 nm/RIU, 1157 nm/RIU, 1160 nm/RIU and 1157
nm/RIU respectively. Also, the average sensitivities for fixed 200 nm thick ITO layer with 25
nm, 30 nm, 35 nm and 40 nm thick Au layer are 993 nm/RIU, 1079 nm/RIU, 1097 nm/RIU
and 1107 nm/RIU respectively. Therefore, it can be easily understood from this discussion
that 100 nm ITO-35 nm Au layers based SPR sensor comprises maximum value (1429
nm/RIU) of average sensitivity. However, the sensitivities of left and right resonance dips for
100 nm ITO-35 nm Au layers based SPR sensor are 1929 nm/RIU and 929 nm/RIU
respectively, that are not maximum. Now, it is to be cited here that the maximum values of
sensitivities of left and right resonance dips are 2071 nm/RIU (for 100 nm ITO-40 nm Au
layers based SPR sensor) and 1243 nm/RIU (for 100 nm ITO-25 nm Au layers based SPR
sensor) respectively. Thus, it can be concluded that the optimized values of thickness of ITO
and Au layers of a SPR based fiber optic sensor are exposed to be 100 nm and 35 nm
respectively as 100 nm ITO-35 nm Au layers based SPR sensor possesses maximum value
(1429 nm/RIU) of average sensitivity.
So, taking all the above facts in to consideration, it has been found that 100 nm ITO-35
nm Au layers based SPR sensor demonstrates sensitivities of 1929 nm/RIU (in visible region
of spectrum) and 929 nm/RIU (in near infrared region of spectrum) for left and right
resonance dips respectively.
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2.4

Conclusions

The simulation of a SPR based fiber optic sensor with bi layers of metal oxide-metal i.e. bi
layers of ITO (as an inner layer)-Au (as an outer layer) has been presented. The sensitivity of
SPR sensor for various thickness values (100 nm to 200 nm) of ITO layer with 25 nm, 30 nm,
35 nm and 40 nm thick Au layer is studied theoretically. The proposed SPR sensor with bi
layers of ITO-Au possesses high sensitivity with two resonance dips, one in the visible and
other in the near infrared region of spectrum, opposite to the single metal layer based SPR
sensor with one and only resonance dip. These double resonance dips vary as a function of
refractive index of the sensing medium. In addition, two differentiated SPR dips have been
obtained from the same device within 510 nm to 870 nm spectrum. Also, increase in ITO
layer thickness decreases the sensitivity of both left and right resonance dips for all values of
thickness of Au layer. Furthermore, for a fixed thickness of ITO layer, the sensitivity of left
resonance dip increases with the increase in Au layer thickness while that of right resonance
dip decreases with the increase in Au layer thickness. 100 nm ITO-40 nm Au layers based
SPR sensor exhibits high sensitivity (2071 nm/RIU) for left resonance dip in visible region
but low sensitivity (589 nm/RIU) for right resonance dip in near infrared region of spectrum.
On the other hand, 100 nm ITO-25 nm Au layers based SPR sensor reveals smaller sensitivity
(1500 nm/RIU) for left resonance dip in visible region but higher sensitivity (1243 nm/RIU)
for right resonance dip in near infrared region of spectrum. Thus, depending upon the region
of interest i.e. visible region/near infrared region of spectrum, one should go for 100 nm ITO40 nm Au layers/100 nm ITO-25 nm Au layers based SPR sensor. However, the optimized
thicknesses of ITO and Au layers of SPR based fiber optic sensor are revealed to be 100 nm
and 35 nm respectively. Furthermore, 100 nm ITO-35 nm Au layers based SPR sensor
demonstrates sensitivities of 1929 nm/RIU and 929 nm/RIU for left and right resonance dips
respectively.
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CHAPTER 3
SURFACE PLASMON RESONANCE BASED FIBER OPTIC
SENSOR UTILIZING INDIUM OXIDE
________________________________________________________
3.1 Introduction

As discussed in chapter 2, transparent conducting oxides (TCOs) are of immense interest due
to their good electrical conductivity, high transparency in the visible region, and high infrared
reflectivity. They form vital mechanism in large number of optoelectronic devices such as
light emitting diodes, photodetectors, touch panels, flat panel displays, and solar cells
[137,144,145]. In addition, it has become possible to obtain surface plasmon resonance with
transparent conducting metal oxide thin films [71]. Recently, indium oxide (In2O3) has been
reported to be a better substitute of noble metals (Au and Ag) for producing surface plasmons
[146]. Among various TCOs, In2O3 is a potential material for numerous applications such as
solar cells and gas sensing due to its highest available transmissivity for visible light
combined with lowest electrical resistivity and reflection spectra in IR region [127]. It is an ntype wide band gap semiconductor (band gap ~ 3.7 eV) and has high electrical conductivity.
In its stochiometric state, it is insulator and becomes conducting with increasing its oxygen
deficiency. Its optical and electrical properties can be considerably modified using suitable
doping. Besides it, thin films of In2O3 are continuous (i.e. no agglomeration as islands) and
no involvement of band to band transitions.
In this chapter, a SPR based fiber optic sensor with In2O3 layer has been theoretically
discussed. The surface plasmon resonance produced by coupling of evanescent light to
surface plasmons is used as the sensing scheme. The wavelength interrogation method is
exploited for the analysis of SPR based fiber optic sensor. The SPR sensor with In2O3 layer is
shown to possess high sensitivity in the near infrared region of spectrum. In addition, the
sensitivity of the SPR sensor decreases with increase in the thickness of In2O3 layer. 170 nm
thick In2O3 layer based fiber optic SPR sensor shows high sensitivity of 4600 nm/RIU.
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3.2 Theory

The SPR sensing is based on the principle of attenuated total reflection (ATR) with
Kretschmann configuration. In the proposed SPR based fiber optic sensor, the sensing system
consisting of a fiber core-In2O3-sensing medium is considered as shown in Fig. 3.1.

L
Sensing medium
In2O3 layer
Cladding
Core

Ө

Ө0

D

Cladding
Incident light
Surface plasmon wave
Figure 3.1: Schematic diagram of SPR based fiber optic sensor with In2O3 layer

The plastic cladding around the core from the middle portion of a step index multimode
PCS fiber is removed and is then coated with a thin In2O3 layer. This In2O3 layer is finally
surrounded by the sensing medium. The light from a broadband (polychromatic) source is
launched into one of the ends of the optical fiber with proper optics and the transmitted light
is detected at the other end of the optical fiber.

3.2.1 Layer I (Fiber core)

This layer is made of core of optical fiber. The core of the optical fiber is assumed to be made
of fused silica. The refractive index of fused silica varies with wavelength according to
Sellmeier dispersion relation as,
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(3.1)

Where, λ is the wavelength in µm and a1, a2, a3, b1, b2 and b3 are Sellmeier coefficients. The
values of these coefficients are given as, a1 = 0.6961663, a2 = 0.4079426, a3 = 0.8974794, b1
= 0.0684043 µm, b2 = 0.1162414 µm and b3 = 9.896161 µm [141].

3.2.2

Layer II (In2O3 layer)

This layer is made of In2O3. The dielectric constant of In2O3 is written according to Drude
model as [128],
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(3.2)

Here,   is the high frequency dielectric constant,  is the electronic scattering time,  p is
the plasma frequency, s 0 is the oscillator strength,  0 is the oscillator resonance frequency
and  is the damping constant. The parameters used for In2O3 are:   = 3.5,  = 1.014 x 10-14
s rad-1,  p = 1.02 x 1015 rad s-1, s 0 = 0.7,  0 = 7.29 x 1015 rad s-1 and  = 7.08 x 1014 rad s-1
[128].

3.2.3

Layer III (Sensing medium)

This layer is made of sensing medium. The dielectric constant of the sensing medium is  s . If

ns is the refractive index of the sensing medium, then  s  ns2 . The resonance condition for
excitation of surface plasmon wave is given as,
2



n1 sin   Re{K sp}

(3.3)
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Where, K sp 

 m s
 m ns2
2
is the propagation constant of the surface plasmon

c m s
  m  ns2



wave and c is the speed of light in vacuum. The left hand side of Eq. (3.3) denotes the
propagation constant of the light incident at an angle  and the right hand side shows the real
part of propagation constant of the surface plasmon wave.

3.2.4

Transmitted Power

The expression for the reflection coefficient (reflectance) of p-polarized incident light can be
obtained by using the matrix method for N-layer model as mentioned in appendix A.
Considering that all the guided rays are launched in the fiber using a collimated source and a
microscope objective, the angular power distribution of rays guided in the fiber is given as
[18],

dP 

n12 sin  cos 
d
(1  n12 cos 2  ) 2

(3.4)

Where,  is the angle of the ray with the normal to the core-cladding interface. Also, n1 is the
refractive index of the core of the fiber. To calculate the effective transmitted power, the
reflectance (Rp) for a single reflection is raised to the power of the number of reflections the
specific propagating angle undergoes with the sensor interface. Hence, for p-polarized light,
the generalized expression for the normalized transmitted power in an optical fiber based
SPR sensor will be given as,
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Here, N ref ( ) is the total number of reflections performed by a ray making an angle  with
the normal to the core-metal layer interface in the sensing region. L and D are the length of
the exposed sensing region and the fiber core diameter respectively. Also,  cr is the critical
angle of the fiber and ncl is the refractive index of the cladding of the fiber.

3.2.5

Sensitivity

Resonance wavelength ( res ) is determined corresponding to the refractive index of the
sensing medium ( ns ) in the SPR sensor based on wavelength interrogation. If the refractive
index of the sensing medium is altered by n s , the resonance wavelength shifts by  res . The
sensitivity ( S n ) of a SPR sensor with wavelength interrogation is defined as [64],

Sn 

 res
ns

(3.8)

3.3 Results and discussion

For numerical calculations, the refractive index of the sensing medium is changed from 1.30
to 1.38 in steps of 0.02 and following values of the parameters have been used:
Numerical aperture of the fiber = 0.24, fiber core diameter D = 600 µm, length of the exposed
sensing region L = 15 mm.
To optimize the thickness of In2O3 layer, the transmitted output power of SPR based fiber
optic sensor have been calculated for various thickness values (170 nm, 220 nm, 270 nm, 320
nm, 370 nm and 420 nm) of In2O3 layer. The SPR transmittance curves for different
thicknesses of In2O3 layer have been plotted in Figs. 3.2 and 3.3.
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Figure 3.2: Transmittance curves of SPR based fiber optic sensor for different thickness values of In 2O3 layer
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Figure 3.3: Transmittance curves of SPR based fiber optic sensor for different thickness values of In 2O3 layer
for refractive index of sensing medium = 1.38

Figs. 3.2 and 3.3 show the SPR transmittance curves for six different thickness values i.e.
170 nm, 220 nm, 270 nm, 320 nm, 370 nm and 420 nm of In2O3 layer as the refractive index
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of the sensing medium changes from 1.30 to 1.38 (in steps of 0.02). The corresponding
resonance wavelengths of SPR sensor for various thicknesses of In2O3 layer are determined
and are listed in table 3.1.

Table 3.1: Resonance wavelengths of SPR based fiber optic sensor for different values of thickness of In 2O3
layer

Thickness of
In2O3 layer
(nm)

Resonance wavelength (nm) for various refractive indices of sensing medium
1.30

1.32

1.34

1.36

1.38

170

1545

1610

1690

1790

1915

220

1810

1870

1945

2030

2140

270

2000

2055

2115

2190

2280

320

2140

2185

2240

2300

2370

370

2240

2280

2325

2375

2435

420

2315

2350

2390

2430

2485

From table 3.1, it is clear that the resonance wavelength of SPR sensor shifts from 1545
nm to 1915 nm, 1810 nm to 2140 nm, 2000 nm to 2280 nm, 2140 nm to 2370 nm, 2240 nm
to 2435 nm and 2315 nm to 2485 nm for 170 nm, 220 nm, 270 nm, 320 nm, 370 nm and 420
nm thick In2O3 layers respectively, as the refractive index of the sensing medium varies from
1.30 to 1.38. Thus, the shift in resonance wavelength of SPR sensor is different for different
thicknesses of In2O3 layer. The shift in resonance wavelength of the SPR sensor is maximum
for 170 nm thick In2O3 layer and minimum for 420 nm thick In2O3 layer. Also, the shift in
resonance wavelength of SPR sensor decreases as the thickness of In2O3 layer is increased
gradually. The variations of resonance wavelength of SPR sensor with refractive index of
sensing medium for different thicknesses of In2O3 layer have been plotted in Fig. 3.4.
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Figure 3.4: Variations of resonance wavelength of the SPR based fiber optic sensor with refractive index of
sensing medium for different thickness values of In 2O3 layer

Fig. 3.4 illustrates the plots of resonance wavelength of SPR sensor with refractive index
of sensing medium for various thickness values i.e. 170 nm, 220 nm, 270 nm, 320 nm, 370
nm and 420 nm of In2O3 layer. The resonance wavelength of SPR sensor for different
thicknesses of In2O3 layer increases linearly with increase in refractive index of the sensing
medium. The variations of resonance wavelength with refractive index of the sensing
medium for all thicknesses of In2O3 layer follow the same suit. The slope of resonance
wavelength over the refractive index for 170 nm thick In2O3 layer is highest while it is least
for 420 nm thick In2O3 layer. However, the slopes of resonance wavelength over the
refractive index for other thickness values (220 nm, 270 nm, 320 nm and 370 nm) of In2O3
layer are larger than that of 420 nm thick In2O3 layer and are smaller than that of 170 nm
thick In2O3 layer. Nevertheless, the shifts in resonance wavelength for all these cases are
nearly linear over the whole range of refractive indices (i.e. 1.30 to 1.38) of the sensing
medium.
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To obtain the maximum sensitivity of the SPR sensor, it will be essential to identify the
optimized thickness of In2O3 layer. The sensitivity of the SPR based fiber optic sensor for
various thicknesses of In2O3 layer are compared in table 3.2.

Table 3.2: Sensitivity of SPR based fiber optic sensor for different values of thickness of In 2O3 layer

Thickness of In2O3 layer (nm)

Sensitivity S n (nm/RIU)

170

4600

220

4100

270

3475

320

2875

370

2425

420

2100

It can be seen from table 3.2, that the sensitivity of 170 nm thick In2O3 layer based SPR
sensor is maximum (4600 nm/RIU) and it is minimum (2100 nm/RIU) for 420 nm thick
In2O3 layer based SPR sensor. Though, the sensitivities of SPR sensor for other thicknesses
(220 nm, 270 nm, 320 nm and 370 nm) of In2O3 layer are intermediate between those of 170
nm and 420 nm thick In2O3 layers. The variations of sensitivity of the SPR sensor with
thickness of In2O3 layer have been plotted in Fig. 3.5.
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Figure 3.5: Variations of sensitivity of the SPR based fiber optic sensor with thickness of In 2O3 layer

Fig. 3.5 depicts the variation of sensitivity of the SPR sensor with thickness of In2O3
layer. It is noticeable that the sensitivity of the SPR sensor decreases as the thickness of In2O3
layer increases. This happens because the thick In2O3 layer permits less interaction between
surface plasmon mode and the fiber mode, resulting in small absorption of light power by the
sensing medium around resonance wavelength. This causes increased normalized transmitted
power and hence decreases the sensitivity of the sensor. Further, it can be observed from Fig.
3.5 and table 3.2 that 170 nm thick In2O3 layer based SPR sensor has the highest sensitivity
(4600 nm/RIU). Therefore, in designing SPR based fiber optic sensor with high sensitivity,
the proper thickness of In2O3 layer should be chosen. However, the optimized thickness of
In2O3 layer of the SPR based fiber optic sensor is found to be 170 nm. So, taking all these
facts in to consideration, it is concluded that 170 nm thick In2O3 layer based fiber optic SPR
sensor demonstrates high sensitivity of 4600 nm/RIU.
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3.4 Conclusions

The simulation of a SPR based fiber optic sensor with In2O3 layer has been presented. The
sensitivity of SPR sensor for various thicknesses (170 nm to 420 nm) of In2O3 layer is studied
theoretically. The proposed In2O3 layer based SPR sensor possesses high sensitivity with
resonance dip in near infrared region of spectrum allowing the sensing in infrared spectral
region, which needs attention to many environmental and security applications. In addition,
the sensitivity of the SPR sensor decreases with increase in thickness of In2O3 layer. 170 nm
thick In2O3 layer based fiber optic SPR sensor displays high sensitivity of 4600 nm/RIU.
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CHAPTER 4
LOCALIZED SURFACE PLASMON RESONANCE BASED
FIBER OPTIC SENSOR USING NANOPARTICLES
___________________________________________________________________________

4.1 Introduction

In chapters 2 and 3, we have theoretically analyzed SPR based fiber optic sensors utilizing
thin layers of transparent conducting oxides. The present chapter deals with the theoretical
study of a localized surface plasmon resonance (LSPR) based fiber optic sensor using
nanoparticles. It is eminent that the field of nanoparticles has become a wide scientific
research area because of their extraordinary nano-scale size dependent properties. Basically,
nanoparticles work as a bridge between bulk materials and atomic structures. As the particle
size reduces and approaches to nanoscale, the atoms present on the material surface become
significant. This interesting behaviour of nanoparticles is due to the large surface area of the
material. Their unexpected optical properties to confine their electrons and to produce
quantum effects make them unique in research field [147,148]. Metal nanoparticles are also
known for their ability to support surface plasmons. The electron plasma oscillations
significantly enhance the local electromagnetic field and gives rise to spectrally selective
light absorption and scattering. Their optical properties mainly depend on shape, size, metal
composition and refractive index of the surrounding medium. Consequently, the surface
plasmon properties are directly controlled by the particles geometry. In addition, the metal
nanoparticles (much smaller than the wavelength of light) are supposed to have better sensing
performance than materials in the micro or larger scales and reveal tremendous optical
properties because of the collective excitation of conduction electrons [129]. A metaldielectric interface on the nanoparticles produce significant changes in the optical properties,
which make them size and shape dependent. LSPR normally refers to metallic nanoparticles
and takes place when the wave vector and the frequency of the incident light are resonant
with that of collective oscillation of conduction electrons in metallic nanoparticles [149]. The
LSPR wavelength is reliant on nanoparticle material, size, shape and surrounding medium
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refractive index [131,132]. LSPR is found to be more advantageous in sensing applications
because the sensitivity of LSPR sensor is controlled/optimized by the change of the sizes and
shapes of the nanoparticles [150-158].
In this chapter, a LSPR based fiber optic sensor with nanoparticles layer has been
theoretically analyzed. Nanoparticles of four materials: indiums tin oxide (ITO), gold (Au),
silver (Ag) and copper (Cu) have been considered. The nanoparticles are assumed to be
spherical in shape with various radii. LSPR produced by coupling of evanescent light to
surface plasmons is used as the sensing mechanism. The wavelength interrogation method is
utilized for the analysis of LSPR sensor. The complete analysis of sensitivity of LSPR sensor
with each nanoparticles layer (individually) for various values of thickness and particle size
has been done numerically. The present study illustrates that the sensitivity of LSPR sensor
increases with increase in thickness of nanoparticles layer for all four materials. In addition,
for a fixed thickness of nanoparticles layer, the sensitivity of LSPR sensor further increases
as the particle size of nanoparticles increases. The thickness and particle size of nanoparticles
layer of LSPR sensor for all four materials are also optimized. The optimized values of
thickness and particle size of nanoparticles layers for all four materials are obtained to be 60
nm and 20 nm respectively. 60 nm thick ITO nanoparticles layer (with 20 nm particle size)
based LSPR sensor has the highest sensitivity of 6240 nm/RIU and has better sensing
performance than that of other three material’s nanoparticles.

4.2 Theory

The LSPR sensing is based on the principle of attenuated total reflection (ATR) with
Kretschmann configuration. In the proposed LSPR based fiber optic sensor, the sensing
system consisting of a fiber core-nanoparticles layer-sensing medium is considered as shown
in Fig. 4.1.
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Figure 4.1: Schematic diagram of LSPR based fiber optic sensor with nanoparticles layer

The plastic cladding around the core from the middle portion of a step index multimode
PCS fiber is removed and is then coated with a thin layer of nanoparticles of four different
materials: ITO, Au, Ag and Cu individually (i.e one layer of nanoparticles of one material at
a time), which is then finally surrounded by the sensing medium. The light from a broadband
(polychromatic) source is launched into one of the ends of the optical fiber with proper optics
and the transmitted light is detected at the other end of the optical fiber.

4.2.1

Layer I (Fiber core)

This layer is made of core of optical fiber. The core of the optical fiber is assumed to be made
of fused silica. The refractive index of fused silica varies with wavelength according to
Sellmeier dispersion relation as,
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(4.1)
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Where, λ is the wavelength in µm and a1, a2, a3, b1, b2 and b3 are Sellmeier coefficients. The
values of these coefficients are given as, a1 = 0.6961663, a2 = 0.4079426, a3 = 0.8974794, b1
= 0.0684043 µm, b2 = 0.1162414 µm and b3 = 9.896161 µm [141].

4.2.2

Layer II (Nanoparticles layer)

This layer is made of nanoparticles of four different materials: ITO, Au, Ag and Cu
individually (i.e one layer of nanoparticles of one material at a time). The nanoparticles are
considered to be spherical in shape having radius (R) 5 nm, 10 nm, 15 nm, 20 nm, 25 nm and
30 nm. In a metal, when the metal nanoparticle size becomes smaller than the mean free path
of the conduction electrons, the surface scattering plays vital role in the dynamics of free
electrons, which is very much responsible for LSPR. The mean free path of Drude electrons
is reduced by the finite size of the spherical nanoparticles and the size-dependent damping
constant of Drude electrons of the metals is given as [159],

  Bulk 

Av f

(4.2)

R

Where, Bulk is the damping constant of the bulk material, A is a constant having value nearly
unity, v f is the Fermi velocity and R is the radius of the spherical nanoparticle.
Bulk collision wavelength ( cBulk ) corresponds to the damping of electron density
oscillations due to collisions among the electrons in the bulk metal. In terms of bulk collision
wavelength, the above Eq. (4.2) takes the final form as follows to give the size-dependence of
the collision wavelength ( c ),
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Here, c is the speed of light in vacuum.
According to Drude model, the complex dielectric constant (  m ) of any metal can be
written in terms of its plasma wavelength (  p ) and collision wavelength ( c ) as,
66

 m ( )   mr  i mi

2 c
   2
 p (c  i )

(4.4)

Where,   is the infrared dielectric constant.   = 3.8 for ITO and 1 for Au, Ag and Cu. The
values of  p , cBulk and v f for ITO, Au, Ag and Cu are given in table 4.1 [142,71].

Table 4.1: Plasma wavelength, Bulk collision wavelength and Fermi velocity for ITO, Au, Ag and Cu

Parameter

ITO

Au

Ag

Cu

Plasma wavelength (  p )

5.649 x 10-7 m

1.6826 x 10-7 m

1.4541 x 10-7 m

1.3617 x 10-7 m

Bulk collision wavelength ( cBulk )

11.121 x 10-6 m

8.9342 x 10-6 m

1.7614 x 10-5 m

4.0852 x 10-5 m

Fermi velocity ( v f )

0.563 x 106 m/s

1.40 x 106 m/s

1.40 x 106 m/s

1.57 x 106 m/s

4.2.3

Layer III (Sensing medium)

This layer is made of sensing medium. The dielectric constant of the sensing medium is  s . If

ns is the refractive index of the sensing medium, then  s  ns2 . The resonance condition for
excitation of surface plasmon wave is given as,

2



n1 sin   Re{K sp}

(4.5)

 m s
 m ns2
2

Where, K sp 
is the propagation constant of the surface plasmon
c m s
  m  ns2


wave and c is the speed of light in vacuum. The left hand side of Eq. (4.5) denotes the
propagation constant of the light incident at an angle  and the right hand side shows the real
part of the propagation constant of the surface plasmon wave.

67

4.2.4

Transmitted Power

The expression for the reflection coefficient (reflectance) of p-polarized incident light is
obtained by using the matrix method for N-layer model as mentioned in appendix A.
Considering that all the guided rays are launched in the fiber using a collimated source and a
microscope objective, the angular power distribution of rays guided in the fiber is given as
[18],

dP 

n12 sin  cos 
d
(1  n12 cos 2  ) 2

(4.6)

Where,  is the angle of the ray with the normal to the core-cladding interface. Also, n1 is the
refractive index of the core of the fiber. To calculate the effective transmitted power, the
reflectance (Rp) for a single reflection is raised to the power of the number of reflections the
specific propagating angle undergoes with the sensor interface. Hence, for p-polarized light,
the generalized expression for the normalized transmitted power in an optical fiber based
SPR sensor will be given as,

 2

ref
 Rp

N

Ptrans 

( )

 cr

 2



 cr

n12 sin  cos 
d
(1  n12 cos 2  ) 2

(4.7)

n12 sin  cos 
d
(1  n12 cos 2  ) 2

Where, N ref ( ) 

L
D tan 

n
And,  cr  sin 1  cl
 n1

(4.8)





(4.9)

Here, N ref ( ) is the total number of reflections performed by a ray making an angle  with
the normal to the core-metal layer interface in the sensing region. L and D are the length of
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the exposed sensing region and the fiber core diameter respectively. Also,  cr is the critical
angle of the fiber and ncl is the refractive index of the cladding of the fiber.

4.2.5

Sensitivity

Resonance wavelength ( res ) is determined corresponding to the refractive index of the
sensing medium ( ns ) in the LSPR sensor based on wavelength interrogation. If the refractive
index of the sensing medium is altered by n s , the resonance wavelength shifts by  res . The
sensitivity ( S n ) of the sensor with wavelength interrogation is defined as [64],

Sn 

 res
ns

(4.10)

4.3 Results and discussion

For theoretical calculations, the refractive index of the sensing medium is changed from 1.30
to 1.38 in steps of 0.02 and following values of the parameters have been used:
Numerical aperture of the fiber = 0.24, fiber core diameter D = 600 µm, length of the exposed
sensing region L = 15 mm.
To optimize the thickness of nanoparticles layer, the transmitted output power of LSPR
based fiber optic sensor have been calculated for 40 nm, 50 nm and 60 nm thick nanoparticles
layer of all four materials: ITO, Au, Ag and Cu individually. It is to be mentioned here that
the calculations of transmitted output power of LSPR sensor have also been made for higher
thicknesses i.e. 70 nm and 80 nm thick nanoparticles layer of all four materials individually.
However, the higher thickness values i.e. 70 nm and 80 nm thick nanoparticles layer (of four
materials individually) have not been considered in the present discussion because the proper
SPR transmittance curves (i.e. clear resonance dips) have not been found for 70 nm and 80
nm thick nanoparticles layer. Hence, the higher thickness values i.e. 70 nm and 80 nm thick
nanoparticles layer (of all four materials individually) only deteriorate the sensing behaviour
of LSPR based fiber optic sensor. The particle sizes for each nanoparticles layer have been
considered to be 5 nm, 10 nm, 15 nm, 20 nm, 25 nm and 30 nm. The variations of LSPR
resonance wavelength with refractive index of sensing medium for 40 nm, 50 nm and 60 nm
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thick nanoparticles layers (of ITO, Au, Ag and Cu materials) with 5 nm, 10 nm, 15 nm, 20
nm, 25 nm and 30 nm particle sizes have been plotted in Figs. 4.2-4.19.

Figure 4.2: Variation of resonance wavelength with refractive index of sensing medium for 40 nm thick ITO
nanoparticles layer with 5 nm particle size

Fig. 4.2 shows the plot of LSPR resonance wavelength for 40 nm thick ITO nanoparticles
layer of 5 nm particle size with refractive index of sensing medium. The resonance
wavelength increases linearly with increase in refractive index of the sensing medium.
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Figure 4.3: Variations of resonance wavelength with refractive index of sensing medium for 40 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 10 nm particle size
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Figure 4.4: Variations of resonance wavelength with refractive index of sensing medium for 40 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 15 nm particle size
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Figure 4.5: Variations of resonance wavelength with refractive index of sensing medium for 40 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 20 nm particle size
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Figure 4.6: Variations of resonance wavelength with refractive index of sensing medium for 40 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 25 nm particle size
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Figure 4.7: Variations of resonance wavelength with refractive index of sensing medium for 40 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 30 nm particle size

Similarly, Figs. 4.3-4.7 illustrate the variations of LSPR resonance wavelength for 40 nm
thick ITO, Au, Ag and Cu nanoparticles layers with refractive index of sensing medium for
10 nm, 15 nm, 20 nm, 25 nm and 30 nm particle sizes respectively. In addition, the variations
for 40 nm thick ITO, Au, Ag and Cu nanoparticles layers shown in Figs. 4.3; 4.4; 4.5; 4.6 and
4.7 have correlation coefficients (1, 0.99618, 0.99527, 0.99334); (1, 0.99983, 0.99959,
0.99949); (1, 0.99981, 0.99915, 0.99980); (1, 0.99996, 0.99914, 0.99983) and (1, 0.97768,
0.97954, 0.98365) respectively. The variations of resonance wavelength with refractive index
of the sensing medium for all these cases follow the same pattern. For fixed 40 nm thick
nanoparticles layer and fixed 10 nm particle size, the slope of resonance wavelength over the
refractive index is highest for ITO nanoparticles, while it is least for Cu nanoparticles.
However, the slope of resonance wavelength over the refractive index for Au and Ag
nanoparticles is larger than Cu nanoparticles but still smaller than ITO nanoparticles.
Similarly, for fixed 40 nm thick nanoparticles layer and fixed 15 nm particle size, the slope of
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resonance wavelength over the refractive index is maximum for ITO nanoparticles and
minimum for Cu nanoparticles. In the same way, the slopes of resonance wavelength over the
refractive index are again greatest for ITO nanoparticles and smallest for Cu nanoparticles for
fixed 40 nm thick nanoparticles layer and fixed 20 nm, 25 nm and 30 nm particle sizes each.
Nevertheless, the shifts in resonance wavelength for all these cases are almost linear over the
whole range of refractive indices i.e. 1.30 to 1.38 of the sensing medium. Hence, for fixed 40
nm thick nanoparticles layer, the slope of resonance wavelength over the refractive index is
maximum for ITO nanoparticles than those of Au, Ag and Cu nanoparticles for 10 nm, 15
nm, 20 nm, 25 nm and 30 nm particle sizes.

Figure 4.8: Variation of resonance wavelength with refractive index of sensing medium for 50 nm thick ITO
nanoparticles layer with 5 nm particle size

Similarly, Fig. 4.8 reveals the plot of LSPR resonance wavelength for 50 nm thick ITO
nanoparticles layer of 5 nm particle size with refractive index of sensing medium. The
resonance wavelength increases linearly with increase in refractive index of the sensing
medium.
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Figure 4.9: Variations of resonance wavelength with refractive index of sensing medium for 50 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 10 nm particle size
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Figure 4.10: Variations of resonance wavelength with refractive index of sensing medium for 50 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 15 nm particle size
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Figure 4.11: Variations of resonance wavelength with refractive index of sensing medium for 50 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 20 nm particle size

79

Figure 4.12: Variations of resonance wavelength with refractive index of sensing medium for 50 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 25 nm particle size
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Figure 4.13: Variations of resonance wavelength with refractive index of sensing medium for 50 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 30 nm particle size

Likewise, Figs. 4.9-4.13 demonstrate the variations of LSPR resonance wavelength for 50
nm thick ITO, Au, Ag and Cu nanoparticles layers with refractive index of sensing medium
for 10 nm, 15 nm, 20 nm, 25 nm and 30 nm particle sizes respectively. Furthermore, the
variations for 50 nm thick ITO, Au, Ag and Cu nanoparticles layers exposed in Figs. 4.9;
4.10; 4.11; 4.12 and 4.13 have correlation coefficients (1, 0.99625, 0.99558, 0.97730); (1,
0.99970, 0.99867, 0.99724); (1, 0.99987, 0.99876, 0.99589); (1, 0.99991, 0.99964, 0.99998)
and (1, 0.99997, 0.99977, 0.99984) respectively. Again, the variations of resonance
wavelength elevate linearly in the same fashion with refractive index of the sensing medium
for all these cases. Once more, for fixed 50 nm thick nanoparticles layer, the slope of
resonance wavelength over the refractive index is greater for ITO nanoparticles than those of
Au, Ag and Cu nanoparticles for 10 nm, 15 nm, 20 nm, 25 nm and 30 nm particle sizes.
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Figure 4.14: Variation of resonance wavelength with refractive index of sensing medium for 60 nm thick ITO
nanoparticles layer with 5 nm particle size

In the same way, Fig. 4.14 depicts the plot of LSPR resonance wavelength for 60 nm
thick ITO nanoparticles layer of 5 nm particle size with refractive index of sensing medium.
The resonance wavelength boosts linearly with increase in refractive index of the sensing
medium.
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Figure 4.15: Variations of resonance wavelength with refractive index of sensing medium for 60 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 10 nm particle size
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Figure 4.16: Variations of resonance wavelength with refractive index of sensing medium for 60 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 15 nm particle size
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Figure 4.17: Variations of resonance wavelength with refractive index of sensing medium for 60 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 20 nm particle size
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Figure 4.18: Variations of resonance wavelength with refractive index of sensing medium for 60 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 25 nm particle size
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Figure 4.19: Variations of resonance wavelength with refractive index of sensing medium for 60 nm thick ITO,
Au, Ag and Cu nanoparticles layer with 30 nm particle size

In the same way, Figs. 4.15-4.19 display the variations of LSPR resonance wavelength
for 60 nm thick ITO, Au, Ag and Cu nanoparticles layers with refractive index of sensing
medium for 10 nm, 15 nm, 20 nm, 25 nm and 30 nm particle sizes respectively. Moreover,
the variations for 60 nm thick ITO, Au, Ag and Cu nanoparticles layers revealed in Figs.
4.15; 4.16; 4.17; 4.18 and 4.19 have correlation coefficients (1, 0.99460, 0.99498, 0.99167);
(1, 0.99685, 0.99684, 0.99659); (1, 0.99750, 0.99644, 0.99641); (1, 0.99960, 0.99963,
0.99925) and (1, 0.99968, 0.99945, 0.99977) respectively. The variations of resonance
wavelength increase linearly in the same manner with refractive index of the sensing medium
for all these cases. Further, for fixed 60 nm thick nanoparticles layer, the slope of resonance
wavelength over the refractive index is larger for ITO nanoparticles than those of Au, Ag and
Cu nanoparticles for 10 nm, 15 nm, 20 nm, 25 nm and 30 nm particle sizes.
To obtain the maximum value of sensitivity (i.e. shift in resonance wavelength per unit
change in refractive index of sensing medium) of LSPR sensor, it will be necessary to
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recognize the appropriate thickness of nanoparticles layer of all four materials. The
sensitivity of LSPR sensor for 40 nm, 50 nm and 60 nm thick nanoparticles layers (of ITO,
Au, Ag and Cu materials) with 5 nm, 10 nm, 15 nm, 20 nm, 25 nm and 30 nm particle sizes is
compared in table 4.2.

Table 4.2: Comparison of sensitivity of LSPR based fiber optic sensor for various thickness values of
nanoparticles layer of ITO, Au, Ag and Cu nanoparticles with 5, 10, 15, 20, 25 and 30 nm particle sizes

Nanoparticle
size (nm)

Sensitivity S n (nm/RIU)
Nanoparticles layer thickness =
40 nm
ITO
Au
Ag
Cu

Nanoparticles layer thickness =
50 nm
ITO
Au
Ag
Cu

Nanoparticles layer thickness =
60 nm
ITO
Au
Ag
Cu

5
10

3135
3285

Small
3265

Small
2915

Small
2625

4750
4785

Small
3900

Small
3150

Small
3025

6075
6165

Small
4450

Small
3475

Small
3295

15
20

3345
3385

3300
3320

2930
2950

2650
2660

4800
4835

3950
3975

3180
3200

3030
3050

6185
6240

4475
4525

3520
3550

3300
3340

25
30

3325
3315

3145
3125

2890
2830

2625
2610

4695
4655

3600
3570

3120
3085

2960
2945

6095
6065

4075
3920

3350
3340

3135
3075

It can be seen from table 4.2, that for fixed 40 nm thick nanoparticles layer with fixed 5
nm particle size, the sensitivity of LSPR sensor is maximum (3135 nm/RIU) for ITO
nanoparticles, whereas it is small for Au, Ag and Cu nanoparticles. Besides it, for fixed 40
nm thick nanoparticles layer, the sensitivity of ITO nanoparticles based LSPR sensor
increases from 3135 nm/RIU to 3385 nm/RIU as the particle size of ITO nanoparticles
increases from 5 nm to 20 nm gradually and then it starts decreasing from 3385 nm/RIU to
3315 nm/RIU as the particle size of ITO nanoparticles increases from 20 nm to 30 nm. On the
other hand, the sensitivity of LSPR sensor increases to 3320 nm/RIU, 2950 nm/RIU and 2660
nm/RIU for Au, Ag and Cu nanoparticles respectively as the particle sizes of these
nanoparticles increase from 10 nm to 20 nm for fixed 40 nm thick nanoparticles layer. In the
same way, for fixed 50 nm thick nanoparticles layer with fixed 5 nm particle size, the
sensitivity of LSPR sensor is maximum (4750 nm/RIU) for ITO nanoparticles, while it is
least for Au, Ag and Cu nanoparticles. Moreover, for fixed 50 nm thick nanoparticles layer,
the sensitivity of ITO nanoparticles based LSPR sensor enlarges from 4750 nm/RIU to 4835
nm/RIU as the particle size of ITO nanoparticles raises from 5 nm to 20 nm and then it
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decreases from 4835 nm/RIU to 4655 nm/RIU as the particle size of ITO nanoparticles
increases from 20 nm to 30 nm. Further, the sensitivity of LSPR sensor increases to 3975
nm/RIU, 3200 nm/RIU and 3050 nm/RIU for Au, Ag and Cu nanoparticles respectively as
the particle sizes of these nanoparticles increase from 10 nm to 20 nm for fixed 50 nm thick
nanoparticles layer. Also, for fixed 60 nm thick nanoparticles layer with fixed 5 nm particle
size, the sensitivity of LSPR sensor is highest (6075 nm/RIU) for ITO nanoparticles, whereas
it is smallest for Au, Ag and Cu nanoparticles. In addition, for fixed 60 nm thick
nanoparticles layer, the sensitivity of ITO nanoparticles based LSPR sensor enhances from
6075 nm/RIU to 6240 nm/RIU as the particle size of ITO nanoparticles boosts from 5 nm to
20 nm steadily and then it reduces from 6240 nm/RIU to 6065 nm/RIU as the particle size of
ITO nanoparticles increases from 20 nm to 30 nm. However, the sensitivity of LSPR sensor
increases to 4525 nm/RIU, 3550 nm/RIU and 3340 nm/RIU for Au, Ag and Cu nanoparticles
respectively as the particle sizes of these nanoparticles increase from 10 nm to 20 nm for
fixed 60 nm thick nanoparticles layer. It is also noticeable that the average sensitivities of
ITO, Au, Ag and Cu nanoparticles based LSPR sensor are 3298 nm/RIU, 2693 nm/RIU, 2419
nm/RIU, 2195 nm/RIU respectively for 40 nm thick nanoparticles layer; 4753 nm/RIU, 3166
nm/RIU, 2623 nm/RIU, 2502 nm/RIU respectively for 50 nm thick nanoparticles layer and
6138 nm/RIU, 3574 nm/RIU, 2873 nm/RIU, 2691 nm/RIU respectively for 60 nm thick
nanoparticles layer. The variations of sensitivity of LSPR based fiber optic sensor with
particle size of nanoparticles for 40 nm, 50 nm and 60 nm thick nanoparticles layer (of ITO,
Au, Ag and Cu materials) have been plotted in Figs 4.20-4.22 respectively.
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Figure 4.20: Variations of sensitivity with particle size of nanoparticles for 40 nm thick ITO, Au, Ag and Cu
nanoparticles layer

Fig. 4.20 interprets the variation of sensitivity of LSPR sensor with particle size of
nanoparticles for fixed 40 nm thick nanoparticles layer for all four materials: ITO, Au, Ag
and Cu individually. The sensitivity of LSPR sensor increases as the particle size of
nanoparticles increases from 10 nm to 20 nm and then it starts decreasing as the particle size
of nanoparticles further increases from 20 nm to 30 nm. The sensitivity of ITO nanoparticles
layer based LSPR sensor is better than that of Au, Ag and Cu nanoparticles layers.
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Figure 4.21: Variations of sensitivity with particle size of nanoparticles for 50 nm thick ITO, Au, Ag and Cu
nanoparticles layer

Fig. 4.21 explains the variation of sensitivity of LSPR sensor with particle size of
nanoparticles for fixed 50 nm thick nanoparticles layer for all four materials: ITO, Au, Ag
and Cu individually. Again, the sensitivity of LSPR sensor enhances as the particle size of
nanoparticles increases from 10 nm to 20 nm and then it begins reducing as the particle size
of nanoparticles further increases from 20 nm to 30 nm. The sensitivity of ITO nanoparticles
layer based LSPR sensor is superior to that of Au, Ag and Cu nanoparticles layers.
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Figure 4.22: Variations of sensitivity with particle size of nanoparticles for 60 nm thick ITO, Au, Ag and Cu
nanoparticles layer

Fig. 4.22 displays the variation of sensitivity of LSPR sensor with particle size of
nanoparticles for fixed 60 nm thick nanoparticles layer for all four materials: ITO, Au, Ag
and Cu individually. The sensitivity of LSPR sensor rises as the particle size of nanoparticles
increases from 10 nm to 20 nm and then it starts falling as the particle size of nanoparticles
further increases from 20 nm to 30 nm. The sensitivity of ITO nanoparticles layer based
LSPR sensor is greater than that of Au, Ag and Cu nanoparticles layers.
Thus, the sensitivity of LSPR based fiber optic sensor increases with increase in thickness
of nanoparticles layer for all four materials. In addition, for a fixed thickness of nanoparticles
layer, the sensitivity of LSPR sensor further increases as the particle size of nanoparticles
increases up to 20 nm. This effect can be explained in terms of the variation in absorption of
light due to the change in particle size of the nanoparticles [133]. It is clearly observed from
Eq. (4.3) that the decrease in particle size results in decrease in collision wavelength ( c ),
that in turn increases the imaginary part of the dielectric function of metallic nanoparticles as
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per Eq. (4.4) and hence the imaginary part of propagation constant of surface plasmon wave
(Ksp). As the imaginary part of Ksp corresponds to the optical absorption of incident light, it is
obvious that more absorption of light intensity takes place for nanoparticles of smaller
particle size. It outcomes the transmitted light intensity through the optical fiber to decrease
and the SPR curve shifts downward. Therefore, the smaller the particle size of nanoparticles,
the larger will be the downward shifting i.e. broadening of the SPR curve. Also, the real part
of the dielectric function of metallic nanoparticles and hence the real part of Ksp is responsible
for the shifting of resonance condition/wavelength. Moreover, the position of SPR dip is not
altered much by the change in particle size of nanoparticles because the real part of Ksp does
not change much with the variation in size-dependent collision wavelength i.e. with the
particle size of the nanoparticles. Thus, the shift in SPR curve remains nearly independent of
particle size of the nanoparticles. Therefore, it can be understood that the variation of
sensitivity of LSPR based fiber optic sensor with the particle size of nanoparticles is much
influenced by the broadening/FWHM of SPR curve rather than its shifting. Further, the
resonance wavelengths for Au, Ag and Cu nanoparticles happen in the visible region of the
spectrum, whereas for ITO nanoparticles, the resonance condition is fulfilled at a higher
value of wavelength i.e. in IR region.
Hence, for fixed 40 nm, 50 nm and 60 nm thick nanoparticles layer with fixed 5 nm
particle size, the sensitivities of LSPR based fiber optic sensor are 3135 nm/RIU, 4750
nm/RIU and 6075 nm/RIU respectively for ITO nanoparticles, whereas it is smaller for Au,
Ag and Cu nanoparticles. Further, the sensitivities of ITO, Au, Ag and Cu nanoparticles
based LSPR sensor reach as high as 3385 nm/RIU, 3320 nm/RIU, 2950 nm/RIU, 2660
nm/RIU respectively for fixed 40 nm thick nanoparticles layer with fixed 20 nm particle size;
4835 nm/RIU, 3975 nm/RIU, 3200 nm/RIU, 3050 nm/RIU respectively for fixed 50 nm thick
nanoparticles layer with fixed 20 nm particle size and 6240 nm/RIU, 4525 nm/RIU, 3550
nm/RIU, 3340 nm/RIU respectively for fixed 60 nm thick nanoparticles layer with fixed 20
nm particle size. Therefore, it is obvious that the sensitivity of LSPR sensor increases with
increase of particle size of nanoparticles (from 5 nm to 20 nm) for 40 nm, 50 nm and 60 nm
thick nanoparticles layer (of ITO, Au, Ag and Cu materials). The sensitivity of LSPR sensor
for various thicknesses of nanoparticles layer is found in the order of ITO > Au > Ag > Cu.
Therefore, keeping all the above discussion about LSPR based fiber optic sensor in to
consideration, it can be concluded that the optimized thickness of ITO, Au, Ag and Cu
nanoparticles layers is 60 nm and the optimized particle size of ITO, Au, Ag and Cu
nanoparticles is 20 nm. Further, the maximum values of sensitivity of LSPR sensor have been
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observed as 6240 nm/RIU, 4525 nm/RIU, 3550 nm/RIU and 3340 nm/RIU for fixed 60 nm
thick nanoparticles layer with fixed 20 nm particle size of ITO, Au, Ag and Cu nanoparticles
respectively. As a result, ITO nanoparticles based LSPR sensor exhibits better sensing
performance than those of other three material’s nanoparticles.

4.4 Conclusions

Theoretical analysis of a LSPR based fiber optic sensor with nanoparticles layer has been
presented. Nanoparticles of four materials: ITO, Au, Ag and Cu have been considered. The
nanoparticles are assumed to be spherical in shape with various radii. The sensitivity of LSPR
sensor with each nanoparticles layer individually for various thickness values (40 nm, 50 nm
and 60 nm) with 5 nm, 10 nm, 15 nm, 20 nm, 25 nm and 30 nm particle size is studied. The
sensitivity of LSPR sensor increases with increase in thickness of nanoparticles layer for all
four materials. In addition, for a fixed thickness of nanoparticles layer, the sensitivity of
LSPR sensor further increases as the particle size of nanoparticles increases (up to 20 nm).
The optimized values of thickness and particle size of nanoparticles layers for all four
materials are found to be 60 nm and 20 nm respectively. The proposed LSPR sensor based on
60 nm thick nanoparticles layer with 20 nm particle size possesses high sensitivity. The
sensitivity of LSPR based fiber optic sensor has been found to be 6240 nm/RIU, 4525
nm/RIU, 3550 nm/RIU and 3340 nm/RIU for 60 nm thick nanoparticles layer with fixed 20
nm particle size of ITO, Au, Ag and Cu nanoparticles respectively. Hence, containing
sensitivity as high as 6240 nm/RIU, 60 nm thick ITO nanoparticles layer (with 20 nm particle
size) based LSPR sensor shows better performance than Au, Ag and Cu nanoparticles based
LSPR sensors. Therefore, it is concluded that ITO nanoparticles represent a better sensing
behavior than Au, Ag and Cu nanoparticles.
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CHAPTER 5

NANOCOMPOSITES BASED FIBER OPTIC SPR SENSOR
___________________________________________________________________________

5.1 Introduction

For sensing of samples having low refractive indices (such as gases), noble metals (Au and
Ag) are not appropriate because the SPR sensors based on noble metals offer small
sensitivity. Besides, their SPR resonance dips appear in UV region. Recently, a
nanocomposite based fiber optic SPR sensor has been shown theoretically to sense small
concentrations of gases in visible region [160]. In the present chapter, we shall theoretically
analyze SPR based fiber optic sensor utilizing nanocomposites. Nanocomposites are the solid
structures with nanometer scale dimensional repeat distances between various phases that
constitute the structure. These materials typically comprise an inorganic (host) solid
containing an organic component or vice versa. They can also consist of two or more
inorganic/organic phases in some combinatorial form with the constraint that at least one of
the phases is in nanosize. Nanocomposites exhibit different optical, electrical, mechanical,
structural, catalytic and electrochemical properties than those of each individual component.
Nanocomposite films comprising of metal nanoparticles dispersed in a dielectric matrix have
received significant attention due to their attractive optical properties originating from surface
plasmons [161,162] i.e. quantized collective oscillation of free electrons dielectrically
confined in a metal nanoparticle. Near the surface plasmon resonance wavelength, the local
field around the metal nanoparticle and the effective optical nonlinearity of the
nanocomposite films are highly increased [163].
In this chapter, numerous innovative nanocomposites comprising nanoparticles of gold
(Au), silver (Ag) and copper (Cu) with their varying volume fractions embedded in host
dielectric matrices of titanium oxide (TiO2) and indium nitride (InN) are considered and a
SPR based fiber optic sensor with each nanocomposite layer (one at a time) has been
theoretically investigated. The surface plasmon resonance produced by coupling of
evanescent light to surface plasmons is utilized as the sensing scheme. The wavelength
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interrogation method is employed for the analysis of SPR based fiber optic sensor. The
performance analysis of the SPR sensor is done in terms of its sensitivity. The sensitivity of
the SPR sensor with each nanocomposite layer (individually) has been evaluated numerically
and compared. Further, the influences of thickness of each nancomposite layer and volume
fraction of metal nanoparticles on the sensitivity of the sensor have been observed. The
current study reveals that the sensitivity of Au/Ag/Cu-InN nanocomposites based SPR sensor
for all thicknesses of nanocomposites with any volume fraction of nanoparticles is higher
than that of Au/Ag/Cu-TiO2 nanocomposites. Further, the sensitivity of proposed SPR sensor
enhances with increase in both thickness of nanocomposites and volume fraction of metal
nanoparticles. Moreover, for a fixed nanocomposite thickness and fixed volume fraction of
metal nanoparticles, the sensitivity of SPR sensor is superior for Au nanoparticles based
nanocomposites to that of Ag and Cu nanoparticles. Besides, the SPR sensor with 70 nm
thick Au-InN nanocomposite containing volume fraction of 0.85 illustrates high sensitivity of
2875 nm/RIU.

5.2 Theory

The SPR sensing is based on the principle of attenuated total reflection (ATR) with
Kretschmann configuration. In the proposed SPR based fiber optic sensor, the sensing system
consisting of a fiber core-nanocomposite layer-sensing medium is considered as shown in
Fig. 5.1.
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Figure 5.1: Schematic diagram of SPR based fiber optic sensor with nanocomposite layer

The plastic cladding around the core from the middle portion of a step index
multimode plastic clad silica (PCS) fiber (Numerical aperture = 0.24 and fiber core diameter
= 600 µm) is removed and is then coated with a thin nanocomposite layer, which is finally
surrounded by the sensing medium. The light from a broadband (polychromatic) source is
launched into one of the ends of the optical fiber with proper optics and the transmitted light
is detected at the other end of the optical fiber.

5.2.1 Layer I (Fiber core)

Layer I is made of core of optical fiber. The core of the optical fiber is assumed to be made of
fused silica. The refractive index of fused silica varies with wavelength according to
Sellmeier dispersion relation as,

n1 ( )  1 

a 3 2
a12
a 2 2


2  b12 2  b22 2  b32

(5.1)
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Where, λ is the wavelength in µm and a1, a2, a3, b1, b2 and b3 are Sellmeier
coefficients. The values of these coefficients are given as, a1 = 0.6961663, a2 = 0.4079426, a3
= 0.8974794, b1 = 0.0684043 µm, b2 = 0.1162414 µm and b3 = 9.896161 µm [141].

5.2.2

Layer II (Nanocomposite layer)

Layer II is made of nanocomposite. In a nanocomposite material, nanoparticles of one
component material are embedded in a continuous host dielectric matrix of other component
[160]. If the particle sizes of nanoparticles are much smaller than the wavelength of the
incident radiation, then without the violation of Rayleigh’s scattering theory, the effective
dielectric constant of nanocomposite can be determined by using Maxwell-Garnett Model
[164]. If  1 is the dielectric constant of metal/metal oxide nanoparticles of component 1 and

 2 is the dielectric constant of host dielectric matrix of component 2, the effective dielectric
constant of nanocomposite is given as,

  1  2  2  2 f ( 1   2 ) 

  1  2  2  f ( 1   2 ) 

 eff   2 

(5.2)

Where, f is the volume filling factor (volume fraction) of nanoparticles of component
1. In Eq. (5.2), the effective dielectric constant of nanocomposite is assumed to be
independent of particle size and shape of the nanoparticles. In the present investigation, Au,
Ag and Cu are considered as component 1 while TiO2 and InN are regarded as component 2.
The dielectric constants of Au, Ag and Cu metals are written according to Drude
model as,

1  1 

2 c
2p (c  i )

(5.3)

Here, λp and λc are the plasma wavelength and the collision wavelength of Au, Ag and
Cu. Where, λp = 1.6826 x 10-7 m, 1.4541 x 10-7 m, 1.3617 x 10-7 m and λc = 8.9342 x 10-6 m,
1.7614 x 10-5 m, 4.0852 x 10-5 m for Au, Ag and Cu respectively [142].

98

For host dielectric matrix TiO2, the variation of refractive index with wavelength is
given by the empirical formula as [165],

nTiO2  5.913 

0.2441
  0.0843

(5.4)

2

The dielectric constant of host dielectric matrix InN is written according to Drude model
as [166],

2
2


 p2
(  LO
 TO
)
 2    1  2


2
2
 ( LO    i   ) (  i ) 

(5.5)

Here,   is the high frequency dielectric constant,  LO and TO are LO and TO
frequencies of phonon mode,  p is the plasma frequency,  and  are the two
corresponding damping constants. For InN,   = 7.5,  p = 4100 cm-1,  = 1382 cm-1,  LO =
590 cm-1, TO = 450 cm-1 and  = 120 cm-1.

5.2.3

Layer III (Sensing medium)

Layer III is made of sensing medium. The dielectric constant of the sensing medium is  s . If

ns is the refractive index of the sensing medium, then  s  ns2 . The resonance condition for
excitation of surface plasmon wave is given as,

2



n1 sin   Re{K sp}

Where, K sp 

 m s
2

c m  s




(5.6)

 m ns2

 m  ns2

is the propagation constant of the surface plasmon

wave and c is the speed of light in vacuum. The left hand side of Eq. (5.6) denotes the
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propagation constant of the light incident at an angle  and the right hand side shows the real
part of the propagation constant of the surface plasmon wave.

5.2.4

Transmitted Power

The expression for the reflection coefficient (reflectance) of p-polarized incident light is
obtained by using the matrix method for N-layer model as mentioned in appendix A.
Considering that all the guided rays are launched in the fiber using a collimated source and a
microscope objective, the angular power distribution of rays guided in the fiber is given as
[18],

dP 

n12 sin  cos 
d
(1  n12 cos 2  ) 2

(5.7)

Where,  is the angle of the ray with the normal to the core-cladding interface. Also, n1

is the refractive index of the core of the fiber. To calculate the effective transmitted power,
the reflectance (Rp) for a single reflection is raised to the power of the number of reflections
the specific propagating angle undergoes with the sensor interface. Hence, for p-polarized
light, the generalized expression for the normalized transmitted power in an optical fiber
based SPR sensor will be given as,

 2

Ptrans 

R

N ref ( )
p

 cr

 2



 cr

n12 sin  cos 
d
(1  n12 cos 2  ) 2

(5.8)

n12 sin  cos 
d
(1  n12 cos 2  ) 2

Where, N ref ( ) 

L
D tan 

n
And,  cr  sin 1  cl
 n1

(5.9)





(5. 10)
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Here, N ref ( ) is the total number of reflections performed by a ray making an angle 
with the normal to the core-metal layer interface in the sensing region. L and D are the length
of the exposed sensing region and the fiber core diameter respectively. Also,  cr is the critical
angle of the fiber and ncl is the refractive index of the cladding of the fiber.

5.2.5.

Sensitivity

Resonance wavelength ( res ) is determined corresponding to the refractive index of the
sensing medium ( ns ) in the SPR sensor based on wavelength interrogation. If the refractive
index of the sensing medium is altered by n s , the resonance wavelength shifts by  res . The
sensitivity ( S n ) of a SPR sensor with wavelength interrogation is defined as [64],

Sn 

 res
ns

(5.11)

5.3 Results and discussion

For numerical calculations, the refractive index of the sensing medium is changed from 1.30
to 1.37 in steps of 0.01 and following values of the parameters have been used:
Numerical aperture of the fiber = 0.24, fiber core diameter D = 600 µm, length of the exposed
sensing region L = 15 mm. In addition, several nanocomposites consisting of Au/Ag/Cu
nanoparticles with their varying volume fractions embedded in host dielectric matrices of
TiO2 and InN are considered in the present study.
For optimizing thicknesses of various nanocomposite layers and volume fractions of
nanoparticles, the transmitted output power of SPR based fiber optic sensor have been
calculated for 10 nm, 30 nm, 50 nm and 70 nm thick nanocomposite layers with fixed volume
fractions of 0.55, 0.65, 0.75 and 0.85. The variations of SPR resonance wavelength with
refractive index of sensing medium for a range of thicknesses of Au-TiO2, Ag-TiO2, CuTiO2, Au-InN, Ag-InN and Cu-InN nanocomposite layers with various volume fractions have
been plotted in Figs. 5.2-5.9 respectively.
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Figs. 5.2-5.5 show the plots of resonance wavelength of SPR sensor with refractive index
of sensing medium for 10 nm, 30 nm, 50 nm and 70 nm thick Au-TiO2, Ag-TiO2 and CuTiO2 nanocomposite layers with fixed volume fractions of 0.55, 0.65, 0.75 and 0.85
respectively.

Figure 5.2: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2 nanocomposite layers with fixed volume fraction of 0.55
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Figure 5.3: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2 nanocomposite layers with fixed volume fraction of 0.65
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Figure 5.4: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2 nanocomposite layers with fixed volume fraction of 0.75
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Figure 5.5: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-TiO2 (b) Ag-TiO2 and (c) Cu-TiO2 nanocomposite layers with fixed volume fraction of 0.85

Similarly, Figs. 5.6-5.9 illustrate the variations of resonance wavelength of SPR sensor
with refractive index of sensing medium for 10 nm, 30 nm, 50 nm and 70 nm thick Au-InN,
Ag-InN and Cu-InN nanocomposite layers with fixed volume fractions of 0.55, 0.65, 0.75
and 0.85 respectively.
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Figure 5.6: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-InN (b) Ag-InN and (c) Cu-InN nanocomposite layers with fixed volume fraction of 0.55
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Figure 5.7: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-InN (b) Ag-InN and (c) Cu-InN nanocomposite layers with fixed volume fraction of 0.65
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Figure 5.8: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-InN (b) Ag-InN and (c) Cu-InN nanocomposite layers with fixed volume fraction of 0.75
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Figure 5.9: Variations of resonance wavelength with refractive index of sensing medium for 10-70 nm thick (a)
Au-InN (b) Ag-InN and (c) Cu-InN nanocomposite layers with fixed volume fraction of 0.85

It can be seen from these figures that the resonance wavelengths for a variety of
thicknesses (10 nm to 70 nm) of any nanocomposite layer with fixed volume fraction (0.55 to
0.85) of metal nanoparticles increase linearly with increase in refractive index of the sensing
medium. These variations of resonance wavelength with refractive index of sensing medium
for all the cases chase the same pattern. Further, the shifts in resonance wavelength for all the
cases are linear over the complete range of refractive indices i.e. 1.30 to 1.37 of the sensing
medium. This linear escalation in resonance wavelengths for all thicknesses of each
nanocomposite layer with any volume fraction of metal nanoparticles with increase in
refractive index of sensing medium can be understood by the variation of real part of
propagation constant ( K sp ) of surface plasmon wave. According to Eq. (5.6), the real part of
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K sp is accountable for the resonance condition. The real part of K sp will be smaller for small

value of refractive index of sensing medium and hence its resonance condition is satisfied at
smaller wavelength [103]. Likewise, for the larger value of refractive index of sensing
medium, the resonance condition is satisfied at longer wavelength due to the largest real part
of K sp . The SPR transmittance curves for 50 nm and 70 nm thick Au-TiO2 as well as Au-InN
nancomposite layers with different values of volume fraction have been plotted in Figs. 5.105.13.
Figs. 5.10 and 5.11 show the SPR transmittance curves for Au-TiO2 nanocomposite
layers having thicknesses 50 nm with volume fraction of 0.85 and 70 nm with volume
fractions of 0.75, 0.85 respectively for refractive index of sensing medium = 1.37.

Figure 5.10: Transmittance curve of SPR based fiber optic sensor for 50 nm thick Au-TiO2 nanocomposite
layer with fixed volume fraction of 0.85 for refractive index of sensing medium = 1.37
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Figure 5.11: Transmittance curves of SPR based fiber optic sensor for 70 nm thick Au-TiO2 nanocomposite
layer with fixed volume fractions of 0.75 and 0.85 for refractive index of sensing medium = 1.37

Likewise, Figs. 5.12 and 5.13 depict the SPR transmittance curves for Au-InN
nanocomposite layers holding thicknesses 50 nm with volume fractions of 0.65, 0.75, 0.85
and 70 nm with volume fractions of 0.55, 0.65, 0.75, 0.85 respectively for refractive index of
sensing medium = 1.37.

Figure 5.12: Transmittance curves of SPR based fiber optic sensor for 50 nm thick Au-InN nanocomposite
layer with fixed volume fractions of 0.65, 0.75 and 0.85 for refractive index of sensing medium = 1.37
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Figure 5.13: Transmittance curves of SPR based fiber optic sensor for 70 nm thick Au-InN nanocomposite
layer with fixed volume fractions of 0.55, 0.65, 0.75 and 0.85 for refractive index of sensing medium = 1.37

Furthermore, the optimized thickness of nanocomposite layer as well as optimized
volume fraction of nanoparticles needs to be identified in order to achieve the maximum
sensitivity from the SPR based fiber optic sensor. The sensitivities of SPR sensor for a
number of thicknesses of Au/Ag/Cu-TiO2 and Au/Ag/Cu-InN nanocomposite layers with
various volume fractions are compared in tables 5.1 and 5.2 respectively.
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Table 5.1: Comparison of sensitivity of SPR sensor for different thickness values of TiO2 based various
nanocomposite layers

Thickness of
nanocomposite
layer (nm)

Sensitivity (nm/RIU)
Volume fraction of
metal nanoparticles
= 0.55

Volume fraction of
metal nanoparticles
= 0.65

Volume fraction of
metal nanoparticles
= 0.75

Volume fraction of
metal nanoparticles
= 0.85

Nanocomposites

Nanocomposites

Nanocomposites

Nanocomposites

AuTiO2

Ag- CuTiO2 TiO2

Au- AgTiO2 TiO2

CuTiO2

Au- Ag- CuTiO2 TiO2 TiO2

AuTiO2

Ag- CuTiO2 TiO2

10

476

451

532

500

589

640

615

30

1652 1471 1387 1836 1688 1618 2051 1879 1811 2213 2065 1995

50

1758 1480 1393 2064 1739 1638 2356 2017 1902 2636 2301 2168

70

1774 1488 1405 2208 1765 1654 2451 2088 1944 2830 2410 2249

421

513

540

525

571

Table 5.2: Comparison of sensitivity of SPR sensor for different thickness values of InN based various
nanocomposite layers

Thickness of
nanocomposite
layer (nm)

Sensitivity (nm/RIU)
Volume fraction of
metal nanoparticles
= 0.55

Volume fraction of
metal nanoparticles
= 0.65

Volume fraction of
metal nanoparticles
= 0.75

Volume fraction of
metal nanoparticles
= 0.85

Nanocomposites

Nanocomposites

Nanocomposites

Nanocomposites

AuInN

AgInN

CuInN

AuInN

AgInN

CuInN

AuInN

AgInN

CuInN

AuInN

AgInN

CuInN

10

479

462

427

542

517

508

598

550

533

648

631

575

30

1673 1542 1452 1857 1702 1690 2058 1911 1815 2221 2083 2024

50

1798 1571 1462 2119 1774 1702 2405 2077 1982 2655 2339 2244

70

1839 1576 1482 2219 1881 1750 2482 2173 2024 2875 2452 2333
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It can be noticed from tables 5.1 and 5.2, that the sensitivity of Au/Ag/Cu-InN
nanocomposites based SPR sensor for all thicknesses of nanocomposite layer with any
volume fraction of nanoparticles is larger than that of Au/Ag/Cu-TiO2 nanocomposites.
Further, table 5.1 clearly reveals that the sensitivity of SPR sensor is maximum (2830
nm/RIU) for 70 nm thick Au-TiO2 nanocomposite having volume fraction of 0.85 and is
minimum (421 nm/RIU) for 10 nm thick Cu-TiO2 nanocomposite containing volume fraction
of 0.55. Similarly, from table 5.2 it is obvious that 70 nm thick Au-InN nanocomposite with
volume fraction of 0.85 based SPR sensor demonstrates highest sensitivity (2875 nm/RIU)
while, 10 nm thick Cu-InN nanocomposite with volume fraction of 0.55 based SPR sensor
displays lowest sensitivity (427 nm/RIU). The variations of sensitivity of Au/Ag/Cu-TiO2 and
Au/Ag/Cu-InN nanocomposite layers based SPR sensor with volume fraction of metal
nanoparticles for fixed 10 nm, 30 nm, 50 nm and 70 nm thick nanocomposite layers have
been plotted in Figs. 5.14 and 5.15 respectively.
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Figure 5.14: Variation of sensitivity with volume fraction of metal nanoparticles in Au-TiO2, Ag-TiO2 and CuTiO2 nanocomposites for fixed nanocomposite thickness of (a) 10 nm (b) 30 nm (c) 50 nm and (d) 70 nm
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Figure 5.15: Variation of sensitivity with volume fraction of metal nanoparticles in Au-InN, Ag-InN and CuInN nanocomposites for fixed nanocomposite thickness of (a) 10 nm (b) 30 nm (c) 50 nm and (d) 70 nm

Figs. 5.14 and 5.15 display the variations of sensitivity of SPR sensor with volume
fraction of metal nanoparticles for fixed 10 nm, 30 nm, 50 nm and 70 nm thick Au/Ag/CuTiO2 and Au/Ag/Cu-InN nanocomposite layers respectively. It is clear from both figures that
sensitivity of SPR sensor increases linearly with increase in volume fraction of metal
nanoparticles for all thicknesses of nanocomposite layers. In addition, the sensitivity of SPR
sensor also enhances with increase in thickness of nanocomposite layers for all volume
fractions of metal nanoparticles. Further, for a fixed volume fraction of metal nanoparticles
and fixed nanocomposite thickness, the sensitivity of sensor is greater for Au nanoparticles
based nanocomposites than that of Ag as well as Cu nanoparticles and found to be in the
order of Au nanoparticles > Ag nanoparticles > Cu nanoparticles. The reason for this fact can
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be ascribed to the real part of K sp as it is responsible for the shifting of resonance
condition/wavelength. The Au nanoparticles show higher sensitivity than Ag/Cu
nanoparticles because Au illustrates large value of real part of its dielectric function at all
wavelengths [103]. Thus, Au nanoparticles in any nanocomposite enhance the shift between
resonance wavelengths for a given change of refractive index of the sensing medium and
therefore the sensitivity of the sensor increases. Also, the variations of sensitivity of
Au/Ag/Cu-TiO2 and Au/Ag/Cu-InN nanocomposite layers based SPR sensor with thickness
of nanocomposite layer for fixed 0.55, 0.65, 0.75 and 0.85 volume fractions of metal
nanoparticles have been shown in Figs. 5.16 and 5.17 respectively.

Figure 5.16: Variation of sensitivity with thickness of Au-TiO2, Ag-TiO2 and Cu-TiO2 nanocomposites for
fixed (a) 0.55 (b) 0.65 (c) 0.75 and (d) 0.85 volume fraction of metal nanoparticles
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Figure 5.17: Variation of sensitivity with thickness of Au-InN, Ag-InN and Cu-InN nanocomposites for fixed
(a) 0.55 (b) 0.65 (c) 0.75 and (d) 0.85 volume fraction of metal nanoparticles

Figs. 5.16 and 5.17 show the variations of sensitivity of SPR sensor with thickness of
Au/Ag/Cu-TiO2 and Au/Ag/Cu-InN nanocomposite layers for fixed 0.55, 0.65, 0.75 and 0.85
volume fractions of metal nanoparticles respectively. It is again evident from both figures that
increase in thickness of nanocomposite layer increases the sensitivity of SPR sensor for all
volume fractions of metal nanoparticles. Once again, the sensitivity of sensor enhances with
increase in volume fractions of metal nanoparticles for all thicknesses of nanocomposites
layers. Furthermore, for a fixed nanocomposite thickness and fixed volume fraction of metal
nanoparticles, the sensitivity of sensor is larger for Au nanoparticles based nanocomposites
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than that of Ag as well as Cu nanoparticles and originated to be in the order of Au
nanoparticles > Ag nanoparticles > Cu nanoparticles.
Thus from table 5.1, it is clear that SPR based fiber optic sensor exhibits larger sensitivity
of 2830 nm/RIU for 70 nm thick Au-TiO2 nanocomposite with volume fraction of 0.85 and
smaller sensitivity of 421 nm/RIU for 10 nm thick Cu-TiO2 nanocomposite with volume
fraction of 0.55. On the other hand table 2 discloses that 70 nm thick Au-InN nanocomposite
with volume fraction of 0.85 based SPR sensor provides the highest sensitivity of 2875
nm/RIU whereas, 10 nm thick Cu-InN nanocomposite with volume fraction of 0.55 based
SPR sensor shows lowest sensitivity of 427 nm/RIU. Consequently, among all the
nanocomposites used, the sensor based on 70 nm thick Au-InN nanocomposite with volume
fraction of 0.85 presents the highest sensitivity of 2875 nm/RIU. Therefore, it is concluded
that the optimized thickness and optimized volume fraction (of metal nanoparticles) for AuInN nanocomposite are 70 nm and 0.85 respectively as 70 nm thick Au-InN nanocomposite
with volume fraction of 0.85 based SPR sensor possesses maximum sensitivity (2875
nm/RIU).

5.4

Conclusions

A SPR based fiber optic sensor with nanocomposite layer has been theoretically studied.
Nanocomposites consisting of Au, Ag and Cu nanoparticles with their varying volume
fractions embedded in host dielectric matrices of TiO2 and InN are considered. The
sensitivity of Au/Ag/Cu-InN nanocomposites based SPR sensor for all thicknesses of
nanocomposites with any volume fraction of metal nanoparticles has been observed to be
greater than that of Au/Ag/Cu-TiO2 nanocomposites. Also, the sensitivity of SPR sensor
increases with increase in both thickness of nanocomposites and volume fraction of metal
nanoparticles. In addition, for a fixed nanocomposite thickness and fixed volume fraction of
metal nanoparticles, the sensitivity of sensor is larger for Au nanoparticles based
nanocomposites than that of Ag and Cu nanoparticles. The SPR based fiber optic sensor with
70 nm thick Au-InN nanocomposite having volume fraction of 0.85 reveals maximum
sensitivity of 2875 nm/RIU.
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CHAPTER 6
SURFACE PLASMON RESONANCE BASED FIBER OPTIC
SENSOR USING INDIUM NITRIDE
_______________________________________________________
6.1 Introduction

In recent times, research on plasmonics has been extended to IR spectral region beyond the
visible region. This leads to explore some new materials which could satisfy the surface
plasmon resonance condition at lower plasma frequencies. Group III-nitrides are usually wide
band gap semiconducting materials, which are suitable for the applications in optical devices
and high power electronics [167]. Among these nitrides, only indium nitride (InN) is
observed to be a capable material for optoelectronics and other devices [168,169]. This
chapter deals with the theoretical study of a SPR based fiber optic sensor using InN. InN
(band gap ~ 0.7-1.1 eV) has been found to be an attention-grabbing material because of its
numerous advanced properties over other group-III nitrides, metals and transparent
conducting oxides. Since, InN has a smaller electron effective mass than those of other IIInitrides, it shows a higher mobility and higher saturation velocity, which makes it attractive
and useful for a number of electronic applications. In addition, InN is shown to have vast
remarkable applications in various research fields like high speed transistor devices [170],
solar cell industries [171] and optoelectronic devices for optical fiber communications [169].
Qian et al. showed that InN thin films are suitable for application of plasma filters with
different carrier concentration, mobility and film thickness [172]. InN shows good
performance as a plasma filter material for widely employed GaSb or GaInAsSb photovoltaic
cells. InN is a potential candidate for plasmonics based sensing applications not only in IR
but also in THz regimes because of its smaller magnitudes of real permittivity than those of
metals [135]. InN possesses lower value of plasma frequency compared to that of metals,
displaying greater confinement of surface plasmon waves to the interface and greater field
enhancement in IR and THz regimes. Recently, Lu et al. reported the utilization of InN as an
appropriate material for biosensing, owing to its high superficial electron concentration [136].
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Besides, InN dielectric overlay has been used to demonstrate Al-InN bilayers based SPR
sensor experimentally [173].
In the present chapter, a SPR based fiber optic sensor with InN layer has been proposed
and theoretically analyzed. The surface plasmon resonance formed by coupling of evanescent
light to surface plasmons is used as the sensing method. The wavelength interrogation
scheme is used for the analysis of SPR sensor. SPR sensor with InN layer is shown to possess
high sensitivity in the near infrared region of spectrum. For the best sensing performance of
SPR sensor, the thickness of InN layer has also been optimized. The optimized thickness of
InN layer of SPR sensor is unveiled to be 70 nm. 70 nm thick InN layer based fiber optic SPR
sensor exhibits high sensitivity of 4493 nm/RIU.

6.2 Theory

The SPR sensing is based on the principle of attenuated total reflection (ATR) with
Kretschmann configuration. In the proposed SPR based fiber optic sensor, the sensing system
consisting of a fiber core-InN layer-sensing medium is considered as shown in Fig. 6.1.

L
Sensing medium
InN layer
Cladding
Core

Ө

Ө0

D

Cladding
Incident light
Surface plasmon wave
Figure 6.1: Schematic diagram of SPR based fiber optic sensor with InN layer
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The plastic cladding around the core from the middle portion of a step index multimode
plastic clad silica (PCS) fiber (Numerical aperture = 0.24 and fiber core diameter = 600 µm)
is removed and is then coated with a thin InN layer. This InN layer is finally surrounded by
the sensing medium. The light from a broadband (polychromatic) source is launched into one
of the ends of the optical fiber with proper optics and the transmitted light is detected at the
other end of the optical fiber.

6.2.1

Layer I (Fiber core)

This layer is made of core of optical fiber. The core of the optical fiber is assumed to be made
of fused silica. The refractive index of fused silica varies with wavelength according to
Sellmeier dispersion relation as,

n1 ( )  1 

a 3 2
a12
a 2 2


2  b12 2  b22 2  b32

(6.1)

Where, λ is the wavelength in µm and a1, a2, a3, b1, b2 and b3 are Sellmeier coefficients.
The values of these coefficients are given as, a1 = 0.6961663, a2 = 0.4079426, a3 =
0.8974794, b1 = 0.0684043 µm, b2 = 0.1162414 µm and b3 = 9.896161 µm [141].

6.2.2

Layer II (InN layer)

This layer is made of InN. The dielectric constant of InN is written according to Drude model
as [166],

2
2


 p2
(  LO
 TO
)
 ( )    1  2
 2

2
 ( LO    i   ) (  i ) 

(6.2)

Here,   is the high frequency dielectric constant,  LO and TO are LO (Longitudinal
Optical) and TO (Transverse Optical) frequencies of phonon mode,  p is the plasma
frequency,  and  are the two corresponding damping constants. Five sets of values of
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various parameters used for InN are:   = 6.7,  p = 845 cm-1,  = 117 cm-1 ;   = 6.7,  p =
1170 cm-1,  = 64 cm-1 ;   = 6.7,  p = 1940 cm-1,  = 260 cm-1 ;   = 7.5,  p = 4100 cm-1,

 = 1382 cm-1 and   = 7.5,  p = 5480 cm-1,  = 1054 cm-1 [166]. Further for each set, the
values of LO, TO frequencies and damping constants considered are:  LO = 590 cm-1, TO =
450 cm-1 and  = 120 cm-1.

6.2.3

Layer III (Sensing medium)

This layer is made of sensing medium. The dielectric constant of the sensing medium is  s . If

ns is the refractive index of the sensing medium, then  s  ns2 . The resonance condition for
excitation of surface plasmon wave is given as,

2



n1 sin   Re{K sp}

 m s
2
Where, K sp 

c m s



(6.3)

 m ns2
 m  ns2

is the propagation constant of the surface

plasmon wave and c is the speed of light in vacuum. The left hand side of Eq. (6.3) denotes
the propagation constant of the light incident at an angle  and the right hand side shows the
real part of the propagation constant of the surface plasmon wave.

6.2.4

Transmitted Power

The expression for the reflection coefficient (reflectance) of p-polarized incident light is
obtained by using the matrix method for N-layer model as mentioned in appendix A.
Considering that all the guided rays are launched in the fiber using a collimated source and a
microscope objective, the angular power distribution of rays guided in the fiber is given as
[18],

dP 

n12 sin  cos 
d
(1  n12 cos 2  ) 2

(6.4)
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Where,  is the angle of the ray with the normal to the core-cladding interface. Also, n1 is
the refractive index of the core of the fiber. To calculate the effective transmitted power, the
reflectance (Rp) for a single reflection is raised to the power of the number of reflections the
specific propagating angle undergoes with the sensor interface. Hence, for p-polarized light,
the generalized expression for the normalized transmitted power in an optical fiber based
SPR sensor will be given as,

 2

ref
 Rp

N

Ptrans 

( )

 cr

 2



 cr

n12 sin  cos 
d
(1  n12 cos 2  ) 2

(6.5)
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Where, N ref ( ) 

L
D tan 

n
And,  cr  sin 1  cl
 n1

(6.6)





(6.7)

Here, N ref ( ) is the total number of reflections performed by a ray making an angle 
with the normal to the core-metal layer interface in the sensing region. L and D are the length
of the exposed sensing region and the fiber core diameter respectively. Also,  cr is the critical
angle of the fiber and ncl is the refractive index of the cladding of the fiber.

6.2.5

Sensitivity

Resonance wavelength ( res ) is determined corresponding to the refractive index of the
sensing medium ( ns ) in the SPR sensor based on wavelength interrogation. If the refractive
index of the sensing medium is altered by n s , the resonance wavelength shifts by  res . The
sensitivity ( S n ) of a SPR sensor with wavelength interrogation is defined as [64],
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Sn 

 res
ns

(6.8)

6.3 Results and discussion

For numerical calculations, the refractive index of the sensing medium is changed from 1.30
to 1.40 in steps of 0.02 and following values of the parameters have been used:
Numerical aperture of the fiber = 0.24, fiber core diameter D = 600 µm, length of the exposed
sensing region L = 15 mm.
To optimize the thickness of InN layer, the transmitted output power of SPR based fiber
optic sensor has been calculated for various thicknesses (40 nm to 100 nm) of InN layer. It is
to be noted here that the transmitted output power of SPR sensor has also been calculated for
lower thicknesses i.e. 5-35 nm of InN layer. However, the SPR sensor based on lower
thicknesses (5-35 nm) of InN layer has not been discussed in the present study because the
proper SPR transmittance curves (i.e. clear resonance dips) have not been observed for these
thicknesses of InN layers. Further, for first three sets of values of different parameters i.e.

  = 6.7,  p = 845 cm-1,  = 117 cm-1;   = 6.7,  p = 1170 cm-1,  = 64 cm-1;   = 6.7,  p =
1940 cm-1,  = 260 cm-1 [166], the appropriate resonance dips have not been obtained for
large number of thicknesses (40-100 nm) of InN layer. As a result, these three sets of values
of various parameters for InN have not been taken in to account in the current discussion.
Therefore, two sets of values of parameters i.e.   = 7.5,  p = 4100 cm-1,  = 1382 cm-1 (say
“Sensor A”) and   = 7.5,  p = 5480 cm-1,  = 1054 cm-1 (say “Sensor B”) [166] have been
used to calculate the transmitted output power of SPR sensor for various thicknesses i.e. 40
nm to 100 nm of InN layer. The resonance wavelengths of SPR based sensors A and B for
various thicknesses of InN layer are determined and are mentioned in tables 6.1 and 6.2
respectively.
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Table 6.1: Resonance wavelength of SPR based Sensor A for different values of thickness of InN layer

Thickness of
InN layer (nm)

Resonance wavelength (nm) for various refractive indices of sensing medium
1.30

1.32

1.34

1.36

1.38

1.40

40
45
50

625
700
770

655
735
810

700
780
860

755
845
930

835
930
1025

960
1065
1165

55
60

840
905

885
950

935
1010

1010
1085

1110
1190

1260
1345

65
70

970
1030

1020
1080

1080
1145

1155
1225

1265
1335

1420
1490

75
80

1090
1145

1140
1200

1205
1265

1285
1345

1395
1455

1550
1600

85
90

1200
1250

1255
1305

1320
1370

1400
1450

1505
1555

1650
1690

95
100

1295
1340

1350
1395

1415
1460

1495
1540

1600
1635

1725
1760

Table 6.2: Resonance wavelength of SPR based Sensor B for different values of thickness of InN layer

Thickness of
InN layer (nm)

Resonance wavelength (nm) for various refractive indices of sensing medium
1.30

1.32

1.34

1.36

1.38

1.40

40
45
50

605
675
735

635
705
770

675
745
815

725
800
870

795
875
945

895
975
1050

55
60

795
850

830
890

875
935

935
990

1010
1065

1110
1160

65
70

905
950

940
990

985
1035

1045
1090

1115
1155

1205
1240

75
80

995
1035

1030
1070

1075
1115

1130
1165

1195
1230

1275
1300

85
90

1070
1105

1110
1140

1150
1180

1200
1230

1255
1280

1325
1340

95
100

1135
1165

1170
1200

1210
1235

1255
1275

1300
1320

1360
1375
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From table 6.1, it is obvious that the shift in resonance wavelength of sensor A is highest
for 70 nm thick InN layer and lowest for 40 nm thick InN layer as the refractive index of
sensing medium varies from 1.30 to 1.40. Similarly, it can be seen from table 6.2 that the
sensor B exhibits maximum shift in resonance wavelength for 55 nm thick InN layer and
minimum shift in resonance wavelength for 100 nm thick InN layer as the refractive index of
sensing medium changes from 1.30 to 1.40. Thus, the shifts in resonance wavelength of both
sensors A and B are different for different thicknesses of InN layer. The variations of
resonance wavelength of sensors A and B with refractive index of sensing medium for
various thicknesses of InN layer have been shown in Figs. 6.2-6.5.
Fig. 6.2 shows the plots of resonance wavelength of sensor A with refractive index of
sensing medium for different thicknesses i.e. 40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm and
70 nm of InN layer.

Figure 6.2: Variations of resonance wavelength of the SPR based sensor A with refractive index of sensing
medium for different thickness values (40 nm to 70 nm) of InN layer
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Similarly, Fig. 6.3 displays the variations of resonance wavelength of sensor A with
refractive index of sensing medium for various thicknesses i.e. 75 nm, 80 nm, 85 nm, 90 nm,
95 nm and 100 nm of InN layer.

Figure 6.3: Variations of resonance wavelength of the SPR based sensor A with refractive index of sensing
medium for different thickness values (75 nm to 100 nm) of InN layer

Likewise, Fig. 6.4 illustrates the variations of resonance wavelength of sensor B with
refractive index of sensing medium for a range of thicknesses i.e. 40 nm, 45 nm, 50 nm, 55
nm, 60 nm, 65 nm and 70 nm of InN layer.
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Figure 6.4: Variations of resonance wavelength of the SPR based sensor B with refractive index of sensing
medium for different thickness values (40 nm to 70 nm) of InN layer

In the same way, Fig. 6.5 reveals the plots of resonance wavelength of sensor B with
refractive index of sensing medium for different thicknesses i.e. 75 nm, 80 nm, 85 nm, 90
nm, 95 nm and 100 nm of InN layer.
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Figure 6.5: Variations of resonance wavelength of the SPR based sensor B with refractive index of sensing
medium for different thickness values (75 nm to 100 nm) of InN layer

It can be seen from these figures that the resonance wavelengths of both sensors A and B
for different thicknesses (40 nm to 100 nm) of InN layer increases linearly with increase in
refractive index of the sensing medium. The variations of resonance wavelength with
refractive index of sensing medium for all thicknesses of InN layer pursue the similar outfit
for both sensors A and B. Further, the shifts in resonance wavelength for all these cases are
almost linear over the entire range of refractive indices (1.30 to 1.40) of the sensing medium
for each sensor. To find the maximum value of sensitivity of both sensors, it will be essential
to find the appropriate thickness of InN layer. The sensitivities of both sensors A and B for a
range of thicknesses of InN layer are compared in table 6.3.
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Table 6.3: Comparison of sensitivities of SPR based Sensors A and B for different values of thickness of InN
layer

Thickness of InN layer (nm)

Sensitivity (nm/RIU)
Sensor A

Sensor B

40
45

3243
3536

2829
2950

50
55
60
65

3843
4071
4279
4371

3079
3107
3043
2979

70
75
80
85
90

4493
4492
4457
4400
4329

2857
2786
2650
2514
2350

95
100

4257
4143

2229
2071

It can be observed from table 6.3, that the sensitivity of sensor A is greatest (4493
nm/RIU) for 70 nm thick InN layer and is least (3243 nm/RIU) for 40 nm thick InN layer. In
the same way, the sensitivity of sensor B is maximum (3107 nm/RIU) for 55 nm thick InN
layer and is minimum (2071 nm/RIU) for 100 nm thick InN layer. The variations of
sensitivity of both sensors A and B with thickness of InN layer have been shown in Fig. 6.6.
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Figure 6.6: Variations of sensitivity of the SPR based sensors A and B with thickness of InN layer

Fig. 6.6 depicts the variations of sensitivity of SPR based sensors A and B with thickness
of InN layer. It is evident that the sensitivity of sensor A enhances initially as the thickness of
InN layer increases from 40 nm to 70 nm and finally it starts reducing as the thickness of InN
layer is further increased from 70 nm to 100 nm. Similarly, the sensitivity of sensor B
increases in the beginning as the thickness of InN layer increases from 40 nm to 55 nm and
later it starts falling as the thickness of InN layer is again increased from 55 nm to 100 nm.
The sensitivities of both sensors enhance initially with increase in thickness of InN layer
because the thin layer of InN allows huge interaction between surface plasmon mode and the
fiber mode, resulting in large absorption of light power by the sensing medium around
resonance wavelength. This results in decrease in the normalized transmitted power and
hence increases the sensitivities of the sensors. Additionally, it can be viewed from Fig. 6.6
and table 6.3 that sensors A and B exhibit maximum sensitivities of 4493 nm/RIU and 3107
nm/RIU for 70 nm and 55 nm thick InN layers respectively. Thus, the optimized thicknesses
of InN layer for sensors A and B are found to be 70 nm and 55 nm respectively. Furthermore,
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sensor A displays good sensing behavior than sensor B for all thicknesses of InN layer. Apart
from this, the operating range of InN coated both SPR sensors A and B are in the near
infrared region of spectrum, which is an additional advantage of using InN. Therefore, in
devising a SPR based fiber optic sensor with high sensitivity, one should prefer Sensor A
parameters values (i.e.   = 7.5,  p = 4100 cm-1,  = 1382 cm-1) [166] together with
appropriate thickness of InN layer. Hence, taking all these facts in to consideration, it is
concluded that 70 nm thick InN layer based fiber optic SPR sensor with various parameter
values (   = 7.5,  p = 4100 cm-1,  = 1382 cm-1) exhibits good sensing performance with
high sensitivity of 4493 nm/RIU. The SPR transmittance curves of sensor A for different
thicknesses of InN layer have also been plotted in Figs. 6.7-6.10 for various refractive indices
of the sensing medium.

Figure 6.7: Transmittance curves of SPR based sensor A for different thickness values of InN layer for
refractive index of sensing medium = 1.30
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Figure 6.8: Transmittance curves of SPR based sensor A for different thickness values of InN layer for
refractive index of sensing medium = 1.34

Figure 6.9: Transmittance curves of SPR based sensor A for different thickness values of InN layer for
refractive index of sensing medium = 1.38
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Figure 6.10: Transmittance curves of SPR based sensor A for different thickness values of InN layer for
refractive index of sensing medium = 1.40

Figs. 6.7-6.10 show the SPR transmittance curves of sensor A for seven different
thicknesses i.e. 40 nm, 60 nm, 65 nm, 70 nm, 75 nm, 80 nm and 100 nm of InN layer for
refractive index of sensing medium 1.30, 1.34, 1.38 and 1.40 respectively.
6.4

Conclusions

The theoretical analysis of a SPR based fiber optic sensor with InN layer has been presented.
Depending upon various parameter values for InN;   = 7.5,  p = 4100 cm-1,  = 1382 cm-1
and   = 7.5,  p = 5480 cm-1,  = 1054 cm-1, two SPR sensors say “Sensor A” and “Sensor
B” have been considered. The sensitivity of sensor A increases initially as the thickness of
InN layer increases from 40 nm to 70 nm and finally it starts reducing as the thickness of InN
layer is further increased from 70 nm to 100 nm. In the same way, the sensitivity of sensor B
increases in the beginning with increase in thickness of InN layer from 40 nm to 55 nm and at
last it starts falling as the thickness of InN layer is again increased from 55 nm to 100 nm.
Sensors A and B display maximum sensitivities of 4493 nm/RIU and 3107 nm/RIU for 70
nm and 55 nm thick InN layers respectively. Both sensors A and B demonstrate their SPR
resonance dips in near infrared region of spectrum. 70 nm thick InN layer based fiber optic
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SPR sensor with various parameter values (   = 7.5,  p = 4100 cm-1,  = 1382 cm-1)
possesses high sensitivity of 4493 nm/RIU.
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CHAPTER 7
SUMMARY

The present thesis focuses on the theoretical studies of SPR based fiber optic sensors using
different materials. This chapter summarizes all the results reported in the previous chapters.

7.1

Surface plasmon resonance based fiber optic sensor with double

resonance dips

(i) In this study, a SPR based fiber optic sensor with bi layers of metal oxide-metal i.e. bi
layers of ITO-Au is theoretically analyzed.
(ii) The SPR sensor possesses high sensitivity with two resonance dips, one in the visible and
other in the near infrared region of spectrum. In addition, two differentiated SPR dips have
been obtained from the same device within 510 nm to 870 nm spectrum.
(iii) Increase in ITO layer thickness decreases the sensitivity of both left and right resonance
dips for all thicknesses of Au layer.
(iv) Furthermore, for a fixed thickness of ITO layer, the sensitivity of left resonance dip
increases with increase in Au layer thickness while that of right resonance dip decreases with
increase in Au layer thickness.
(v) The optimized thicknesses of ITO and Au layers of SPR sensor are revealed to be 100 nm
and 35 nm respectively.
(vi) 100 nm ITO-35 nm Au layers based fiber optic SPR sensor displays sensitivities of 1929
nm/RIU and 929 nm/RIU for left and right resonance dips respectively.

137

7.2

Surface plasmon resonance based fiber optic sensor utilizing indium

oxide

(i) This study reports the simulation of a SPR based fiber optic sensor using indium oxide
(In2O3).
(ii) The SPR sensor possesses high sensitivity with resonance dip in near infrared region of
spectrum permitting the sensing in the infrared spectral region, which needs attention to many
environmental and security applications.
(iii) In addition, the sensitivity of SPR sensor decreases with increase in thickness of In2O3
layer.
(iv) 170 nm thick In2O3 layer based fiber optic SPR sensor displays high sensitivity of 4600
nm/RIU.

7.3

Localized surface plasmon resonance based fiber optic sensor using

nanoparticles

(i) This study presents the theoretical analysis of a LSPR based fiber optic sensor using
nanoparticles.
(ii) Nanoparticles of four materials: ITO, Au, Ag and Cu have been considered and are
assumed to be spherical in shape with various radii.
(iii) The sensitivity of LSPR sensor increases with increase in thickness of nanoparticles layer
for all four materials.
(iv) In addition, for a fixed thickness of nanoparticles layer, the sensitivity of LSPR sensor
further increases as the particle size of nanoparticles increases.
(v) The optimized values of thickness and particle size of nanoparticles for all four materials
(individually) are found to be 60 nm and 20 nm respectively.
(vi) The sensitivity of LSPR sensor has been found to be 6240 nm/RIU, 4525 nm/RIU, 3550
nm/RIU and 3340 nm/RIU for 60 nm thick nanoparticles layer with fixed 20 nm particle size
of ITO, Au, Ag and Cu nanoparticles respectively.
(vii) 60 nm thick ITO nanoparticles layer (with 20 nm particle size) based LSPR sensor shows
maximum sensitivity of 6240 nm/RIU.
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7.4

Nanocomposites based fiber optic SPR sensor

(i) This study deals with the theoretical analysis of a SPR based fiber optic sensor using
nanocomposites.
(ii) Nanocomposites consisting of Au, Ag and Cu nanoparticles with their varying volume
fractions embedded in host dielectric matrices of TiO2 and InN are considered.
(iii) The sensitivity of Au/Ag/Cu-InN nanocomposites based SPR sensor for all thicknesses of
nanocomposites with any volume fraction of metal nanoparticles has been observed to be
greater than that of Au/Ag/Cu-TiO2 nanocomposites.
(iv) The sensitivity of SPR sensor increases with increase in both thickness of nanocomposites
and volume fraction of metal nanoparticles. In addition, for a fixed nanocomposite thickness
and fixed volume fraction of metal nanoparticles, the sensitivity of sensor is larger for Au
nanoparticles based nanocomposites than that of Ag and Cu nanoparticles.
(v) SPR based fiber optic sensor with 70 nm thick Au-InN nanocomposite having volume
fraction of 0.85 reveals maximum sensitivity of 2875 nm/RIU.

7.5

Surface plasmon resonance based fiber optic sensor using indium

nitride

(i) In this study, a SPR based fiber optic sensor with indium nitride (InN) layer is theoretically
investigated.
(ii) Depending upon various parameter values for InN;   = 7.5,  p = 4100 cm-1,  = 1382
cm-1 and   = 7.5,  p = 5480 cm-1,  = 1054 cm-1, two SPR sensors i.e. “Sensor A” and
“Sensor B” have been considered.
(iii) Sensors A and B display maximum sensitivities of 4493 nm/RIU and 3107 nm/RIU for
70 nm and 55 nm thick InN layers respectively. Both sensors A and B demonstrate their SPR
resonance dips in near infrared region of spectrum.
(iv) 70 nm thick InN layer based fiber optic SPR sensor with Sensor A parameters values
possesses high sensitivity of 4493 nm/RIU.

************
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APPENDIX A

Matrix method for the determination of reflection coefficient
Various layers are assumed to be stacked along z-axis.
The tangential fields at the first boundary are related to the final boundary by:
Transmitted

Reflected
light

1

2

3

light

4

N-2

N-1

θ1

Z

11
Incident1
light

U1 
V   M
 1

U N 1 
V 
 N 1 

Where U1 and V1, respectively are tangential components of electric and magnetic field at the
boundary of first layer. UN-1 and VN-1 are the corresponding fields at the boundary of Nth layer. M
is characteristics matrix of the combined structure and is given as,

M 12 
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Where,

qk   k
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The amplitude reflection coefficient for p-polarized incident wave is:

rp 

M 11  M 12qN q1  M 21  M 22qN 
M 11  M 12qN q1  M 21  M 22qN 

Finally the intensity reflection coefficient for p-polarized light is:

R p  rp2
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SYNOPSIS
The main application of optical fibers has been in telecommunication industries. However, there
is rising application of optical fibers in sensing of different physical and chemical parameters
such as temperature, pressure, magnetic field, current, rotation, acceleration, displacement,
refractive index, chemical concentration, humidity, viscosity and pH etc. These kinds of fiber
optic sensors are finding applications in electrical power industry, industrial process control,
medical sciences, automobiles, defense sector and many more. This is because fiber optic sensors
present various advantages over other types of sensors like optical fibers are purely dielectric, so
these can be easily used in hazardous areas, where conventional electrically powered sensors
would not be safe to use. Moreover, fiber optic sensors are safer for in vivo use because the
signal is optical and these are immune to electromagnetic interference. Further, fiber optic
sensors possess greater geometric versatility and have very short response time. In addition,
remote sensing can be attained by using fiber optic sensors because the signal can be carried over
a long distance. Besides it, optical fibers avoid cross talk, therefore a small and compact multisensing fiber optic probe is feasible. Optical fiber sensing is remarkably proficient and fast
growing technology.
The basic requirement for the sensor is light source, detection system, referencing scheme
and sensor geometry. In a typical fiber optic sensor, light from the source is launched in to one of
the ends of optical fiber, which is guided inside the fiber by the phenomenon of total internal
reflection. The sensing action takes place either within the fiber or external to the fiber. The
measurand (the sample) is placed in contact of the fiber core, which modulates some property
such as intensity, phase, polarization, wavelength etc. of the guided light. By measuring the
change in the property of the light at the output end of the fiber, the information about the change
in the measurand can be found out. For sensing, various techniques such as evanescent wave
absorption spectroscopy, interferometry, Doppler Effect, photolumnisense and surface plasmon
resonance (SPR) are used. In addition to all other sensing techniques, SPR based sensing has
achieved much attention during last thirty years. Collective resonating oscillation of free
electrons may exist on the plasma surface (like, metal), giving rise to a charge density wave
propagating along the plasma surface. This transverse electromagnetic wave, propagating
parallel to the metal-dielectric interface is known as the surface plasmon wave. Since surface
Synopsis-1

plasmon wave is transverse in nature, it can be excited by exponentially decaying evanescent
field of the incident p-polarized light (electric field vector parallel to the incident plane). When
the wave vector and the frequency of the incident p-polarized light coincide with those of the
surface plasmon wave, this light resonantly excites the surface plasmon wave, propagating along
the metal-dielectric interface. The resonance condition depends on the incident angle,
wavelength of the light and the dielectric constants of both the metal as well as the dielectric. A
sharp dip appears in the spectrum of output signal at the resonance angle or at the resonance
wavelength. The angle or the wavelength at which the resonant excitation of surface plasmon
occurs is very sensitive to variations in the refractive index of the dielectric adjacent to the metal.
Hence, the variations in the refractive index of the sensing medium (dielectric) can be detected
by measuring the resonance angle or resonance wavelength.
For observing SPR, Kretschmann’s configuration is most widely used. In Kretschmann’s
configuration, a high refractive index prism is coated with a thin metal film touching the sample
(sensing medium). Surface plasmon waves are excited by evanescent wave from the prism at the
total reflection condition. The SPR phenomenon using Kretschmann’s configuration was first
time demonstrated for biosensing by Liedberg et al. in 1983 [1]. Their experiment released
numerous opportunities in the area of SPR based sensors for chemical and biological
applications. However, in the fiber optic SPR sensor the prism is replaced by depositing the
metal film directly on the core of the optical fiber. For SPR sensing, the method of fixed angle of
incidence and modulated wavelength i.e. wavelength interrogation method is chosen. The
utilization of optical fiber along with surface plasmon resonance for sensing applications was
first time done by Jorgenson and Yee [2]. Since then fiber optic SPR sensor has been an
interesting research subject and a number of devices have been reported on fiber optic SPR
sensors [3-6]. However with time, a large number of theoretical and experimental research
investigations have been carried out to improve the performance of the fiber optic SPR sensor [729]. Now a days, some new types of fiber optic sensors such as micro and nano structured fiber
sensors are attracting a number of researchers due to outstanding progress in the fields of surface
plasmon resonance and photonic crystal fiber technology. In continuation to this, we have carried
out the theoretical analysis of different materials based fiber optic SPR sensors to enhance the
sensitivity of the fiber optic sensor.
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Chapter 1 of the thesis gives general introduction about fiber optic sensors. As the surface
plasmon resonance (SPR) forms the subject of the thesis, this chapter covers SPR based fiber
optic sensors in greater detail. It reviews various fiber optic sensors for the measurement of
different physical and chemical parameters as well as discusses the phenomenon of surface
plasmon resonance. A section of this chapter is also dedicated to the recent SPR based fiber optic
sensors for various sensing applications.
Gold (Au) and silver (Ag) metals are mainly utilized for SPR sensor. However, Ag based
SPR sensor is not chemically much stable because Ag is very prone to oxidation. The problem of
oxidation of Ag is automatically eliminated by coating another metal on it. Zynio et al. reported a
SPR sensor based on resonant bimetallic layers of Ag-Au (Ag as an inner layer and Au as an
outer layer) [30]. In addition of protecting Ag against oxidation by the outer Au layer, this SPR
sensor based on bimetallic layers showed high values of both sensitivity and detection accuracy.
However, both of these metals have various significant disadvantages like occurrence of band to
band transitions in the visible spectral region for Au films and very thin films of deposited Au
and Ag are not continuous but agglomerate as islands [31]. Apart from this, the SPR sensors with
a single metallic layer/ bimetallic layers have their SPR wavelength in the visible range and
therefore not permitting the sensing in the infrared spectral region, which needs attention to
many environmental and security applications. It has been possible to obtain the surface plasmon
resonance with transparent conducting metal oxide thin films. Recently, Indium tin oxide (ITO)
has been reported to be a better substitute of noble metals (Au and Ag) for producing surface
plasmons [32,33]. Highest available transmissivity for visible light combined with the lowest
electrical resistivity, reflection spectra in IR region and wide band gap semiconductor makes ITO
as most widely used transparent conducting metal oxide. In addition to this, ITO thin films are
continuous (i.e. no agglomeration as islands) and no involvement of band to band transitions.
Villar et al. have shown that surface plasmon resonances can be produced with ITO coated
optical fibers [34]. In order to enhance the sensitivity of ITO based SPR sensor further, Chapter
2 presents the theoretical analysis of SPR based fiber optic sensor with bi layers of ITO (as an
inner layer)-Au (as an outer layer). In the SPR based fiber optic sensor, the sensing system
consisting of a fiber core-ITO-Au-sensing medium is considered. The plastic cladding around the
core from the middle portion of a step index multimode plastic clad silica (PCS) fiber is removed
and is then coated with a thin ITO layer, which is then further coated with Au layer. These bi
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layers of ITO-Au are finally surrounded by the sensing medium. Liquids of different refractive
indices are assumed as the sensing mediums. The light from a broadband source is launched into
one of the ends of the optical fiber with proper optics and the transmitted light is detected at the
other end of the optical fiber. The surface plasmon resonance produced by coupling of
evanescent light to surface plasmons is used as the sensing mechanism. The wavelength
interrogation method is used for the analysis of SPR based fiber optic sensor. In this method, the
wavelength of the light from the broadband source is varied and the corresponding transmitted
power through the optical fiber is measured. The proposed SPR based fiber optic sensor with bi
layers of ITO-Au is shown to possess high sensitivity with two resonance dips, one in the visible
and other in the near infrared region of spectrum, opposite to the single metal layer based SPR
sensor with one and only resonance dip. The reason of occurrence of two resonance dips can be
understood by the double character of ITO. In the region of high reflectance (wavelengths higher
than 1500 nm), the imaginary part of refractive index of ITO is higher while it is lower for the
low reflectance region (wavelengths lower than 1500 nm) [34]. This low reflectance region i.e.
low imaginary part of refractive index of ITO is responsible for the generation of double
resonance dips. Moreover, these two differentiated SPR dips have been obtained from the same
device within 510 nm to 870 nm spectrum. Besides it, increase in ITO layer thickness decreases
the sensitivity of both left and right resonance dips for all values of thickness of Au layer. This
happens because the thick ITO layer permits less interaction between surface plasmon mode and
fiber mode, resulting in little absorption of light power by the sensing medium around resonance
wavelength. This forms the ground of increase in normalized transmitted power and as a result
decreases the sensitivity of the sensor. Furthermore, for a fixed thickness value of ITO layer, the
sensitivity of left resonance dip increases with the increase in Au layer thickness while that of
right resonance dip decreases with the increase in Au layer thickness. The optimized values of
thicknesses of ITO and Au layers of SPR based fiber optic sensor are found to be 100 nm and 35
nm respectively. The 100 nm ITO-35 nm Au layers based SPR sensor has been shown to possess
1929 nm/RIU and 929 nm/RIU sensitivities for left and right resonance dips respectively.
Among various transparent conducting oxides, Indium oxide (In2O3) is a potential material
for sensing applications due to its highest available transmissivity for visible light combined with
the lowest electrical resistivity, reflection spectra in IR region and wide band gap semiconductor,
making it one of the most widely used transparent conducting oxides [35]. Recently, In2O3 has
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been reported to be a better replacement of noble metals for producing surface plasmons [36].
Chapter 3 describes the SPR based fiber optic sensor with Indium oxide (In2O3) theoretically. In
the sensor, the sensing system comprising of a fiber core-In2O3-sensing medium is considered.
The sensitivity of the sensor is studied for various thickness values of In2O3 layer. The In2O3
layer based sensor possesses high sensitivity with resonance dip in the near infrared region of
spectrum allowing the sensing in the infrared spectral region, which needs attention to many
environmental and security related applications. The sensitivity of the sensor decreases with the
increase in the thickness of In2O3 layer. The 170 nm thick In2O3 layer based fiber optic SPR
sensor comprises high sensitivity of 4600 nm/RIU.
The metal nanoparticles (much smaller than the wavelength of light) are supposed to have
better sensing performances than materials in the micro or larger scales and reveal tremendous
optical properties because of the collective excitation of conduction electrons [37]. A metaldielectric interface on the nanoparticles produce significant changes in the optical properties,
which make them size and shape dependent. Localized surface plasmon resonance (LSPR) refers
to metallic nanoparticles and takes place when the wave vector and the frequency of the incident
light are resonant with the collective oscillation of conduction electrons in metallic nanoparticles
[38]. The LSPR wavelength is reliant on nanoparticle material, size, shape and surrounding
medium refractive index [39,40]. Therefore, the sensitivity of LSPR sensor is controlled/
optimized by the change of the sizes and shapes of nanoparticles. Chapter 4 discusses the
theoretical investigations of LSPR based fiber optic sensor with nanoparticles. Nanoparticles of
four materials: Indiums tin oxide (ITO), gold (Au), silver (Ag) and copper (Cu) have been
considered individually and the nanoparticles are assumed to be spherical in shape with various
radii. In the LSPR based fiber optic sensor, the sensing system consisting of fiber corenanoparticles (of one material at a time)-sensing medium is assumed. The sensitivity of LSPR
based fiber optic sensor with each nanoparticle layer individually for various thickness values
and with different particle sizes is studied. The sensitivity of LSPR based fiber optic sensor
increases with the increase in the thickness of nanoparticles layer for all four materials. Also, for
a fixed value of thickness of nanoparticles layer, the sensitivity of LSPR based fiber optic sensor
further increases as the particle size of nanoparticles increases. This can be explained in terms of
the variation in absorption of light due to the change in particle size of the nanoparticles [41].
The decrease in particle size results in decrease in collision wavelength, that in turn increases the
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imaginary part of the dielectric function of metallic nanoparticles and hence the imaginary part
of propagation constant of surface plasmon wave. The optimized values of thickness and particle
size of nanoparticles layers for all four materials individually are found to be 60 nm and 20 nm
respectively. The sensitivity of LSPR based fiber optic sensor is obtained to be 6240 nm/RIU,
4525 nm/RIU, 3550 nm/RIU and 3340 nm/RIU for 60 nm thick nanoparticles layer with fixed 20
nm particle size of ITO, Au, Ag and Cu nanoparticles respectively. Containing sensitivity of
6240 nm/RIU, the 60 nm thick ITO nanoparticles layer (with 20 nm particle size) based LSPR
sensor has been shown to comprise better sensing performance than Au, Ag and Cu
nanoparticles based LSPR sensors.
The noble metals are not appropriate for sensing of samples having low refractive indices
(such as gases) as the SPR sensors based on these metals offer small sensitivity. Besides, their
SPR resonance dips arise in UV region. Chapter 5 elaborates the theoretical analysis of SPR
based fiber optic sensor with nanocomposite. Numerous nanocomposites comprising
nanoparticles of gold (Au), silver (Ag) and copper (Cu) with their varying volume fractions
embedded in host dielectric matrices of titanium oxide (TiO 2) and indium nitride (InN) are
considered for the study. The sensitivity of Au/Ag/Cu-InN nanocomposites based SPR sensor for
all thickness values of nanocomposites with any volume fraction of nanoparticles is higher than
that of Au/Ag/Cu-TiO2 nanocomposites. Further, the sensitivity of the sensor increases with
increase in both thickness of nanocomposites and volume fraction of metal nanoparticles.
Moreover, for a fixed nanocomposite thickness and fixed volume fraction of metal nanoparticles,
the sensitivity of sensor is superior for Au nanoparticles based nanocomposites to that of Ag and
Cu nanoparticles. The rationale that Au nanoparticles show higher sensitivity than Ag/Cu
nanoparticles is attributed to the large value of real part of dielectric function of Au at all
wavelengths [42]. Thus, Au nanoparticles in any nanocomposite enhance the shift between
resonance wavelengths for a given change of refractive index of the sensing medium and
therefore the sensitivity of the sensor increases. The SPR based fiber optic sensor with 70 nm
thick Au-InN nanocomposite containing volume fraction of 0.85 illustrates high sensitivity of
2875 nm/RIU.
In recent times, research on plasmonics has been extended to infrared (IR) spectral region
beyond the visible region. This leads to explore some new materials which could satisfy the SPR
condition at lower plasma frequencies. Recently, Indium nitride (InN) has been found to be a
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fascinating semiconducting material having band gap around 0.7-1.1 eV because of its numerous
advanced properties over other group-III nitrides, metals and transparent conducting oxides. InN
is a potential candidate for plasmonics based sensing applications not only in IR but also in THz
regimes because of its smaller magnitudes of real permittivity than metals [43]. Further, InN
possesses lower value of plasma frequency compared to that of metals, displaying greater
confinement of surface plasmon waves to the interface and greater field enhancement in IR and
THz regions. In addition, Lu et al. reported the utilization of InN as a suitable material for
biosensing due to its high superficial electron concentration [44]. Chapter 6 of the thesis reports
the theoretical study of surface plasmon resonance based fiber optic sensor with InN. Depending
upon various parameters values of InN, two SPR sensors viz “Sensor A” and “Sensor B” have
been analyzed theoretically. Sensors A and B are found to display maximum sensitivities of 4493
nm/RIU and 3107 nm/RIU for 70 nm and 55 nm thick InN layers respectively. Both sensors A
and B reveal their SPR resonance dips in the near IR region of spectrum permitting the sensing
in IR spectral region. The 70 nm thick InN layer based fiber optic SPR sensor with Sensor A
parameters values has been shown to acquire high sensitivity of 4493 nm/RIU.
Chapter 7 summarizes all the results reported in the thesis.
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