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ABSTRACT                       
 

In the present thesis, silver nanoparticles have been synthesized by solid-state dewetting of the 

precursor silver films deposited at different deposition conditions (deposition time, rf power, 

substrate temperature) using rf sputtering technique. Surface morphology and growth dynamics 

of silver nanoparticles are studied using atomic force microscopy (AFM) with advanced 

statistical analysis. Height-height correlation function (HHCF)  and power spectral density 

function (PSDF) are extracted from AFM data, and scaling exponents 𝛼𝑙𝑜𝑐𝑎𝑙, , 1/z and 𝛼 are 

determined using analysis. A direct correlation between morphology and the localized surface 

plasmon resonance (LSPR) properties of the silver nanoparticles studied using the absorbance 

spectroscopy is observed. The microstructure influence on dielectric function and plasmonic 

properties of silver nanoparticles (Ag NPs) is studied using spectroscopic ellipsometry (SE). 

Dielectric function and plasmonic properties of Ag NPs are investigated from spectroscopic 

ellipsometry (SE) data using a quite unique model in terms of the combination of different 

oscillators: Drude-Lorentz model along with two Gauss oscillators to account for intraband, 

interband transitions and different modes of localized surface plasmon resonance (LSPR) of 

Ag NPs. The influence of the substrate temperature on the growth of Ag NPs and their several 

properties like localized surface Plasmon resonance (LSPR), photoluminescence, and Raman 

spectroscopy is studied. Enhancement in PL peak intensity and Raman peak intensity is found 

to be in accordance with the LSPR of Ag NPs. Both simulation and experimental studies on 

single junction hydrogenated amorphous silicon (a-Si:H) thin film solar cells is done prior to 

the implementation of Ag NPs as a plasmonic back reflector in (a-Si:H) thin film solar cells. 

The effect of emitter layer (a-Si:H (p)) doping and absorber (a-Si:H (i)) layer thickness is 

studied. Further, simulation results are compared with the experimental results. A good match 

between simulation and experiment results is obtained. As an application part of this thesis, the 

role of silver nanoparticles as plasmonic back reflector for light trapping application in 

hydrogenated amorphous silicon (a-Si:H) thin film solar cells is explored. Excellent light 

trapping by plasmonic back reflector in solar cells is observed. A broadband enhancement in 

quantum efficiency is shown by a-Si:H thin film solar cells fabricated on the plasmonic back 

reflector with a gain of 47%  in short circuit current density (𝐽𝑠𝑐) as compared to the flat back 

reflector. As a result, the improvement in the performance of the a-Si:H thin film solar with 

plasmonic back reflector is observed corresponding to an efficiency (η) of 8.4% against 5.6% 

efficiency of the a-Si:H thin-film solar cell with flat back reflector respectively. 

TH-3403_166121104



vii 

 

       LIST OF ABBREVIATIONS AND SYMBOLS 
               

 

MNPs Metal nanoparticles 

Ag Silver 

Cu Copper 

Au Gold 

NPs Nanoparticles 

Ag NPs Silver nanoparticles 

SSD Solid state dewetting 

SPR Surface plasmon resonance 

LSPR Localized surface plasmon 

resonance 

PL Photoluminescence 

SERS Surface enhanced Raman 

spectroscopy 

SE Spectroscopic ellipsometry 

SEA Spectroscopy ellipsometry 

analyzer 

RMSE Root mean square error 

FCA Free carrier absorption 

CCD Charge coupled device 

BEMA Bruggeman effective 

medium approximation 

FESEM Field emission scanning 

electron microscopy 

AFM Atomic force microscopy 

HHCF Height-height correlation 

function 

PSDF Power spectral density 

function 

RMS Root mean square 

FFT Fast Fourier transform 

TEM Transmission electron 

microscopy 

HRTEM High resolution 

transmission electron 

microscopy 

SAED Selective area electron 

diffraction 

XRD X-Ray diffraction 

FWHM Full width at half maxima 

UV Ultraviolet 

UV-Vis-

NIR 

Ultraviolet visible near 

infrared 

NIR Near infrared 

URA Universal reflectance 

accessory 

DRS Diffuse reflectance 

spectroscopy 

Si Silicon 

a-Si Amorphous silicon 

a-Si:H Hydrogenated amorphous 

silicon 

nc-Si:H Hydrogenated nano 

crystalline silicon 

CIGS Copper Indium Gallium 

Selenide 

CdTe Cadmium Telluride 

TF Thin film 

PV Photovoltaic 

RF Radio frequency 

PVD Physical vapor deposition 

TH-3403_166121104



viii 

 

CVD Chemical vapor deposition 

RFPECVD Radio frequency plasma 

enhanced chemical vapor 

deposition 

RP Rotary pump 

TMP Turbo molecular pump 

AFORS-

HET 

Automated For simulation 

of hetrostructure 

TCO Transparent conducting 

oxide 

ITO Indium tin oxide 

AZO Aluminum doped zinc 

oxide 

BR Back reflector 

PBR Plasmonic back reflector 

EQE External quantum efficiency 

SR Spectral response 

DI Deionized water 

Fig. Figure 

SCCM Standard cubic centimeter 

per minute 

RT Room temperature 

℃ Degree celcius 

𝑻𝑺 Substrate temperature 

mbar Milibar 

nm Nanometer 

cm Centimeter 

Å Angstrom 

𝜶 Global roughness exponent 

𝜶𝒍𝒐𝒄𝒂𝒍 Local roughness exponent 

𝜷 Growth exponent 

𝟏/𝒛 Dynamic exponent 

𝝃 Lateral correlation length 

𝒘 Interface width 

𝒎 Local slop 

𝜷∗ Anomalous exponent 

k Spatial frequency 

𝒌𝒎 Characteristic peak 

𝝀𝒎 Characteristic wavelength 

𝑹𝒅𝒊𝒇𝒇𝒖𝒔𝒆 Diffuse reflectance 

𝑹𝒔𝒑𝒆𝒄𝒖𝒍𝒂𝒓 Specular reflectance 

𝑹𝑻 Total reflectance 

𝑫 Average crystallite size 

𝜷𝒉𝒌𝒍  Full width at half maxima 

(FWHM) (in radian) 

< 𝜺(𝑬) > Pseudo dielectric function 

< 𝜺𝟏(𝑬) > Real part of pseudo 

dielectric function 

< 𝜺𝟐(𝑬) > Imaginary part of pseudo 

dielectric function 

𝜺𝒆𝒇𝒇(𝑬) Effective dielectric function  

𝜺𝒊(𝑬) Dielectric function of ith 

phase 

𝜺∞ Residual polarization 

𝒇𝒊 Volume fraction of ith phase 

𝝍 Amplitude ratio 

𝜟 Phase difference 

𝒏 Refractive index  

𝒌 Extinction coefficient 

𝝆 Polarization ratio 

𝒓𝒑 and 𝒓𝒔 Complex Fresnel reflection 

coefficients of p- and s- 

polarized light 

𝜽𝟎 Angle of incidence. 

𝑬 Photon energy 

𝑬𝟎 Oscillator position 

TH-3403_166121104



ix 

 

f Strength of oscillator 

𝑨 Amplitude of oscillator 

𝝈 FWHM of the oscillator 

𝝎𝒑 Plasma frequency 

𝑬𝒑 Plasma energy 

𝑱 Current density 

𝑽 Voltage 

𝑱𝒔𝒄 Short circuit current density 

𝑽𝒐𝒄 Open circuit voltage 

𝑭𝑭 Fill factor 

𝜼 Efficiency 

𝑷𝒊𝒏 Input power density 

𝒃𝒔 Incident spectral photon 

flux density 

𝒒 Electron charge 

𝝀 Wavelength 

𝒉 Planks constant 

c Speed of light 

 
 

TH-3403_166121104



x 

 

       TABLE OF CONTENTS 
               

 

 Page 

Declaration i 

Certificate ii 

Dedication iii 

Acknowledgements iv 

Abstract vi 

List of abbreviations and symbols vii 

Table of content x 

List of figures xiv 

List of tables xix 

Chapter 1: Introduction ........................................................................ 1-26 

 1.1 Introduction………………...…………………………………………………. 1 

 1.2 Optical properties of metal nanoparticles……………………………………... 2 

 1.3 Dielectric properties of metal nanoparticles…………………………………... 4 

 1.4 Photoluminescence properties of metal nanoparticles………………………... 5 

 1.5 SERS properties of metal nanoparticles………………………………………. 6 

 1.6 Light trapping properties of metal nanoparticles……………………………… 7 

  1.6.1 a-Si:H thin film solar cells……………………………………………. 7 

  1.6.2 Light trapping in a-Si:H thin film solar cells…………………………. 9 

 1.7 Synthesis methods of silver nanoparticles…………………………………….. 11 

 1.8 Motivation, objective and content of thesis…………………………………… 12 

 1.9 References…………………………………………………………………….. 16 

Chapter 2: Experimental details ……………………………………... 27-49 

 2.1 Introduction………………………………………………………………….... 27 

 2.2 Synthesis of silver nanoparticles by solid state dewetting……………………. 27 

  2.1.1 Substrate cleaning……………………………………………………. 29 

  2.1.2 RF sputtering…………………………………………………………. 30 

 2.3 Fabrication of solar cells……………………………………………………… 31 

  2.3.1 Radio frequency plasma enhanced chemical vapour deposition 

technique……………………………………………………………… 

 

31 

TH-3403_166121104



xi 

 

 2.4 Characterization techniques…………………………………………………… 34 

  2.4.1 Silver nanoparticle characterization………………………………….. 34 

   2.4.1.1 Surface profilometer …………………………..................... 34 

   2.4.1.2 Field emission scanning electron microscopy (FESEM)…... 34 

   2.4.1.3 Atomic force microscopy (AFM)………………………….. 34 

   2.4.1.4 Transmission electron microscopy (TEM)………………… 35 

   2.4.1.5 X-Ray Diffraction (XRD)………………………………….. 35 

   2.4.1.6 UV-Vis-NIR spectroscopy…………………………………. 35 

   2.4.1.7 Raman Scattering spectroscopy…………………………..... 36 

   2.4.1.8 Photoluminescence (PL) spectroscopy…………………….. 36 

   2.4.1.9 Spectroscopic Ellipsometry (SE)…………………………... 36 

  2.4.2 Solar cell characterization……………………………………………. 39 

   2.4.2.1 Current density – Voltage (J-V) measurement…………….. 39 

   2.4.2.2 External quantum efficiency (EQE) measurement………… 40 

 2.5 Simulation details of hydrogenated amorphous silicon (a-Si:H) thin film solar 

cells using AFORS-HET software…………………………………………….. 

 

42 

 2.6 References……………………………………………………………………. 43 

Chapter 3: Growth of silver thin films and nanoparticles and its 

correlation with the plasmonic properties……………… 

 

50-75 

 3.1 Introduction ……………………………........................................................... 50 

 3.2 Theoretical details for AFM analysis ………………………………………… 52 

 3.3 Experimental details………………………………………………………....... 53 

 3.4 Results and discussion………………………………………………………… 54 

  3.4.1 Field emission scanning electron microscopy (FESEM) analysis…… 54 

  3.4.2 X-ray diffraction (XRD) analysis…………………………………….. 56 

  3.4.3 Atomic force microscopy (AFM) analysis…………………………… 57 

  3.4.4 UV-Vis-NIR analysis………………………………………………… 66 

 3.5 Conclusions…………………………………………………………………… 68 

 3.6 References…………………………………………………………………….. 69 

Chapter 4:  Influence of the microstructure on the dielectric and 

plasmonic properties of silver nanoparticles  ………….. 

 

76-95 

 4.1 Introduction ………………………………………………………………....... 76 

 4.2 Experimental details ………………………………………………………….. 78 

TH-3403_166121104



xii 

 

 4.3 Ellipsometry modeling………………………………………………………... 78 

  4.3.1 Choice of suitable model for SE data fitting…………………………. 78 

  4.3.2 Formation of layer structure for SE data fitting…………………........ 80 

 4.4 Results and discussion………………………………………………………… 81 

  4.4.1 Field emission scanning electron microscopy (FESEM) analysis…… 81 

  4.4.2 X-ray diffraction (XRD) analysis……………………………………. 83 

  4.4.3 Atomic force microscopy (AFM) analysis.………………………….. 83 

  4.4.4 Spectroscopic ellipsometry (SE) analysis …………………………… 85 

  4.4.5 UV-Vis-NIR analysis.………………………………………………... 89 

 4.5 Conclusions…………………………………………………………………… 90 

 4.6  References…………………………………………………………………...... 90 

Chapter 5: Plasmon enhanced photoluminescence and Raman 

spectroscopy of silver nanoparticles…………………….. 

 

96-114 

 5.1 Introduction …………………………………………………………………... 96 

 5.2 Experimental details…………………………………………………………... 97 

 5.3 Results and discussion…………………………………………..…………….. 98 

  5.3.1 Field emission scanning electron microscopy (FESEM) analysis…… 98 

  5.3.2 Transmission electron microscopy (TEM) analysis…………………. 100 

  5.3.3 X-ray diffraction analysis……………………………………………. 102 

  5.3.4 UV-Vis-NIR analysis………………………………………………… 103 

  5.3.5 Photoluminescence (PL) spectroscopy analysis...…………………… 104 

  5.3.6 Raman spectroscopy analysis……………………………………....... 106 

 5.4 Conclusions…………………………………………………………………… 108 

 5.5  References…………………………………………………………………….. 108 

Chapter 6: Simulation and fabrication of a-Si:H thin film solar 

cells........................................................................................ 

 

115-130 

 6.1 Introduction………………………………………………………………........ 115 

 6.2 Simulation details………………………………..………………...………….. 116 

 6.3 Experimental details…………………………………………………………... 118 

 6.4 Results and discussion………………………………………………………… 119 

  6.4.1 Influence of emitter layer doping…………………………………...... 119 

  6.4.2 Influence of i- layer thickness………………………………………... 123 

 6.5 Conclusions…………………………………………………………………… 125 

TH-3403_166121104



xiii 

 

 6.6 References……………………………………………………………………... 126 

Chapter 7: Implementaion of silver nanoparticle as plasmonic back 

reflector to improve the performance of a-Si:H thin 

film solar cells....................................................................... 

 

 

131-147 

 7.1 Introduction………………………………………….………………………... 131 

 7.2 Experimental details…………………………………………………………... 132 

 7.3 Results and discussion………………………………………………………… 135 

  7.3.1 Field emission scanning electron microscopy (FESEM) analysis…… 135 

  7.3.2 Atomic force microscopy (AFM) analysis………………………........ 136 

  7.3.3 UV-Vis-NIR analysis………………………………………………… 137 

  7.3.4 Current density – Voltage (J-V) and External quantum efficiency 

(EQE) measurement on a-Si:H thin film solar cells………………….. 

 

140 

 7.4 Conclusions…………………………………………………………………… 141 

 7.5  References…………………………………………………………………….. 142 

Chapter 8: Summary, conclusion and future scope……………......... 148-151 

 8.1 Thesis summary…………………………………………….............................. 148 

 8.2 Thesis conclusion……………………………………………………………... 151 

 8.3 Scope of future works……………………………………………………........ 151 

Appendix …………………………………………………....................... 152-155 

List of publications …………………………………………………....... 156 

 

 

TH-3403_166121104



xiv 

 

       LIST OF FIGURES 
 

 

Figure 

No. 

Description 

 

Page 

No. 

1.1 Schematic of the applications of metal nanoparticles………………………... 2 

1.2 Schematic of localized surface plasmon resonance of metal nanoparticles….. 3 

1.3 Schematic diagram of superstrate-type (p-i-n ) and substrate-type (n-i-p) 

hydrogenated amorphous silicon thin film solar cells.………………………. 

 

8 

1.4 Schematic diagram of thin-film silicon solar cells with and without light 

trapping…………………………………………………………………........ 

 

9 

1.5 Schematic of different plasmonic light-trapping geometries for thin-film 

solar cells……………………………………………………………………. 

 

10 

1.6 Schematic of different synthesis methods of silver nanoparticles…………… 12 

2.1 Schematic of solid-state dewetting, thin films dewet to form isolated islands.. 28 

2.2 Schematic of island shape on the rigid substrate……………………………. 28 

2.3 Schematic and photograph of RF sputtering system………………………… 31 

2.4 Photograph of multi-chamber PECVD system……………………………… 33 

2.5 Schematic of the ellipsometry spectroscopy measurement technique………. 37 

2.6 Photograph of spectroscopic ellipsometry system…………………………... 37 

2.7 Current density- Voltage (J-V) curve of a-Si:H thin film solar cell…………. 39 

2.8 Schematic of external quantum efficiency setup……………………………. 41 

2.9 Screenshot of AFORS-HET input window to define the structure and 

perform the measurement……………………………………………………. 

42 

3.1 SEM images of Ag NPs on corning glass formed by annealing at 400 ℃ for 

1 h of Ag precursor films of different thickness on 200 nm scale. (a) 12 nm, 

(b) 21 nm, (c) 34 nm and (d) 50 nm………………………………………….. 

 

 

55 

3.2 The histogram of NPs’ size on corning glass substrate formed by annealing 

at 400 ℃ for 1 h of Ag precursor films having different thickness………….. 

 

55 

3.3 XRD spectra of Ag NPs formed by post annealing of precursor film of 

different thickness; 12-50 nm………………………………………………... 

 

56 

3.4 AFM images with 5 𝜇𝑚 × 5 𝜇𝑚  area of as deposited films having different 

thickness, (a) for 12 nm, (b) for 21 nm, (c) for 34 nm and (d) for 50 nm……. 

 

57 

TH-3403_166121104



xv 

 

3.5 AFM images with 5 𝜇𝑚 × 5 𝜇𝑚  area of annealed films (Ag NPs) (a)-(d) 

and their particle size distribution (a1)-(d1) having different thickness, 

(a)&(a1) for 12 nm, (b)&(b1) for 21 nm, (c)&(c1) for 34 nm and (d)&(d1) for 

50 nm………………………………………………………………………... 

 

 

 

58 

3.6 Log-log plot of Height-Height correlation function (HHCF) as function of 

distance (𝑟) of as-deposited and annealed films of different thickness: 12-50 

nm…………………………………………………………………………… 

 

 

59 

3.7 (a)Variation in local roughness exponent 𝛼𝑙𝑜𝑐𝑎𝑙 (b) interface width 𝑤, and 

(c) correlation length 𝜉 with the precursor Ag film thickness, (d) interface 

width 𝑤 vs correlation length 𝜉……………………………………………… 

 

 

60 

3.8 Variation of local slope 𝑚 with the thickness (growth time) for as-deposited 

and annealed films, fitting of this curve give the anomalous exponent 𝛽∗…… 

 

62 

3.9 (a) Log-log plot of power spectrum density function 𝑃(𝑘) as function of 𝑘 

(reciprocal space) of as-deposited and annealed films of different thickness: 

12-50 nm, (b) variation in cutoff frequency 𝑘𝑐𝑢𝑡𝑜𝑓𝑓  and correlation length 𝜉 

of as deposited and annealed films with the precursor Ag precursor film 

thickness…………………………………………………………………...... 

 

 

 

 

63 

3.10 Power spectrum density function 𝑃(𝑘) as function of 𝑘 (reciprocal space) 

and corresponding 2D FFT images (inset) of as deposited and annealed films 

of different thickness (a) 12 nm, (b) 21 nm, (c) 34 nm and (d) 50 nm………..  

 

 

64 

3.11 (a) Log-log plot of characteristic wavelength as a function of thickness 

(growth time), (b) variation in peak position (𝑘𝑚) and FWHM of the 

corresponding peak of the mound surface (Ag NPs)………………………… 

 

 

65 

3.12 (a) Absorption spectra of Ag NPs and as deposited films (inset), (b) variation 

in LSPR peak position with thickness, (c), (d) variation in LSPR peak and 

bandwidth with correlation length and interface width……………………… 

 

 

67 

4.1 Optical model for the spectroscopic ellipsometry data fitting………………. 80 

4.2 SEM images of Ag NPs on corning glass at different RF power on 200 nm 

scale. (a) for 40 Watt, (b) for 50 Watt, (c) for 60 Watt (d) for 70 Watt, and 

(e) for 80 Watt………………………………………………………………..  

 

 

82 

4.3 Histogram images of Ag NPs at different RF power. (a) for 40 Watt, (b) for 

50 Watt, (c) for 60 Watt (d) average particle size, surface coverage by the 

particles and RMS roughness (from AFM) for 40, 50 and 60 Watt…………... 

 

 

82 

TH-3403_166121104



xvi 

 

4.4 XRD spectra of Ag NPs on corning glass at different RF power: 40-80 Watt... 83 

4.5 AFM images of Ag NPs on 5µ𝑚 × 5µ𝑚 square region for different RF 

power. (a) For 40 Watt, (b) for 50 Watt, (c) for 60 Watt, (d) for 70 Watt, (e) 

for 80 Watt, (f) RMS roughness, surface roughness and void fraction plot for 

RF power variation…………………………………………………………... 

 

 

 

84 

4.6 tan 𝜓  (a), and cos ∆ (b) spectra of Ag NPs at different RF power: 40-80 

Watt…………………………………………………………………………. 

 

85 

4.7 The measured and fitted real (< 𝜀1 >) (a), and the imaginary (< 𝜀2 >) part 

(b) of the pseudo dielectric function spectra of Ag NPs on corning glass 

deposited at different RF power: 40-80 Watt……………………………….. 

 

 

86 

4.8 Refractive index (a), and extinction coefficient spectra (b) of Ag NPs for 

different RF power: 40-80 Watt……………………………………………... 

 

88 

4.9 Absorbance spectra of Ag NPs at different RF power: 40-80 Watt (a), and 

LSPR peak position and peak width from UV and SE (b)……………………. 

 

89 

5.1 FESEM images of Ag NPs on corning glass substrate at different substrate 

temperatures on 200 nm scale. (a) for RT, (b) for 100, (c) for 200, (d) 300, 

and (e) for 400 ℃…………………………………………………………….. 

 

 

99 

5.2 (a-e) Histogram images of Ag NPs on corning glass substrate at different 

substrate temperatures, (f) variation in particle size and surface coverage 

(from FESEM images) with substrate temperature………………………….  

 

 

99 

5.3 TEM images of Ag NPs on carbon-coated copper TEM grid deposited at 

different substrate temperatures on a 200 nm scale. (a) for RT, (b) for 100, 

(c) for 200, (d) 300, and (e) for 400 ℃, (f) particle size from TEM v/s 

substrate temperature………………………………………………………... 

 

 

 

100 

5.4 HRTEM images of Ag NPs on carbon-coated copper TEM grid at different 

substrate temperatures on a 5 nm scale. (a) for RT, (b) for 100, (c) for 200, 

(d) 300, and (e) for 400 ℃, (f) SAED pattern of Ag NPs for 200 ℃ substrate 

temperature………………………………………………………………….. 

 

 

 

101 

5.5 XRD spectra of Ag NPs with substrate temperature variation……………….. 102 

5.6 (a) Absorbance spectra of Ag NPs at different substrate temperatures, (b) 

Variation in LSPR peak and particle size from FESEM with substrate 

temperature………………………………………………………………….. 

 

 

103 

TH-3403_166121104



xvii 

 

5.7 (a) PL spectra of Ag NPs with substrate temperature variation, (b) variation 

in peak intensity and particle size from FESEM with substrate temperature… 

 

104 

5.8 (a-e) De-convoluted PL spectra of Ag NPs with substrate temperature 

variation, (f) variation in peaks intensity ratio with substrate temperature…... 

 

105 

5.9 Raman spectra of Ag NPs with substrate temperature variation……………... 106 

5.10 (a) De-convoluted Raman spectra of Ag NPs, (b) variation in peak 1 height 

and particles size from FESEM with the substrate temperature…………….. 

 

107 

6.1 Solar cell structure to be simulated…………………………………………... 117 

6.2 Density of the states of a-Si:H n-i-p layers (a) n-layer (b) i-layer (c) p-layer 117 

6.3 Solar cell structure to be experimentally fabricated…………………………. 118 

6.4 The simulated J-V characteristic and spectral response of solar cell with 

variation in emitter layer doping and 200 nm absorber layer thickness (a) J-

V curve and (b) External quantum efficiency.……………………………….. 

 

 

119 

6.5 The measured J-V characteristic and spectral response of fabricated solar cell 

with variation in B2H6 flow rate in emitter layer and 200 nm absorber layer 

thickness (a) J-V curve and (b) External quantum efficiency…….…………. 

 

 

120 

6.6 The variation of short circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), 

fill factor (FF), and power conversion efficiency (PCE) as a function of 

emitter layer doping (a) simulated results (b) experimental 

results………………………………………………………………………... 

 

 

 

120 

6.7 Measured and simulated J-V characteristic and spectral response of single-

junction n-i-p solar cell with 10 sccm B2H6 flow rate and 7.6×1019 cm-3 

doping concentration in emitter layer (a) J-V curve and (b) External quantum 

efficiency curve……………………………………………………………... 

 

 

 

122 

6.8 The simulated J-V characteristic and spectral response of simulated solar cell 

with variation in absorber layer thickness and 7.6×1019 cm-3 p layer doping 

concentration (a) J-V curve and (b) External quantum 

efficiency……………………………………………………………………. 

 

 

 

123 

6.9 The measured J-V characteristic and spectral response of fabricated solar cell 

with variation in absorber layer thickness and 10 sccm B2H6 flow rate in p 

layer (a) J-V curve and (b) External quantum 

efficiency……………………………………………………………………. 

 

 

 

123 

TH-3403_166121104



xviii 

 

              

6.10 The variation of short circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), 

fill factor (FF), and power conversion efficiency (PCE) as a function of 

absorber layer thickness (a) simulated results (b) experimental 

results………………………………………………………………………... 

 

 

 

124 

7.1 (a) Ag NPs on corning glass substrate, (b) Ag NPs on corning glass/AZO 

substrate, (c) plasmonic back reflector, and (d) flat back reflector…………... 

 

133 

7.2 Solar cell structure with (a) flat BR and (b) plasmonic BR…………………. 134 

7.3 (a) Photograph and (b) cross section SEM image of the fabricated solar cell 

with plasmonic BR…………………………………………………………... 

 

134 

7.4 FESEM images of Ag NPs on corning glass (a) and corning glass /AZO (b)  

formed by annealing at 400 ℃ for 1 h of Ag precursor films of thickness 21 

nm on 200 nm scale………………………………………………………….. 

 

 

136 

7.5 Histogram images of Ag NPs on corning glass (a) and corning glass/AZO 

(b)  formed by annealing at 400 ℃ for 1 h of Ag precursor films of thickness 

21 nm………………………………………………………………………... 

 

 

136 

7.6 3D AFM images of Ag NPs on corning glass (a) and corning glass/AZO (b) 

substrate with 5 𝜇𝑚 × 5 𝜇𝑚  area formed by annealing at 400 ℃ for 1 h of 

Ag precursor films of thickness 21 nm………………………………………. 

 

 

137 

7.7 Absorbance spectra of Ag NPs on corning glass substrate and corning 

glass/AZO…………………………………………………………………… 

 

138 

7.8 (a) Specular reflectance, (b) diffuse reflectance spectra, (c) total reflectance, 

and (d) haze in reflection of flat plasmonic BRs and Ag NPs on corning glass 

substrate……………………………………………………………………... 

 

 

139 

7.9 (a) J-V curve and (b) External quantum efficiency curve of a-Si:H solar cells 

with flat BR and plasmonic BR……………………………………………... 

 

140 

TH-3403_166121104



xix 

 

       LIST OF TABLES 
 

 

Table 

No. 

Description 

 

Page 

No. 

              

3.1 Experimental parameters and thickness of silver precursor films measured 

by stylus profilometer………………………………………………………. 

 

54 

3.2 Roughness exponent (𝛼𝑙𝑜𝑐𝑎𝑙), interface width (𝑤), lateral correlation length 

(𝜉) calculated using the HHCF from AFM images of as deposited films (Ag 

precursor films) and annealed films (Ag NPs)………………………………. 

 

 

61 

4.1 The thickness of Ag precursor films (as deposited films) measured by stylus 

profilometer, average particle size, and surface coverage (post annealing) 

from FESEM images calculated by ImageJ software………………………. 

 

 

81 

4.2 The values of crystallite size calculated from XRD, roughness calculated 

from AFM and SE measurement, void fraction from SE measurement…….. 

 

84 

4.3 The values of plasma energy, and central energy of Lorentz and Gauss 

oscillator, obtained from SE fitting………………………………………….. 

 

87 

4.4 The average particle size from FESEM, LSPR peak position and peak width 

calculated from UV-Vis-NIR and SE measurement…………………………. 

 

89 

6.1 Input parameters used for simulation………………………………………... 117 

6.2 Deposition parameters for each layer of a-Si:H thin film solar cells…………. 119 

6.3 Calculated values of 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF, and power conversion efficiency of 

fabricated and simulated single junction n-i-p solar cells with 10 sccm B2H6 

flow rate and 7.6×1019 cm-3 doping concentration in emitter layer………..... 

 

 

122 

7.1 Deposition parameters for each layer of a-Si:H thin film solar cells………… 134 

7.2 Calculated values of 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF, and power conversion efficiency with flat 

BR and plasmonic BR……………………………………………………….. 

 

141 

TH-3403_166121104



Chapter 1  

                                                          

Introduction 

1.1. Introduction 

Metal nanoparticles (MNPs) are extensively used nanomaterials due to their broad range of 

applications in plasmonics, photonics, electronics, energy, biomedical fields and information 

technologies [1–5]. When these metal NPs interact with incoming light, they initiate a 

collective movement of free electrons, termed plasmons, which lead to the rise of surface 

plasmon resonance. The surface plasmon resonance from these free electrons of metal NPs 

results in strong absorption, scattering, and near-field enhancement at the resonance frequency 

of metal NPs [6]. The noble metal NPs have been extensively studied due to their localized 

surface plasmon resonance (LSPR) in the both visible and near-infrared (NIR) regions, which 

find the applications in the advance fields such as biomedicine, energy applications, and 

information technologies, photovoltaics, photo catalysis, and data storage [3,7–11]. To tune the 

LSPR properties for specific applications, the physical characteristics of noble metal NPs such 

as size, morphology, and composition must be precisely designed while considering the 

surrounding medium's permittivity [12–14]. A comprehensive knowledge of the underlying 

physics dictating LSPR effects holds a pivotal role in fabricating and employing plasmonic 

NPs for a range of applications, including biological sensors, solar cells, and surface-enhanced 

Raman spectroscopy (SERS) [8,9,15–18]. 

Noble metal nanoparticles (NPs), such as gold (Au), copper (Cu), and silver (Ag), stand out 

from other nanomaterials due to their tunable localized surface plasmon resonance (LSPR) 

properties [4]. Their optical characteristics, characterized by notable absorption, scattering, and 

field enhancement capacities, bring up a wide range of applications focused on improved 

optical and chemical signal responses for imaging and sensing [6]. Furthermore, because of the 

good correlation between plasmonic structures and optical characteristics of noble metal NPs, 

their consistently repeatable production processes and modifiable optical features are unique 

[18]. Noble metals' unique and important optical characteristics can be examined using exact 

plasmonic theories, which aid in the synthesis of application-oriented plasmonic nanomaterials. 

Fig. 1.1 illustrates the different optical properties and applications of metal NPs which are 
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related with factors like, shape, size, composition, permittivity of nanoparticles, and the 

surrounding medium as well  [12–14]. These applications are based on their capacity for light 

absorption, scattering, and field enhancement [4]. The utilization of plasmonic properties to 

advance energy technologies (e.g., photovoltaics) by capitalizing on their substantial scattering 

cross section and surface field enhancement represents a notable potential of plasmonic NPs 

[15,17,19,20]. 

Fig.1.1. Schematic of the applications of metal nanoparticles, adapted from [4]. 

The noble metal NPs, Au, Cu, and Ag are mostly used in the plasmonic applications. Au due 

to its chemical inertness and biocompatibility has been in high demand in many applications 

[2]. Application of Cu NPs in plasmonics is comparatively limited due to its reactive nature. 

But the low cost of copper has been motivating factor for researcher to explore its potential in 

plasmonic applications. Ag is the another very important noble metal, and due to the strongest 

LSPR compared to other noble metal (Au and Cu) nanoparticles, Ag NPs have generated more 

interest in silicon-based thin film solar cells, glucose biosensors, and photodetectors 

[6,8,15,21]. 

1.2. Optical absorption properties of metal nanoparticles: Localised surface 

plasmon resonance (LSPR) 

Nanoparticles (NPs) differ greatly from bulk materials in terms of their optical properties. 

Continuous electron bands become discrete as the size of the bulk material decreases to the 

TH-3403_166121104



Introduction        

 

3 | P a g e  
 

nanoscale. As a result, the optical properties of metal nanoparticles (MNPs) such as localized 

surface plasmon resonance (LSPR) is greatly influenced by the size, shape, and aggregation 

level of the nanoparticles. An optical phenomenon known as localized surface plasmon 

resonance (LSPR) occurs when light waves are contained within conductive nanoparticles 

(NPs) that have the smaller size than the wavelengths of incident light. Surface electrons inside 

the conduction band of nanoparticles interact with incoming light to produce this phenomenon 

[4,6]. This interaction causes localized plasmons to oscillate coherently at a predetermined 

resonance frequency. 

Fig. 1.2 illustrates the formation of localized surface plasmon oscillations in a straightforward 

manner. The oscillating electric field causes conduction electrons to flow in a coherent manner 

when a small NP is activated by a plane wave. Therefore, this process causes polarisation 

charges to build up on the NP's surface [4,6]. 

Fig.1.2. Schematic of localized surface plasmon resonance of metal nanoparticles. 

The spectrum for well-separated NPs can be calculated using Mie's solution of Maxwell's 

equation when only dipole oscillations contribute to the extinction cross-section (𝜎𝑒𝑥𝑡) [22,23].  

𝜎𝑒𝑥𝑡(𝜔) =
9𝑉𝜔𝜀𝑚

3
2⁄

𝑐

𝜀2(𝜔)

[𝜀1(𝜔) + 2𝜀𝑚]2 + (𝜀2)2
 

Where V is the particle volume, 𝜔 is the angular frequency of the exciting light, c is the speed 

of light, and 𝜀𝑚 and 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) are the dielectric functions of the surrounding 

medium and the material itself respectively. The resonance condition is met when 𝜀1(𝜔) =

−2𝜀𝑚, assuming that 𝜀2 is either small or exhibits only weak dependence on 𝜔 [22,23]. 

(1.1) 
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The characteristics of the localized surface plasmon resonance (LSPR) spectra, including peak 

position, bandwidth, and intensity, are influenced by various factors such as the size, shape, 

composition, surrounding medium, and inter-particle distance of nanoparticles (NPs) [15,24]. 

According to the Mie theory, the LSPR peak's position shifts towards the red end of the 

spectrum as the size of spherical nanoparticles increases, and towards the blue end as it 

decreases [25]. The aggregation and wide distribution of NPs sizes also contribute to a red shift 

in the LSPR peak. Simultaneously, the LSPR bandwidth broadens with larger particle sizes. 

This bandwidth holds significance in determining the specific applications of nanostructured 

metallic thin films [22]. For instance, a broader bandwidth is advantageous for plasmonic solar 

cells, enhancing absorption efficiency, while a narrower bandwidth is more suitable for 

plasmonic sensing applications. While size and environmental effects are pivotal, the impact 

of shape appears to be even more pronounced in the optical absorption spectrum of 

nanoparticles [26]. In the case of nanorods, the plasmon resonance absorption band splits into 

two bands [22]. The high-energy band corresponds to electron oscillation perpendicular to the 

major rod axis, termed transverse plasmon absorption. This absorption is relatively unaffected 

by the nanorod's aspect ratio [26]. The second absorption band at lower energies results from 

electron oscillation along the major rod axis, known as longitudinal surface plasmon absorption 

[6]. The maximum of the longitudinal plasmon band shifts towards the red end of the spectrum 

with increasing aspect ratio, while the maximum of the transverse absorption band remains 

relatively stable [23,27]. As the aspect ratio grows, the energy difference between the 

resonance frequencies of the two plasmon bands widens. The surface indeed plays a pivotal 

role in observing the surface plasmon resonance. 

1.3. Permitivity of metals: Dielectric properties of the metal nanoparticles  

As discussed above the permittivity/dielectric function, 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔), which is 

composed of both real 𝜀1(𝜔) and imaginary parts 𝜀2(𝜔) play a crucial role in the optical 

properties of metal NPs. The variation in size-dependent surface plasmon absorption can be 

explained by the dielectric function, which combines the effects of free conduction electrons 

and interband transitions. The Drude model serves as the basic approach to describe the 

permittivity of metals, wherein conduction electrons are treated as free electrons [28,29]. 

Therefore, it can be expressed as 

𝜀𝐷(𝜔) = 1 −
𝜔𝑝
2

𝜔2 + 𝑖𝛾𝜔
 

(1.2) 
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In this context, 𝜔𝑝
2 = 𝑛𝑒2

𝜀0𝑚𝑒𝑓𝑓
⁄  represents the bulk plasmon frequency, which is formulated 

in relation to the free electron density n and the charge of an electron e. Here, 𝜀0 signifies the 

vacuum permittivity, and 𝑚𝑒𝑓𝑓 stands for the effective mass of an electron. The parameter 𝛾 is 

introduced as a damping constant, and in the scenario of free electrons, it is equal to the 

bandwidth of the localized surface plasmon resonance (LSPR), denoted as (𝛤). This bandwidth 

(𝛤) is interconnected with the lifetime of various electron scattering processes in bulk 

materials, including electron-electron, electron-phonon, and electron-defect scattering. For 

nanoparticles that are smaller than the average free path of conduction electrons, electron-

surface scattering assumes significance due to the dominant collisional interaction between 

conduction band electrons and the particle surface. This interaction diminishes the effective 

mean free path. The mean free path is influenced by multiple factors, including phonons and 

impurities. The mean free path of electrons in silver and gold, for instance, is around 40-50 nm 

[30]. The bandwidth shows a linear increase with electron density and is inversely proportional 

to particle size. The relation between bandwidth of LSPR and the particle size is given by 

following equation [30] 

𝛤(𝑑) = 𝛤0 +
𝐴𝑣𝑓

𝑑
 

Here, 𝛤0 represents the damping constant at the bulk level, while A is a parameter that relies on 

the specifics of the scattering process, considering factors such as whether the scattering is 

isotropic or diffuse [29,31]. Additionally, 𝑣𝑓 stands for the velocity of electrons at the Fermi 

energy. This theory offers a robust explanation for the relationship between the particle's 

dielectric constant and its size. Subsequently, the absorption spectrum of metal nanoparticles 

within a transparent non-interacting host medium can be readily computed. This is achievable 

because the dielectric constant is linked to the optical refractive index (n) and the absorption 

coefficient (k) in the subsequent manner [27]  

𝜀 = 𝑛2 = 𝜀1 + 𝑖𝜀2 

𝜀1 = 𝑛2 − 𝑘2 

𝜀2 = 2𝑛𝑘 

1.4. Photoluminescence properties of the metal nanoparticles 

Photolumniscense (PL) of metal nanostructure has gained more interest due to its promising 

(1.3) 

(1.4) 

(1.5) 

(1.6) 
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application in bioimaging and optical recording. The noble metal nanoparticles emit light at 

their LSPR band [32–34]. The LSPR strongly depends upon the size, morphology, and spatial 

orientation of the nanoparticles, the resonant wavelength and width of the LSPR can be tuned 

through the size, shape, and environmental control of the nanoparticles.  However unlike 

semiconductor materials, the probability of radiative transitions for the luminescence from the 

metal nanoparticles is very low as metals do not have a forbidden energy gap between the 

occupied and unoccupied states in the conduction band [35,36]. Due to this, the luminescence 

from noble metal nanoparticles has been studied very sparsely [36,37]. In metals, 

photoluminescence is originated from the radiative recombination of hot excited core holes and 

conduction band electrons [35], but in the metal nanoparticles, PL is enhanced due to the 

surface plasmon effect [38]. During the last decades, PL from various plasmonic structures, 

including spherical nanoparticles [39–41], and nanorods [42,43], has been studied. The PL 

from the noble metal nanoparticles has been reported for gold, silver, and copper [32,36,44]. 

Due to the strongest LSPR compared to other noble metal (Au and Cu) nanoparticles, and 

luminescence enhancement property of Ag NPs is used to enhance the sensitivity of radiation 

detector, and the photodetectors [45–47]. Notably, the surface of the metal NPs palys a crucial 

role, and luminescence on rough metal surfaces was found to be amplified by several orders of 

magnitude [38,48,49]. This enhancement can be understood by viewing the rough metal surface 

as a collection of randomly oriented nanometer-sized hemispheroids on a smooth surface. 

These hemispheroids exhibit a surface plasmon resonance, thereby amplifying the incoming 

and outgoing electric fields due to the local field induced around them by plasmon resonances 

[38,48,49]. Based on theoretical studies of photoinduced luminescence from rough surfaces of 

noble metals, it is proposed that incoming and outgoing fields are amplified through coupling 

with local plasmon resonances [38]. The notable enhancement in luminescence efficiency 

arises from the substantial augmentation of the field of incoming exciting light and the emitted 

outgoing light due to coupling with surface plasmon resonance. 

1.5. Surface enhanced Raman spectroscopy (SERS) properties of the metal 

nanoparticles 

Since the discovery of  Surface-Enhanced Raman Spectroscopy (SERS)  spectroscopy by 

Fleischmann in 1976, it has been extensively explored to serve as a valuable tool for enhancing 

the sensitivity of inherently weak Raman signals [50]. In terms of identification of various 

species, although the traditional Raman spectroscopy is very efficient technique but it suffers 
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from the disadvantage of poor signal due to the low cross section for Raman scattering. This 

disadvantage of Raman spectroscopy has been effectively resolved by the introduction of SERS 

[51]. SERS is one such vibrational spectroscopic approach that uses the LSPR feature of noble 

metals to enhance the inherently weak Raman signal received from a sample by many orders 

of magnitude [51,52]. The electromagnetic effect from the concentrated electric field in the 

Localized Surface Plasmon Resonance (LSPR) around plasmonic NPs results into Raman 

signal enhancement. The SERS properties from the metal NPs is very sensitive to the shape, 

size, and interparticles separation of the implemented nanostructures. The surface of the metal 

nanostructure which amplified the electromagnetic fields near the NP surface, also play a 

crucial role to enhanced the Raman scattering [12,53,54]. The use of SERS in identifying 

various species and getting structural information is widely accepted. This is reflected in the 

application of SERS in the fields of material science, biomedical engineering, electrochemistry, 

etc [51,54]. 

While many advancements have been made in the development of high-performance SERS 

substrates, there is still a quest for more reliable and cost-effective substrates. Some plasmonic 

nanostructures, including nano-islands and nanoparticles serves as a high-performance SERS 

substrates and creates a highly sensitive platform for chemical and biological analyte detection 

[16]. The reproducibility of these highly effective SERS substrates based on periodic 

nanostructures is very challenging and limiting a variety of sensing applications. The precise 

control of fabrication parameters in the assembly of plasmonic nanostructures is essential for 

tailoring SERS substrates to meet specific requirements. Well-designed substrates, with 

carefully arranged nanostructures, offer improved predictability, sensitivity, and cost-

effectiveness in SERS applications [54–56]. The combination of theoretical predictions and 

well-established synthesis techniques has confirmed the substantial potential of plasmonic 

assembled nanoarrays for surface-enhanced Raman spectroscopy (SERS) applications. These 

enhancements have a broad range of applications in fields like analytical chemistry, biosensing, 

and materials science. 

1.6. Light trapping by metal nanoparticles in hydrogenated amorphous 

silicon (a-Si:H) thin film solar cells 

1.6.1  Hydrogenated amorphous silicon (a-Si:H) thin film solar cells 

Over the last three decades, hydrogenated amorphous silicon (a-Si:H) thin film solar cells are 

extensively explored as an alternative of crystalline silicon (c-Si) solar cells fabricated by 
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diffusion of p-n junction at high temperature [57–60]. However, due to structural disorder, a-

Si:H materials possess high defect densities of dangling bond defect states and band tail defect 

states resulting in short diffusion length and low mobility of charge carriers [61]. These poor 

electrical properties of a-Si:H compared to c-Si leads to need of an extra layer in a-Si:H thin 

film solar compared to the conventional p-n junction structure [61]. a-Si:H thin film solar cells 

adopt n-i-p or p-i-n cell structure as shown in Fig. 1.3, where i-layer (intrinsic a-Si:H layer) is 

the absorber layer inserted between thin a-Si:H doped layers (p and n layer). The carrier lifetime 

in doped a-Si:H layer is very short, and photo carriers generated in these layers do not 

contribute to photocurrent. Therefore, the thickness of these layers is kept thin to reduce 

parasitic absorption losses [61]. In contrast, the intrinsic layer (a-Si:H i- layer) is the most 

essential part of a-Si:H thin film solar cells, where the process of electron-hole generation takes 

place, and these charge carriers get separated by the internal electric field prevailing within the 

whole i layer [62]. The first experimental demonstration of a-Si:H solar cell with p-i-n cell 

structure is given by Carlson and Wronski in 1976. They were able to achieve 2.4% efficiency 

in AM 1.0 sun light [63]. 

Based on the sequence of doped and undoped layers, in hydrogenated amorphous silicon thin 

film solar cells two cell structures are commonly used; (1) p-i-n structure (superstrate 

structure), (2) n-i-p structure (substrate structure). The schematic diagram of p-i-n and n-i-p 

structures is shown in Fig. 1.3 (Superstrate and substrate). In p-i-n structure, the p, i, and n 

layers are sequentially deposited on transparent conducting oxide (TCO) coated substrate. 

Fig. 1.3 Schematic diagram of superstrate-type (p-i-n ) and substrate-type (n-i-p) hydrogenated amorphous silicon 

thin film solar cells. 
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In this structure, front contact and substrate should be transparent. In the case of n-i-p structure, 

the sequence of n, i, and p layers is grown on the opaque substrate. In both structures, i- layer 

is the main absorber layer which is inserted between p- and n- layer for optimum utilization of 

incident light. In this thesis a-Si:H thin film solar cells with n-i-p cell structure are used to 

explore the performance of the plasmonic back reflector. 

1.6.2  Light trapping for hydrogenated amorphous silicon (a-Si:H) thin film solar cells 

Despite having several advantages; the relatively low fabrication cost due to processing at low 

temperatures [64] and large area deposition on different substrates [65], including the flexible 

substrate, which are relatively cheaper than the silicon wafer,  a-Si:H thin film solar cells suffer 

with the a relatively low efficiency compared to c-Si solar cells due to low absorption 

coefficient near the bandgap [66]. To overcome this problem, efficient light trapping is very 

essential in order to increase the absorption in the device [67–70]. Random texturing is the 

most common and widely used method of light trapping. The surface texturing of the front 

transparent conducting oxides (TCO) and the rear contact/mirror is generally used in 

superstrate (p-i-n) and substrate (n-i-p) configuration respectively [71–73]. Fig. 1.4 shows the 

light trapping mechanism by the texturing.  

Fig. 1.4 Schematic diagram of thin-film silicon solar cells with and without light trapping 

Left Fig. shows the when the light incident on the solar cells, the light passes through the 

absorber layer without being absorbed in the initial pass, it exists the solar cells in the absence 

of the any light-trapping mechanism. Whereas solar cells with the texturing surface in the right 
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Fig. show that incident light scattered at the rear contact and TCO interface and results in the 

absorption enhancement in the absorber layer. This texturing approach however often leads to 

high surface roughness, contributing the formation of bulk and surface defects, which in turn 

increase the recombination in the silicon layer and degrades the performance of device [74]. 

To address this issue, unconventional light trapping geometries based on periodic and random 

nanostructures such as nanowire, nanocones, nanorods, nanodomes , nanoparticles and 

nanocavity have been explored [75–81]. The use of metal nanoparticles provides low surface 

roughness, and efficient light trapping from the noble metal nanoparticles excited their surface 

plasmon resonance [82–85]. Surface plasmon resonance is a collective oscillation of the 

conduction electrons in the metal. The resonance of metallic nanoparticles strongly depends on 

factors like size, shape, spacing of the metallic particles, and the dielectric properties of the 

surrounding medium [4,86,87]. Light interaction with these nanoparticles at plasmonic 

resonance results in both scattering and absorption. These absorptions and scattering properties 

of metal nanoparticles are utilized for light trapping. Among the other noble nanoparticles, 

silver nanoparticles (Ag NPs) are popular choice due to their strongest plasmon resonance and 

large scattering cross-section in the visible and near infrared (NIR) region [87,88].  

The location of the metal NPs array in the solar cells is very important which play a crucial 

role in light management. Metal NPs can be incorporated in the thin film solar cells in three 

different locations as shown in Fig. 1.5: (1) at the front surface, (2) embedded into the absorber 

layer, (3) at the back surface.  

Fig. 1.5 Different plasmonic light-trapping geometries for a-Si:H thin-film solar cells. 

The front surface placement of Ag NPs serves as an antireflection coating to reduce the 

reflection from the top surface and scatter the light by forward scattering into the absorber 

layer. However, these anti reflection properties of Ag NPs are not much effective in comparison 

conventional anti reflection coating, and state of the art light trapping performance has not been 

reported in this configuration. Furthermore, this configuration leads to parasitic absorption 

losses with the Ag NPs. Integration of Ag NPs inside the absorber layer results in the 
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contamination in the absorber layer which can lower the material quality. Placing the Ag NPs 

rear side of the cell is more beneficial arrangement. In this arrangement, Ag NPs are embedded 

in thin transparent conducting oxide (TCO) layer located between silicon absorber layer and a 

flat Ag mirror (rear contact). This configuration is termed as plasmonic back reflector and offer 

great potential to achieve effective light trapping cells [89–92]. 

1.7. Synthesis methods of silver nanoparticles 

The synthesis of nanoparticles (NPs) is a dynamic and complex process with various methods 

available, each with its own advantages and disadvantages. Several routes for synthesizing 

silver nanostructures have been introduced, including physical, chemical, biological, and 

mechanical methods, as depicted in Fig. 1.6 [3,10]. Starting with mechanical techniques, high 

energy ball milling with the aid of high speed rotating balls is often used to produce 

nanoparticles from bulk material. The synthesis of intermetallic NPs are commonly done by 

this method [93]. However, this ball milling method requires substantial energy and time for 

milling. In the biological synthesis, Ag NPs are produced by microorganisms (bacteria, fungi, 

yeast), microbial reduction, and plants (lemongrass, Aloe vera, seaweed, mustard, safeda, lotus 

alfalfa, tea, neem, and tulsi) [94–96]. Microorganism-based nanoparticle synthesis is not a 

practical option since it calls for strict aseptic conditions to be maintained. The mechanisms 

for biological synthesis can include enzymatic and non-enzymatic reduction. These biological 

methods have safety risks and do not offer precise control on the shape and size [94,95]. The 

synthesis of silver nanoparticle by chemical methods can be divided into three main category; 

chemical reduction [97], electrochemical techniques [98], and solgel technique [93]. Chemical 

reduction methods involve the use of specific chemicals as reducing agents to convert silver 

ions into silver nanoparticles. Common reducing agents include borohydride, sodium citrate, 

ascorbic acid, alcohol, and hydrazine compounds [99]. Electrochemical methods use electrical 

currents and reactions at electrodes to reduce silver ions into nanoparticles. Sol-gel chemistry 

involves the synthesis of nanoparticles from a solution that undergoes a transition from a liquid 

"sol" to a solid "gel"[93]. Most of these methods produce the nanoparticles in liquid phases in 

which due to the colloidal solution, it is very challenging to organize the nanoparticles in the 

systematic array for their use in applications, especially in nanophotonics and solar cells. The 

fabrication of the metallic nanoparticles on the solid substrate with the desired shape and size 

and low-cost methodology is the main critical issue in using these nanoparticles in solid-state 

devices [100]. Physical methods, in contrast, often have short processing times and do not use 

hazardous chemicals. Such methods include solid state dewetting, laser ablation method, pulse 

TH-3403_166121104



Chapter 1 

 

12 | P a g e  
 

laser deposition, and thermal evaporation. Among the physical methods, solid-state dewetting 

(SSD) technique is a simple, low-cost physical method that can fabricate the metallic 

nanoparticles with control on the shape and size on the different substrates. In the SSD process, 

a thin film is transformed into an array of droplets or nanoparticles by thermal annealing 

through the minimization the surface energies of films, substrate and film substrate interface 

[101]. This method is relatively easier, more reproducible, and more reliable in fabricating 

these structures. Moreover, in this method, the nanoparticles can be fabricated on a large scale 

for Nano photonics, Nano electronics, plasmonics and photovoltaic devices.  

The choice of nanoparticle synthesis method depends on the specific application's 

requirements, including control over nanoparticle size, shape, and distribution, as well as 

considerations of toxicity and environmental impact. The SSD method stands out as a 

promising approach for certain applications, including those in photovoltaics. 

 

Fig.1.6. Schematic of different synthesis methods of silver nanoparticles. 

1.8. Motivation, Objective and Contents of Thesis 

In recent years, the field of plasmonics has rapidly grown as a new and expanding area for 

materials and device research. Among various types of nanoparticles, noble metals like Au, 

Ag, and Cu stand out due to their ability to exhibit localized surface plasmon resonance 

(LSPR), which has applications in biological sensors, solar cells, and surface-enhanced Raman 

spectroscopy (SERS). This has encouraged significant research into the fundamental properties 

and applications of metallic nanoparticles, particularly in integrated optics and biosensing. 

Among these noble metals, Ag nanoparticles have garnered considerable interest in silicon-

based thin-film solar cells, glucose biosensors, and photodetectors due to their exceptionally 
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strong LSPR compared to other metals like Au and Cu. Most studies involve synthesizing Ag 

nanoparticles through solution-based methods, followed by deposition on substrates using 

techniques like drop-casting for various applications. However, a major challenge in employing 

these nanoparticles in solid-state devices lies in their controlled growth on solid substrates with 

specific shapes and sizes.The aim of this thesis work is to address this challenge by 

synthesizing silver nanoparticles through a physical approach known as solid-state dewetting 

(SSD). This involves depositing a thin silver film using radiofrequency (rf) sputtering and then 

subjecting it to thermal annealing to induce the growth of nanoparticles. By employing this 

method, the research seeks to investigate different properties of the resulting Ag nanoparticles 

for potential device applications. As thin-film silicon solar cells have gained importance due 

to their ability to reduce manufacturing costs while maintaining comparable efficiencies with 

other types of solar cells. However, these cells heavily rely on effective light trapping to reduce 

transmission losses and enhance performance, particularly as absorber layers become thinner. 

Achieving effective light trapping in thin-film solar cells, especially for indirect semiconductor 

silicon, presents a significant challenge. One promising way for improving light trapping is 

through the integration of metal nanoparticles of various shapes and sizes. These nanoparticles 

can serve as antireflection coatings on the surface, back reflectors on the rear side, or embedded 

within the medium of the solar cell. The incorporation of silver nanoparticles into thin-film 

silicon solar cells is driven by the motivation to enhance light trapping within the cells and 

subsequently improve their overall efficiency across a wide range of the electromagnetic 

spectrum.With this motivation, the following objectives have been set for this thesis work.  

1. Synthesis and optimization of deposition parametrs of silver nanoparticles by solid state 

dewetting method. 

2. Extensive growth study, structural, morphological, dielectric, optical, and surface 

enhanced Raman spectroscopy (SERS) properties of silver nanoparticles by Field 

emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), 

Field emission transmission electron microscopy (FETEM), X-Ray Diffraction (XRD), 

Spectroscopic Ellipsometry (SE), Photoluminescence (PL), and UV-Vis-NIR 

spectroscopy, Raman spectroscopy. 

3. Simulation and fabrication of hydrogenated amorphous silicon (a-Si:H) thin film solar 

cells using AFORS-HET software and radio frequency plasma enhanced chemical 

vapour deposition (RF-PECVD) multi-chamber system.  
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4. Integration of silver nanoparticles as a plasmonic back reflector into hydrogenated 

amorphous silicon (a-Si:H) thin film solar cells to improve the light trapping inside the 

cells and enhance its efficiency. 

Proposed chapters in the present thesis  

This thesis contains eight chapters as briefed below 

Chapter 1 “Introduction” briefly introduces metal nanoparticles, a short literature review, and 

the advantages of thin film-based solar cells. The motivation and objectives of the thesis work 

are also included in this chapter. 

Chapter 2 “Experimental details” briefly describes the synthesis method of silver 

nanoparticles and the deposition process of (n-i-p) a-Si:H thin film solar cells. This chapter 

also briefly describes different characterization techniques used to study silver nanoparticles' 

structural, morphological, optical, and dielectric properties and the performance of (n-i-p) a-

Si:H thin film solar cells. 

Chapter 3 “Growth dynamics of silver thin films and nanoparticles and its correlation with 

plasmonic properties of silver nanoparticles” presents the the correlation bewteen the growth 

dynamics and the optical properties of silver nanoparticles (Ag NPs). Ag NPs were grown onto 

the corning glass 1737 substrate by solid state dewetting of the silver precursor films deposited 

at different deposition time varying from 30-120 seconds by rf sputtering. Atomic force 

Microscopy (AFM) characterization with advanced data analysis is used to describe the surface 

characteristics. The height-height correlation function (HHCF) and power spectral density 

function (PSDF) are extracted from AFM images for the calculation of scaling exponents; local 

roughness exponent (𝛼𝑙𝑜𝑐𝑎𝑙), growth exponents (), dynamic exponent (1/z), and global 

roughness exponent ( ) and to know the scaling behavior and growth model of the surface.  

Chapter 4 “Influence of the microstructure on dielectric and plasmonic properties of silver 

nanoparticles” presents the dielectric and plasmonic properties of silver nanoparticles studied 

by Spectroscopic Ellipsometry. Ag NPs were grown on corning glass 1737 substrate by solid-

state dewetting (SSD) of silver precursor thin film deposited at different RF power varying 

from 40-80 Watt by rf sputtering.  Dilectric function and plasmonic properties of Ag NPs were 

investigated from spectroscopic ellipsometry (SE) data over a broad spectral range from 1.0 - 

4.5 eV. The measured SE data was fitted by applying the Drude-Lorentz model to account for 

intraband and interband transitions in metallic films along with two Gaussian oscillators 
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corresponding to LSPR due to nanostructures. The BEMA was also simultaneously applied to 

calculate the void fraction arising due to the conversion of the continuous film into 

nanostructures and the top layer's roughness. The results of SE studies have been correlated 

with the microstructure and LSPR properties probed using FESEM, AFM, XRD, and UV-Vis-

NIR absorbance spectroscopy. 

Chapter 5 “Plasmon enhanced photoluminescence and Raman spectroscopy of silver 

nanoparticles”  presents photoluminescence and Raman study of the silver nanoparticles. Ag 

NPs were grown on corning glass substrate by solid-state dewetting (SSD) of silver precursor 

thin film deposited at different substrate temperatures varying from RT- 400 ℃ by rf sputtering. 

The influence of the substrate temperature on the growth of Ag NPs and their several properties 

like localized surface Plasmon resonance (LSPR), photoluminescence (PL), and Raman 

spectroscopy is studied.  

Chapter 6 “Simulation and fabrication of (n-i-p) a-Si:H thin film solar cells” presents both 

simulation and fabrication of single junction hydrogenated amorphous silicon (a-Si:H) thin 

film solar cells to study the performance of plasmonic back reflectors. Hydrogenated 

amorphous silicon (a-Si:H) thin film solar cells with n-i-p structure are simulated using 

AFORS-HET (Automated For Simulation of Heterostructure) software and fabricated using 

radio-frequency plasma enhanced chemical vapor deposition (RF-PECVD) (13.56 MHz) 

multi-chamber system at low temperature of 180℃. The influence of the emitter layer doping 

and absorber layer thickness was studied. Further, simulation results are compared with the 

experimental results. 

Chapter 7 “Implementation of silver nanoparticles as plasmonics back reflector in (n-i-p) a-

Si:H thin film solar cells” presents the integration of silver nanoparticles in thin film solar cells. 

Ag NPs were fabricated using optimized parameters on different substrate configuration to 

incorporate them plasmonic back reflector (PBR) in thin film solar cells. The structural and 

optical properties of Ag NPs grown on these substrates configuration were studied. Ag NPs 

were integrated as plasmonic back reflector into the a-Si:H thin film solar cells (corning 

glass/Ag/AZO/AgNPs/AZO/n-i-p a-Si:H/ITO/Ag structure) using using radio-frequency plasma 

enhanced chemical vapor deposition (RF-PECVD). 

Chapter 8 “Summary, conclusion and future scopes” presents a summary and highlights of 

studies on silver nanoparticles, (n-i-p) a-Si:H thin film solar cells and implementation of silver 

TH-3403_166121104



Chapter 1 

 

16 | P a g e  
 

nanoparticles as plasmonic back reflector in (n-i-p) a-Si:H thin film solar cells. The future 

scope of this research area is also included in this chapter. 
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Experimental details 

2.1. Introduction 

This chapter presents the brief discussion on synthesis and characterization techniques for Ag 

NPs and fabrication of the a-Si:H thin film solar cells. In this thesis work, Ag NPs were grown 

by solid state dewetting process of the precursor films deposited by rf sputtering technique. 

Surface morphology of the films was studied by Atomic force microscope (AFM) and Field 

emission scanning electron microscope (FESEM) technique. For structural evaluation of Ag 

NPs, X-ray and Transmission electron microscopy (TEM) measurements have been carried 

out. Plasmonic properties of Ag NPs were studied using UV-Vis-NIR spectroscopy. 

Spectroscopic ellipsometry (SE) technique was used to study dielectric and optical properties 

of the films. The performance of n-i-p a-Si:H thin film solar cells with flat back reflector and 

the plasmonic back reflector was evaluated by current-voltage and external quantum efficiency 

measurements. 

2.2. Synthesis of silver nanoparticles by solid state dewetting 

In this thesis, we have used solid-state dewetting (SSD) technique, which is a simple, low-cost 

method that can be used to fabricate the metallic nanoparticles with control on the shape and 

size on the different substrates including glass, sapphire, silicon etc [1–5]. After adequate 

annealing, a continuous metallic thin film on a surface spontaneously rearranges into a array 

of isolated islands or droplets in SSD process [6,7], as illustrated in Fig. 2.1. Dewetting is the 

process by which the continuous film separates into many particles in a way similar to how a 

water layer would behave on a hydrophobic surface [8–10]. The film dewettes in the following 

stages: hillock development during the incubation phase; film pinch off followed by hole 

formation, growth, and percolation; and, lastly, the formation and aggregation of islands 

producing distinct structures as a result of Rayleigh instability [11,12]. According to the 

aforementioned scheme, the development of such nanostructures on oxide matrices can be 

described using the Volmer-Weber growth mode [13], where the morphological change and 

dewetting process are influenced by the annealing parameters (annealing temperature and time) 
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and film thickness [1,12,13]. Legrand et al. were the first to show that, in the case of silicon-

on-insulator (SOI) thin films, solid-state dewetting is controlled by the initial film thickness 

[14,15]. As a result, the dimensions and distribution of the nanocrystals are also entirely 

governed by the film thickness if no special preparation is applied to the film.  

The SSD process can be triggered by thermal annealing [16–19], pulsed laser heating [20–22], 

combined thermal annealing and pulsed laser heating [23], ion beam irradiation [24,25], 

electron beam irradiation [26], and inductively coupled plasma discharge [27]. However, when 

working on large areas, thermal annealing is generally the easiest method for dewetting. For 

thinner films, the dewetting temperature is lower, and the island size increases with film 

thickness [28]. This method is relatively easier, more reproducible and reliable in fabricating 

these structures. Furthermore, the size of nanoparticles can be monitored more effectively and 

reproducibly on a large scale using this technology for Nano photonics, Nano electronics, 

plasmonics, and photovoltaic devices [6,29,30].  

 

 

 

 

 

Fig.2.1 solid-state dewetting, thin films dewet to form isolated islands. 

The equilibrium shape of an island on a rigid substrate is that of a spherical cap with contact 

angle 𝜃 as shown in Fig. 2.2. For islands with isotropic surface energy per unit area (𝛾𝑓) on a 

rigid substrate with surface energy per area (𝛾𝑠), the energy minimization of dewetting is given 

by the Young-Laplace equation [31] 

 

 

 

 

Fig.2.2 Schematic of island shape on the rigid substrate adapted from [6]. 
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                                                             𝛾𝑠 = 𝛾𝑖 +  𝛾𝑓 cos 𝜃                                                   (2.1) 

Where 𝛾𝑖 is the energy per unit area of the island-substrate interface and 𝜃 is the equilibrium 

contact angle. If 𝛾𝑠 > 𝛾𝑖 + 𝛾𝑓, a film is stable and will not dewet. If this condition is not 

satisfied, the film will dewet when the rates of the necessary kinetic processes are sufficiently 

high. 

The main driving force for dewetting is minimization of the total energy of the free surfaces of 

the film and substrate, and of the film-substrate interface. More precisely, from a 

thermodynamic point of view, dewetting may occur when the driving force defined as 

                                                              𝐸𝑠 = 𝛾𝐴 + 𝛾𝐴𝐵 − 𝛾𝐵                                                (2.2) 

is positive where 𝛾𝐴, 𝛾𝐵 𝛾𝐴𝐵 is the surface energy density of substrate, film and film substrate 

interface. The driving force for dewetting increases as the film thickness decreases. This means 

that thinner films are more prone to dewetting, and the process occurs more rapidly in thinner 

films. As a result, the temperature at which dewetting takes place decreases with decreasing 

film thickness. This behavior allows the precise control of the solid-state dewetting (SSD) 

process by adjusting key parameters such as annealing temperature, annealing time, and the 

initial thickness of the precursor films. By carefully tuning these parameters, it becomes 

possible to achieve nanoparticles with specific, predetermined sizes and spatial distributions. 

This control is highly advantageous as it eliminates the need for complex and costly 

lithographic or subtractive processes, providing a more efficient and cost-effective means of 

nanoparticle fabrication. 

SSD is a two step process; first a precursor film is deposited by sputtering/thermal evaporation 

on a substrate and subsequently post deposition film was annealed under vacuum to grow silver 

nanoparticles. In this thesis the precursor silver films were deposited on corning glass 1737 

substrate using rf sputtering system and post deposition annealing was done in the same system 

at high vacuum.  

2.2.1. Substrate cleaning  

The cleaning process for the Corning Glass 1737 substrates involved several steps to ensure its 

cleanliness before further processing. Here are the steps involved: 

 The glass substrates were initially soaked in a soap solution for a duration of 10 

minutes. This step was intended to remove any dust or fingerprints present on surface. 
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 After the soap soak, the glass substrates were rinsed thoroughly with deionized (DI) 

water. This step helps to remove any soap residue or contaminants from the surface. 

 The glass substrates were subjected to ultrasonic wave sonication for a period of 10 

minutes. Sonication is an effective method for removing particles and contaminants 

from the surface of the substrate. 

 Following the DI water rinse, the glass substrates were sonicated once more, but this 

time in isopropanol. Isopropanol is commonly used as a cleaning solvent to ensure the 

substrate is free from any remaining impurities. 

 To complete the cleaning process, the substrates were dried using nitrogen gas. A 

nitrogen gun was used to blow dry nitrogen gas over the surface of the substrate, 

ensuring that it was thoroughly dried and free from any residual moisture 

2.2.2. RF sputtering technique 

Sputtering is a widely used physical vapour deposition (PVD) technology to deposit thin films 

in a plasma environment. In sputtering process, the ejection of atoms from a solid source target 

is caused by the bombardment of powerful gas ions. Prior to the deposition procedure, a high 

vacuum (10-6-10-7 mbar) is established within the chamber. During the deposition, a controlled 

flow of an inert gas, typically Argon (Ar) gas, is injected in chamber. Furthermore, a high 

voltage is supplied between the cathode and the anode, with the target and the substrate acting 

as the cathode and anode, respectively. This high voltage excites Ar+ ions, causing them to 

accelerate towards the negatively biased target. The target atoms are then ejected when intense 

Ar+ ions impact the target surface. Sputtered atoms are deposited on the substrate, forming a 

thin coating [32]. Secondary electrons are ejected as a result of the intense ion bombardment 

of the target. To attract secondary electrons to the target, a strong magnetic field is needed. 

This magnetic field confines the plasma to a small area around the target. Because of their 

charge neutrality, sputtered atoms are unaffected by the magnetic field [32,33]. For pure metals, 

DC power supplies are employed, whereas RF power supplies are used for semiconductors and 

insulators.  

RF (13.56 MHz) magnetron sputtering system (EXCEL instruments, Mumbai, India) has been 

used to deposit the Ag precursor thin films to grow Ag NPs, transparent conducting oxide and 

metal contact for the solar cells. The schematic of sputtering and real image RF sputtering 

system is shown in Fig. 2.3. The sputtering chamber is connected to a turbo-molecular pump 

(TMP) (Pfieffer, HIPAC 300) with a CF100 gate valve between them. The TMP is backed by 

TH-3403_166121104



Experimental details 

 

31 | P a g e  
 

a two-stage rotary pump (Pfieffer, PASCAL 2020SD). The target is connected with a RF gun 

and the substrate holder is attached with a heater. 

Fig.2.3 Schematic and photograph of RF sputtering system. 

After cleaning the substrate, the silver precursor thin films were deposited on corning 1737 

glass substrate using RF magnetron sputtering technique. A silver target of 2-inch diameter and 

0.125-inch thickness with a purity of 99.99% was used as a sputtering target for the deposition 

of the silver precursor films. Argon gas with a purity of 99.999% was used as a sputtering gas. 

2.3. Fabrication of solar cells  

The a-Si:H heterojunction solar cells were fabricated by RF-PECVD in multi-chamber system. 

The corning glass 1737 substrate (Corning Incorporated, Danville) of 1 mm thickness have 

been used for cell fabrication.  

2.3.1. Radio frequency plasma enhanced chemical vapour deposition technique  

Radio frequency plasma-enhanced chemical vapor deposition (RF-PECVD) is a well-

established technique and commonly used in the industry for fabricating thin-film amorphous 

silicon (a-Si:H) based solar cells. In RF-PECVD, a plasma is generated between two parallel 

plates using a radio frequency (RF) power source, typically operating at a frequency of 13.56 
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MHz. The two plates serve as electrodes. One electrode is connected to the RF power source, 

while the other electrode, which holds the substrate, is grounded. A mixture of gases, typically 

silane (SiH4) and hydrogen (H2), is introduced into the deposition chamber. This gas mixture 

is the precursor for depositing a-Si:H thin film. The RF power source applies an oscillating 

electric field between the two parallel plates. This electric field causes the gas in the chamber 

to become ionized, creating a plasma. Within the plasma, electrons gain sufficient kinetic 

energy from the electric field to dissociate gas molecules into various species, including free 

radicals, atoms, positive and negative ions, and additional electrons. The various species 

generated within the plasma undergo secondary reactions. These reactions can have a 

significant impact on the electronic and structural properties of the deposited thin film [32,33]. 

It's in this stage that the chemical reactions responsible for depositing a-Si:H thin films take 

place. Near the grounded electrode (substrate holder), electrons are easily transported to the 

electrode surface, creating an electric field region known as the sheath. In this region, positive 

ions from the plasma are attracted toward the substrate, leading to ion bombardment of the 

substrate surface. On the substrate surface, surface reactions occur as a result of the ion 

bombardment and the presence of various species from the plasma. These reactions contribute 

to the deposition of the a-Si:H thin film. During the deposition process, hydrogen molecules 

may be released from the film, and the silicon matrix of the a-Si:H thin film undergoes 

relaxation to form the amorphous structure [32,33].  

Radio frequency plasma enhanced chemical vapour deposition (RF-PECVD) (13.56 MHz) 

multi-chamber system (EXCEL instruments, Mumbai, India) has been used for the fabrication 

of a-Si:H thin film solar cells. Fig. 2.4 shows the real image of RF-PECVD multi-chamber. 

The system consists of four stainless steel (SS304 grade) cylindrical chambers. Three of them 

are dedicated to Plasma-Enhanced Chemical Vapor Deposition (PECVD): one for depositing 

intrinsic amorphous silicon films, and the other two for depositing n-type and p-type a-Si:H 

with phosphine and diborane as dopant gases, respectively. These chambers are equipped with 

CF100 gate valves for isolation. The central chamber serves as both a load lock and Hot Wire 

Chemical Vapor Deposition (HWCVD) chamber, facilitating substrate transfer between 

PECVD chambers without breaking the vacuum to prevent contamination. Each process 

chamber, including the load lock, is connected to a Pfieffer HIPAC 300 turbo-molecular pump 

(TMP) with gate valves for separation. A Pfieffer PASCAL 2020SD two-stage rotary pump 

supports the TMPs. The exhaust lines from the rotary pumps lead to a burn box maintained at 

700°C to ensure complete burning of residual gases before release into the atmosphere. Burnt 
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gases are dissolved in soapy water before disposal. To prevent overheating, fans are attached 

to each TMP, and cold water is supplied to both the TMPs and the burn box. Pressure inside 

the chambers is monitored using Pirani and Penning gauges to maintain the necessary vacuum 

conditions for the deposition process. Distinct gas lines are employed for precise control of 

reactant gas flow rates and mixing during thin film deposition, crucial for achieving high-

quality results.  

 
Fig.2.4 Photograph of multi-chamber PECVD system. 

a-Si:H thin film solar cells were fabricated on the corning glass substrates with the following 

structure corning glass/Ag/AZO/a-Si:H(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag using Radio Frequency 

Plasma Enhanced Chemical Vapor Deposition (RF-PECVD) multi-chamber system. After 

cleaning the corning glass 1737 substrate, a silver layer of 100 nm thickness was deposited 

using rf sputtering system. To prevent the diffusion of silver in solar cells, a thin buffer layer 

of AZO of 40 nm thickness was deposited over the Ag films using rf sputtering system. After 

that, the n-i-p layer of a-Si:H were fabricated at 180 oC substrate temperature in different (n), 

(i), (p) chambers. In addition, for doping, phosphine (PH3) and diborane (B2H6) gases were 

introduced for a-Si:H(n) layer, and a-Si:H(p) layer. On top of that, 100 nm of ITO layer was 

deposited using a circular mask of 4 mm diameter (cell area of 0.12 cm2) by rf sputtering. 
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Finally, front metal grid electrodes were made on cells with silver paste. All the fabricated solar 

cells were annealed at 150 ℃ for 1 hour to improve the performance of the solar cells. 

2.4. Characterization techniques 

The Ag NPs grown using above-mentioned methods were characterized for studying its 

structural, optical and electrical properties using different experimental techniques described 

below. 

2.4.1 Silver nanoparticle characterization 

2.4.1.1 Surface profilometer 

The thickness of as-deposited silver precursor films is measured using a surface profilometer. 

It has a scanning area of tens of millimeters and a vertical range of hundreds of microns to a 

few nanometers. The measurements in this thesis were taken with a stylus profilometer (Make: 

Veeco, Model: Dektak 150). Each film's thickness was measured on Corning 1737 glass at 

three distinct mask sites, and the data were averaged to determine the thickness.  

2.4.1.2 Field emission scanning electron microscopy (FESEM) 

Field emission scanning electron microscopy (FESEM) (Make: Zeiss Model: Sigma 300) was 

used to examine the surface morphology of Ag NPs [34]. In this approach, a field emission 

cathode generates a narrow, high-energy electron beam that is focused on the sample, 

improving picture resolution. To eliminate charging effects during measurement, FESEM was 

operated with an accelerating voltage of 2 to 10 KeV. Surface coverage ImageJ software was 

used to determine particle size.  

2.4.1.3 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is one of the useful tool to observe surface topography of the 

films. AFM consists of a microscale cantilever with a sharp tip at its end that is used to scan 

the surface of the film. Cantilever is generally made with silicon or silicon nitride. When the 

tip is brought close to the film surface, the force between film and tip leads to a deflection of 

the cantilever. The deflection is measured using a laser spot reflected from the top surface of 

the cantilever into an array of photodiodes. In this thesis, AFM measurements were done on 

5µm×5µm square region by atomic force microscope (Make: Oxford, Model: Cypher) with 

silicon probe (n-type, 0.1-0.4 ohm. cm) to study the dynamic scaling behavior and growth 

mechanism of as-deposited Ag films and Ag NPs. The cantilever has an Al reflex coating. All 

the measurements were performed in the non-contact mode in the air with 256 pixel × 256-
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pixel resolution at room temperature and relative humidity of 54%. All AFM images were 

taken using an Olympus Micro Cantilever tip (OMCL-AC160TS-R3) with a spring constant of 

26 N/m, resonant frequency of 300 kHz, and a tip radius of 7 nm. Gwyddion software (v 2.60) 

was used for the AFM data analysis [35].  

2.4.1.4 Transmission electron microscopy technique (TEM) 

To analyse the structure of the Ag NPs, transmission electron microscopy (TEM) studies were 

performed. The JEOL-2100 was used to capture TEM, selective area electron diffraction 

(SAED) patterns, and high resolution TEM (HRTEM) pictures. The Ag NPs structure and 

crystallinity were determined using TEM in dark field mode with a 200 kV acceleration voltage 

and LaB6 filament. For measurement, the Ag NPs were grown directly on a copper (Cu) mesh 

grid. Using ImageJ software, the HRTEM picture was utilised to quantify lattice spacing (d-

spacing) of distinct crystallographic planes of Ag NPs [32,34]. 

2.4.1.5 X-Ray Diffraction (XRD) 

 A high power X-ray diffractometer (Make: Rigaku Technology, Model: Smart lab, 9 kW) was 

used to investigate the microstructure of Ag NPs at a wavelength of 1.54 Å of CuK.  XRD 

analysis was carried out on Ag NPs fabricated on a Corning 1737 glass substrate at a glancing 

incidence angle =0.2° and scan 2θ in the range of 30° to 80° in an angular step of 0.02° steps. 

The crystallite size in the film was calculated using Scherrer’s formula [36,37] (Eq. 2.3) as 

follows     

   𝑑𝑋𝑅𝐷 =
0.9 𝜆

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙
                                                   (2.3) 

Where, 𝑑𝑋𝑅𝐷 is crystallite size, 𝜆 is wavelength of X-ray radiation, 𝛽ℎ𝑘𝑙 is full width at half 

maxima (FWHM) (in Radians), 0.94 is proportionality constant (scherrer constant) for 

spherical crystals with cubic symmetry and 𝜃ℎ𝑘𝑙 is the peak position corresponding to the (ℎ𝑘𝑙) 

plane. 

2.4.1.6. UV-Vis-NIR spectroscopy 

The plasmonic characteristics of metal nanoparticles were studied using UV-Vis-NIR 

spectroscopy [38]. The absorbance spectra of Ag NPs were measured using a twin beam UV-

Vis-NIR spectrometer (Perkin Elmer, Lambda 950) in the 300-1500 nm range. While the 

reflectance and scattering properties of the Ag NPs were measured using an Universal 

reflectance accessory (URA) unit and a diffuse reflectance spectroscopy (DRS) unit with an 
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integrating sphere of 60 nm respectively and, both of them were associated with the UV-Vis-

NIR spectrometer.  

2.4.1.7 Raman Scattering Spectroscopy 

Raman spectroscopy is a non-destructive and extremely powerful instrument for studying a 

material's vibrational modes in order to discover the crystal structure and many other 

fundamental features. Raman scattering is an inelastic scattering phenomenon of photons in a 

material caused by fluctuations such as atomic vibrations, charge density, spin density, and so 

on. The peaks' positions are connected to inter-atomic forces and distances, as well as their 

masses and chemical surroundings [39–41]. In this thesis, Raman spectroscopy of Ag NPs on 

corning glass substrates were done in the range of 200 cm-1 to 2000 cm-1 using a 514 nm 

wavelength Ar-ion laser by Laser Micro Raman spectrometer (Horiba Jobin Vyon, LabRam 

HR). The laser beam's spot size was 1 μm in diameter, and the incidence laser power on the 

sample was less than 1 mW. These experiments were conducted at room temperature (RT). 

2.4.1.8. Photoluminescence (PL) spectroscopy 

Photoluminescence (PL) is a non-destructive, contactless method for determining the electrical 

structure of a material. The incoming light is absorbed by the material in PL spectroscopy, and 

then photoexcitation occurs, followed by relaxation and photon emission [42,43]. The emitted 

spectrum is collected by a charge coupled device (CCD) camera for each studied location on 

the sample. To capture the PL data in this thesis, a Fluorescence Spectrophotometer (Horiba, 

Fluoromax-4C) coupled with a Xenon lamp was employed. At room temperature, the 

photoluminescence emission spectra of Ag NPs grown on corning glass were recorded using 

an excitation wavelength of 320 nm.  

2.4.1.9. Spectroscopic ellipsometry (SE) 

Spectroscopic ellipsometry (SE) is a non-destructive and highly accurate powerful optical 

technique used to investigate the optical properties and determine various parameters of thin 

films, such as thickness, refractive index, and surface roughness, with high precision. The 

technique relies on measuring the change in the polarization state of light after it reflects from 

a sample's surface. The unpolarized light coming from Xenon lamp is passed through a 

polarizer, which linearly polarizes the light. Linear polarization means that the oscillations of 

the electric field of the light occur in a specific direction. The linearly polarized light is directed 

onto the surface of the sample under investigation. Some of the incident light gets reflected 
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from the surface of the sample, and some of it penetrates the sample, interacting with various 

interfaces within the film. The light that is reflected from the surface and interfaces of the 

sample undergoes changes in both amplitude and phase, leading to elliptical polarization. This 

means that the orientation of the electric field vector of the light changes as it interacts with the 

sample. The elliptically polarized light is then directed to a detector, which measures its 

properties, including changes in phase and amplitude. Two compensators are used in SE to 

adjust the phase delay of the light. The schematic of SE and spectroscopic ellipsometer 

instrument (Semilab, Sopra, GES-5E) used for the studies are shown in Fig. 2.5 and 2.6 

respectively.  

 

 

 

 

 

 

 

Fig.2.5 Schematic of the ellipsometry spectroscopy measurement technique. 

 

 

 

 

 

 

 

Fig.2.6 Photograph of spectroscopic ellipsometry system. 

Ellipsometry measures the polarization change 𝜌 which is the ratio of reflectance of 𝑝 polarized 

(𝑟𝑝) and 𝑠 polarized (𝑟𝑠) light [44] 
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𝜌 =
𝑟𝑝

𝑟𝑠
= (tan 𝜓)𝑒𝑖Δ 

With amplitude ratio tan 𝜓 and the phase difference Δ = 𝜙𝑝 − 𝜙𝑠.  

The pseudo dielectric function (< 𝜀 >) of material is directly related to the 𝜌 and can be drived 

from the ellipsometry measurement using Fresnel’s equation and is given by Eq.2.5 [44] 

< 𝜀 > =< 𝜀1 > +𝑖 < 𝜀2 >= sin2(𝜃0) [1 + (
1 − 𝜌

1 + 𝜌
)

2

tan2(𝜃0)] 

Where 𝜀1 and 𝜀2 are real and imaginary parts of the pseudo dielectric function and 𝜃0 is the 

angle of the incidence. The pseudo dielectric function is therefore directly determined from the 

measurement of the 𝜓 and ∆  using equations (2.4). The pseudo dielectric function relates to 

the complex refractive index through  

𝑁 = 𝑛 + 𝑖𝑘 = √𝜀 

where 𝑛 and 𝑘 are the refractive index and extinction coefficient respectively. 

In the present thesis, spectroscopic ellipsometry (SE) measurements were done in the photon 

energy range of 1.0 - 4.5 eV at an incidence angle of 60° by spectroscopic ellipsometer 

(Semilab SOPRA, GES-5E). The spot size of The spectroscopy ellipsometry analyzer (SEA 

v1.5.26) software was used to analyze the SE data. This software uses a standard regression 

based Levenberg-Marquardt algorithm (LMA) to minimize the value of the root means square 

error (RMSE). RMSE which should be the least for the best fitting, can be defined as [44]  

𝑅𝑀𝑆𝐸 = √
1

2𝑁 − 𝑀
∑ [(

𝑓1,𝑚𝑒𝑎𝑠
𝑖 − 𝑓1,𝑐𝑎𝑙𝑐

𝑖

𝜎1,𝑚𝑒𝑎𝑠
𝑖

)

2

𝑤1 + (
𝑓2,𝑚𝑒𝑎𝑠

𝑖 − 𝑓2,𝑐𝑎𝑙𝑐
𝑖

𝜎2,𝑚𝑒𝑎𝑠
𝑖

)

2

𝑤2]

𝑁

𝑖=1

 

Where 𝑁 is the number of measured data points, 𝑀 is the number of fitted model parameters, 

𝑓1,𝑚𝑒𝑎𝑠
𝑖  and 𝑓1,𝑐𝑎𝑙𝑐

𝑖  are the 𝑖𝑡ℎmeasured and calculated ellipsometric quantities which was taken 

from the set of (< 𝜀1 >, < 𝜀2 >), 𝜎1,𝑚𝑒𝑎𝑠
𝑖  and 𝜎2,𝑚𝑒𝑎𝑠

𝑖  are pointwise experimental error 

belongings to the 𝑖𝑡ℎ 𝑓1and 𝑓2 measurements, 𝑤1 and 𝑤2 are user-defined weight factors. 

The dielectric, plasmonic properties, and roughness of the Ag NPs films are deduced from 

measured ( 𝜓, Δ) values as a function of energy applying suitable optical models using single 

(2.4) 

(2.5) 

(2.6) 

(2.5) 
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or multilayer structures having minimum RMSE value. The best fitted model and the structure 

are described in chapter 4. 

2.4.2 Solar cell characterization 

2.4.2.1 Current density (J) – Voltage (V) measurement 

The electrical performance of the fabricated a-Si:H solar cells was assessed through current 

density-voltage (J-V) characteristic measurements under standard testing conditions (AM 

1.5G, 100 mW/cm2) using a solar simulator (Make: Sciencetech, Model: SL-50A-WS) and 

Keithley 2450 source meter controlled by a computer to provide voltage sweeps and record the 

corresponding current. Current density-voltage characteristic of solar cell is illustrated in Fig. 

2.7. 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Current density- Voltage (J-V) curve of a-Si:H thin film solar cell. 

From the J-V curve, short-circuit current density (Jsc), open-circuit voltage (Voc) and fill factor 

(FF) are obtained. The solar cell efficiency (η) is defined as the ratio of maximum electrical 

energy output to the incident solar energy on the cell. The η (%) is determined by the following 

Eq. 2.7. [33,45,46] 

(%) 100sc oc

in

J V FF

P


 
                                         (2.7) 

max maxwhere
sc oc

J V
FF

J V





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where Jsc, Voc, FF and Pin are short-circuit current density, open-circuit voltage, fill factor and 

input power. The Voc is the voltage at which no current flows through the external circuit; that 

is at J = 0. On the other hand, Jsc is current density at which voltage drop is zero across the 

solar cell. The FF is the ratio of the maximum power that can be obtained from the cell to the 

product of Jsc and Voc. It is a measure of ‘squareness’ of the J-V curve and describes the 

operating point at which the solar cell gives maximum power to the attached load.  

2.4.2.2 External quantum efficiency (EQE) 

External quantum efficiency (EQE) tests were carried out in the wavelength range 300-900 nm 

at room temperature utilizing an in house built dual beam setup. The schematic diagram of the 

quantum efficiency measurement apparatus is shown in Fig. 2.8. The system's initial 

component, the light source for the EQE measurements, was a xenon lamp fed through a 

monochromator (Horiba Jovin Yvon-Triax). Before taking any measurements, the lamp was 

turned on for at least 30 minutes. This was shown to be adequate for producing a steady current 

output from an a-Si: H solar cell. The incident beam was separated into two beams using a 

beam splitter, one for the reference calibrated diode and the other for the solar cell. To achieve 

optimal alignment, optical lenses were utilized during measurements to focus the light from 

the monochromator onto the reference photodiode and solar cell. The incision width was kept 

constant at 3 mm in diameter. When the sample was exposed to light at longer wavelengths, 

second order filters with cutoff wavelengths of 400 nm and 610 nm were utilized to prevent 

second harmonics. An optical chopper (Stanford Research Systems Model SR540) was utilised 

to disrupt the light beam on a regular basis. To accurately maintain the chopping speed and 

phase relative to the reference signal, the controller employs a phase locked loop motor speed 

control architecture. A chopper was put in front of the monochromator entry slit in our 

measurement. We employed a 6-slot blade set with a 17-Hz chopper frequency. Two lock-in 

amplifiers (Stanford Research Systems Model SR-810) were connected to the optical chopper 

outputs. One lock-in amplifier was linked to the reference photodiode, while the other was 

linked to the solar cell. A lock-in amplifier monitors a single output, a signal component at a 

defined reference frequency. Noise signals at frequencies other than the reference frequency 

are disregarded, and the measurements are unaffected. The LabVIEW programme was used to 

operate the monochromator, two lock-in amplifiers, and the output signals from the reference 

diode and solar cell in terms of volts through a general purpose interface bus (GPIB) card and 

wires [47–49]. 
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Fig.2.8 Schematic of external quantum efficiency setup. 

 

External quantum efficiency can be obtained from Eq. 2.8  

                                                 Q (%) 100cell

h c
E E SR

q 


  


                                   (2.8)

 

where h,c,q,λ and SRcell are planks constant, velocity of light, charge of electron, wave length 

of light and spectral response of the measured solar cell respectively.  

Spectral response of the measured solar cell can be obtained from the following Equation 2.9 

/

/

ref stdcell
cell ref

std ref cell

VV
SR SR

V V

  
      

   
                                             (2.9) 

where SRref, Vcell, Vstd, Vref/std and Vref/cell are respectively the spectral response of standard diode, 

voltage of the test cell, voltage of a standard diode, reference diode voltage when standard 

diode voltage was measured and reference diode voltage when test cell voltage respectively. 

The short circuit current density of solar cells estimated from EQE is given by Eq.2.10 [33,50] 

                                                  𝐽𝑠𝑐 = ∫ 𝑏𝑠𝐸𝑄𝐸(𝜆)𝑑𝜆
𝜆+Δ𝜆

𝜆
                                                  (2.10) 

Where 𝑏𝑠 is incident spectral photon flux density, 𝜆 is wavelength. 
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2.5. Simulation details of hydrogenated amorphous silicon (a-Si:H) thin film 

solar cells using AFORS-HET software 

The single junction n-i-p hydrogenated amorphous silicon (a-Si:H) thin film solar cells were 

simulated using well-practiced AFORS-HET (Automated For Simulation of Heterostructure, 

v 2.5) software developed by Helmholtz- Zentrum Berlin (HZB) to accurately evaluate the 

effect of various parameters on solar cells performance [51–54]. Fig. 2.9 shows the input 

window of the AFORS-HET software. AFORS-HET software is a handy tool for modeling 

homojunction and heterojunction solar cells. This software solves 1-D Poisson’s equation and 

the continuity equation for the electrons and holes using Shockley-Read-Hall (SRH) 

recombination statistics [55–57]. Also, the e-h generation in the absorber layer is estimated 

with the Beer-Lambert absorption equation using the optical model in the AFORS-HET. 

Moreover, the AFORS-HET simulator is good enough for an amorphous structure since it 

considers different types of defects in materials and also at interfaces between different layers. 

Each layer consists of band tail defect states described as conduction and valance band tails 

with exponential distribution while mid band dangling bond defect states described as acceptor-

like dangling bond and donor-like dangling bond with Gaussian distribution.  

Fig.2.9. Afors-HET input window to define the structure and perform the measurement. 
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Throughout the optimization, flat band was chosen as a front and back contact. No front and 

back surface texturing was done. The surface recombination velocity of electrons and holes 

was set 107 cm/s. The global radiation AM 1.5 spectrum with an incident power density of 100 

mW/cm2 was used as the illuminating source in the present simulation, while the operational 

temperature was 300K. 
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Growth dynamics of silver thin films and nanoparticles 

and its correlation with plasmonic properties of silver 

nanoparticles  

3.1. Introduction  

The surface morphology of thin films has a considerable influence on its optical, mechanical, and 

electrical properties [1–3]. The surface roughness of thin films affects the performance of the 

optical devices, plasmonic devices, biological sensor and solar cells [4]. In the solar cells, the 

surface roughness of thin films controls the fraction of incident light in the absorber layer, which 

influences the efficiency of solar cell [5]. Though the increase in front surface roughness decreases 

the conversion efficiency of solar cell [6,7], it has been shown that more rough surface is desirable 

to enhance the diffuse light reflection at back contact electrode of the thin film photovoltaic devices 

[8]. The textured back reflector in thin film solar cells enhances the optical path length of incident 

light within the absorber layer and consequently increases the photocurrent and efficiency [2,9]. 

Therefore, the importance of surface morphology cannot be ignored and it is necessary to study 

the surface properties of the thin films before the actual device fabrication. The morphology of 

thin films and the nanostructures strongly depend on the deposition method (chemical method and 

physical method) and growth condition [10,11] and the final structure depends upon the 

mechanism of its formation [12] which influence the optical properties of the nanostructure 

materials[13]. The nanoparticles of the noble metals (Ag, Au, Cu) exhibit the localized surface 

plasmon resonance (LSPR) properties which is useful for surface enhanced Raman spectroscopy, 

sensor, solar cells etc. [14–20]. The LSPR properties of the metallic nanostructures strongly 

depend upon the shape and size of the nanoparticles and other related parameters e.g., roughness, 

correlation length and the film growth mechanism etc. [21–23]. The surface roughness of the film 

and the nanostructure also affect the LSPR properties [24–26]. These properties of surface boost 
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the interest for surface evolution study to obtain a better understanding of the essential growth 

process of metallic nanomaterials and help to fabricate nanostructures with desirable properties in 

a controlled way.  

In the last few decades, the interest to study growth dynamics of the films and its dependency on 

the deposition process, parameters and the post deposition processing has increased for potential 

nanotechnology applications. Research work, both experimental and theoretical have been 

reported on the growth of thin films and the nanostructures using different methods based on the 

statistical analysis [27–35]. Several analyses like steriometric, kinetic roughening, fractal, and 

multifractal have been carried out by the researchers to characterize the thin film surfaces [36–41]. 

Beside these analysis, Height-height correlation function and power spectral density function with 

advance data analysis are generally used to perform quantitative study of the surfaces using a 

dynamic scaling methods [38,39,42]. For this purpose, Atomic Force Microscopy (AFM) is 

considered a suitable tool to describe the surface characteristic from the AFM images. AFM 

technique provides real space imaging and can be employed to characterize surface and its growth 

kinetics which is involved in the growth mechanism [43–46]. The analysis of surface morphology 

provides the information of its scaling behavior and growth model which is helpful for better 

understanding of the growth mechanism and also helps in correlating the morphological properties 

with the optical properties of the thin films and nanostructure materials [1,31–33,47,48].  

As discussed in the chapter 1 and 2, several methods have been reported to synthesize the Ag NPs 

[49–53]. The solid state dewetting (SSD) is a physical method commonly used for the growth of 

the nanoparticles. In SSD a thin film is transformed into an array of droplets or nanoparticles by 

the thermal annealing [54]. Moreover, in this method, the size of the nanoparticles can be 

controlled more effectively and reproducibly on a large scale for Nano photonics, Nano 

electronics, plasmonics and photovoltaic devices [53].  

With this motivation, in this chapter, we have investigated the growth dynamics of silver 

nanoparticles, grown onto the corning glass 1737 substrate by solid state dewetting of the silver 

precursor films, and correlated the growth dynamics with the evolution of optical properties of 

silver nanoparticles. AFM characterization with advanced data analysis is used to describe the 

surface characteristics. The height-height correlation function and power spectral density function 

are extracted from AFM images for the calculation of scaling exponents; local roughness exponent 
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(𝛼𝑙𝑜𝑐𝑎𝑙), growth exponents (), dynamic exponent (1/z), and global roughness exponent ( ) and 

to know the scaling behavior and growth model of the surface. The microstructure of the Ag NPs 

was probed by field emission scanning electron microscopy and X-ray diffraction. The LSPR 

properties of the Ag NPs were studied by UV-Vis-NIR spectroscopy. A correlation between the 

growth exponents with the optical properties of the silver nanoparticle is also established. The aim 

of this study is to understand the influence of the dewetting parameter (thickness of precursor film) 

on growth dynamics and its correlation with the plasmonic properties of Ag NPs for application in 

plasmonic devices. 

3.2. Theoretical details for AFM analysis  

An important quantity for knowing the surface morphology and dynamic scaling behavior is 

height-height correlation function (HHCF). It can be defined as the statistical average of the mean 

square of height difference between the two points, separated by distance r, and is written as [47], 

𝐻(𝑟, 𝑡) = 〈|ℎ(𝑟 + 𝑟′, 𝑡) − ℎ(𝑟′, 𝑡)|2〉 

Where ℎ(𝑟′, 𝑡) is the surface height at position r’ and time 𝑡 measured by AFM and ℎ(𝑟 + 𝑟′, 𝑡) is 

that at point (𝑟 + 𝑟′, 𝑡). 

For self-affine surface, HHCF can be expressed by exponential correlation model in the scaling 

form [47] 

𝐻(𝑟, 𝑡) = 2𝑤2 [1 − exp⁡{− (
𝑟

𝜉
)
2𝛼

}] 

Where 𝑤 is the interface width (or RMS roughness), 𝜉 is lateral correlation length and 𝛼⁡is 

roughness exponents. Further 𝑤 and 𝜉 follow the power law dependence with deposition time (here 

equivalent precursor film thickness) as 𝑤~𝑡𝛽, 𝜉~𝑡
1
𝑧⁄  respectively, where 𝛽 is growth exponent 

and 1 𝑧⁄  is dynamic exponent. Here 𝛽 signifies the pace of the surface roughening while 1 𝑧⁄  

represents the rate of the lateral growth . The growth exponent 𝛽 and dynamic exponent 1 𝑧⁄  are 

related to 𝛼 as 𝛽 = 𝛼
𝑧⁄ . 

HHCF behaves differently for the two different regions (for 𝑟 ≪ 𝜉 and 𝑟 ≫ 𝜉 ) depending on the 

relative value of 𝑟 and correlation length 𝜉. Now 𝑒𝑞. 2 can be expressed as 

(3.1) 

(3.2) 
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𝐻(𝑟, 𝑡)~{

2𝑤2 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑟 𝜉⁄ ≫ 1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

(𝑚𝑟)⁡2𝛼𝑙𝑜𝑐𝑎𝑙 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑟 𝜉⁄ ≪ 1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
 

Here 𝑚 is the local slope, which identifies the mode of growth (stationary/non-stationary) and is 

related to interface width 𝑤 and lateral correlation length 𝜉 as 𝑚 = (√2𝑤)
1 𝛼𝑙𝑜𝑐𝑎𝑙⁄

𝜉⁄ . Further local 

slope (𝑚) follows the power law dependence with the growth time (or film thickness) as 𝑚~𝑡𝛽∗, 

where 𝛽∗ is the anomalous exponent, representing the anomalous scaling behavior of growth (for 

𝛽∗ ≠ 0). The anomalous exponent can be defined as 𝛽∗ = 𝛽 − 𝛽𝑙𝑜𝑐𝑎𝑙, and 𝛽𝑙𝑜𝑐𝑎𝑙 =
𝛼𝑙𝑜𝑐𝑎𝑙

𝑧⁄ . 

Here⁡𝛼𝑙𝑜𝑐𝑎𝑙 is the local roughness exponent. The roughness exponent is local (𝛼𝑙𝑜𝑐𝑎𝑙) for the region 

𝑟 ≪ 𝜉 and is global (𝛼) for the region 𝑟 ≫ 𝜉. 

The power spectral density function (PSDF) of a surface profile is Fourier transform of the surface 

heights. A suitable model for the PSDF of a self-affine surface is given by [47], 

𝑃(𝑘, 𝑡) =
1

(2𝜋)𝑑
|〈ℎ(𝑟, 𝑡)𝑒−𝑖𝑘𝑟〉|

2
 

Where 𝑃(𝑘, 𝑡) is PSDF in reciprocal space and ℎ(𝑟, 𝑡) is the surface height at position r and time 

𝑡 measured by AFM, 𝑑 is the dimension of surface. 

3.3. Experimental details  

The silver nanoparticles (Ag NPs) were grown on corning glass 1737 substrate by solid state 

dewetting of sputtered silver precursor films using RF magnetron sputtering technique as described 

in section 2.1, chapter 2. The silver precursor thin films were deposited for 30, 60, 90 and 120 s 

time duration at a substrate temperature of 50⁡℃, process pressure of 5× 10−2 mbar, RF power of 

40 Watt. The flow rate of Ar was kept constant at 5 sccm and source to substrate distance was 

fixed at 8 cm. For the growth of the silver nanoparticles by SSD process, post deposition annealing 

was performed under vacuum at a base pressure ~10−6 mbar at 400 ℃ for 1h. Thickness of Ag 

precursors thin films (as deposited samples) were measured by stylus profilometer. Surface 

morphology of Ag NPs (annealed samples) was characterized by Field Emission Scanning 

Electron Microscope. For the structural analysis, X ray diffractometer was used. AFM 

measurements were done by atomic force microscope to study the dynamic scaling behavior and 

growth mechanism of as deposited Ag films and Ag NPs. Gwyddion software was used for the 

(3.3) 

(3.4) 
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AFM data analysis [56]. Optical properties of Ag NPs were recorded by UV-Vis-NIR 

spectrometer. All details of these characterization techniques are given in chapter 2. 

3.4. Results and discussion 

The thickness of Ag precursor thin films deposited on glass substrate by rf sputtering is measured 

by the stylus profilometer. A linear increase in thickness with deposition time is observed. 

Experimental parameters and thickness of silver precursor films are listed in table 3.1.  

Table 3.1. Experimental parameters and thickness of silver precursor films measured by stylus profilometer. 

 

Deposition time  

(s) 

Ar Flow 

Rate   

(sccm) 

Process 

Pressure  

(mbar) 

Substrate 

Temperature 

(℃) 

RF 

Power 

(W) 

Thickness 

(nm) 

             30 

             60 

             90 

            120 

 

  5 

 

 5× 10−2 

 

 50 

 

40 

 12 ± 2 

 21 ± 1 

 34 ± 3 

 50 ± 3 

 

3.4.1. FESEM analysis 

The FESEM images of Ag NPs formed by post annealing of Ag precursor films of the different 

thickness (12 nm, 21 nm, 34 nm and 50 nm) are shown in Fig. 3.1. From the SEM images, it is 

clear that the size of NPs as well as inter particle spacing has increased with the increase in the 

thickness of the precursor films. Initially as the precursor film thickness increases from 12 nm to 

21 nm, the particles size is regular with nearly circular shape but for higher thickness, the particles 

transform in to irregular shape and formation of island of silver agglomerates instead of Ag NPs 

is observed. For this shape and size irregularity, solid state dewetting (SSD) process, which 

minimize the surface free energies of the film, substrate and film-substrate interface [54] is 

responsible. SSD process depends upon several deposition parameters like the thickness of the 

precursor film, annealing temperature, and annealing time [53,57,58]. The driving force for solid 

state dewetting process is more for the thinner films and hence the rate of dewetting is higher for 

thinner films. The particles grown via the SSD process have the broad distribution of size. 

Therefore, a statistical approach is required for the analysis and its correlation with optical 

properties, which can be commonly realized by histograms of NPs size. The histogram for low 

TH-3403_166121104



Chapter 3                          

 

55 | P a g e  
 

thickness films are shown in Fig. 3.2. These histograms reveal that with the increase in thickness, 

the number of small particles decreases and average particle size increases from 45 nm to 87 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 SEM images of Ag NPs on corning glass formed by annealing at 400⁡℃ for 1 h of Ag precursor films of 

different thickness on 200 nm scale. (a) 12 nm, (b) 21 nm, (c) 34 nm and (d) 50 nm. 

Fig. 3.2 The histogram of NPs’ size on corning glass substrate formed by annealing at 400 ℃ for 1 h of Ag 

precursor films having different thickness. 

(a) (b) 

(a) (b) 

(c) (d) 
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The surface area covered by NPs is increased from 26% to 40% with film thickness increasing 

from 12 to 21 nm. For the higher thickness (> 21⁡𝑛𝑚) of Ag precursor films, the formation of the 

irregular shaped clusters is observed, and due to uncertainties in definition of particle size, 

histograms are not available. 

3.4.2. XRD analysis 

The XRD spectra of films of Ag NPs are shown in Fig. 3.3. The XRD peaks at 38.2°, 44.2°, 

64.5°and 77.4° corresponding to the (111), (200), (220) and (311) planes of silver respectively 

(JCPDS 4-0783) are observed for all the samples. The peak corresponding to (111) plane becomes 

more intense with the thickness of the precursor films. The crystallite sizes of the silver 

nanostructured films were estimated using the Debye -Scherrer’s formula, defined as 𝐷 =

0.9𝜆 𝛽 cos 𝜃⁄ , where D is the average crystallite size and 𝜆 is the X-ray wavelength (1.5406 Å); 𝛽 

and 𝜃 are the full width at half maxima of the XRD peak and the diffraction angle of the 

corresponding XRD peak.  

Fig. 3.3 XRD spectra of Ag NPs formed by post annealing of precursor film of different thickness; 12-50 nm. 

The most intense peak corresponding to (111) plane was taken for of calculation of the crystallite 

size. The average crystallite size increases from 4.2 to 8.4 nm with increase in the thickness from 

12 to 50 nm. The values of inter-planar distance 𝑑 are 2.35, 2.04, 1.44, and 1.23 Å corresponding 

to (111), (200), (220) and (311) planes of silver respectively. 
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3.4.3. AFM analysis 

The surface morphology (AFM images) of as deposited films (Ag precursor films) and annealed 

films (Ag NPs) are shown in Fig. 3.4, and Fig. 3.5 respectively.  Multiple 2D/3D AFM images 

were taken at different locations/scan area of the film surface to check the surface morphology. 

These AFM images indicate that as-deposited films are uniform having very low surface 

roughness, though the roughness is slightly more for thicker films deposited for long duration 

(Fig.3.4). No grain formation is observed for the as-deposited silver films. After the films are  

annealed at 400 ℃, continuous thin films changed into the array of nanoparticles [59,60] and 

increase in roughness is observed. Large increase in roughness for the thicker films is due to the 

irregularity in shape and large size of the nanoparticles/island for these samples. The initial 

visualization of AFM images (Fig.3.5) of the annealed silver films indicate the uniform distribution 

of the small nanoparticles over the surface. For the lower thickness of the precursor film, the shape 

of nanoparticles is nearly spherical. With increase in thickness or growth time of the precursor 

film, particle shape changes from circular to elongated due to formation of islands.  

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 AFM images with 5⁡𝜇𝑚 × 5⁡𝜇𝑚  area of as deposited films having different thickness, (a) for 12 nm, (b) for 

21 nm, (c) for 34 nm and (d) for 50 nm. 

(a) (b) 

(c) (d) 
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Fig. 3.5 AFM images with 5⁡𝜇𝑚 × 5⁡𝜇𝑚  area of annealed films (Ag NPs) (a)-(d) and their particle size distribution 

(a1)-(d1) having different thickness, (a)&(a1) for 12 nm, (b)&(b1) for 21 nm, (c)&(c1) for 34 nm and (d)&(d1) for 50 

nm. 

(a) (a1) 

(b) 

(c) 

(d) 

(b1) 

(c1) 

(d1) 
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To measure the particle size from the AFM images, watershed-based segmentation algorithm was 

used [61]. The average particles size is obtained as 57, 90, 140, and 160 nm for the precursor film 

thickness of 12, 21,34, and 50 nm respectively. The particle size distribution from AFM images is 

shown in Fig. 3.5 (a1-d1). 

The height-height correlation function (HHCF) extracted from AFM images for as deposited and 

annealed samples having different thickness is plotted in log scale and shown in Fig. 3.6. The  

curve  fitted using 𝐸𝑞. 3.2 is shown as a solid line in the same Fig. 3.6. The measured data fit well 

to 𝑒𝑞. 2 (R2=0.96-0.99) for as deposited films, whereas for annealed films with Ag NPs, fitting 

deviated for 𝑟 ≫ 𝜉. From Fig. 3.6, It is observed that HHCF shifted upward as the film thickness 

is increased for both as deposited and the annealed samples; for the annealed samples the 

magnitude of HHCF is higher by nearly one order than that for corresponding precursor films. The 

behavior of HHCF is different for two regions; 𝑟 ≪ 𝜉 and 𝑟 ≫ 𝜉.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.6 Log-log plot of Height-Height correlation function (HHCF) as function of distance (𝑟) of as-deposited and 

annealed films of different thickness: 12-50 nm. 

For the as-deposited samples, HHCF remains constant in the region 𝑟 ≫ 𝜉 which is indicating the 

nature of the surfaces as self-affine while for the annealed samples, an oscillatory behavior is 

observed for 𝑟 ≫ 𝜉 indicating the formation of mound on the surfaces for thicker films [47]. For 
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the region 𝑟 ≪ 𝜉, HHCF follows a power law trend and is proportional to 𝑟2𝛼𝑙𝑜𝑐𝑎𝑙 whereas for the 

region 𝑟 ≫ 𝜉, HHCF is close to 2𝑤2. The short range (for 𝑟 ≪ 𝜉) and long range (for 𝑟 ≫ 𝜉) 

behavior of the rough surface are distinguished by lateral correlation length 𝜉. 

Parameters 𝛼𝑙𝑜𝑐𝑎𝑙, 𝑤, and 𝜉 were estimated from the best fitting of experimental curves with 𝑒𝑞. 2 

and the values of these parameters are listed in table 3.2. The variation of the 𝛼𝑙𝑜𝑐𝑎𝑙, 𝑤, and 𝜉 as a 

function of the thickness for as deposited and annealed samples on the log-log scale is shown in 

Fig. 3.7 (a), (b) and (c) respectively. From Fig. 3.7 (a), It is found that the value of the 𝛼𝑙𝑜𝑐𝑎𝑙 for 

the annealed sample is higher than that for as-deposited sample due to the formation of the 

nanostructure. A larger value of 𝛼𝑙𝑜𝑐𝑎𝑙 corresponds to more rough surface while the smaller 𝛼𝑙𝑜𝑐𝑎𝑙 

value corresponds to comparatively smooth surface.  

Fig. 3.7 (a)Variation in local roughness exponent 𝛼𝑙𝑜𝑐𝑎𝑙  (b) interface width 𝑤, and (c) correlation length 𝜉 with the 

precursor Ag film thickness, (d) interface width 𝑤 vs correlation length 𝜉. 

(a) (b) 

(c) (d) 
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Table 3.2. Roughness exponent (𝛼𝑙𝑜𝑐𝑎𝑙), interface width (𝑤), lateral correlation length (𝜉) calculated using the HHCF 

from AFM images of as deposited films (Ag precursor films) and annealed films (Ag NPs). 

Thickness 

(nm) 

 Roughness exponent 

(𝛼𝑙𝑜𝑐𝑎𝑙) 
 Interface width (𝑤) 

(nm) 

 Correlation length (𝜉) 
(nm) 

  As-

deposited 

Annealed 

(Ag NPs) 

 As-

deposited 

Annealed 

(Ag NPs) 

 As-

deposited 

Annealed 

(Ag NPs) 

12  0.69±0.02 0.83±0.02  0.30±0.002 2.5±0.02  23.5±0.38 66.4±1.5 

21  0.73±0.02 1.03±0.06  0.39±0.002 6.3±0.02  29.0±0.19 94.8±2.4 

34  0.74±0.02 0.98±0.04  0.50±0.003 9.6±0.03  42.8±0.66 140.9±3.2 

50  0.81±0.04 1.04±0.05  0.62±0.004 15.3±0.05  50.0±0.80 160.8±4.1 

 

It can also be seen from the Fig. 3.7 (b), that the interface width 𝑤 increases with the thickness for 

all the samples however the values of interface width for the annealed samples are comparatively 

higher, further confirming the increase in roughness due to formation of the silver nanoparticles 

[1]. Fig. 3.7 (c) shows that the increase of film thickness affects the correlation length (𝜉); and its 

𝜉 value is increased with the thickness for both as-deposited and annealed samples. Due to the 

uniform surface for thinner films, values of lateral correlation length 𝜉 are found to be lower in the 

case of as-deposited samples compared to the annealed samples. In the annealed samples lateral 

correlation length 𝜉 also indicates the size of the nanoparticles (mounds) and increase in correlation 

length is due to lateral growth of the island [1]. The correlation length estimated from HHCF 

matches with the particle size calculated from the AFM images. The parameters 𝑤 and 𝜉 show the 

power law dependence as 𝑤~𝑡𝛽 and 𝜉~𝑡
1
𝑧⁄  respectively having values 𝛽 = 0.48 ± 0.01 and 

1/𝑧 = 0.58 ± 0.08 for as deposited samples, and  𝛽 = 1.27 ± 0.08 and 1/𝑧 = 0.65 ± 0.05 for 

annealed samples. In order to quantify the dynamics of roughness, 𝜉 versus 𝑤 for all the samples 

were plotted on log-log scale and is shown in Fig. 3.7(d). The relation between 𝑤 and 𝜉 can be 

worked out as 𝑤~𝜉𝛼 [47], where 𝛼 is found to be 0.78 ± 0.10 and  1.94 ± 0.18 for as deposited 

and annealed samples which is well matched with that of calculated value from the relation 𝛼 =

𝛽𝑧 within the measurement error. The validation of the relation confirms the presence of the 

dynamic scaling [47]. The measured values of 𝛼, 𝛽, 1/𝑧  for the annealed samples are comparable 

with the literature in the case of the mound surfaces [42,48]. We observed the value of 𝛼 > 1 in 
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the case of annealed samples which is the indication of the faster vertical growth compared to the 

lateral growth and is also related to the roughness of the precursor silver thin films.  

The local slope (𝑚) calculated using the relation 𝑚 = (√2𝑤)
1 𝛼𝑙𝑜𝑐𝑎𝑙⁄

𝜉⁄  [47], is plotted as a 

function of film thickness and shown in Fig. 3.8. The local slope evolved with thickness and 

followed power law dependence with the thickness as 𝑚(𝑡)~𝑡𝛽∗.  

 

 

 

 

 

 

 

 

Fig. 3.8 Variation of local slope 𝑚 with the thickness (growth time) for as-deposited and annealed films, fitting of this 

curve give the anomalous exponent 𝛽∗. 

Very weak dependence (𝛽∗ = 0.10 ± 0.01) with the thickness is observed for as deposited films 

indicating a near stationary growth whereas for annealed films the exponents is significantly higher 

(𝛽∗ = 0.66 ± 0.03) indicating the non-stationary growth of nanoparticles during annealing. The 

non-stationary growth is also confirmed by HHCF as it is shifting upward with thickness for the 

region 𝑟 ≪ 𝜉 [47]. The anomalous exponent 𝛽∗ is calculated by the power law fitting of local slope 

curve which matched very well with that of calculate values from the relation 𝛽∗ = 𝛽 − 𝛽𝑙𝑜𝑐𝑎𝑙. 

The value 𝛽∗ ≠ 0 further confirms that the anomalous scaling has occurred [10,36]. 

Fig. 3.9 (a) shows the power spectrum density function (PSDF) plots of as deposited and annealed 

samples of different thickness in logarithmic scale. Power spectrum density function of as 

deposited samples has lower intensity at each spatial frequency compared with those of annealed 

samples for all the thicknesses, which is related to lesser roughness of as deposited films. 
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However, the intensity of power spectrum increases with the thickness or growth time. Like 

HHCF, the PSDF exhibits two different regimes, a correlated regime (frequency dependent) and 

non-correlated regime (constant value); PSDF spectra bend at higher frequencies for all the 

samples.  

Fig. 3.9 (a) Log-log plot of power spectrum density function 𝑃(𝑘) as function of 𝑘 (reciprocal space) of as-deposited 

and annealed films of different thickness: 12-50 nm, (b) variation in cutoff frequency 𝑘𝑐𝑢𝑡𝑜𝑓𝑓  and correlation length 

𝜉 of as deposited and annealed films with the precursor Ag precursor film thickness. 

These two behaviors of the PSDF are differentiated by cut off frequency (𝑘𝑐𝑢𝑡𝑜𝑓𝑓), which can be 

determined by the turning point of the PSDF spectra. The cutoff frequency (𝑘𝑐𝑢𝑡𝑜𝑓𝑓) is shifted 

towards lower 𝑘 with increase of the film thickness for all the samples and shown in Fig. 3.9 (b). 

This is in agreement with increase in correlation length 𝜉 for thicker silver precursor films, 

𝑘𝑐𝑢𝑡𝑜𝑓𝑓~1 𝜉⁄ . The anomalous scaling is also confirmed by the plots of HHCF and PSDF (see Fig. 

6 and Fig. 9a) as HHCF and PSDF curves are shifted upwards with increase in thickness [10]. 

From the PSDF shown in Fig. 3.10, it is also found that for as deposited sample no characteristic 

peak is observed which is characteristic of a smooth surface with self-affine growth while for the 

annealed samples, when nanoparticle formation has taken place, PSDF spectrum has a 

characteristic peak suggesting the formation of mounds on the surface [55]. For the annealed 

samples, this characteristic peak become more prominent with increase in the thickness of the 

precursor films. These observations are in agreement with literature for mound surfaces [47]. 

(a) (b) 
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Fig. 3.10 Power spectrum density function 𝑃(𝑘) as function of 𝑘 (reciprocal space) and corresponding 2D FFT images 

(inset) of as deposited and annealed films of different thickness (a) 12 nm, (b) 21 nm, (c) 34 nm and (d) 50 nm.  

(a) (b) 

(c) (d) 
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The 2D Fast Fourier Transform (FFT) of AFM images for as-deposited and annealed samples are 

shown as inset image in Fig. 3.10. A bright ring like structure in 𝑘- space is observed for the 

annealed samples, which further supports presence of mounds on the surface [48].The fitting for 

the all-PSDF curves with Gaussian function was done to estimate the peak position 𝑘𝑚 and FWHM 

of the peak. The peak position of the PSDF is given by 𝑘𝑚 = 2𝜋/𝜆 and has a power law 

dependence with time (or film thickness) 𝑘𝑚~𝑡
−𝑝, where 𝑝 is the wavelength exponent. This 

implies a similar behavior for the wavelength (𝜆𝑚) (see Fig. 3.11a). A linear variation in 𝜆𝑚 with 

thickness is observed for these annealed films with growth of Ag NPs. 

Fig. 3.11 (a) Log-log plot of characteristic wavelength as a function of thickness (growth time), (b) variation in peak 

position (𝑘𝑚) and FWHM of the corresponding peak of the mound surface (Ag NPs) . 

From the Fig. 3.11 (b), it is observed that  characteristic peak (𝑘𝑚) is shifted towards the lower 

𝑘⁡in the reciprocal space with the increase in the correlation length indicating increase in separation 

of island or the size of the mounds. The full width at half maxima (FWHM) of the PSDF also 

follows an inversely proportional relation with the correlation length (𝜉). This behavior of 𝑘𝑚 and 

FWHM is the agreement with literature for the mound surfaces [33,47]. 

Above observations show that the growth of as-deposited films result in self-affine surface but 

after the annealing, the surface becomes mounded with the well-defined characteristic wavelength 

which is due to the transformation of continuous film into nanoparticles [55]. The mound 

formation on any surface is caused by the different growth effects such as shadowing, reemission, 

diffusion. In the present work solid state dewetting process occurs via surface diffusion below the 

melting points of the films and promotes the mound formation [1,55,62]. 

(a) (b) 

TH-3403_166121104



Growth dynamics of silver thin films and nanoparticles and its correlation with plasmonic 
properties of silver nanoparticles  

66 | P a g e  
 

3.4.4. UV-Vis-NIR analysis 

To correlate the growth dynamics of the silver thin films and the silver nanoparticles with the 

optical properties, the absorbance spectra for all the samples is measured in the wavelength range 

from 300-1500 nm (Fig. 3.12). For as deposited films, absorbance spectra are nearly flat in the 

wavelength range from 300-800 nm (inset of Fig. 3.12 a) without any peak in the absorbance 

spectra. Absence of any LSPR peak in the spectra for the as deposited films (Ag Precursor films) 

indicates that nanoparticles formation has not taken place at this stage. These observations are in 

agreement with the AFM studies indicating the self-affine growth for as deposited films with low 

roughness and small growth exponents in HHCF. For annealed films, the absorbance spectra is 

characterized by a peak in the wavelength range 400-600 nm corresponding to the LSPR nature 

due to formation of nanoparticles on the surface. This peak in absorbance spectra for the annealed 

films is more symmetric with low FWHM and nearly zero absorbance value in the high wavelength 

range (>600-800 nm) for films having low thickness prior to the annealing. The significant 

decrease in absorbance to nearly zero value beyond the LSPR peak range indicates that as 

deposited films are fully converted in to the nanoparticles. A shift in peak position towards longer 

wavelength is also observed with increase in thickness of the as deposited films, which is related 

to the increase in size of the nanoparticle. For films with higher thickness (~35 nm or more), the 

LSPR peak in absorbance spectra is asymmetric with larger FWHM and nonzero absorbance value 

in the high wavelength range due to formation of silver island instead of Ag nanoparticles. In the 

case of thick precursor films, the entire thickness of the precursor film is not converted, resulting 

into island formation on top of continuous film after annealing. The absorbance spectra in these 

cases have the background effect (in 800-1400 nm range) due to presence of continuous film.  The 

asymmetric nature of LSPR peak is due to broad distribution and irregularity in shape of Ag NPs 

grown via SSD process. The fact that for thicker films, the part of the film is not converted in to 

nanoparticles upon annealing is the due to requirement of larger driving force for solid state 

dewetting process when the film thickness is more. The absorbance spectra are fitted with Lorentz 

function to calculate the position and bandwidth of the peak; these fitted curves are shown in Fig. 

3.12 (a) as solid lines. Although the fitting for the higher thickness of the films (> 21⁡𝑛𝑚) is not 

as good due to more broadening, asymmetric nature and finite background absorbance, however 

one could get a reasonably good estimate of peak position and bandwidth of the peak. The LSPR 

peak shifts to longer wavelength side from 475 nm to 548 nm with increase in thickness of 
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precursor films due to change in size and shape of the particles as shown in Fig. 3.12 (b). This is 

an agreement with the Mie theory [63], according to Mie theory, metal nanoparticles exhibit red 

shift in 𝜆𝐿𝑆𝑃𝑅, with increase of the particle size [17]. 

Fig. 3.12 (a) Absorption spectra of Ag NPs and as deposited films (inset), (b) variation in LSPR peak position with 

thickness, (c), (d) variation in LSPR peak and bandwidth with correlation length and interface width. 

Fig. 3.12 (c), (d) shows the correlation between the interface width 𝑤 and lateral correlation length 

𝜉 with the LSPR properties of the Ag NPs. From Fig. 3.12 (c), it is observed that LSPR peak 

(𝜆𝐿𝑆𝑃𝑅) is red shifted from 475 nm to 548 nm with increase in the correlation length 𝜉 from 66 to 

160 nm [48]. The results are in agreement with the fact that both LSPR peak position in absorbance 

spectra and correlation length in HHCF derived from AFM analysis depend upon the particle size; 

the peak position is red shifted with increase in particle size, whereas the correlation length is 

directly proportional to the particle size. The correlation length is also responsible for the 

(b) 

(c) (d) 

(a) 
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broadening of the LSPR peak as shown in Fig 3.12(c); both have direct relationship with the 

particle size [17]. Fig. 3.12 (d) shows the dependence of LSPR peak position and peak width 

(FWHM) on the  interface width  𝑤 estimated from AFM analysis. Both LSPR peak position 𝜆𝐿𝑆𝑃𝑅  

and Peak width (FWHM)  increase as  the interface width 𝑤 increases from 2.5 to 15.3 nm [26,48]. 

The direct correlation suggests that in solid state dewetting process, as the nanoparticles grow, the 

distribution in size is observed resulting in an increase in surface roughness and asymmetric 

broadening of LSPR peak. Further, the characteristic peak (𝑘𝑚) in PSDF is red shifted (shifted 

towards lower 𝑘 values in 𝑘 space) and became broader (FWHM decreased in 𝑘 space) with 

increase in the lateral correlation length. This behavior of characteristic peak is quite similar to the 

LSPR peak, which demonstrate a good correlation between the growth dynamics and the LSPR 

properties of Ag NPs. 

3.5. Conclusions  

Surface morphology and growth dynamics of the Ag NPs grown by solid state dewetting has been 

investigated as a function of thickness of the precursor silver films and a correlation between the 

growth exponents and optical properties of the Ag NPs is established. The thickness of the as 

deposited films (Ag precursor silver films) is found to range from 12 to 50 nm for the deposition 

time 30-120 seconds respectively. For lower precursor film thickness deposited for shorter time, 

the particles size is regular with nearly circular shape, but for higher thickness, the particles 

transform into irregular shapes and formation of island of silver agglomerates instead of Ag NPs 

is observed. The XRD spectra of Ag NPs (annealed films) is characterized by a dominating peak 

at 38° corresponding to (111) and relatively weak peaks at 44°, 64° and 78° corresponding to (200), 

(220) and (311) planes of silver respectively. The surface morphology of as deposited films (Ag 

precursor films) and annealed films (Ag NPs) has been studied with scaling analysis of AFM data. 

From HHCF analysis, the interface width 𝑤 and lateral correlation length 𝜉 are found to follow 

the power law dependence with the thickness (or deposition time) as 𝑤~𝑡𝛽, 𝜉~𝑡
1
𝑧⁄  respectively. 

From the comparative analysis of HHCF, PSDF and 2D FFT, it is observed that the as deposited 

samples (Ag precursor films) show self-affine surface while annealed samples (Ag NPs) follow 

the mounded surface due to the formation of the nanoparticles by the solid state dewetting. The 

LSPR peak (𝜆𝐿𝑆𝑃𝑅) of the Ag NPs is red shifted and become broader with the increase in the 𝜉 and 
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𝑤. This shows a good correlation between the growth exponents and the optical properties of Ag 

NPs. 
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Chapter 4  

                                                                

Influence of microstructure on dielectric function and 

plasmonic properties of silver nanoparticles  

4.1 Introduction 

The dielectric and surface plasmon resonance properties of the metal nanoparticles play a 

crucial role in metallic nanostructure-based devices [1–4]. The metallic nanostructure is 

affected by its deposition process parameters (substrate temperature, deposition time), 

deposition techniques [5–11], and post-deposition treatment such as annealing temperature, 

and annealing time [12,13]. The deposition parameters and post-deposition treatment also 

affect other properties like voids, grains size, and surface roughness as well. Over the years, 

researchers have been studying the dielectric function of very thin silver films or nanoparticles 

synthesized using various techniques [14–17] and many theoretical and experimental research 

works have been done to study the optical properties of noble metal nanoparticles owing to 

their significant utility across various applications in electronics and optical devices [18–21]. 

It has been proven by many researchers that the optical constants of the films are dependent on 

the film thickness [22,23]. The optical and dielectric properties of ultra-thin films or 

nanostructures significantly differ from the bulk material. Due to the island structure or 

nanostructure, very thin silver films exhibit a free electron-like dispersion of the complex 

dielectric function with optical plasma resonance [24]. Generally, the applications based on 

surface plasmon use Ag films with the nanoparticles [25]. Optical techniques such as 

spectrophotometry, prism coupling, ellipsometry, etc., are typically used to investigate the 

optical characteristics of metal nanoparticles [26–28]. Spectroscopy ellipsometry (SE) is a 

powerful non-destructive measuring technique that provides accurate results even for very thin 

films. It can be easily used to investigate the optical and localized surface plasmon resonance 

(LSPR) properties of the nanostructured film. Optical constants in spectroscopic ellipsometry 

are often calculated by fitting experimental data to a parametric dispersion model. However, 

choosing a precise dispersion model for metallic films often requires a substantial foundation 

of prior information. Moreover, simultaneously fitting both thickness and dielectric function 

using the dispersion equation becomes notably challenging due to the profound connection 
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between thickness and the dispersion model, particularly in the case of ultra-thin films. Thus, 

choosing an appropriate dispersion model is crucial when using the SE approach [29].  

Previously in the literature, the dielectric constant of the novel metallic films and their 

nanostructures (Ag, Au, Cu) have been measured using SE with different dispersion models. 

The dielectric function of silver nanoparticles and silver nanorods on silicon substrate have 

been calculated using variable angle ellipsometry by applying the combination of one Lorentz 

oscillator for the main LSPR, and one Tauc-Lorentz oscillator for the bulk silver [30]. The 

dielectric constant of the silver island on a glass substrate has been measured by the aid of 

ellipsometry using the combination of three Gauss and one Tanguy oscillators: Two Gauss 

Oscillator for the main LSPR, one Gauss oscillator for the bulk plasmon and one Tanguy 

oscillator for the interband transitions [31]. The dielectric constant for the gold island on glass 

substrate has been determined using Muller matrix ellipsometry and got the best fitting with 

the help four Gauss oscillators: one Gauss oscillator for main LSPR, two Gauss oscillator for 

the interband transition of the gold, and one Gauss oscillator for inhomogeneous broadening 

of LSPR [32]. The dielectric constant of the Cu nanostructure thin film has been measured 

using the combination of one Lorentz and three Gauss oscillators; Lorentz oscillator was used 

for the interband transition, two Gauss oscillators for the transverse and the longitudinal mode 

of surface plasmon resonance (SPR), and one Gauss oscillator was used for the copper oxides 

layers (top and interfacial) [33]. The optical constant of the silver thin films has been 

investigated by applying the combination of the Drude and Lorentz oscillators with the 

Bruggeman Effective Medium Approximation (BEMA) for the porosity study [34]. 

Ellipsometry is an indirect method of measuring the film structure (thickness, optical constant 

etc.). Therefore, it is necessary to choose the physical model in which the optical response will 

best match with the experimental data to determine the film parameters using spectroscopic 

ellipsometry. 

With this motivation, in this chapter we have used a combination of Drude, Lorentz model and 

Gauss oscillators with the Bruggeman effective medium approximation (BEMA) to determine 

the dielectric constants of Ag NPs and continuous films by SE measurements. This model is 

more suitable for the metallic films/nanostructure to account for all the characteristics related 

to their surface, bulk and optical properties. The measured SE data was fitted using four-layer 

structure by applying the Drude-Lorentz model to account for intraband and interband 

transitions in metallic films along with two Gaussian oscillators which correspond to LSPR 

due to the presence of nanostructures. The BEMA was also simultaneously applied to calculate 
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the void fraction arising due to the conversion of the continuous film into nanostructures and 

top layer's roughness. The results of SE studies have been correlated with the microstructure 

and LSPR properties probed using FESEM, AFM, XRD and UV-Vis-NIR absorbance 

spectroscopy. 

4.2 Experimental details 

The silver nanoparticles (Ag NPs) were grown on corning glass 1737 substrate by solid state 

dewetting of sputtered silver precursor films using RF magnetron sputtering technique as 

described in section 2.1, chapter 2. The silver precursor thin films were deposited at different 

RF power of 40, 50, 60, 70, 80 Watt for 60 s time duration keeping other parameters constant 

as mentioned in section 3.2 of chapter 3. For the growth of the silver nanoparticles by SSD 

process, post deposition annealing was performed under vacuum at a base pressure ~10−6 

mbar at 400 ℃ for 1h [35]. Thickness of deposited Ag precursors thin films were measured by 

stylus profilometer. The microstructure of annealed silver films (Ag NPs) were characterized 

by Field Emission Scanning Electron Microscope. Atomic force microscopy (AFM) was done 

for the surface roughness. Structure of films was probed using X-ray diffractometer. The 

optical absorbance spectra of silver nanoparticles were recorded by UV-Vis-NIR spectrometer. 

Spectroscopic ellipsometry (SE) measurements were done in the photon energy range of 1.0 - 

4.5 eV at an incidence angle of 60° by spectroscopic ellipsometer. The spectroscopy 

ellipsometry analyzer (SEA) software was used to analyze the SE data. This software used a 

standard regression based Levenberg-Marquardt algorithm (LMA) to minimize the value of the 

root means square error (RMSE). All details of these characterization techniques are given in 

chapter 2. 

4.3 Ellipsometry modeling 

4.3.1 Choice of suitable model for SE data fitting 

SE directly measures the amplitude ratio (𝜓) and phase difference (𝛥) of the reflected light 

oriented in the parallel (p-) and perpendicular (s-) directions with respect to plane of incidence 

as a function of wavelength or energy [36]. The polarization change 𝜌 which is the ratio of 

reflectance of 𝑝 polarized (𝑟𝑝) and 𝑠 polarized (𝑟𝑠) light is given by Eq. 4.1 

𝜌 =
𝑟𝑝

𝑟𝑠
= (tan 𝜓)𝑒𝑖Δ 

With amplitude ratio tan 𝜓 and the phase difference Δ = 𝜙𝑝 − 𝜙𝑠.  

(4.1) 
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The relative dielectric function for a uniform, isotropic, and optically opaque material with a 

smooth surface is directly related to the 𝜌 and can be derived from the ellipsometry 

measurement using Fresnel’s equation through [36] 

< 𝜀𝑟 >=< 𝜀1 > +𝑖 < 𝜀2 >= sin2(𝜃0) [1 + (
1 − 𝜌

1 + 𝜌
)

2

tan2(𝜃0)] 

Where 𝜀1 and 𝜀2 are real and imaginary parts of the dielectric function and 𝜃0 is the angle of 

incidence. The dielectric function is therefore directly determined from the measurement of the 

𝜓 and ∆  using equation (4.1). The relative dielectric function relates to the complex refractive 

index 𝑁 through  

𝑁 = 𝑛 + 𝑖𝑘 = √𝜀𝑟 

For the metallic thin films, the dielectric function is dominated by the intraband transitions of 

free electrons which can be described by the Drude model [37] 

𝜀𝐷𝑟𝑢𝑑𝑒(𝐸) = 𝜀∞ −
𝐸𝑝

2

𝐸2 + 𝑖𝐸ΓDrude
 

Where 𝐸𝑝 = ℏ𝜔𝑝  and ΓDrude are plasma energy and broadening which are related to the 

scattering. Here  𝜔𝑝 is the plasma frequency which is related to the effective mass of the 

electron (𝑚∗) and free electron density (𝑁𝑒) and can be defined as 𝜔𝑝 = √𝑁𝑒𝑒2 𝜀0𝑚∗⁄  . The 

parameter 𝜀∞ accounts for the net contribution from the positive ion cores and the value of the 

𝜀∞ varies in the range from 1-10. Though the Drude model describe the free electron 

contribution with the plasma frequency and the damping constant. However it neglects the band 

structure effects which describes the interband transitions of electron from 𝑑 band to 𝑠𝑝 band 

and also contribute to the dielectric function. A Lorentz oscillator was added to account for the 

interband transitions [37]  

𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧(𝐸) =
𝑓𝐸0

2

(𝐸0
2−𝐸2 − 𝑖𝐸ΓLorentz)

 

Where 𝑓 is the oscillator strength 𝐸0 is the oscillator position and ΓLorentz is the oscillator 

width.  

LSPR properties of the metal nanoparticles are well described by the Gauss oscillator. The 

contribution to the dielectric constant due to the Gauss oscillator is defined as [31,36]. 

𝜀1𝐺𝑎𝑢𝑠𝑠(𝐸) =
2𝐴

√𝜋
[𝐷 (

𝐸 + 𝐸0

𝜎
) − 𝐷 (

𝐸 − 𝐸0

𝜎
)] 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6 a) 
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𝜀2𝐺𝑎𝑢𝑠𝑠(𝐸) = 𝐴 [𝑒𝑥𝑝 {− (
𝐸 − 𝐸0

𝜎
)

2

} − 𝑒𝑥𝑝 {− (
𝐸 + 𝐸0

𝜎
)

2

}] 

Where 𝐴  is the amplitude of the oscillator, 𝐸0 is the oscillator peak position and 𝐷 is the 

operator (Dawson function) [36]. The broadening (𝐵𝑟) of the peak  is related to Full width at 

Half maxima (FWHM) 𝜎 = 𝐵𝑟 2√ln 2⁄  . 

Since the LSPR contribution to the dielectric constant depends upon the shape and size of 

nanoparticle and therefore two gauss oscillators were added in the model to account LSPR 

properties of Ag NPs. 

Now the effective relative dielectric constant can be written as combinations of all the 

oscillators: 

𝜀𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝜀∞ + 𝜀𝐷𝑟𝑢𝑑𝑒 + 𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 + ∑ 𝜀𝑖𝐺𝑎𝑢𝑠𝑠
𝑖=1,2

 

The silver nanostructure layer is having mixed volume fraction of void and silver therefore to 

calculate the void fraction and surface roughness, an effective medium approximation (EMA) 

was used [46].  

∑ 𝑓𝑖

𝜀𝑖(𝐸) − 𝜀(𝐸)

𝜀𝑖(𝐸) + 2𝜀(𝐸)

𝑛

𝑖=1

= 0 

Where 𝑓𝑖 is the volume fraction and  𝜀𝑖(𝐸) is the dielectric function of the 𝑖𝑡ℎ phase. In our 

SE modelling, the two phases are Ag NPs and voids respectively. 

4.3.2 Formation of layer structure for data fitting 

Optical model for SE data fitting is shown in Fig. 4.1. A four-layer structure consisting of void, 

corning glass of 1 mm thickness, main layer of Ag NPs with voids, and a surface roughness 

layer was used for the SE analysis of experimental data. 

 

 

 

 

 

 

 

 

Fig. 4.1 Optical model for the spectroscopic ellipsometry data fitting. 

(4.7) 

(4.6 b) 

(4.8) 
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For the calculation of the dielectric constant and LSPR properties, proposed model was applied 

on main Ag NPs layer. BEMA was used to calculate the void fraction in Ag NPs layer and 

surface roughness of the top layer. 

4.4 Results and Discussion 

Using a stylus profilometer, the thickness of the as-deposited silver films was measured, and 

found to range from 15 nm to 65 nm due to increase in the deposition rate by changing the rf 

power from 40 to 80 Watt. The results are shown in table 4.1. 

Table 4.1 The thickness of Ag precursor films (as deposited) measured by stylus profilometer, 

average particle size of Ag NPs, and surface coverage (post annealing) from FESEM images 

calculated by ImageJ software. 

RF Power (Watt) Thickness (nm) Average Particle 

Size (nm) 

Surface Coverage 

(%) 

40 

50 

60 

70 

80 

15±2 

25±3 

40±3 

50±4 

65±5 

50±2 

70±6 

100±10 

- 

- 

27 

30 

34 

- 

- 

 

4.4.1 FESEM Analysis 

The continuous films converted into nanoparticles after annealing due to solid state dewetting 

(SSD) [35,38]. Fig. 4.2 displays the FESEM pictures of the Ag NPs produced by SSD on a 

corning glass substrate from Ag precursor films deposited at different RF powers. Using 

ImageJ software and thresholding method, the average particle size and surface coverage from 

FESEM pictures were estimated and values are listed in table 4.1. It was observed that the Ag 

nanoparticles of 50±2 nm size with uniform distribution and near spherical shape were formed 

for rf power of 40 Watt. However, with increasing the rf power (50 and 60W), the particle size 

was increased with mixed spherical and oval shapes and non-uniform distribution on the 

surface. An increase in the Ag NPs size with increasing rf power is due to the higher thickness 

of the corresponding films. Furthermore, no clear formation of Ag NPs is seen for thick films 

(> 50 nm) deposited at RF power of 70 Watt, and FESEM pictures are identical to those for 

uniformly deposited films. Histograms are plotted using FESEM data to determine particle size 

and distribution, as illustrated in Fig. 4.3 (a)-(c).  
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Fig. 4.2 SEM images of Ag NPs on corning glass at different RF power on 200 nm scale. (a) for 40 Watt, (b) for 

50 Watt, (c) for 60 Watt (d) for 70 Watt, and (e) for 80 Watt.  

Fig. 4.3 Histogram images of Ag NPs at different RF power. (a) for 40 Watt, (b) for 50 Watt, (c) for 60 Watt (d) 

average particle size, surface coverage by the particles and RMS roughness (from AFM) for 40,50 and 60 Watt. 

(a) (b) 

(c) (d) 
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Fig. 4.3 (d) shows the variation in average particle size, surface coverage determined by 

FESEM, and RMS roughness evaluated by AFM (explained later) with rf power. Surface 

coverage and the RMS roughness linearly increase with the particle size. 

4.4.2 XRD Analysis 

Fig. 4.4 displays the XRD spectra of Ag NPs at different RF power.  The polycrystalline nature 

of the films is demonstrated by the presence of XRD peaks at 38.2°, 44.2°, 64.5°, and 77.4° 

which correspond to the (111), (200), (220), and (311) planes of silver (JCPDS 4-0783), 

respectively for all films. An increase in the intensity for (111) peaks with the RF power is seen 

owing to the increase in the average particle size or thickness of the precursor film. Debye-

Scherrer’s formula (𝐷 = 0.9𝜆 𝛽 cos 𝜃⁄ ) was used to estimate the crystallite size. In this 

formula, D represents the average crystallite size, λ stands for the X-ray wavelength, β and θ 

correspond to the FWHM of the XRD peak, and the diffraction angle of the respective XRD 

peak. The crystallite size was determined by considering the most prominent peak associated 

with the (111) plane. A linear increase in the crystallite size (D) with the RF power is observed, 

and the corresponding values can be found in Table 4.2. The interplanar distance (𝑑) values for  

(111), (200), (220) and (311) planes of silver are 2.35, 2.04, 1.44, and 1.23 Å respectively. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 XRD spectra of Ag NPs on corning glass at different RF power: 40-80 Watt. 

4.4.3 AFM Analysis 

The surface morphology of Ag NPs for different rf power is shown in Fig. 4.5. AFM image for 

the low rf power shows the uniform and well-separated nanoparticles. As the rf power is 

increased from 40 Watt to 60 Watt, the size of the nanoparticles became bigger and a further 
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increase in rf power resulted in a smooth surface with small grains. These observations from 

AFM are similar to those from FESEM images. Due to increase in nanoparticle size and 

irregularity in shape, the root-mean-square (RMS) roughness of the Ag NPs is increased with 

the increase in rf power from 40-60 Watt.  

Fig. 4.5 AFM images of Ag NPs on 5µ𝑚 × 5µ𝑚 square region for different RF power. (a) For 40 Watt, (b) for 

50 Watt, (c) for 60 Watt, (d) for 70 Watt, (e) for 80 Watt, (f) RMS roughness, surface roughness and void fraction 

plot for RF power variation. 

Table 4.2 The values of crystallite size calculated from XRD, roughness calculated from AFM 

and SE measurement, void fraction from SE measurement.  

RF Power 

(Watt)  

Crystallite size (D) 

 (nm) 

 Roughness  

(nm) 

 Void fraction  

(%) 

AFM SE 

40 

50 

60 

70 

80 

6.2 

11.7 

13.1 

14.3 

14.0 

 12±1 

13±2 

14±2 

2±0.5 

1±0.1 

12.7±1 

14.2±2 

16.0±2 

3.8±0.7 

1.0±0.2 

 43 

44 

46 

40 

24 

However, for the higher rf power (70, 80 Watt), AFM images have low values of root-mean-

square (RMS) roughness indicating the smooth surface due to the continuous film and also 

(a) (b) (c) 

(d) (e) 
(f) 
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confirm that no isolated particle formation took place for these films. The RMS roughness of 

Ag NPs estimated from AFM, surface roughness, and void fraction determined from SE 

(explained later) are shown together in Fig. 4.5 (f) to link the void fraction with the roughness. 

These results are provided in table 4.2. A linear relation between surface roughness and void 

fraction is observed. 

4.4.4 Spectroscopic ellipsometry Analysis 

The spectroscopic ellisopmeter directly measures the tan 𝜓  and cos ∆, which are used to 

extract the optical constants. The variation of tan 𝜓 and cos ∆ with rf power is shown in Fig. 

4.6. A sharp transition in tan 𝜓 observed around ~3.60-3.77 eV is due to the interband 

transition in silver thin films and nanostructures. The position is slightly below the reported 

value of 3.9 eV for bulk silver films, however this edge shifts toward the higher energy due to 

microstructral change from nanoparticles to continuous films at higher rf power Moreover, an 

upward shift in  tan 𝜓 with an increase in RF power from 40- 80 Watt is due to increase in 

surface reflection. The lower values of tan 𝜓 for films with nanoparticles is attributed to the 

lower thickness of the films and the nonuniform surface coverage. The values of Phase shift 

cos ∆  (Fig 4.6 b)  varies from -1 to 1 with photon energy, indicating the change in phase 

difference from 180° to 0°. A peak is observed  at around  ~ 3.71-3.85 eV, which is close to the 

transition energy in tan 𝜓 plot. Furthermore, the peak in cos ∆ shifts to higher energy side with 

an increase in rf power.  

Fig. 4.6 tan 𝜓  (a), and cos ∆ (b) spectra of Ag NPs at different RF power: 40-80 Watt. 

Fig. 4.7 shows the measured real (< 𝜀1 >) and imaginary (< 𝜀2 >) part of the pseudo dielectric 

function  along with the curve fitted using proposed model. A good fit with low value of RMSE 

validates the proposed model. The fitting parameters with RMSE values are listed in Table 4.3. 

(a) (b) 
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It can be seen from Fig. 4.7 (a) that the behavior of the real part (< 𝜀1 >) of the pseudo 

dielectric function is completely different for the silver nanoparticle (low rf power < 70 Watt) 

and the silver films with the relatively higher thickness (high rf power > 60 Watt). For the Ag 

NPs at 40 Watt, a peak at 2.26 eV is observed due to the contribution of the bound electrons 

[10] and the peak shifted toward the lower energy as the particle size increased. But for the 

thick silver films (70 & 80 Watt), as the nanoparticles are not present in the sample, free carrier 

absorption (FCA) is dominant over the bound electrons and no peak in < 𝜀1 > spectra is 

observed. Furthermore, the real part  < 𝜀1 > has the positive values for the Ag NPs while it 

shows negative values for the continuous film at higher rf power, indicating the metallic nature 

for these films. 

 Fig. 4.7 The measured and fitted real (< 𝜀1 >) (a), and the imaginary (< 𝜀2 >) part (b) of the pseudo 

dielectric function spectra of Ag NPs on corning glass deposited at different RF power: 40-80 Watt. 

The imaginary (< 𝜀2 >) part of the pseudo dielectric function shown in Fig. 4.7 (b) also shows 

the peak at 2.41 eV for the Ag NPs at 40 Watt due to the LSPR and the peak position is shifted 

towards the lower energy as the particle size is increased. For the thicker films, no peak is 

observed  in < 𝜀2 > due to the absence of the nanoparticles and their LSPR nature. 

Additionally, an enhancement in peak amplitude is observed due to the LSPR of Ag NPs of 

different sizes.Simlar thickness dependent features in SE data have also been reported for nano 

(a) (b) 
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metal thin films. [39,40]. From the fitting parameters of SE data listed in table 4.3, it is observed 

that plasma energy/frequency corresponding the intraband transition (Drude model) increases 

with increase in rf power used for deposition of Ag films. Plasma energy increases from 2.04 

eV to 4.14 eV with an increase in nanoparticles size for the rf power 40-60 Watt. Furthermore, 

for 80 Watt films, plasma energy attains a high value of 8.63 eV due to an increase in free 

electron density at higher rf power. This value (8.63 eV) is close to the reported value for bulk 

silver [18,36]. This increase in plasma energy for 80 Watt indicates that the formation of 

nanoparticles did not take place so efficiently for these thick films and films behaves like the 

bulk Ag films [41–44]. This is in agreement with the metallic nature for 80 Watt film observed 

from the real part of the pseudo dielectric function. The Lorentz model describes the interband 

transitions of electron from 4𝑑 𝑡𝑜 5𝑠 for the silver which occurs ~ 3.9 eV for bulk silver. [10]. 

In our case, the peak energy for the interband transition shifts from 3.7 eV towards 4.10 eV 

with an increase in the rf power due to the transition from the nanostructure to the bulk silver. 

Two Gauss oscillators are used corresponding to the main LSPR and the energy of the 

oscillators varies towards the lower energy with an increase in the particle size. The LSPR 

mode is very sensitive to the shape of the particles; Spherical Ag NPs have only one LSPR 

peak while the silver rods have longitudinal and transverse modes of the LSPR [45,46].  In our 

case, the peak positions for the two gauss oscillators (table 3) are only slightly different for low 

rf films due to formation of near spherical shaped nanoparticles as observed in FESEM images. 

The peak position is however significantly different for 60 Watt film due to formation of 

irregular shaped large particles and increase in interparticle separation. From the effective 

medium approximation, we observed that the void fraction has increased with the increase in 

the rf power. 

Table 4.3 The values of plasma energy, and central energy of Lorentz and Gauss oscillator, 

obtained from SE fitting. 

RF Power 

(Watt) 

Drude  

𝐸𝑝(eV) 

Lorentz 

𝐸0(eV) 

𝐺𝑎𝑢𝑠𝑠1 

𝐸0(eV) 

𝐺𝑎𝑢𝑠𝑠2 

𝐸0(eV) 

𝜀∞ RMSE 

40 

50 

60 

70 

80 

2.04±0.18 

2.94±0.25 

4.14±0.33 

7.75±1.74 

8.63±3.14 

3.70±0.24 

3.80±0.30 

3.85±0.27 

4.06±0.63 

4.10±0.14 

2.41±0.20 

2.30±0.12 

1.89±0.15 

2.88±0.17 

2.46±0.10 

2.26±0.08 

2.37±0.10 

2.30±0.20 

2.10±0.27 

2.38±0.05 

3.35 

3.41 

4.50 

8.40 

8.70 

0.20 

0.19 

0.21 

0.20 

0.14 

TH-3403_166121104



Influence of microstructure on dielectric function and plasmonic properties of silver nanoparticles          

 

88 | P a g e  
 

The surface roughness of the top layer first increased with rf power up to 60 Watt and then it 

started to decrease which is again due to the smooth surface of these films. This trend in surface 

roughness variation from SE modeling, shown in Fig. 4.5 (f) and table 4.2, are consistent with 

rms roughness values obtained from AFM measurements. 

The Refractive index (𝑛) and the extinction coefficient (𝑘) extracted from the SE fitting are 

shown in Fig. 4.8. For comparison, the refractive index and extinction coefficient of bulk Ag 

from Palik’s database is also plotted [47]. The refractive index for lower thickness films at low 

RF power show a peak, which is not typically observed in bulk Ag, indicating a nonmetallic 

behavior (Fig. 4.8 a) [48]. On the other hand, for high RF power, this peak is absent, revealing 

the metallic nature of these films. The extinction coefficient increases monotonically with the 

increase in RF power and follows a similar trend as the imaginary part of the pseudo-dielectric 

function (Fig. 4.8 b). Thick films deposited at high RF power exhibit behavior more closely 

resembling to bulk Ag films. Similar behavior of refractive index and extinction coefficient 

with thickness has also been reported for metal nanoparticles/thin films [48]. The difference in 

(n,k) spectra between the thick samples deposited at high RF power and the data reported by 

Palik is primarily attributed to the post-annealing treatment of these films, which can lead to 

significant changes in the optical properties. We have also compared our refractive index and 

extinction coefficient spectra with the silver oxide films prepared in different oxygen-gas ratio 

conditions and annealed at different temperatures [49]. The comparison revealed a significant 

difference in refractive index and extinction coefficient values, confirming that no oxidation of 

Ag NPs/films occurred. This finding is further supported by X-ray diffraction (XRD) data, 

which showed no diffraction peak corresponding to silver oxide, providing additional evidence 

of the absence of oxidation in the Ag NPs/films. 

Fig. 4. 8 Refractive index (a), and extinction coefficient spectra (b) of Ag NPs for different RF power: 40-80 Watt. 

(a) (b) 
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4.4.5 UV-Vis-NIR analysis 

To validate the SE measurement, plasmonic properties of Ag NPs, in terms of their absorbance, 

were measured with a double beam UV-Vis-NIR spectrometer Lambda 950 in the photon 

energy range of 1.0-4.5 eV and are shown in Fig 4.9 (a). The spectra show the characteristics 

of the Ag NPs only after excluding the background influence of the glass substrate from the 

raw optical observations. From the absorbance spectra, it can be observed that for RF power of 

40 Watt, the LSPR peak position of Ag NPs is around 2.47 eV, and with the increase in RF 

power from 40 Watt to 60 Watt, the LSPR peak is shifted towards lower energy at 2.11 eV due 

to formation of large size nanoparticles. There is no LSPR peak for the RF power of 70 and 80 

Watt. These findings are in good accordance with the findings of the SE. It is also observed 

that absorbance has enhanced with increase in the RF power. The change in Ag NPs 

morphology results in the improvement of their optical performance.  

Fig. 4.9 Absorbance spectra of Ag NPs at different RF power: 40-80 Watt (a), and LSPR peak position and peak 

width from UV and SE (b). 

Table 4.4 The average particle size from FESEM, LSPR peak position and peak width 

calculated from UV-Vis-NIR and SE measurement. 

RF power 

(Watt) 

Average Particle 

Size 

(nm) 

LSPR peak position 

(eV) 

 LSPR peak width (eV) 

UV SE  UV SE 

40 

50 

60 

50±2 

70±6 

100±10 

2.47 

2.30 

2.11 

2.41 

2.30 

1.89 

 0.77 

1.11 

1.17 

0.79 

1.04 

1.25 

LSPR peak position and LSPR peak width calculated from UV and for the Gauss oscillator in 

our model are shown in Fig. 4.9 (b), and the values are listed in table 4.4 along with the 

(a) (b) 
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corresponding average particle size estimated from FESEM. LSPR peak position values and 

the broadening of the peak from the UV matched well with the SE. 

4.5 Conclusions  

In summary, influence of microstructure on dielectric and plasmonic properties of Ag NPs is 

studied using spectroscopic ellipsometry over a broad spectral range from 1.0 - 4.5 eV. The 

effective dielectric function and plasmonic properties of Ag NPs are well described using a 

multiple oscillator approach that can take into account the different light-matter interaction 

phenomenon which occur in the investigated spectral range. The dispersion model containing 

one Drude-Lorentz model and two Gauss oscillators is found suitable to describe the intraband, 

interband and the LSPR contribution to the dielectric function respectively. The Bruggeman 

effective medium approximation is simultaneously applied to measure the void fraction and 

the surface roughness. The microstructural changes, induced by rf power variation, affect the 

intraband, interband transitions and LSPR properties of Ag NPs. The plasma energy evaluated 

from the Drude model, corresponding to intraband transition, shows an increase with the 

increase in the rf power due to the structural transition from the nanoparticles to the bulk film. 

This change in microstructure from nanoparticle formation to continuous films is also reflected 

in the values of void fraction and surface roughness, calculated from SE using Bruggeman 

Effective Medium Approximation (BEMA). More importantly the proposed model for SE data 

analysis has successfully demonstrated the strong correlation between the microstructure and 

the LSPR properties of Ag NPs with the accurate output comparable to the results obtained by 

the AFM, and UV-Vis-NIR spectroscopy. 
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Plasmon-enhanced photoluminescence and Raman 

spectroscopy of silver nanoparticles 

5.1. Introduction 

The metal nanoparticles' size-dependent optical and electronic properties make them suitable for 

technological applications [1–3] in plasmonics, photonics, electronics, biology, and medicines 

[4,5]. Therefore, the size-controlled synthesis of metallic nanoparticles has gained the attention of 

researchers. The size and shape of the nanoparticles strongly depend on the growth conditions and 

the final structure depends upon the mechanism of its formation, which influence the optical 

properties of the nanostructure materials [6]. Among the nanoparticles of different metals, the 

noble metal (Au, Ag, Cu) nanoparticles exhibit localized surface plasmon resonance (LSPR) [7,8], 

which finds applications in biological sensors, solar cells, and surface-enhanced Raman 

spectroscopy (SERS) [9–12]. Since the LSPR strongly depends upon the size, morphology, and 

spatial orientation of the nanoparticles, the resonant wavelength and width of the LSPR can be 

tuned through the size, shape, and environmental control of the nanoparticles [3,13,14]. Fine-

tuning of the surface plasmon wavelength makes the metallic nanostructure more attractive for 

various applications, including biosensors and photovoltaic devices [12,13,15,16]. The noble 

metal nanoparticles can also emit light at their LSPR band [17–19]. The metal nanostructure's PL 

has gained more interest due to its promising application in bioimaging and optical recording [20–

22]. However unlike semiconductor materials, the probability of radiative transitions for the 

luminescence from the metal nanoparticles is very low as metals do not have a forbidden energy 

gap between the occupied and unoccupied states in the conduction band [23,24]. Due to this, the 

luminescence from noble metal nanoparticles has been studied very sparsely [24,25]. In metals, 

photoluminescence is originated from the radiative recombination of hot excited core holes and 

conduction band electrons [23] but in the metal nanoparticles, PL is enhanced due to the surface 

plasmon effect [26]. During last decades, PL from various plasmonic structures, including 
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spherical nanoparticles [27–29], and nanorods [30,31], has been studied. The PL from the noble 

metal nanoparticles has been reported for gold, silver, and copper [17,24,32]. Due to the strongest 

LSPR compared to other noble metal (Au and Cu) nanoparticles, Ag NPs have generated more 

interest in silicon-based thin film solar cells, glucose biosensors, and the photodetectors [33–35]. 

The strong local field induced by LSPR of metal nanoparticles can also boost the Raman signal by 

enhancing the Raman scattering on the surface of the nanoparticles or close to a rough metal 

surface by the localized field enhancement [10,12]; as a result, the noble metal nanoparticles have 

been grown to use these as SERS substrate [36,37]. Preparation of a specific substrate suitable for 

various surface-enhanced phenomena such as surface-enhanced Raman spectroscopy and surface-

enhanced photoluminescence is very challenging for their use in various devices [38–40]. Many 

reports are available on the photoluminescence, Raman spectroscopy of Ag NPs and synthesis of 

Ag NPs for SERS substrates. But in most of these reports, photoluminescence and Raman study 

have been done on Ag nanoparticles dispersed in a solvent or Ag nanoparticles were synthesised 

by the solution process and later deposited on the substrate by drop casting [41–43]. However, 

when nanoparticles are in liquid phases, it difficult to organize them in a systematic array for usage 

in many applications, including solar cells and nanophotonics [44].  

With this motivation, in this chapter we have fabricated the Ag NPs on the glass substrate by the 

solid-state dewetting of the sputtered silver thin films deposited at different substrate temperatures. 

The influence of the substrate temperature on the growth of Ag NPs and their several properties, 

such as localized surface Plasmon resonance, photoluminescence, and Raman spectroscopy is 

studied. The enhancement in PL and Raman intensities is in linear relation with the LSPR 

properties of Ag NPs measured from the absorbance spectroscopy.  

5.2. Experimental details  

The silver nanoparticles (Ag NPs) were grown on corning glass 1737 substrate by solid state 

dewetting of sputtered silver precursor films using RF magnetron sputtering technique as described 

in section 2.1, chapter 2. The silver precursor thin films were deposited at different substrate 

temperature varying from RT- 400 ℃ for 60 s time duration at RF power of 40 Watt keeping other 

parameters constant mentioned in section 3.2, 4.2 in chapter 3 and 4. For the growth of the silver 

nanoparticles by SSD process, post deposition annealing was performed under vacuum at a base 

pressure ~10−6 mbar at 400 ℃ for 1h.  Thickness of Ag precursors thin films were measured by 
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stylus profilometer. Surface morphology of Ag NPs was characterized by FESEM. FETEM was 

used for high resolution transmission electron microscopy (HRTEM) and selected area electron 

diffraction (SAED). For quantitative estimation of size of NPs, their size distribution and surface 

coverage from FESEM images and d spacing from HRTEM images, ImageJ software was used. 

For the structural analysis, X ray diffractometer. Absorbance spectra of Ag NPs were recorded 

with a double beam UV-Vis-NIR spectrometer in the wavelength range of 300-1500 nm. 

Photoluminescence emission spectra of the Ag NPs grown at different substrate temperature under 

the excitation wavelength of 320 nm was measured using Fluorescence Spectrophotometer.  

Raman spectroscopy of Ag NPs on corning glass substrate was done in the range of 200 cm-1 to 

2000 cm-1 using a 514 nm wavelength laser by Laser Micro Raman spectrometer. All details of 

these characterization techniques are given in chapter 2. 

5.3. Results and Discussion 

5.3.1 FESEM Analysis 

The FESEM images of Ag NPs on corning glass substrate are shown in Fig. 5.1. It is observed that 

at all substrate temperatures (TS), Ag NPs are distributed uniformly over the entire substrate 

surface. Though the thickness of all films in as deposited state is nearly same (~18-21 nm), a 

variation in size of NPs is observed as a result of solid state dewetting [45].  Since thin films grown 

by rf sputtering technique are away from the thermal equilibrium condition, as deposition 

conditions are varied, films can be in different metastable state. Annealing results in the transition 

from one metastable state to other metastable state. In SSD, growth of the NPs is affected by 

deposition parameters (deposition time and substrate temperature) and post deposition parameters 

(annealing temperature and annealing time). During deposition, the adsorbed and absorbed species 

may modify the surface properties of the film due to change in mobility of adatoms at 

film/substrate interface which can control the dewetting process. As the substrate temperature is 

increased, the mobility of adatoms reaching the substrate is enhanced and atoms moves on the 

surface to minimize the energy. The histograms showing the size distribution of Ag NPs as 

obtained using ImageJ software are shown in Fig. 5.2. These histograms reveal that the increase 

in substrate temperature of as deposited films increases the number of large particles after SSD. 

The average particle size varies in the range 25-70 nm for different substrate temperature.  
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Fig. 5.1. FESEM images of Ag NPs on corning glass substrate at different substrate temperatures on 200 nm scale. 

(a) for RT, (b) for 100, (c) for 200, (d) 300, and (e) for 400 ℃. 

Fig. 5.2. (a-e) Histogram images of Ag NPs on corning glass substrate at different substrate temperatures, (f) variation 

in particle size and surface coverage (from FESEM images) with substrate temperature.  

The smallest particle size (25±2 nm) with very high size uniformity is obtained for room 

temperature (RT) deposited silver precursor film. Due to constant film thickness, the particle size 

(c) (a) (b) 

(d) (e) (f) 

(a) (b) (c) 

(d) (e) 
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and inter particle separation has increased with increasing the substrate temperature while the 

particles number of uniform size has decreased. Moreover, the substrate temperature has its 

influence on the NPs size distribution which can be seen from Fig. 5.2(a-e). For films deposited at 

low TS (≤ 200 ℃), the NPs size has a Gaussian distribution where average particle size increasing 

with increase in TS of precursor films. However, for higher TS (≥ 300 ℃) which is close to the 

annealing temperature, a log normal distribution is observed though a large number of particles 

have size in the range of 20-30 nm. A much larger variation in size is obtained resulting in increase 

in average particle size. The size of NPs and surface area covered by NPs’ are 25 ± 2 nm, 40 ± 3 

nm, 55 ± 2 nm, 70 ± 4 nm, and 60 ± 2 nm and 20%, 22%, 27%, 29%, and 25% for RT, 100, 200, 

300, and 400 ℃ respectively.  

5.3.2 FETEM Analysis 

Fig. 5.3 shows FETEM images of Ag NPs deposited on carbon-coated copper TEM grids. These 

observations also suggest that the substrate temperature variation has a pronounced effect on the 

size of Ag NPs.  

Fig. 5.3. TEM images of Ag NPs on carbon-coated copper TEM grid deposited at different substrate temperatures on 

a 200 nm scale. (a) for RT, (b) for 100, (c) for 200, (d) 300, and (e) for 400 ℃, (f) particle size from TEM v/s substrate 

temperature. 

(a) (b) (c) 

(d) (e) (f) 
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The smallest particle size (22 ± 2 nm) with very high size uniformity is obtained for precursor 

films deposited at room temperature. However, with increasing the substrate temperature, the 

particle size has increased while size uniformity decreased. The size of the particles is 22 ± 2 nm, 

37 ± 3 nm, 44 ± 2 nm, 62 ± 4 nm, and 56 ± 2 nm for the substrate temperature RT, 100, 200, 300, 

and 400 ℃  respectively. These values are similar to those obtained from FESEM images on glass 

substrate and follow a similar trend. Fig. 5.4(a)-(e) show the HRTEM image representing the 

crystalline structure of the Ag NPs for different substrate temperature. The calculated d spacing 

from the HRTEM images is 0.265 nm, 0.277 nm, 0.250 nm, 0.245 nm, and 0.245 nm for RT, 100, 

200, 300, and 400 ℃, respectively.  The d spacing values are corresponding to the (110), (110), 

(111), (111), and (111) facet planes of the face-centered cubic (fcc) structure of silver [44]. 

Selective area electron diffraction (SAED) pattern shows an intense ring for (111) plane and rings 

of diminishing intensity for (200), (220), and (311) (see Fig. 5.4f). These rings are indexed to face 

centered cubic (fcc) crystal structure of silver.  

 

Fig. 5.4. HRTEM images of Ag NPs on carbon-coated copper TEM grid at different substrate temperatures on a 5 nm 

scale. (a) for RT, (b) for 100, (c) for 200, (d) 300, and (e) for 400 ℃, (f) SAED pattern of Ag NPs for 200 ℃ substrate 

temperature. 

(a) (b) (c) 

(d) (e) (f) 
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5.3.3 XRD Analysis 

Formation of Ag NPs is further confirmed by XRD studies. The XRD spectra of Ag NPs are shown 

in Fig. 5.5. For all substrate temperatures except room temperature, four XRD peaks at 38.4°, 

44.2°, 64.6° and 77.5° are observed. These peaks are corresponding to the (111), (200), (220), and 

(311) planes of silver, respectively (JCPDS 4-0783). Only two weak diffraction peaks at 38.4° and 

44.2° corresponding to (111) and (200) planes are observed for RT deposited films. Decrease in 

the intensity of peaks in XRD for RT films is due to formation of smaller size NPs and lower 

interparticle separation. For all the films, the (111) peak is most intense which is due to lowest 

surface energy for formation of this material [46]. The crystallite sizes of the silver nanostructured 

films are estimated by using the Debye -Scherrer's formula, defined as 𝐷 = 0.9𝜆 𝛽 cos 𝜃⁄ , where 

D is the average crystallite size and 𝜆 is the X-ray wavelength (1.5406 Å). 𝛽 and 𝜃 are the full 

width at half maxima of the XRD peak and the diffraction angle of the corresponding XRD peak. 

The most intense peak corresponding to the (111) plane is used to calculate the crystallite size. The 

average crystallite size increases from 4.1 to 8.5 nm with an increase in the substrate temperature 

from RT to 300 ℃ and further decreases to 7 nm for 400 ℃. The calculated values of interplanar 

distance d are 2.35, 2.04, 1.44, and 1.23 Å, corresponding to (111), (200), (220), and (311) planes 

of silver, respectively. The diffraction peak in XRD are same as obtained from SAED for the Ag 

NPs fabricated on carbon grid indicating that growth process is similar on two substrates. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5. XRD spectra of Ag NPs with substrate temperature variation. 
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5.3.4 UV-Vis-NIR analysis 

To study the localized plasmonic nature due to formation of NPs, absorbance spectra is measured. 

The absorbance spectra of Ag NPs’ after subtracting the glass substrate effect is shown in Fig. 5.6. 

Absorbance spectra is characterized by a peak corresponding to LSPR nature of Ag NPs. An 

enhancement in absolute absorbance of Ag NPs is observed with increase in substrate temperature 

of Ag precursor films. The LSPR peak position of Ag NPs is around 474 nm for room temperature 

(RT) films. As substrate temperature is increased from RT to 300 ℃, the LSPR peak shifts towards 

the higher wavelength. With further increase in substrate temperature to 400 ℃, the LSPR peak 

shifted slightly back towards the peak for RT film. The observed shifts in LSPR peak positions are 

related to changes in the microstructure, mainly change in particle size and inter-particle 

separation. Similar observations for particle size and LSPR peak with change in substrate 

temperature is reported for silver nanoparticle grown by Pulse Laser Deposition (PLD) [47]. For 

the substrate temperature < 300 ℃, the redshift and increase in intensity of LSPR peak are caused 

by the increase in the average particle size as measured from FESEM images as well as crystallite 

size from XRD. However for substrate temperature 400 ℃, the peak in absorbance spectra re-

tracked back to lower wavelength due to observed decrease in particle size. The variation in LSPR 

peak position and the particles size with the substrate temperature is shown in Fig. 5.6 (b), which 

indicates a linear relationship between particles size and LSPR peak position.  

 

Fig. 5.6 (a) Absorbance spectra of Ag NPs at different substrate temperatures, (b) Variation in LSPR peak and particle 

size from FESEM with substrate temperature. 

(b) (a) 
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5.3.5 Photoluminescence (PL) analysis 

Photoluminescence emission spectra of the Ag NPs grown at different substrate temperature under 

the excitation wavelength of 320 nm are shown in Fig. 5.7 (a). An asymmetric PL emission peak 

centered at 443 nm is observed for all the samples. The PL peak intensity has enhanced with 

increase in substrate temperature from RT- 300 ℃. However, for 400 ℃, small decrease in PL 

peak intensity is observed. Beside this, the peak position remains unchanged with substrate 

temperature. Similar observations with change in substrate temperature is reported for silver 

nanoparticle grown by PLD [48]. The PL peak intensity for these NPs depends upon their 

interaction with the incident photons, which is controlled by the size shape and interparticle 

separation. To further confirm the nature of dependence, PL peak and particle size calculated from 

FESEM data are plotted as a function of substrate temperature as shown in Fig. 5.7 (b). The peak 

intensity is directly related to size of Ag NPs. 

Fig. 5.7. (a) PL spectra of Ag NPs with substrate temperature variation, (b) variation in peak intensity and particle 

size from FESEM with substrate temperature. 

The broadening and asymmetry of PL peak suggests that PL spectra has more than one component. 

Therefore, PL spectra was de-convoluted and best fitted with two Gaussian peaks; a high intensity 

peaks at 436 nm and a relatively low intensity peak at 474 nm (see Fig. 5.8 a-e). High intensity 

peak at 436 nm (peak 1) is attributed to the radiative recombination of an electron from an occupied 

sp-band with holes in the valance d band [24,49–51]. The low intensity peak at 474 nm (peak 2) 

is close to the peak in the absorbance spectra corresponding to LSPR. Similar peak has also been 

reported in the literature [24,43]. 

(a) (b) 
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Fig. 5.8. (a-e) De-convoluted PL spectra of Ag NPs with substrate temperature variation, (f) variation in peaks 

intensity ratio with substrate temperature. 

(a) (b) 

(c) (d) 

(e) (f) 
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Though there is slight shift in the LSPR peak position in the absorbance spectra with particle size, 

in de-convoluted PL spectra, the position of these two peaks are independent of particle size. To 

further investigate the contribution of interband transition and LSPR of Ag NPs in PL, the intensity 

of both peaks (peak 1 & peak2) and relative intensity of two peaks is also plotted, which is shown 

in Fig. 8 (f).The intensity of both peaks increase in accordance with particle size suggesting that 

the contribution of both mechanism is increasing however an increase in relative peak ratio with 

the substrate temperature indicate dominant contribution of the interband transitions compared to 

the LSPR. 

5.3.6 Raman spectroscopy analysis 

Fig. 5.9 shows the Raman spectra of the Ag NPs grown at different substrate temperatures. It was 

observed that all samples show intense Raman peak at 1587 cm-1 and several low intensity peaks 

at lower wavenumbers. For the clear visualization of these low intensity peaks, Raman spectra was 

de-convoluted and one of these spectra is shown in Fig. 5.10 (a). The de-convoluted Raman spectra 

have the Raman Peaks at 1908, 1765, 1587, 1443, 1346, 1144, 1004, 670, 500, 228 cm-1. The 

similar Raman spectra for the Ag NPs is reported in the literature [52].  

 

 

 

 

 

 

 

 

 

 

Fig. 5.9. Raman spectra of Ag NPs with substrate temperature variation. 
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As the substrate temperature increases from RT-300 ℃, the Raman peak at 1587 cm-1 (Peak1) 

becomes sharper and more distinguishable, implying that an increase in particle size leads to 

increase in scattering from the surface of Ag NPs by the localized field enhancement. For substrate 

temperature 400 ℃, a decrease in Peak1 intensity was observed which can again be attributed to 

the decrease in particle size compared to the 300 ℃ substrate temperature. The variation in Peak 1 

height and the particle size with the substrate temperature is shown in Fig. 5.10 (b). Almost a linear 

relation is obtained. The calculated values of  FWHM from Raman spectra for peak 1 are 102.2 

cm-1,93 cm-1, 107.09 cm-1, 98.7 cm-1, and 96.4 cm-1 for the substrate temperatures RT, 100, 200, 

300, 400 ℃, respectively. With increase in particle size, the contribution from multipole absorption 

in the absorbance spectra of Ag NPs has increased that broadened and redshifted the plasmon peak 

[53]. Increase in Raman intensity is attributed to higher order plasmon modes contribution as well 

as enhanced EM field due to increase in particle size. The increase in Raman intensity with the 

particle size is in agreement with the theoretical prediction of increasing EM field for larger 

particles [54]. 

 

Fig. 5.10. (a) De-convoluted Raman spectra of Ag NPs, (b) variation in peak 1 height and particles size from FESEM 

with the substrate temperature. 

These studies suggest that SERS properties can be tuned by controlling the size of the NPs through 

optimized substrate temperature. The size controlled NPs on glass substrate can be used as SERS 

substrate for different device applications as well as study of biological samples.  

(a) (b) 
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5.4. Conclusions 

In this chapter, we have investigated the influence of substrate temperature on the growth of Ag 

NPs fabricated on the corning glass substrate by solid-state dewetting of the silver precursor thin 

films sputtered at different substrate temperatures from RT to 400 ℃. Further the substrate 

temperature’s influence on LSPR, photoluminescence, and Raman spectroscopy of Ag NPs is 

studied. The change in particle size with the substrate temperature is observed. The LSPR 

properties of Ag NPs are found to be sensitive to the size. A shift in LSPR peak is observed due to 

the change in the microstructure of Ag NPs, mainly change in particle size and interparticle 

distance caused by substrate temperature variation. An asymmetric and broad PL peak is observed 

at 443 nm and the peak intensity increase with the linear manner with the LSPR of Ag NPs. The 

de-convoluted PL spectra of Ag NPs shows two peaks around 436 and 474 nm corresponding to 

their radiative interband transition and LSPR band respectively. The influence of LSPR is also 

observed in the Raman spectroscopy where an intense and distinguishable Raman peaks is 

observed at 1587 cm-1. As the substrate temperature increases, the Raman peak becomes sharper 

and more distinguishable, implying an increase in particle size leads to increase the contribution 

from multipole absorption in the absorbance spectra of Ag NPs that broadened and redshifted the 

LSPR peak. Thus a strong influence of the LSPR on the PL and Raman signal is observed. 

Therefore, this study can be useful to develop various sensors based on these LSPR properties of 

the Ag NPs. 
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 Chapter 6  

                                                               

Simulation and fabrication of a-Si:H thin film solar 

cells 

6.1 Introduction 

Hydrogenated amorphous silicon (a-Si:H) is a semiconducting material explored extensively 

due to its potential application in thin films solar cells [1–3]. Hydrogenated amorphous silicon 

(a-Si:H) thin film solar cells are explored as an alternative to c-Si solar cells fabricated by 

diffusion of p-n junction at high temperature with a series of processing steps [4–7]. However, 

a-Si:H thin film solar cell efficiency is still below the conventional crystalline silicon solar cells 

[8]. Nevertheless, several advantages of a-Si:H thin film solar cells include relatively low 

fabrication cost due to processing at low temperatures and large area deposition on different 

substrates, including the flexible substrate, which are relatively cheaper than the silicon wafer 

[9–12].   

In a-Si:H thin film solar cells, each individual layer thickness is one significant influencing 

factor, which controls the fraction of the photon flux that can be absorbed by the cell. In n-i-p 

solar cells, the carrier lifetime in doped a-Si:H layer is very short and photo carrier generated 

in these layer do not contribute to photocurrent. Therefore, the thickness of these layer is kept 

thin to reduce parasitic absorption losses. Nevertheless, finite thickness of these layer is 

necessary to provide required field in the absorber layer for efficient collection of carrier 

generated in absorber layer. The electric field depends upon the doping concentration in these 

layers for a given thickness of absorber layer. The doping has to be increased if thickness of 

doped layer is reduced. In contrast, the intrinsic layer (a-Si:H i- layer) is the most essential part 

of (n-i-p) a-Si:H solar cells, where the process of electron-hole generation takes place and these 

charge carriers get separated by the internal electric field prevailing within the whole i layer. 

For single junction (n-i-p) a-Si:H thin film solar cells, the thickness of the i-layer is a key factor 

in achieving a balance between photo generation and collection efficiency, consequently 

controlling the short circuit current [13–17]. Thin intrinsic layer may result in insufficient 

photon absorption whereas collection of charge carriers may be reduced if thickness of this 

layer is large. Therefore, each layer of single junction (n-i-p) a-Si:H thin film solar cells should 
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be optimized during deposition. Furthermore, it's understood that doping significantly affects 

device performance. The doping of the emitter layer impacts parameters like series resistance 

and open circuit voltage. The appropriate level of doping is crucial; low doping can increase 

series resistance and thus lower fill factor, while high doping contributes to higher open circuit 

voltage [18–21] but simultaneously decreasing the lifetime of carriers in these layers. Thus, 

doping optimization is also essential. The best way to optimize each layer's parameter is the 

numerical modeling using simulation tool [14,22]. This approach helps in saving time, 

resources and efforts, providing insights into the expected device behavior before the actual 

fabrication process.  

With this motivation, in this chapter, we have numerically modeled single junction n-i-p a-Si:H 

thin film solar cells and simultaneously fabricated the device prior to implementation of silver 

nanoparticles for light trapping application. The influence of the emitter layer doping and 

absorber layer thickness was studied. First, the emitter layer doping is varied from 7.2×1019 to 

8.4×1019 cm-3 to match the diborane (B2H6) flow rate in p layer which is varied from 8-14 

sccm. After optimization of the emitter layer doping of 7.6×1019 cm-3 using simulation tool, at 

which device performance matched well with the B2H6 flow rate of 10 sccm for the 

experimentally fabricated solar cells, the absorber layer thickness is varied from 200 nm to 350 

nm to study its influence on the performance of the solar cells. 

6.2 Simulation details  

The single junction n-i-p hydrogenated amorphous silicon (a-Si:H) thin film solar cells were 

simulated using well-practiced AFORS-HET (Automated For Simulation of Heterostructure, 

v 2.5) software developed by Helmholtz- Zentrum Berlin (HZB) to accurately evaluate the 

effect of various parameters on solar cells performance [23–26]. Fig. 6.1 shows the structure 

of simulated a-Si:H solar cell with Glass/Ag/AZO/a-Si:H (n) /a-Si:H (i)/ a-Si:H (p)/ITO/ Ag. 

For each a-Si:H layer, band tails defect state with exponential distribution and dangling bond 

defects state with Gaussian distribution were used during the simulation as shown in Fig.6.2. 

Throughout the optimization, flat band conditions were chosen at front and back contacts. No 

front and back surface texturing was done. The surface recombination velocity of electrons and 

holes was set as 107 cm/s. The global radiation AM 1.5 spectrum with an incident power density 

of 100 mW/cm2 was used as the illuminating source in the present simulation, while the 

operational temperature was set as 300K. The input parameters used for simulation are listed 

in Table 6.1 [27–35]. 
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Fig. 6.1 Solar cell structure to be simulated 

Fig. 6.2 Density of the states of a-Si:H n-i-p layers (a) n-layer (b) i-layer (c) p-layer 

 

Table 6.1 Input parameters used for simulation 

Parameters a-Si:H (n) a-Si:H (i) a-Si:H (p) 

Layer thickness (nm) 30 200* 10 

Dielectric constant 11.9 11.9 11.9 

Electron affinity (eV) 3.9 3.9 3.9 

Band gap (eV) 1.8 1.7 1.8 

Optical band gap (eV) 1.8 1.7 1.8 

Conduction band density (cm-3) 1 × 1020 1 × 1020 1 × 1020 

Valence band density (cm-3) 1 × 1020 1 × 1020 1 × 1020 

Total trap density in conduction band tail (cm-3) 1.36 × 1020 6.40 × 1019 1.60 × 1020 

Total trap density in valance band tail (cm-3) 1.88 × 1020 9.40 × 1019 2.40 × 1020 

Electron mobility (cm2V-1s-1) 20 20 20 

Hole mobility (cm2V-1s-1) 5 5 5 

Doping concentration of acceptors 𝑁𝑎(cm-3) 0 0 7.6 × 1019* 

Doping concentration of donors 𝑁𝑑 (cm-3) 7.6 × 1019 0 0 

Thermal velocity of electrons (cms-1) 1 × 107 1 × 107 1 × 107 

Thermal velocity of holes (cms-1) 1 × 107 1 × 107 1 × 107 

Maximum dangling bond defect density (cm-3/eV) 1.31 × 1020 1.38 × 1016 1.31 × 1020 

Layer density (g.cm-3) 2.328 2.328 2.328 

*Variable parameters 

Light 
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6.3 Experimental details  

a-Si:H thin film solar cells were fabricated on the corning glass 1737 substrate with the 

following structure corning glass/Ag/AZO/a-Si:H(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag using Radio 

Frequency Plasma Enhanced Chemical Vapor Deposition (RF-PECVD) multi-chamber 

system. After cleaning the corning glass 1737 substrate as discussed in chapter 2, a silver layer 

of 100 nm thickness was deposited using rf sputtering system. To prevent the diffusion of silver 

in solar cells, a thin layer of AZO of 40 nm thickness was deposited over the Ag films using rf 

sputtering system. After that, the n-i-p layer of a-Si:H were fabricated at 180 ℃ substrate 

temperature in different (n), (i), (p) chambers. In addition, for doping, phosphine (PH3, 1% in 

H2) and diborane (B2H6, 2% in H2) gases were introduced for a-Si:H(n) layer, and a-Si:H(p) 

layer. On top of that, 100 nm of ITO layer was deposited using a circular mask of 4 mm 

diameter (cell area of 0.12 cm2) by rf sputtering. Finally, front metal grid electrodes were made 

on cells with silver paste. Using this circular mask of 4 mm diameter during ITO deposition, 

multiple cells were fabricated for each parameters variation and based on their performance 

error bars were calculated. The deposition parameters of each layer with the thickness are listed 

in Table 6.2. The schematic structure of the fabricated solar cell is shown in Fig.6.3.  

 

 

 

 

 

 

Fig. 6.3 Solar cell structure to be experimentally fabricated 

In order to test the performance of the fabricated solar cells, the I-V characteristics 

measurements on a-Si:H solar cells were performed under one sun (AM 1.5G, 100 mW/cm2) 

using a solar simulator. The external quantum efficiency (EQE) measurements were performed 

at room temperature in the wavelength range from 350-900 nm using a calibrated Si photodiode 

as a reference [36]. Integrated 𝐽𝑠𝑐 was calculated from the integration of the EQE associated 

with photon flux over the entire wavelength [37]. All details of these characterization 

techniques are given in chapter 2. 

Light 
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Table 6. 2 Deposition parameters for each layer of a-Si:H thin film solar cells:  

Cell’s 

Layers 

Gas flow rate (sccm) Process 

pressure 

(mbar) 

Deposition 

temperature 

(oC) 

RF 

power 

(Watt) 

Layer 

thickness 

(nm) 

Ar H2 SiH4 B2H6 

(2% in H2) 

PH3 

(1% in H2) 

ITO 7 - - - - 5.4× 10−3 100 80 100 

a-Si:H(p) - 100 5 8-14* - 6.2× 10−1 180 30 10 

a-Si:H(i) - 60 5 - - 5.6× 10−1 180 30 200-350* 

a-Si:H(n) - 50 5 - 10 5.2× 10−1 180 30 30 

AZO 7 - - - - 5.4× 10−2 100 80 40 

Ag 7 - - - - 5.4× 10−2 100 80 100 

*Variable parameters. 

6.4 Results and Discussion  

6.4.1 Influence of emitter layer doping 

The parameters listed in Table 6.1 and Table 6.2 were used as input parameters for the 

simulation and for the fabrication of the solar cells, respectively. The doping can affect the 

solar cells performance as it influences the series resistance and the open circuit voltage. The  

p-layer doping was varied from 7.2×1019 to 8.4×1019 cm-3. Fig. 6.4 (a) and (b) presents the J-

V characteristic and spectral response of the simulated solar cell with the variation of p-layer 

doping.  

Fig. 6.4 The simulated J-V characteristic and spectral response of solar cell with variation in emitter layer doping 

and 200 nm absorber layer thickness (a) J-V curve and (b) External quantum efficiency. 

 

(a) 
(b) 
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Fig. 6.5 (a), (b) shows the J-V curve and external quantum efficiency spectra for the four 

fabricated devices with the variation of emitter layer doping by changing the diborane (B2H6) 

flow rate from 8-14 sccm during the p layer deposition. Fig. 6.6 (a) and (b) shows the external 

parameters of simulated solar cells and fabricated solar cells as a function of p-layer doping, 

respectively. 

Fig. 6.5 The measured J-V characteristic and spectral response of fabricated solar cell with variation in B2H6 flow 

rate in emitter layer and 200 nm absorber layer thickness (a) J-V curve and (b) External quantum efficiency. 

Fig. 6.6 The variation of short circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor (FF), and power 

conversion efficiency (PCE) as a function of emitter layer doping (a) simulated results (b) experimental results. 

(a) 
(b) 

(a) (b) 
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Simulation results (Fig. 6.6 a) revealed that the 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF and power conversion efficiency 

have the same trend throughout the p-layer doping and increase with the increase in the p-layer 

doping from 7.2×1019 to 8.4× 1019 cm-3. The efficiency increases from 5.2 to 6.4 %, mainly 

due to an increase in 𝑉𝑜𝑐 (from 0.789 to 0.854 V) and FF (from 69 to 77%) values. However, 

no significant change in the 𝐽𝑠𝑐 values is observed. The doping affected the 𝑉𝑜𝑐 and FF due to 

the changes of the series resistance and the recombination losses at the p/i interface. 

Furthermore, Heavy doping provides more free charges [32], which leads to high 𝑉𝑜𝑐 due to 

increase in fermi level difference between p doped and n doped layer. No significant change in 

the values of 𝐽𝑠𝑐 is also supported by EQE results (Fig. 6.4b) 

 

Experimental results (Fig. 6.6 b) also show the same trend and the output parameters values 

are similar to simulated results within the error bars. The open-circuit voltage and the fill factor 

have increased from 0.782 to 0.829 V and 64% to 73%, respectively, with the increase in boron 

doping of the a-Si: H (p) layer with B2H6 flow rate variation from 8 to 12 sccm. On the other 

hand, the short circuit current density has decreased slightly for the same variation due to a 

possible increase in the defect density for high doping, which was taken constant in the 

simulation. An increase in doping concentration in the emitter layer may result in a rise in 

carrier density and a fall in the fermi energy level of holes, leading to an increase in open-

circuit voltage. However, high doping can also increase recombination losses in the emitter 

region; due to this 𝑉𝑜𝑐 has slightly decreased at 14 sccm. Cell with p-layer at 10 sccm B2H6 

flow rate shows best power conversion efficiency. In order to confirm the recombination loss 

in the emitter region for a high doping concentration of boron for higher B2H6 flow rate, 

external quantum efficiency (EQE) was measured with the variation in B2H6 flow rate (Fig. 6.5 

b). EQE rapidly decreased at 12 sccm in the short wavelength region, while it exhibited no 

significant change in the long-wavelength region. This means that the recombination losses 

have occurred only in the emitter region, which is closely related to increase in defect density 

in emitter layer at higher B2H6 flow rate. For lower B2H6 flow rate (8 sccm),  𝐽𝑠𝑐(𝐸𝑥𝑝) >

𝐽𝑠𝑐(𝑆𝑖𝑚) is due to the less defect density than the simulation while for higher B2H6 flow rate 

(12, 14 sccm) 𝐽𝑠𝑐(𝐸𝑥𝑝) < 𝐽𝑠𝑐(𝑆𝑖𝑚) indicates higher defect densities than the values in 

simulation. Further, the values of 𝐽𝑠𝑐 calculated from J-V curve matched well with the 

integrated 𝐽𝑠𝑐 calculated from EQE spectra for both simulated and fabricated devices. A close 

match between the simulated and experimental results was observed for the doping 

concentration 7.6×1019 cm-3 and B2H6 flow rate 10 sccm for the experimental fabricated cell. 
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For other doping concentrations and flow rates also, results are in quite good agreement within 

the error bar. A slight mismatch in these parameters is due to constant defect density taken in 

the simulation, which is always not true when doping concentration is varied in experiment. 

Further in a-Si:H, the effective doping concentration increases with the increase in dopant gas 

flow rate, but the dependence is not linear. In our case also we observed that a two-fold increase 

in B2H6 flow rate corresponds to only about 16% change in doping concentration. 

 

Fig. 6.7 (a) and (b) shows the J-V characteristic and external quantum efficiency of the 

simulated and fabricated solar cell with 7.6×1019 cm-3 p layer doping concentration for 

simulation and 10 sccm B2H6 flow rate in the p-layer for experimental. Due to higher FF, the 

simulated solar cell has a higher efficiency as compared to the experimental. The experimental 

solar cells have a comparable value of 𝐽𝑠𝑐 and 𝑉𝑜𝑐. All the external parameters of simulated and 

experimental solar cells are listed in Table 6.3. 

Fig. 6.7 Measured and simulated J-V characteristic and spectral response of single-junction n-i-p solar cell with 

10 sccm B2H6 flow rate and 7.6×1019 cm-3 doping concentration in emitter layer (a) J-V curve and (b) External 

quantum efficiency curve. 

 

Table 6.3 Calculated values of 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF, and power conversion efficiency of fabricated and 

simulated single junction n-i-p solar cells with 10 sccm B2H6 flow rate and 7.6×1019 cm-3 

doping concentration in emitter layer. 

 

(n-i-p) a-Si:H  

solar cell 

JSC 

(mA/cm2) 

VOC  

(V) 

FF 

(%) 

PCE (η)  

(%) 

Experimental 9.66 0.814 69.50 5.50 

Simulation 9.52 0.815 74.78 5.79 

(a) (b) 
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6.4.2 Influence of absorber layer thickness 

The thickness of the i-layer is a crucial parameter that should be thick enough to absorb as 

many incident photons as possible, and at the same time, it should be thin to prevent the 

recombination of electron-hole pairs generated within the absorber layer. After optimization of 

the emitter layer doping of 7.6×1019 cm-3 using simulation tool, which matched well with the 

diborane (B2H6) flow rate of 10 sccm of the experimentally fabricated solar cells, now we have 

varied the absorber layer thickness from 200 nm to 350 nm to study its influence on the 

performance of the solar cells. Fig. 6.8 (a) and (b) shows the J-V characteristic and the spectral 

response of the simulated solar cell with the variation of the absorber layer thickness from 200 

nm to 350 nm. J-V characteristic and EQE for experimentally fabricated cells are shown in Fig. 

6.9 (a), (b). 

Fig. 6.8 The simulated J-V characteristic and spectral response of simulated solar cell with variation in absorber 

layer thickness and 7.6×1019 cm-3 p layer doping concentration (a) J-V curve and (b) External quantum efficiency. 

Fig. 6.9 The measured J-V characteristic and spectral response of fabricated solar cell with variation in absorber 

layer thickness and 10 sccm B2H6 flow rate in p layer (a) J-V curve and (b) External quantum efficiency. 

(a) 
(b) 

(a) 
(b) 
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The calculated values of short circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor 

(FF), and power conversion efficiency from the J-V curve for the simulated and fabricated 

solar cells as a function of absorber layer thickness are shown in Fig. 6.10 (a) and (b). 

Fig. 6.10 The variation of short circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor (FF), and power 

conversion efficiency (PCE) as a function of absorber layer thickness (a) simulated results (b) experimental 

results. 

 

For i-layer thickness variation, simulation results (Fig. 6.10 a) show that the short circuit 

current density (𝐽𝑠𝑐) increases from 9.52 mA/cm2 to 10.87 mA/cm2 with variation in i-layer 

thickness from 200 nm to 350 nm. Since 𝑉𝑜𝑐 strongly depends on the properties of the doped 

layer and not much on the i-layer thickness; hence it shows a weak dependence on the i-layer 

thickness (𝑉𝑜𝑐 decrease about by 4 mV when the thickness is increased from 200 nm to 300 

nm). In contrast, the fill factor decreases from 75% to 70 %  with i-layer thickness [31]. The 

decrease in fill factor could be caused by either the photo-generated space charges trapped in 

the valance band instead of the conduction band or by the charges within band states rather 

than in defects [38]. The decrease in FF can also be attributed to the increase in resistive losses 

at higher current. However, an overall increase in the power conversion efficiency from 5.79 

to 6.12 % is observed with an increase in i-layer thickness due to more absorption of light in 

(a) (b) 
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the absorber layer, which is also clearly visible in EQE spectra (Fig.6.8b) [31]. The quantum 

efficiency increases only in the wavelength range from 500-700 nm with the increase in i-layer 

thickness from 200 nm to 350 nm. 

 

Experimental results (Fig. 6.10 b) are consistent with the simulation having the output 

parameters values within the error bars. The 𝐽𝑠𝑐, and FF for both simulation and experiment 

shows the same trend with the absorber layer thickness. 𝑉𝑜𝑐 is nearly constant for simulation 

and varies with in the error bar in experiment. The power conversion efficiency is a calculated 

parameter from 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF, and also shows similar behaviour for both simulation and 

experiment.The short circuit current density (𝐽𝑠𝑐) enhanced with the i-layer thickness. The cell 

with an i-layers thickness of 350 nm shows the highest short circuit current density (𝐽𝑠𝑐) of 

11.80 mA/cm2 compared to other cells of 200, 250, and 300 nm i-layer thickness. On the other 

hand, the cells with 200 nm absorber layer thickness have a higher FF of 70% as compared to 

60% for cell with 350 nm i-layer thickness. The power conversion efficiency increases with 

the absorber layer thickness.  The cells fabricated with 350 nm absorber layer thickness exhibit 

the highest efficiency of 5.9% compared to 200, 250, and 300 nm due to high absorption inside 

the active layer [35,39], as confirmed by external quantum efficiency spectra, shown in Fig. 

6.9 (b). EQE spectra show that the cell with an i-layer thickness of 350 nm has a higher spectral 

response than other cells because a large portion of the incident light is absorbed by the 

absorber layer, allowing for more carrier generation and collection, thus increasing solar cell 

efficiency. The integrated 𝐽𝑠𝑐 values, calculated from EQE spectra support the values of 𝐽𝑠𝑐 

calculated from J-V curve for the both simulated and fabricated devices.  

From these studies, a good match is observed with a slight deviation in simulated and fabricated 

devices due to differences in experimental conditions [40,41]. The experimental results are 

comparable with the simulation results with in the error bars and can be further used for the 

improvement of the efficiency with the implementation of silver nanoparticles as plasmonic 

back reflector in single junction n-i-p a-Si:H thin film solar cells. 

 

6.5. Conclusions 

Single junction n-i-p a-Si:H thin film solar cell are simulated using AFORS-HET and also 

fabricated using radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) 

multi-chamber system. The influence of the emitter layer doping and absorber layer thickness 

on solar cell performance is studied. The doping concentration of p layer in simulation and 
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diborane (B2H6) flow rate in fabrication is varied to find the optimum flow rate over which the 

experimental results match very well. It is observed that the performance of solar cells 

fabricated using B2H6 flow rate of 10 sccm matches well with the simulated results for 7.6×1019 

cm-3 of p-layer doping. The influence of thickness variation of absorber layer for these 

optimized values in simulation also show a similar trend with the fabricated cells having the 

comparable values of output parameters of solar cells. From the simulation, a power conversion 

efficiency of 5.79% is obtained with 200 nm absorber layer thickness and 7.6×1019 cm-3 p layer 

doping, while experimentally, 5.50 % power conversion efficiency is achieved with 200 nm 

absorber layer thickness and 10 sccm B2H6 flow rate in p-layer. The simulation results well 

matched the experimental results, validating the simulation. A small mismatch could be due to 

variation in layer properties for experimentally fabricated cells. 
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Implementation of silver nanoparticle as plasmonic 

back reflector to improve the performance of a-Si:H 

thin film solar cells 

7.1. Introduction 

Thin-film solar cells have emerged as a cost-effective alternative to traditional wafer-based 

photovoltaics [1]. Particularly, thin-film silicon solar cells offer significant advantages [2], 

utilizing affordable substrates like glass, plastic foil, or steel [3] due to their low processing 

temperature requirements [4]. However, they face challenges in achieving high efficiency 

compared to technologies like crystalline silicon (c-Si), Copper Indium Gallium Selenide 

(CIGS), and Cadmium Telluride (CdTe), primarily due to incomplete absorption of light 

beyond the bandgap [5]. Efficient light trapping techniques are essential to address this 

challenge and enhance light absorption within the device [6–9]. Light trapping structures 

enable long-wavelength photons to travel greater distances than the device thickness, thus 

increasing their likelihood of absorption. Recent research has focused on optimizing light 

trapping schemes in thin-film solar cells, resulting in the identification of promising approaches 

[7–13]. Random surface texturing is a widely adopted method for light trapping in conventional 

thin-film Si solar cells. This approach involves texturing the front transparent conducting oxide 

(TCO) and the rear contact or mirror, especially in superstrate and substrate cell configurations, 

respectively [14–16]. However, this texturing technique often leads to high surface roughness, 

contributing to the formation of bulk and surface defects, which in turn increase recombination 

in the silicon layers and subsequently degrade device performance [17]. 

Use of metal nanoparticles (MNPs) presents an alternative solution, offering benefits such as 

low surface roughness [13,18–22] and efficient light scattering when noble metal nanoparticles 

are excited at their surface plasmon resonance. Surface plasmon resonance is a collective 

oscillation of the conduction electrons in the metal [23]. The resonance of metallic 

nanoparticles strongly depends on factors like size, shape, spacing of the metallic particles, and 
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the dielectric properties of the surrounding medium [24–26]. Light interaction with these 

nanoparticles at plasmonic resonance results in both scattering and absorption, properties that 

can be harnessed for effective light trapping. Over time, various light trapping geometries based 

on periodic or random nanostructures, such as nanowires, nanocones, and nanoparticles, have 

been successfully demonstrated [27–33]. One particularly promising approach is far-field 

scattering from subwavelength metallic nanoparticles (NPs) that sustain localized surface 

plasmon resonances (LSPR) [20,34,35]. Among the metals used, silver nanoparticles (Ag NPs) 

are a popular choice due to their robust plasmon resonances, large scattering cross-section, 

potential for low absorption in the visible and near-infrared spectrum, and the ability to 

precisely control their size and shape using various fabrication methods [26,36]. 

The positioning of metal NP arrays in solar cells holds significant importance for their 

photovoltaic application. Metal NPs placed either on the front or rear sides of a solar cell can 

cause preferential scattering of light into the semiconductor layers. However, placing metal 

nanoparticles on the rear side of the cell is particularly advantageous. In this configuration, Ag 

NPs arrays are typically embedded in a thin transparent conductive oxide (TCO) layer situated 

between the silicon absorbing material and a flat Ag mirror (rear contact). This specific 

arrangement is referred to as a plasmonic back reflector (Plasmonic BR) [13,18,37–41]. Using 

silver nanoparticles as a back reflector enhances reflection and scatters light back to the 

absorber layer, preventing its absorption during the initial pass. Consequently, the absorption 

of the scattered light by the adjacent active absorbing layer is improved, resulting in an increase 

in the photocurrent of the solar cell. 

With this motivation, in this chapter we have fabricated the Ag NPs by solid state deweting 

using optimized parameters from our earlier work in different configurations. The structural 

and optical properties of the Ag NPs on these configurations have been studied.  Ag NPs as 

plasmonic back reflector have been integrated into a-Si:H thin film solar cells to improve the 

efficiency. 

7.2. Experimental Details 

Self-assembled silver nanoparticles were fabricated by the SSD of sputtered precursor thin 

films on different configurations as shown in Fig. 7.1; 1(a) on corning glass 1737, 1(b) corning 

glass 1737/AZO, and 1 (c) plasmonic back reflector. The plasmonic back reflector with the 

structure corning glass 1737/Ag mirror/AZO/Ag NPs/ AZO was fabricated on corning glass 

substrate by sequential deposition of a 100 nm Ag layer, a 40 nm AZO layer and a thin Ag 
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precursor film of 21 nm using rf sputtering system. The Ag precursor films were deposited 

using sputtering parameters as follows; Argon flow rate (AFR) of 5 sccm, substrate temperature 

of 50 ℃, process pressure of 5×10−2 mbar, electrode separation of 8 cm and rf power of 40 

Watt. The deposition was followed by annealing at 400 ℃ for 1 hour under high vacuum of 

10−6 mbar, in which self-assembled NPs are formed by solid state dewetting from the topmost 

Ag thin layer. As a last fabrication step of plasmonic back reflector, a layer of 20 nm of AZO 

was deposited on top of the Ag NPs. Ag NPs on the corning glass substrate and corning 

glass/AZO substrate were grown in the same way. The flat back reflector with the structure 

corning glass 1737/Ag mirror/ AZO substrate were grown in the same way. The flat back 

reflector with the structure corning glass 1737/Ag mirror/ AZO was deposited in the same 

manner as plasmonic BR without the NPs as shown in Fig. 1(d) 

 

Fig. 7.1 (a) Ag NPs on corning glass substrate, (b) Ag NPs on corning glass/AZO substrate, (c) plasmonic back 

reflector, and (d) flat back reflector 

Hydrogenated amorphous silicon (a-Si:H) solar cells were manufactured with an n-i-p 

(substrate) configuration, and they were fabricated on both the flat Back Reflector (BR) and 

the Plasmonic Back Reflector (PBR) at a temperature of 180 ℃. The fabrication process was 

carried out using a multi-chamber Plasma Enhanced Chemical Vapor Deposition (PECVD) 

system, with the device structure depicted in Fig. 7.2. The Plasmonic Back Reflector (PBR) 

was processed before the deposition of silicon layers to ensure that the high temperature 

required for Ag NPs formation would not adversely affect the a-Si:H layers deposited at lower 

temperatures. The thickness of the n-i-p layers was maintained at 30 nm, 200 nm, and 10 nm, 

respectively. Additionally, a 100 nm layer of Indium Tin Oxide (ITO) was deposited using a 

circular mask with a 4 mm diameter, resulting in a cell area of 0.12 cm², through radio 

frequency (rf) sputtering. To complete the device, front metal grid electrodes were applied to 

the cells using silver paste. The photograph and cross sectional SEM image of fabricated cell 

with plasmonic BR is shown in Fig. 7.3. 

(b) (a) (c) (d) 
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The specific deposition parameters for each layer are outlined in Table 7.1.  

 

Fig. 7.2 Solar cell structure with (a) flat BR and (b) plasmonic BR 

 

Fig. 7.3 (a) Photograph and (b) cross section SEM image of the fabricated solar cell with plasmonic BR 

Table 7.1 Deposition parameters for each layer of a-Si:H thin film solar cells 

Cell’s 

Layers 

Gas flow rate (sccm) Process 

pressure 

(mbar) 

Deposition 

temperature 

(oC) 

RF 

power 

(Watt) 

Ar H2 SiH4 B2H6 

(2% in H2) 

PH3 

(1% in H2) 

ITO 7 - - - - 5.4× 10−3 100 80 

a-Si:H(p) - 100 5 10 - 6.2× 10−1 180 30 

a-Si:H(i) - 60 5 - - 5.6× 10−1 180 30 

a-Si:H(n) - 50 5 - 10 5.2× 10−1 180 30 

AZO 7 - - - - 5.4× 10−2 100 80 

Ag 7 - - - - 5.4× 10−2 100 80 

(a) (b) 

(a) (b) Cell area 
(0.12 cm2) 

TH-3403_166121104



Implementation of silver nanoparticle as plasmonic back reflector to improve the performance of 
a-Si:H thin film solar cells 

135 | P a g e  
 

The thickness of all films/layers was determined by Stylus profilometer. The nanostructure of 

Ag NPs was characterized by Field Emission Scanning Electron Microscope. Atomic force 

microscopy (AFM) was done for the surface morphology. The surface coverage, NPs size 

distribution from the FESEM images were determined by using image j software. The 

absorbance, diffuse and specular reflectance of silver nanoparticles were measured with a 

double beam UV-Vis-NIR spectrometer equipped with 60 mm integrating sphere and Universal 

reflectance accessary (URA), in the wavelength range of 300-1500 nm. The specular 

reflectance measurements were done at incidence angle of 45° from normal of the surface. In 

order to test the performance of the fabricated solar cells, the I-V characteristics measurements 

on a-Si:H solar cells were performed under one sun (AM 1.5G, 100 mW/cm2), using a solar 

simulator. The external quantum efficiency (EQE) measurements were performed at room 

temperature in the wavelength range from 350-900. All details of these characterization 

techniques are given in chapter 2. 

7.3. Results and Discussion 

7.3.1 FESEM analysis 

The FESEM images of Ag NPs on corning glass and corning glass/AZO substrate formed by 

post annealing of Ag precursor films of the thickness 21 nm are shown in Fig. 7.4. From the 

SEM images, it is clear that the NPs are uniformly distributed over the surface having nearly a 

regular spherical shape. It is also observed that the size of NPs formed on the AZO is larger 

than those formed on the bare glass substrate with the average particle size of 110±8  nm and 

90±5  nm respectively. Furthermore, the relative number of small particles is reduced in the 

case of AZO. This indicate the surface properties of the AZO also play a crucial role in the 

formation of the large size Ag NPs. For this morphological difference, solid state dewetting 

(SSD) process, which minimize the surface free energies of the film, substrate and film-

substrate interface is responsible [42]. The formation of Ag NPs from the thin Ag film under 

the heat treatment depends upon the process parameters and type of substrate [43–45]. These 

differences can be attributed to the higher surface free energy of the AZO than the glass. 

The particles grown through the SSD process exhibit a broad size distribution. Consequently, 

a statistical approach is necessary for analysis and its correlation with optical properties. This 

statistical analysis can be typically achieved through histograms depicting the size distribution 

of Ag NPs, as shown in Fig. 7.5. These histograms illustrate that the number of small particles 

decreases while the average particle size increases for the NPs on the AZO. Moreover, the 
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surface area covered by NPs increases from 26% to 33%, indicating that the NPs formed on 

AZO also tend to have a flatter morphology compared to those on the bare glass substrate. 

Fig. 7.4 FESEM images of Ag NPs on corning glass (a) and corning glass /AZO (b)  formed by annealing at 400 

℃ for 1 h of Ag precursor films of thickness 21 nm on 200 nm scale. 

Fig. 7.5 Histogram images of Ag NPs on corning glass (a) and corning glass/AZO (b)  formed by annealing at 

400 ℃ for 1 h of Ag precursor films of thickness 21 nm. 

7.3.2 AFM Analysis 

The surface morphology of Ag NPs on both corning glass and corning glass/AZO is depicted 

in Fig. 7.6, as revealed by AFM images.  

(a) (b) 

(b) (a) 
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These images confirm the even distribution of nanoparticles across the surface. Notably, NPs 

formed on the glass substrate exhibit an approximately hemispherical shape and tend to flatten 

on the AZO, with maximum heights reaching around 75 nm [38]. NPs on the bare glass 

substrate have a lower surface roughness, although the roughness is slightly greater for NPs 

embedded in the AZO. The root mean square roughness (RMS) measures 15±2 nm for NPs 

formed on the bare glass substrate and 18±2 nm for those on the AZO. The increased roughness 

observed for NPs on the AZO is attributed to their larger size and coverage area, in agreement 

with the FESEM results. 

Fig. 7.6 3D AFM images of Ag NPs on corning glass (a) and corning glass/AZO (b) substrate with 5 𝜇𝑚 × 5 𝜇𝑚  

area formed by annealing at 400 ℃ for 1 h of Ag precursor films of thickness 21 nm. 

7.3.3 UV-Vis-NIR analysis 

The plasmonic properties of Ag NPs, in terms of their absorbance, were measured with a double 

beam UV-Vis-NIR spectrometer Lambda 950 in the wavelength range of 250-1500 nm and are 

shown in Fig. 7.7. The spectra only show the characteristics of the Ag NPs and plasmonic back 

reflector after excluding the background influence of the glass substrate from the raw optical 

observations. A sharp LSPR peak in the case of Ag NPs on glass and a broad LSPR peak for 

the Ag NPs on AZO is observed. Furthermore, the LSPR peak is significantly red shifted from 

500 nm for NPs on glass to 720 nm for NPs on AZO. This is directly related to the increase in 

the particle size for NPs on AZO. Additionally, the deposition of Ag NPs on AZO cause an 

(a) (b) 
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increase of the effective refractive index of the material surrounding the NPs. This results in 

spectral broadening of the LSPR peak [26]. 

 

 

 

 

 

 

 

 

Fig. 7.7 Absorbance spectra of Ag NPs on corning glass substrate and corning glass/AZO. 

The light trapping properties of the back reflector (BR) in solar cells are generally characterized 

by scattering parameters: diffuse reflectance and haze in reflection (the ratio of diffuse to total 

reflection) [26]. Diffuse reflection, which determines how much light is scattered away from 

the specular direction, and how many photons are more likely to produce photocurrent and 

contribute to the external quantum efficiency (EQE), is the primary optical characteristic that 

assesses the suitability of the plasmonic BR for light trapping. The specular reflectance of the 

plasmonic BR contributes primarily in the short-wavelength region, where incoming light is 

not entirely absorbed during the first pass but is more likely to be absorbed in the second pass 

following specular reflection. On the other hand, diffuse reflectance plays a crucial role in the 

near-bandgap region of silicon due to a drop in its absorption coefficient, as it enhances the 

optical path length of incident light, which is essential for light absorption [46]. Fig. 7.8 shows 

the specular, diffuse, total reflectance and the haze in the reflection of Ag NPs, flat BR and 

plasmonic BR in the wavelength range of 300-1500 nm. In Fig. 7.8 (a), it is observed that the 

specular reflectance of the flat BR is higher than that of the plasmonic BR, as well as the Ag 

NPs on the bare glass substrates, which is related to their surface morphology. In principle, the 

flat surface contributes more to specular reflection than diffuse reflection.  In contrast, Fig. 7.8 

(b) shows that the diffuse reflection of the flat BR, i.e., without NPs, is almost negligible, while 

a substantial increase in diffuse reflection (𝑅𝑑𝑖𝑓𝑓𝑢𝑠𝑒) is observed in the presence of NPs on the 
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glass substrate. The NPs coupled with the flat BR (plasmonic BR) exhibit higher diffuse 

reflection than those of Ag NPs on the bare glass substrate across the entire wavelength range 

due to the constructive near-field interaction between the Ag NPs and the AZO. It has been 

found that the presence of Ag NPs on the AZO, rather than on the bare glass, influences the 

optical response due to the high refractive index of the surrounding medium of the Ag NPs. In 

Fig. 7.8 (c), the total reflectance (𝑅𝑇 = 𝑅𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟 + 𝑅𝑑𝑖𝑓𝑓𝑢𝑠𝑒) of the flat BR, plasmonic BR, 

and Ag NPs on the glass substrate is depicted. As expected, the flat BR exhibits nearly 100% 

reflection, which is higher than both Ag NPs on the glass substrate and the plasmonic BR. 

However, the total reflectance of the plasmonic BR is comparable to that of the flat BR. The 

haze spectra, represented as the ratio of 𝑅𝑑𝑖𝑓𝑓𝑢𝑠𝑒 and 𝑅𝑇, for the flat BR, PBR, and Ag NPs on 

the glass substrate are shown in Fig. 7.8 (d). The flat BR exhibits a lower haze value due to its 

negligible diffuse reflectance and higher total reflection. The haze of plasmonic BR is higher 

than the Ag NPs on the glass substrate however in the wavelength region 900-1500 the haze 

values of plasmonic BR and Ag NPs on the glass substrate is almost similar. 

Fig. 7.8 (a) Specular reflectance, (b) diffuse reflectance spectra, (c) total reflectance, and (d) haze in reflection of 

flat plasmonic BRs and Ag NPs on corning glass substrate. 

(a) 

(c) 

(b) 

(d) 
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7.3.4 Current-Voltage and External quantum efficiency measurements on a-Si:H thin 

film solar cells 

Fig. 7.9 illustrates the current-voltage (J-V) curve and external quantum efficiency (EQE) 

curve of the solar cells deposited on plasmonic back reflectors (BRs), which are compared with 

a reference planar device deposited on a flat BR (consisting of 100 nm Ag and 40 nm AZO) 

but without nanoparticles (NPs). Plasmonic BRs exhibit superior cell performance across the 

entire wavelength range. For shorter wavelengths (below 570 nm), the enhancement in external 

quantum efficiency (EQE) is primarily attributed to the front surface texturing of the solar cell 

induced by Ag NPs embedded in the plasmonic back reflector [46]. In this spectral range, all 

incident light is absorbed within the silicon layers during the initial pass without interaction 

with the NPs. Conversely, for wavelengths beyond 570 nm, the EQE enhancement is associated 

with the strong light scattering induced by the Ag NPs. This scattering effect results in an 

increased optical path within the photovoltaic layer when compared to the flat back reflector 

configuration. Moreover, the Ag NPs significantly enhance absorption at longer wavelengths. 

Therefore, the primary factor contributing to the observed EQE enhancements in the red to 

near-infrared (NIR) region is the light scattering facilitated by the Ag NPs. The power 

conversion efficiencies (η) of the a-Si:H thin-film solar cell with the flat BR and a-Si:H with 

plasmonic BR are 5.6% and 8.4%, respectively. The open-circuit voltage (𝑉𝑜𝑐) is 0.814 V for 

the solar cell with the flat BR and 0.820 V for the one with the plasmonic BR. The fill factor 

(FF) varies from 70.5% to 72.7%, and the short-circuit currents (𝐽𝑠𝑐) are 9.6 mA/cm² for the 

solar cell with the flat BR and 14.2 mA/cm² for the one with the plasmonic BR. Hence, the key 

factor contributing to the increased efficiency of the a-Si:H thin-film solar cells is the 

enhancement of 𝐽𝑠𝑐. 

Fig. 7. 9 (a)J-V curve and (b) External quantum efficiency curve of a-Si:H solar cells with flat BR and plasmonic 

BR. 

(a) 
(b) 

TH-3403_166121104



Implementation of silver nanoparticle as plasmonic back reflector to improve the performance of 
a-Si:H thin film solar cells 

141 | P a g e  
 

The use of Ag NPs as a plasmonic BR in a-Si:H solar cells results in a substantial boost in the 

photocurrent, with an enhancement factor of up to 47%. The values of output parameters of a-

Si:H thin film solar cells with flat BR and Plasmonic BR are listed in table 7.2. 

Table 7.2 Calculated values of Jsc, Voc , FF, and efficiency with Flat BR and plasmonic BR 

 

(n-i-p) a-Si:H  

solar cell 

JSC 

(mA/cm2) 

VOC  

(V) 

FF 

(%) 

PCE (η)  

(%) 

Flat BR 9.6 0.814 70.5 5.6 

Plasmonic BR  14.2 0.820 72.7 8.4 

 

7.4 Conclusions 

We have successfully demonstrated the use of silver nanoparticles as plasmonic back reflector 

in thin film solar cells for light trapping application to achieve high efficiency. The silver 

nanoparticles were fabricated by solid state dewetting of Ag thin films on different substrate 

configuration. The structural and optical properties of the Ag NPs on these different substrate 

configuration was studied.  It was observed that the size of the Ag nanoparticles formed on the 

AZO substrate was larger than those formed on the bare glass substrate, with average particle 

sizes of 110 nm and 90 nm, respectively. In the case of Ag nanoparticles on glass, a sharp 

localized surface plasmon resonance (LSPR) peak at 500 nm was observed. This peak 

experienced a redshift, shifting from 500 nm to 720 nm, and broadened for the Ag nanoparticles 

on the glass/AZO substrate. The Ag nanoparticles with a plasmonic BR configuration exhibited 

excellent light trapping properties, characterized by high values of diffuse reflection and haze 

in reflection across the visible and near-infrared (NIR) wavelength range. This led to a 

broadband enhancement in the quantum efficiency of a-Si:H thin-film solar cells fabricated on 

the plasmonic BR. This enhancement can be attributed to both the front surface texture induced 

by the shape of the nanoparticles and plasmon-assisted scattering. As a result of these 

improvements, there was a substantial gain in short-circuit current density (𝐽𝑠𝑐) of 4.6 mA/cm² 

(47%) when compared to solar cells with a flat back reflector. The a-Si:H thin-film solar cells 

with plasmonic BRs demonstrated an overall efficiency (η) of 8.4%, a notable improvement 

from the 5.6% efficiency of a-Si:H thin-film solar cells with flat BRs. Importantly, these 

enhancements did not lead to any deterioration in other output parameters such as open-circuit 

voltage (𝑉𝑜𝑐) and fill factor (FF) of the solar cells. In summary, our results emphasize the 
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effectiveness of using metal nanoparticles in a plasmonic BR configuration for light trapping 

in thin-film solar cells, ultimately leading to improved performance. 
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Chapter 8 

                                                                     

Summary, Conclusions and Future Scope 

The aim of the work presented in this thesis was synthesis of the silver nanoparticles by solid 

state dewetting (SSD) in a controlled manner and to characterize these using different methods 

for their light trapping application in a-Si:H thin film solar cells to enhance its efficiency. 

During synthesis of silver nanoparticles, we have studied the influence of different deposition 

parameters on the growth, microstructure of silver nanoparticles and on their plasmonic, 

dielectric, photoluminescence, and light trapping properties. Hydrogenated amorphous silicon 

(a-Si:H) thin film solar cells were first simulated and then fabricated on corning glass 1737 

substrate prior to implementation of silver nanoparticles. Finally, silver nanoparticles as 

plasmonic back reflector with excellent light trapping properties were incorporated in a-Si:H 

thin film solar cell to improve the performance. We have achieved a few new results, which 

are not reported in literature prior to this work. The summary of the chapters and overall 

conclusion of the thesis work and future research scopes are given in the following sections. 

8.1 Thesis summary  

Influence of deposition time on the growth of silver precursor film (as deposited samples) and 

silver nanoparticles grown by solid state dewetting of these silver precursor films (annealed 

samples) was studied. Surface morphology and growth dynamics of silver nanoparticles were 

studied using atomic force microscopy (AFM) with advanced statistical analysis. The thickness 

of the as-deposited films (Ag precursor silver films) was found to be in the range of 12 to 50 

nm for the deposition time of 30-120 seconds, respectively. After annealing, the nanoparticles 

with nearly circular shape was obtained for lower precursor film thickness deposited for shorter 

time, while higher thickness resulted in the transformation of nanoparticles into irregular 

shapes and formation of island of silver agglomerates instead of Ag NPs. Height-height 

correlation function (HHCF) and power spectral density function (PSDF) were extracted from 

AFM data. The interface width (𝑤) and lateral correlation length (𝜉) were found to scale with 

the thickness (or deposition time) as 𝑤~𝑡𝛽, 𝜉~𝑡
1
𝑧⁄  respectively. The surface behavior accessed 

from advanced statistical analysis like HHCF, PSDF, and 2D FFT was changed from self-affine 

surface for the as-deposited samples (Ag precursor films) to mounded surface for annealed 
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samples (Ag NPs) due to the formation of the nanoparticles by the solid-state dewetting. No 

LSPR peak was observed from as deposited sample while post annealing samples (Ag NPs) 

showed a peak in the wavelength range 400-600 nm corresponding to the LSPR nature due to 

formation of nanoparticles. A correlation between LSPR peak (𝜆𝐿𝑆𝑃𝑅) position and peak width 

(Γ𝐿𝑆𝑃𝑅) of the annealed samples (Ag NPs) with the particle size and growth parameters (𝜉 and 

𝑤) was observed. 

      The effect of RF power variation on the microstructure of silver nanoparticles, and its 

dielectric and plasmonic properties was also studied. Increase in RF power not only increased 

the thickness of the film but also the size of the NPs depended on the RF power used for 

deposition of precursor films. Film deposited at 80 Watt did not transform into Ag NPs. This 

structural changes induced by the rf power variation showed the great impact on the dielectric 

properties and optical constants. The peak of the imaginary part of pseudo dielectric function, 

attributed to the LSPR of Ag NPs, moved to lower energies as the RF power increased, 

primarily due to thicker precursor films resulting in larger particle sizes. A corresponding shift 

in the LSPR peak was also noted in the UV-Vis-NIR absorbance spectra. Further, thick films 

deposited at high RF power exhibited no LSPR peak in SE or UV-Vis absorbance spectra, due 

to the presence of a continuous silver film even after annealing. This change in microstructure 

from nanoparticle formation to continuous films was also reflected in the values of void 

fraction and surface roughness calculated from SE using Bruggeman Effective Medium 

Approximation (BEMA). The microstructural change induced by rf power variation, affected 

the intraband, interband transitions, and LSPR properties of Ag NPs. The plasma energy 

evaluated from the Drude model, corresponding to intraband transition, showed an increase 

with the increase in the rf power due to the structural transition from the nanoparticles to the 

bulk film. 

      Influence of substrate temperature on the silver nanoparticles growth and its plasmonic, 

photoluminescence properties and Raman spectroscopy was studied. The average size of the 

nanoparticles was found to vary with the variation in substrate temperature from room 

temperature (RT) to 400℃ though the thickness of precursor film was constant. The LSPR 

properties of Ag NPs was found to be sensitive to NPs size; a shift in LSPR peak was observed 

due to change in Ag NPs' microstructure, mainly particle size and interparticle distance. An 

asymmetric and broad PL peak was observed at 443 nm and the peak intensity increased 

linearly with the LSPR of Ag NPs. The de-convoluted PL spectra of Ag NPs exhibited two 

peaks around 436 and 474 nm corresponding to their radiative interband transition and LSPR 
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band respectively. The influence of LSPR was also observed in the Raman spectroscopy, where 

intense and distinguishable Raman peaks are observed at 1587 cm-1. The Raman peaks became 

sharper and more distinguishable with increase in substrate temperature, implying an increase 

in particle size leads to increase in the contribution from multipole absorption. Enhancement 

in PL peak intensity and Raman peak intensity was found to be in accordance with the LSPR 

of Ag NPs. Thus a strong influence of the LSPR on the PL and Raman signal was observed.  

      Prior to implementation of silver nanoparticles as plasmonic back reflector hydrogenated 

amorphous silicon (a-Si:H) thin film solar cells with (n-i-p) substrate structure were simulated 

and fabricated. Influence of p- layer doping in simulation and diborane flow rate in experiment 

on solar cell efficiency was studied. Further, the effect of i- layer thickness on solar cell 

efficiency was studied in both simulation and experiments. The open circuit voltage (𝑉𝑜𝑐) was 

influenced by the doping of the emitter layer and high doping results in significant 

improvement in external parameters like 𝑉𝑜𝑐, and FF resulting in an overall increase in power 

conversion efficiency of the solar cells. The short circuit current density (𝐽𝑠𝑐) has increased 

with the absorber layer thickness and consequently increase the power conversion efficiency. 

The values of 𝑉𝑜𝑐, 𝐽𝑠𝑐, FF and η (%) fabricated solar cells were similar to those of simulated 

solar cells. From the simulation, a power conversion efficiency of 5.79% was obtained with 

7.6×1019 cm-3 p layer doping and absorber layer thickness of 200 nm, while experimentally, 

5.50% power conversion efficiency was achieved with 10 sccm diborane (B2H6) doping 

concentration in p-layer for same absorber layer thickness. The 𝐽𝑠𝑐 and 𝑉𝑜𝑐 values were same. 

      After optimization of parameters of Solar cells (n-i-p) using simulation and experiment, 

silver nanoparticles were incorporated as plasmonic back reflector for light trapping a-Si:H 

thin film solar cells. Plasmonic BR showed the excellent light trapping with the high values of 

the diffuse reflectance and the haze in the reflection in the entire visible and NIR wavelength 

range. The solar cell characteristics clearly demonstrated the enhanced performance of the a-

Si:H thin-film solar cell with a plasmonic back reflector (BR) compared to a flat BR. The 

conversion efficiencies (η) of the a-Si:H thin-film solar cell with flat BR and a-Si:H with 

plasmonic BR was 5.6% and 8.4%, respectively. The values of open-circuit voltage (𝑉𝑜𝑐) were 

0.814 V and 0.820 V for the solar cell with flat reflector and plasmonic back reflector 

respectively. The fill factor (FF) varied slightly, and the short-circuit current density values 

(𝐽𝑠𝑐) were 9.6 mA/cm2 and 14.2 mA/cm2 for the solar cell with flat reflector and plasmonic 

back reflector respectively. 
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8.2 Thesis conclusions 

 The growth of the Ag NPs by solid state dewetting is greatly influenced by deposition 

parameters like deposition time (chapter 3), rf power (chapter 4), and substrate 

temperature (chapter 5). 

 Plasmonic properties like LSPR peak position and broadening of Ag NPs (annealed 

samples) depend upon the size of Ag NPs while Ag precursor films (as deposited 

samples) did not show the plasmonic nature. 

 The dielectric properties and optical constants (n and K) are affected by the 

microstructure of Ag NPs. 

 Photoluminescence (PL) properties and Raman signal follow one to one relation with 

the Ag NPs size. 

 An enhancement of 47% in the short circuit current density and 50% in power 

conversion efficiency of a-Si:H thin film solar cells is obtained with the implementation 

of silver nanoparticle as plasmonic back reflector. 

 

8.3 Scope for future work 

Present thesis is mainly focused on the growth of silver nanoparticle for light trapping 

application in a-Si:H thin film solar cells to improve the performance. Some of the future 

research scopes based on the present thesis could be followings: 

 Since a-Si:H thin film solar cells can be fabricated on flexible substrate therefore the 

growth of silver nanoparticles can also be explored on the flexible substrate to use them 

as plasmonic back reflector for efficiency improvements. 

 

 Since silver nanoparticles in plasmonic back reflector configuration shows excellent 

light trapping not only in Visible but also in NIR region therefore they can be used 

further in microcrystalline (𝜇𝑐-Si:H) and nanocrytalline  hydrogenated silicon (𝑛𝑐-

Si:H) thin film solar cells for light trapping application. 

 

 The application of Ag NPs is not limited to the solar cells. Ag NPs grown by solid state 

dewetting can also be explored as SERS substrate for bio sensing applications. 
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       APPENDIX 
               

1. Height Height Correlation Function 

Height-height correlation function (HHCF) can be defined as the statistical average of the mean 

square of height difference between the two points, separated by distance r, and is written as 

[1] 

𝐻(𝑟, 𝑡) = 〈|ℎ(𝑟 + 𝑟′, 𝑡) − ℎ(𝑟′, 𝑡)|2〉 

Where ℎ(𝑟′, 𝑡) is the surface height at position r’ and time 𝑡 measured by AFM and ℎ(𝑟 + 𝑟′, 𝑡) 

is that at point (𝑟 + 𝑟′, 𝑡). 

For self-affine surface, HHCF can be expressed by exponential correlation model in the scaling 

form [1]  

𝐻(𝑟, 𝑡) = 2𝑤2 [1 − exp⁡{− (
𝑟

𝜉
)
2𝛼

}] 

Where 𝑤 is the interface width (or RMS roughness), 𝜉 is lateral correlation length and 𝛼⁡is 

roughness exponents.  

HHCF behaves differently for the two different regions (for 𝑟 ≪ 𝜉 and 𝑟 ≫ 𝜉 ) depending on 

the relative value of 𝑟 and correlation length 𝜉. Now 𝑒𝑞. (𝐴. 2) can be expressed as 

𝐻(𝑟, 𝑡)~{

2𝑤2 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑟 𝜉⁄ ≫ 1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

(𝑚𝑟)⁡2𝛼𝑙𝑜𝑐𝑎𝑙 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑟 𝜉⁄ ≪ 1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
 

Here 𝑚 is the local slope, which identifies the mode of growth (stationary/non-stationary) and 

is related to interface width 𝑤 and lateral correlation length 𝜉 as 𝑚 = (√2𝑤)
1 𝛼𝑙𝑜𝑐𝑎𝑙⁄

𝜉⁄ . 

Here⁡𝛼𝑙𝑜𝑐𝑎𝑙 is the local roughness exponent. The roughness exponent is local (𝛼𝑙𝑜𝑐𝑎𝑙) for the 

region 𝑟 ≪ 𝜉 and is global (𝛼) for the region 𝑟 ≫ 𝜉. 

2. Power Spectral Density Function 

The power spectral density function (PSDF) of a surface profile is Fourier transform of the 

surface heights. A suitable model for the PSDF of a self-affine surface is given by [1]  

(A.3) 

(A.1) 

(A.2) 
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𝑃(𝑘, 𝑡) =
1

(2𝜋)𝑑
|〈ℎ(𝑟, 𝑡)𝑒−𝑖𝑘𝑟〉|

2
 

Where 𝑃(𝑘, 𝑡) is PSDF in reciprocal space and ℎ(𝑟, 𝑡) is the surface height at position r and 

time 𝑡 measured by AFM, 𝑑 is the dimension of surface. 

3. Drude Model 

For the metallic thin films, the dielectric function is dominated by the intraband transitions of 

free electrons which can be described by the Drude model [2]  

𝜀𝐷𝑟𝑢𝑑𝑒(𝐸) = 𝜀∞ −
𝐸𝑝

2

𝐸2 + 𝑖𝐸ΓDrude
 

Where 𝐸𝑝 = ℏ𝜔𝑝  and ΓDrude are plasma energy and broadening which are related to the 

scattering. Here  𝜔𝑝 is the plasma frequency which is related to the effective mass of the 

electron (𝑚∗) and free electron density (𝑁𝑒) and can be defined as 𝜔𝑝 = √𝑁𝑒𝑒2 𝜀0𝑚∗⁄  . The 

parameter 𝜀∞ accounts for the net contribution from the positive ion cores and the value of the 

𝜀∞ varies in the range from 1-10. 

4. Lorentz Model 

Though the Drude model describe the free electron contribution with the plasma frequency and 

the damping constant. However it neglects the band structure effects which describes the 

interband transitions of electron is used to account for the interband transitions [2]  

𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧(𝐸) =
𝑓𝐸0

2

(𝐸0
2−𝐸2 − 𝑖𝐸ΓLorentz)

 

Where 𝑓 is the oscillator strength 𝐸0 is the oscillator position and ΓLorentz is the oscillator 

width. 

5. Gauss Oscillator 

LSPR properties of the metal nanoparticles are well described by the Gauss oscillator. The 

contribution to the dielectric constant due to the Gauss oscillator is defined as [3,4]  

𝜀1𝐺𝑎𝑢𝑠𝑠(𝐸) =
2𝐴

√𝜋
[𝐷 (

𝐸 + 𝐸0
𝜎

) − 𝐷 (
𝐸 − 𝐸0

𝜎
)] 

(A.4) 

(A.5) 

(A.6) 

(A.7) 
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𝜀2𝐺𝑎𝑢𝑠𝑠(𝐸) = 𝐴 [𝑒𝑥𝑝 {−(
𝐸 − 𝐸0

𝜎
)
2

} − 𝑒𝑥𝑝 {− (
𝐸 + 𝐸0

𝜎
)
2

}] 

Where 𝐴  is the amplitude of the oscillator, 𝐸0 is the oscillator peak position and 𝐷 is the 

operator (Dawson function) [4]. The broadening (𝐵𝑟) of the peak  is related to Full width at 

Half maxima (FWHM) 𝜎 = 𝐵𝑟 2√ln 2⁄  . 

6. Effective Medium Theory 

The silver nanostructure layer is having mixed volume fraction of void and silver therefore to 

calculate the void fraction and surface roughness, an effective medium approximation (EMA) 

is used [4]  

∑𝑓𝑖
𝜀𝑖(𝐸) − 𝜀(𝐸)

𝜀𝑖(𝐸) + 2𝜀(𝐸)

𝑛

𝑖=1

= 0 

Where 𝑓𝑖 is the volume fraction and  𝜀𝑖(𝐸) is the dielectric function of the 𝑖𝑡ℎ phase. In our SE 

modelling, the two phases are Ag NPs and voids respectively. 

7. Deconvolution of Raman data using Multiple Peak Fitting 

The purpose of deconvolution is to fit to a measured Raman spectrum well-defined peaks to 

which a physical meaning can be attributed, plus a continuous background. To deconvolute a 

Raman spectrum with the Origin software, several parameters have to be chosen: 

1. The range (i.e. the lower and upper wavenumber limit values) of the spectrum over which 

the fit will be performed. 

2. The kind of baseline to be used in order to isolate the Raman-related peaks.  

3. The number of peaks to fit to the Raman spectra. 

4. The shape of peaks, i.e. if they have a Gaussian or Lorentzian shape (or a mixture of both). 

5. The centre position (i.e. frequency), the width and the height of each peak. 

The deconvolution is performed by the Origin software (Origin Pro 8.5) with an algorithm 

based on the Levenberg-Marquardt (L-M) method, which adjusts the parameters of a set of 

peaks to fit to a measured spectrum. The parameters adjusted for each input peak are frequency, 

height, width at half height, and possibly the ratio of Gaussian/Lorentzian line shape. 

(A.8) 

(A.9) 
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Gaussian Function  

𝑦 = 𝑦0 +
𝐴⁡𝑒

−4 ln(2)(𝑥−𝑥𝑐)
2

𝑤2

𝑤√
𝜋

4 ln(2)

 

Where 𝑦0 is base, 𝑥𝑐 is the center, 𝑤 is the full width half maxima (FWHM),  and 𝐴 is 

amplitude. 

Lorentzian Function  

𝑦 = 𝑦0 +
2⁡𝐴⁡𝑤

𝜋⁡4⁡(𝑥 − 𝑥𝑐)2 + 𝑤2
 

Where 𝑦0 is offset, 𝑥𝑐 is the center, 𝑤 is the width, and 𝐴 is area. 
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