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ABSTRACT 

 

FINE-TUNING PLASMONIC RESPONSE FOR PLASMON-ENHANCED 

PHOTONICS 

 

 

 

¥zt¿rk, Ķbrahim Murat 

Doctor of Philosophy, Physics 

Supervisor : Prof. Dr. Alpan Bek 

 

 

December 2023, 162 pages 

 

Plasmonic interactions have found extensive applications in both industrial and 

fundamental scientific domains owing to scattering, absorption, and electric field 

enhancement properties of metal nano-structures. The oscillation of metalôs free 

electrons, driven by the lightôs field, results highly geometry-dependent optical 

response with resonances at specific frequency bands. Tuning the plasmonic 

response for specific applications requires computer-aided simulations guiding the 

fabrications. In fact, recent advancements of nano-photonics owe to three 

collaborative efforts in fabrication, measurements, and simulations. In this thesis, 

hole mask lithography was chosen as the nano-fabrication method due to its large 

area compatibility and diverse geometrical potential. This method had successfully 

used for fabrication of both simple and complex geometries of nano-structures. 

Innovative approaches to control the surface distribution of nanostructures have been 

proposed, experimentally explored and yielded promising discussions. Experimental 

measurements are repeatedly modelled with computational tools. The simulation 

credibility improved when matching results are obtained from two different 

computational method, boundary element method and finite element method. 



 

 

vi 

 

Plasmonic coupling is explored with Surface Enhanced Raman Scattering 

measurements of dimer disc fabrications with varied gap distances, indicating fields 

intensify at smaller interparticle gaps. A model is invented for quantitation of the 

plasmonic influence on the efficiency of nano-structure decorated photovoltaics. The 

model is used for quantitative comparison of various nano-geometries and materials 

at various physical surface coverages.  

 

Keywords: Nano-optics, Plasmonics, Computational electrodynamics, Nano-

fabrication. 
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ÖZ 

 

PLAZMONĶK TEPKĶNĶN HASSAS AYARLANMASI ĶLE PLAZMON -

DESTEKLĶ FOTONĶK 

 

 

 

¥zt¿rk, Ķbrahim Murat 

Doktora, Fizik 

Tez Yöneticisi: Prof. Dr. Alpan Bek 

 

 

Aralēk 2023, 162 sayfa 

 

 

Plazmonik etkileĸimler metal nano-yapēlarēn sa­ēlma, emilim ve elektrik alanēnē 

artērma ºzellikleri sayesinde end¿striyel ve temel bilimsel alanlarda geniĸ kullanēm 

alanē bulmaktadēr. Iĸēĵēn alanē tarafēndan s¿r¿len serbest metal elektronlarēnēn 

salēnēmē, belirli frekans bantlarēnda rezonanslarēn meydana geldiĵi, geometriye 

güçlü-baĵlē optik bir tepki oluĸturur. Plazmonik tepkinin belirli uygulamalar için 

ayarlanmasē, ¿retimleri yºnlendiren bilgisayar destekli sim¿lasyonlarē 

gerektirmektedir. Nano-fotonik alanēndaki yeni geliĸmeler, ¿retim, ºl­¿m ve 

sim¿lasyon alanlarēnda ¿­l¿ iĸ birliĵine dayanmaktadēr. Tez ­alēĸmalarēnda nano-

¿retim yºntemi olarak deĸik maske litografisi se­ilmiĸtir, bu yºntem geniĸ alanlara 

uygulanabilir olmasē ve y¿ksek geometrik ­eĸitlilikte nano-yapē ¿retimine olanak 

vermesi ile ºne ­ēkmaktadēr. Bu yºntem kullanēlarak ­eĸitli basit ve karmaĸēk nano-

yapēlarēn ¿retimi yapēlmēĸ, yapēlarēn y¿zey daĵēlēmē kontrol¿ i­in yenilik­i fikirler 

test edilmiĸ umut vadeden deĵerlendirmeler elde edilmiĸtir.  Optik ¥l­¿mler tekrarlē 

olarak sim¿lasyon ara­larēnda modellenmiĸtir. Sonlu eleman yºntemi ile sēnēr 

eleman yöntemi hesaplamalarda kullanēlarak, iki farklē yºntemle aynē sonu­larēn 
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elde edilmesi hesaplamalarēn g¿venilirliĵini artērmēĸtēr. Plazmonik kenetlenme farklē 

aralēklarda ikili disk yapēlarēn ¿retimleri kullanēlarak y¿zey artērēmlē Raman 

spektroskopisi kullanēlarak incelenmiĸ, k¿­¿len aralēklarda alan yoĵunlaĸmasē 

gºzlenmiĸtir. Plazmonik nano-yapēlarla dekore edilmiĸ fotovoltaik sistem 

uygulamalarēnda herhangi yapē geometrisi ve y¿zey doluluĵu i­in plazmonik 

yapēlarēn etkisinin sayēsal olarak deĵerlendirebilmesini saĵlayan bir model 

geliĸtirilerek, ­eĸitli nano-yapēlarēn fotovoltaik verimliliĵine etkisi sayēsal olarak 

incelenmiĸtir.  

Anahtar Kelimeler: Nano-optik, Plazmonik, Hesaplamalē elektrodinamik, Nano 

üretim. 

 



 

 

ix 

 

For my children



 

 

x 

 

ACKNOWLEDGMENTS  

 

I am deeply indebted to Dr. Alpan Bek, whose excellent guidance and scholarly 

wisdom have always been motivated me for my academic pursuits. Serving as my 

thesis advisor for over a decade, his excellent support and insightful direction have 

been immensely valuable. He has been more than an advisor, more like a role model 

effecting my life positively in many various aspects. His remarkable dedication to 

excellence, ethical approach to research, and commitment to fostering an 

environment of collaboration and growth have been truly inspiring throughout my 

academic journey. His patience, integrity, and passion for knowledge have not only 

shaped my research but also served as a guiding light in my personal and professional 

development. 

I would like to express my deepest gratitude to Dr. Mehmet Emre Taĸgēn who has 

always been supportive, he introduced me to the numerical calculation methods that 

I used throughout my thesis, enhanced my view of physics with stimulating ideas in 

his excellent courses that I got the opportunity to join. I would like to thank Dr. Emre 

Yüce for listening many of my thesis progress presentations, he always guided me 

towards the better path. And I would like to thank my other jury members Dr. Ihor 

Pavlov, Dr. Ramazan ķahin, and Dr. Okan Esent¿rk. I also want to deeply thank Dr. 

Sadi Turgut from whom I got the opportunity to learn graduate level quantum 

mechanics and statistical thermodynamics, both of these courses expanded my 

physics view to a new level with his excellent explanations and ingenious questions. 

I want to express my gratitude to all my professors from METU Physics department, 

all of whom have been cornerstones in my learning through the courses and 

discussions. 

My beloved wife, mother of my children, Zeynep Nilüfer Öztürk, whose unwavering 

love and support have been the cornerstone of my journey. Her endless 

encouragement, patience, and understanding have been my guiding light through 



 

 

xi 

 

every challenge. Her presence has transformed difficult moments into opportunities 

for growth, her belief in my capabilities has been my greatest strength.  

I thank and wish the best for to all my friends and colleagues; Hakan Keskin, Fērat 

Ķdikut, ¥zge Demirtaĸ, M. Kurtuluĸ Abak, Zeynep Cantürk, Hisham Naser, Tahir 

¢olakoĵlu, Mona Borra, Burcu Altuntaĸ,  S. S. Esmeilzad, Hüseyin Tepe, Mustafa 

Ünal, Ahmet Ünal, Zeynep Demircioĵlu, B. Berkan Turgut, Tayfun ¢elik, Zeynep 

Baz, A. Nur Eroĵlu, Egemen Bilek, Selen Postacē, Emirhan Postacē, M. Sinan Yayla, 

Gence Bektaĸ, Fatih Ballē, Gamze K. Baĸlar, and all others that I forgot to mention.  

I extend my deepest gratitude to my parents, Mustafa Öztürk and Melek Öztürk, 

whose support has been instrumental throughout my educational journey. Their 

encouragement and guidance have been invaluable at every step. I'm grateful to my 

dear little sisters, Zeynep Cansu Öztürk and Elif Göksu Öztürk, for their constant 

love and support. 

I am grateful to Günam for generously providing access to their state-of-the-art 

laboratories and advanced equipment, which significantly contributed to the success 

of this research.  

This work is partially funded by TUBĶTAK: The Scientific and Technological 

Research Council of Turkey under grant numbers 115F167 and 118M003. 

 



 

 

xii  

 

TABLE OF CONTENTS  

 

ABSTRACT .............................................................................................................. v 

ÖZ ............................................................................................................................ vii  

ACKNOWLEDGMENTS ......................................................................................... x 

TABLE OF CONTENTS ........................................................................................ xii  

LIST OF TABLES .................................................................................................. xv 

LIST OF FIGURES ................................................................................................ xvi 

LIST OF ABBREVIATIONS .............................................................................. xxiii  

CHAPTERS 

1 INTRODUCTION ............................................................................................. 1 

1.1 History of Plasmonics ..................................................................................... 4 

1.2 Literature Review ........................................................................................... 6 

1.2.1 Nanofabrication ........................................................................................ 10 

1.2.2 Computational Plasmonics ....................................................................... 19 

1.2.3 Surface Enhanced Raman Scattering (SERS) ........................................... 21 

1.2.4 Plasmon-Enhanced Solar Cells ................................................................. 26 

2 THE PLASMONIC INTERACTION ............................................................. 29 

2.1 Light Interaction with Metals ....................................................................... 30 

2.1.1 Optical Constants ...................................................................................... 32 

2.1.2 Optical Properties of Metals ..................................................................... 34 

2.2 Metals Under Illumination: Mie Theory ...................................................... 37 

2.2.1 EM Field in The Vicinity of MNP ............................................................ 41 

2.2.2 Scattering and Absorption ........................................................................ 43 



 

 

xiii  

 

3 METHODOLOGY .......................................................................................... 47 

3.1 Surface Nano-Structuring with Hole Mask Lithography .............................. 47 

3.1.1 Hole Mask Colloidal Lithography ............................................................. 55 

3.1.2 Hole Size Reduction .................................................................................. 62 

3.1.3 Strategies for Periodic Structuring With HMCL ....................................... 66 

3.2 Optical Characterization ............................................................................... 71 

3.3 Numerical Simulations .................................................................................. 74 

3.3.1 Cross Validation ........................................................................................ 77 

3.3.2 Considerations about Discretization .......................................................... 81 

3.3.3 Model Building ......................................................................................... 84 

3.3.4 Experimental Validation ........................................................................... 86 

4 EXPLORATION OF PLASMONIC RESPONSE .......................................... 89 

4.1 Coupling of Closely Spaced MNPs .............................................................. 90 

4.1.1 Scattering Cross-section Analyses ............................................................ 92 

4.1.2 Field Enhancement Near Dimers .............................................................. 95 

4.2 Fabrication and Analysis of Complicated Geometries ............................... 100 

4.2.1 Scattering Measurements ........................................................................ 104 

4.2.2 Examination of Annealing ...................................................................... 107 

4.3 Preferential Scattering Calculations for Plasmon Enhanced Photovoltaics 110 

4.4 A Model for Quantification of Plasmonic Contribution to Photovoltaics .. 116 

4.4.1 Comparison of Basic Plasmon Geometries at Resonance ....................... 119 

4.4.2 Broadband Calculations .......................................................................... 124 

5 CONCLUSION .............................................................................................. 133 

REFERENCES ...................................................................................................... 137 



 

 

xiv 

 

APPENDICES 

A. Mesh import into MNPBEM ......................................................................... 153 

B. DF Objective Matched Scattering Calculation in MNPBEM ....................... 155 

CURRICULUM VITAE ....................................................................................... 159 

 



 

 

xv 

 

 

LIST OF TABL ES 

TABLES 

Table 1. Comparison of lithography methods in terms of area, resolution, variety 

and cost. Adapted from [100]. ................................................................................ 18 

Table 2. Calculated values for Ag disc of diameter 71nm on 10 nm thick SiO2 on Si 

at 532 nm illumination .......................................................................................... 121 

Table 3. Calculated values for Ag sphere of diameter 195 nm on 10 nm thick SiO2 

on Si at 532 nm illumination ................................................................................. 122 

Table 4. Calculated values for Ag disc of diameter 190 nm and Au disc of diameter 

160 nm on 10 nm thick SiO2 on Si at 1000 nm illumination ................................ 123 

Table 5. Comparison of the absorption contribution results for all four analyzed 

geometries ............................................................................................................. 123 



 

 

xvi 

 

LIST OF FIGURES 

FIGURES  

Figure 1.1. Famous Lycurgus cup. Left: Front illuminated , right: Back illuminated. 

Retrieved from [2] ..................................................................................................... 4 

Figure 1.2. Number of articles published annually in the domains of plasmonics 

(blue) and metamaterials (yellow). Interior shots display significant landmark 

publications. Figure adapted [31]. ............................................................................. 7 

Figure 1.3. A schematic setup for molecule detection by SPP excitation. Adapted 

from [34] .................................................................................................................... 8 

Figure 1.4. SEM images of nano geometries produced in a hexagonal array 

structure by evaporation of material from modified gaps between consecutive 

nanospheres by adjusting the polar and azimuth angles. Adapted from [94]. ......... 15 

Figure 1.5. Right: Various metal structures produced using fixed-angle evaporation 

Left: Nanostructures fabricated using motorized sample holder-enhanced HML. 

Adapted from [95] and [96]. .................................................................................... 16 

Figure 1.6. SERS measurements from HMCL fabricated substrates, adapted from 

[97] .......................................................................................................................... 17 

Figure 1.7. The three different types of electromagnetic light scattering. .............. 22 

Figure 1.8. Images of various SERS substrates reported in literature, figure adapted 

from [157]. ............................................................................................................... 24 

Figure 1.9. Up: SEM images of gold nanoparticles with four different surface 

morphology. Mid: 3D models based on SEM images. Down: Calculated filed 

distributions. Adapted from [190]. .......................................................................... 25 

Figure 1.10. Three distinct mechanisms can be employed for plasmon-enhanced 

photovoltaic applications. Adapted from [194]. ...................................................... 26 

Figure 1.11. Simulation results for comparison of a 60nm side Ag cube with a 

sphere. Left: field enhancement and angular scattering distribution. Right: Spectral 

graph of forward scattering ratio. Adapted from [196]. .......................................... 27 



 

 

xvii  

 

Figure 2.1. (a) Surface plasmon polaritons on a metal-dielectric interface. (b) 

Excitation of LSP by illumination of subwavelength MNPs. ................................. 38 

Figure 2.2. Electric field distribution calculation near a spherical Ag nanosphere 

when illuminated with 532nm, the graph shows the field decay on the field 

calculation line ........................................................................................................ 42 

Figure 2.3. Scattering and absorption cross-sections calculated for Au spheres of 

increasing diameters ................................................................................................ 44 

Figure 2.4. Spectral scattering efficiency calculated for different diameters of Au 

nano spheres ............................................................................................................ 45 

Figure 2.5. Spectral scattering efficiency calculated for large diameters of Au 

nanospheres ............................................................................................................. 46 

Figure 3.1. Visualization of directional material deposition through undercut holes 

in Hole Mask Lithography ...................................................................................... 48 

Figure 3.2. Hole mask lithography material deposition through the holes ............. 49 

Figure 3.3. Left: An illustration of deposition chamber setup for achieving 

continuous control in undercut region. Right: Achievable geometries with material 

evaporation with varying only one angle. ............................................................... 50 

Figure 3.4. SEM image of split-ring resonators fabricated with continuous back and 

forward rotation at a fixed tilt angle ....................................................................... 51 

Figure 3.5. Fabricated asymmetrical Ag dimers on Si substrate with 40 ï 60 nm 

and 40 ï 75 nm thicknesses..................................................................................... 52 

Figure 3.6. Multi-material dimer fabrication, 150nm hole diameter with 40 nm Ag 

and 20 nm Au deposition at fixed tilt angle. ........................................................... 53 

Figure 3.7. SEM images taken in between 3 consecutive evaporation of Ag at fixed 

20ę tilt angle showing hole shrinkage ..................................................................... 54 

Figure 3.8. SEM image of highly asymmetric Ag dimers fabricated by HMCL by 

utilization of hole shrinkage .................................................................................... 54 

Figure 3.9. Sample preparation for HMCL, a schematic procedure ....................... 56 

Figure 3.10. SEM images taken after hole mask preparation steps, nanosphere 

decoration, nanosphere removal and cavity formation from left to right. .............. 56 



 

 

xviii  

 

Figure 3.11. Left: SEM image of a surface decorated with holes masked for grain 

analysis. Right: Size distribution histogram with grain analysis results averaged 

from 3 SEM images ................................................................................................. 60 

Figure 3.12. SEM images of fabricated structures with complicated geometrical 

aspects ...................................................................................................................... 61 

Figure 3.13. SEM images of PS nanosphere size reduction by Oxygen plasma 

etching (a) 500nm nanospheres as deposited (b) 5 minutes (c) 10 minutes (d) 20 

minutes etched nanospheres .................................................................................... 63 

Figure 3.14. SEM images of hole size reduction tests by tilted evaporation of Au 

mask layer PS nanospheres of 500nm diameter are used. (a) no tilt (b) 10 O tilt (c) 

20 O tilt (d) 30 O tilt  ................................................................................................... 64 

Figure 3.15. SEM images left: PMMA surface decorated with 170 nm silica 

nanospheres, right: hole mask layer after particle removal ..................................... 65 

Figure 3.16. SEM images of Left: close packed deposited 1ɛm spheres, right: 

reduced diameter spheres after 10 minutes O2 plasma etching ............................... 67 

Figure 3.17. Schematic of Lloyd's mirror setup for interference lithography. ........ 68 

Figure 3.18. Proposed experimental procedure periodic hole mask fabrication with 

interference lithography ........................................................................................... 68 

Figure 3.19. Left: AFM image of 27.5 sec orthogonally double exposed sample 

after development. Right: line cross-section analysis on the sample ...................... 69 

Figure 3.20. Up: AFM images of 27.5 seconds exposed samples after oxygen 

plasma etching for 0min, 6min, 10 min and 20 min respectively. Down: The line 

cross-section plots taken from hole regions of respective images. ......................... 70 

Figure 3.21. Left: schematic of dark field spectroscopy. Mid: The inverted 

microscope setup used in measurements. Right: A dark field image of a surface 

with different plasmonic resonances. ...................................................................... 71 

Figure 3.22. Left to right 174nm and 270nm average sized Au nanodiscs. Upper: 

SEM lower: Dark field optical microscope images ................................................. 73 

Figure 3.23. Dark field scattering spectra obtained from samples of Au nanodics of 

175nm and 270nm average sizes respectively. ........................................................ 73 



 

 

xix 

 

Figure 3.24. A FEM simulation of periodic array of 100nm diameter discs. Left: 

Meshed geometry of 100nm disc on Si substrate. Mid: Electric field distribution on 

the substrate surface. Right: Calculated reflection and transmission coefficients. . 76 

Figure 3.25. Workflow of simulations .................................................................... 77 

Figure 3.26. Scattering cross-section of a 10nm diameter Au nanosphere, the 

comparison of Mie solution, quasistatic solution and retarded full Maxwell solution 

calculated using Mnpbem toolbox .......................................................................... 78 

Figure 3.27. Scattering cross-section of a 100 nm diameter Au nanodisc, 

comparison of quasistatic approximation and retarded full Maxwell solution ....... 79 

Figure 3.28. Comparison of scattering spectrum graphs calculated with MNPBEM 

and COMSOL. For a sphere with diameter 170 nm placed on 10nm SiO2 coated Si 

substrate .................................................................................................................. 79 

Figure 3.29. Comparison of scattering spectrum graphs calculated with MNPBEM 

and COMSOL for a 60 nm side length cube placed on 8, 12 and 19 nm of Si3N4 

coated Si substrate. .................................................................................................. 80 

Figure 3.30. Scattering cross-sections calculated for same structure but different 

meshing parameters using MNPBEM..................................................................... 82 

Figure 3.31. Reflection and transmission coefficients of a surface covered with 

periodically placed Ag nanocubes calculated using Comsol. Left: coarse meshed 

cube (~2hr solution time), right: finer meshed cube (~10 hr solution time) ........... 83 

Figure 3.32. Scattering absorption and extinction spectrum of a nanorod on glass 

for parallel and perpendicular illumination obtained by BEM simulations. Left: 

particle is 0.1 nm above the surface, right: particle is 0.5 nm above the surface ... 86 

Figure 3.33. Calculations for a 175nm Au disc on glass. Up: Total of 18 

simulations calculated for dark field objective illumination. Down: The average of 

all results is expected to match the experimental measurements. ........................... 87 

Figure 3.34. Left: SEM image of fabricated Ag discs with 150 nm average diameter 

Right: Measured scattering spectrum (blue) and Mnpbem simulation (red) .......... 88 

Figure 4.1. Simulation results for scattering spectra of 150 nm Ag dimers with 

varied gap size with normal illumination ................................................................ 90 



 

 

xx 

 

Figure 4.2. Up: Surface distribution of fabricated dimers, down: Close up SEM 

view of dimers fabricated with fixed azimuth angle of ±10 for dimer 1 and ±9.5 

degrees for dimer 2. ................................................................................................. 91 

Figure 4.3. Polarized illumination scattering spectra collected from dimer1 and 

dimer2, black curves are obtained with polarization axis parallel to dimer axis and 

red curves with perpendicular. ................................................................................ 92 

Figure 4.4. Scattering cross-section calculated for dimer gaps 10, 20 and 30 nm 

with DF objective matched illumination conditions ............................................... 94 

Figure 4.5.  Relative electric field calculations around 100nm diameter dimers at 

532nm illumination a) 5nm, b) 10nm, c) 20nm, d) 30nm, e) 40nm and f)100nm .. 96 

Figure 4.6. Raman measurement collected from BCB coated dimer1, dimer2 and 

bare Si surface with unpolarized laser. .................................................................... 97 

Figure 4.7. Raman measurement collected with polarized laser for polarization 

direction is parallel (red) and perpendicular (black) to dimer axis from dimer-2 ... 98 

Figure 4.8. Plot of electric field distribution on and around of a dimer with 150 nm 

disc diameter on Si with 10 nm gap with parallel polarized 532nm illumination ... 99 

Figure 4.9. SEM images of complicated nano-structures with rotation and 

evaporation parameters and structure names ......................................................... 102 

Figure 4.10. SEM image array with thicknesses of several structures .................. 103 

Figure 4.11. Same structure left: on Si substrate right: on glass substrate ............ 104 

Figure 4.12. Scattering spectra of ñexclamation markò and two Gaussian peak fit 

analysis. Green curves show the sum of two fitted curves. ................................... 105 

Figure 4.13. Scattering spectra of ñplus signò and two Gaussian peak fit analysis. 

Green curves show the sum of two fitted curves. .................................................. 105 

Figure 4.14. Scattering spectrum of ñeyeò structure ............................................. 106 

Figure 4.15. Scattering spectra of ñeggò and ñhalf circle with dotsò structures. ... 107 

Figure 4.16. Structural effects of annealing on fabricated structures, up: before, 

down: after annealing ............................................................................................ 108 

Figure 4.17. Dark field spectrum before (black) and after annealing (red), insets for 

respective SEM images ......................................................................................... 108 



 

 

xxi 

 

Figure 4.18. two Gaussian peak fit analysis on ñexclamation markò after annealing. 

Green curves show the sum of two fitted curves. ................................................. 109 

Figure 4.19. Polarized DF spectrums of a dimer fabrication with thicker discs, left: 

before and right: after annealing. .......................................................................... 110 

Figure 4.20. Mnpbem simulation results. 3D polar plots for angular far field 

scattering distribution pattern for a) 100 nm diameter sphere b) 100 nm diameter 

disc at 800 nm wavelength. c) Hemisphere defined at infinity for poynting vector 

calculation. ............................................................................................................ 111 

Figure 4.21. Simulation results showing fraction of incident radiation scattered into 

substrate for 4 different plasmonic structures. Left: simulation results acquired 

from [213], right: Reproduction of results by Mnpbem simulations .................... 112 

Figure 4.22. Fraction scattered into Si substrate for Dimers and quadromers ...... 113 

Figure 4.23. Fraction scattered into Si substrate for rods of different aspect ratio, 

the short axis length is left: 100nm, right: 150 nm. .............................................. 113 

Figure 4.24. Angular distribution of pointing vector norm of scattered light inside 

the substrate. Left: A sphere, Right: A disc with 100nm diameter each at 500nm 

wavelength. Red lines indicate the TIR angle of Si/air interface ......................... 114 

Figure 4.25. Calculation of the fraction of scattered light directed into guided 

modes of a thin film Si solar cell for different plasmonic structures .................... 115 

Figure 4.26. Calculated scattering and absorption efficiencies for discs on Si 

substrate. Blue curves are for disc diameter 100nm and green curves are for 150nm

 ............................................................................................................................... 116 

Figure 4.27. Scattering cross-section calculations for finding the diameter of the 

disc resonant at 532nm on 10 nm thick SiO2 on Si substrate ................................ 120 

Figure 4.28. Angular distribution of scattered radiation for Ag disc of diameter 

71nm on 10 nm thick SiO2 on Si at 532 nm illumination ..................................... 120 

Figure 4.29. Angular distribution of scattered radiation for Ag sphere of diameter 

195 nm on 10 nm thick SiO2 on Si at 532 nm illumination .................................. 121 



 

 

xxii  

 

Figure 4.30. Scattering, absorption and extinction efficiencies and plasmonic 

interaction factor calculations for 200nm Au Sphere. Left: surface coverage 20%, 

right: surface coverage 10% .................................................................................. 124 

Figure 4.31. Preferential scattering to substrate and total portion scattered into 

substrate calculations for 200nm Au sphere. Left: surface coverage 20%, right: 

surface coverage 10%. Inset: angular scattering distribution at 800nm ................ 125 

Figure 4.32. Plasmonic contribution to absorption calculations for 200nm Au 

sphere. Left: surface coverage 20%, right: surface coverage 10% ........................ 125 

Figure 4.33. Left: Scattering, absorption and extinction efficiencies and plasmonic 

interaction factor calculations. Right: Plasmonic contribution to absorption 

calculations for 200nm Ag sphere with 15% surface coverage............................. 126 

Figure 4.34. Left: Scattering, absorption and extinction efficiencies and plasmonic 

interaction factor calculations. Right: Plasmonic contribution to absorption 

calculations for 100nm Au disc with 0.8 surface coverage. .................................. 127 

Figure 4.35. Left: Scattering, absorption and extinction efficiencies and plasmonic 

interaction factor calculations. Right: Plasmonic contribution to absorption 

calculations for 100nm Ag disc with 0.4 surface coverage. .................................. 128 

Figure 4.36. Plasmonic contribution to absorption calculations for 100nm Ag disc 

with 70% surface coverage. ................................................................................... 128 

Figure 4.37. Average plasmonic contribution to PV absorption plotted against 

surface coverage for the analyzed nanostructures. ................................................ 129 

Figure 4.38. Average plasmonic contribution to PV absorption plotted against 

surface coverage for Ag discs of various diameters. ............................................. 130 

Figure 4.39. Interaction efficiencies of a 100nm diameter Ag disk placed on Si 

substrate ................................................................................................................. 130 

 



 

 

xxiii  

LIST OF ABBREVIATION S 

 

ABBREVIATIONS 

MNP    Metal Nano Particle 

SPR    Surface Plasmon Resonance 

SPP   Surface Plasmon Polariton 

LSP   Localized Surface Plasmons 

EOT   Extraordinary Light Transmission 

SERS   Surface Enhanced Raman Scattering 

EF   Enhancement Factor 

HCL    Hole Mask Lithography 

HMCL   Hole Mask Colloidal Lithography 

HMIL    Hole Mask Interference Lithography 

PMMA  polymethyl methacrylate 

MEMS  Micro-Electro-Mechanical Systems  

AFM   Atomic Force Microscopy 

SEM   Scanning Electron Microscopy 

EBL   Electron Beam Lithography 

NIL   Nano Imprint Lithography 

TEM   Transmission Electron Microscopy 

UV   Ultra Violet 

NIR   Near-Infrared 



 

 

xxiv 

BEM   Boundary Element Method 

FEM   Finite Element Method 

FDTD   Finite-Difference Time Domain 

DF   Dark Field 

PV   Photovoltaic 

 

 

 

 



 

 

1 

CHAPTER 1  

1 INTRODUCTION   

Nanotechnology offers vast possibilities, while remarkable discoveries have been 

made, the world of nanotechnology continues to offer enormous opportunities. In the 

context of nanotechnology, nano-photonics assume an essential role. It specifically 

addresses the interaction between light and matter at the nanoscale. Some of the most 

intriguing nanophotonic interaction occurs when the material of the nanostructure is 

metal, in which the conduction band electrons collectively oscillate inside the 

structure. These oscillations may resonate depending on the geometry, material, and 

frequency. Surface plasmon resonances (SPR) are the resonance modes of these 

structures. Nanostructures can be nano-engineered for desired response. Plasmonics 

has revealed nano-optics with many remarkable phenomena, with far-reaching 

implications for both fundamental optics and practical applications. Tuning the 

plasmonic response for a specific application requires suitable nano-fabrication 

method and measurement setups together with computer aided simulations. 

The most application-aimed plasmonic response mechanisms can be handled under 

two categories. Firstly, Metal nanoparticles (MNP) can trap and confine light energy 

in the form of plasmons in volumes much smaller than the wavelength of light itself. 

This phenomenon, known as "nanoscale light trapping," enables the concentration 

of light energy in extremely tiny regions (several nm). When the illumination 

frequency is resonant, localized surface plasmon resonance (LSPR) enables a highly 

localized and intensified field for a nearby matter to interact. The second mechanism 

appears at the far-field region, at least several tens of wavelengths away from the 

metallic structure, as scattering. When MNPs are illuminated with a broadband 

source and the scattering spectrum is collected, scattering peaks are observed at the 

resonance frequency. Near the resonance frequency, the scattering cross-section may 
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be several orders of magnitude higher than the geometrical cross-section of the 

nanostructure. This indicates that particles may interact with light in a much larger 

space than they actually occupy. The scattered light may be highly directional 

depending on the irregularity of surrounding media as well as the geometrical 

features of the structure.  

Scattering from MNPs becomes intriguing when the scattering from an array of 

MNPs is considered; the scattering direction may differ compared to isolated 

particles due to the interference of scattered waves. This interference completely 

alters the far field distribution of scattered light. This property coincides with well-

established the antenna theory and relatively newer research field Metamaterials. 

Metamaterials are engineered materials that can obtain unique optical properties and 

specific light manipulation capabilities at far-field regions. Very thin, periodically 

decorated surfaces can be engineered to work similarly to conventional optics like 

lenses; moreover, they can achieve light-bending properties that conventional optics 

cannot achieve.  

In this chapter, the history of plasmonics is briefly summarized and an overview of 

recent advancements in plasmonics and plasmonic-related fields are discussed. 

There are many valuable articles published in this field over recent years; in this 

context, only a few selected papers could be discussed. Moreover, advancements in 

fabrication methods, computation methods, and some important applications, such 

as surface enhanced Raman scattering and photovoltaic applications are discussed.  

Theoretical considerations are explored in CHAPTER 2. Optical constants are 

defined for the explanation of light-matter interaction. The Drude theory for the 

prediction of optical constants of metals is detailed. The analytical solutions of 

plasmonic resonance properties, scattering and absorption are shown with Mie 

theory. Indications of the results are discussed together with examples by computer-

aided simulations.  

The experimental and computational methodology employed in thesis is depicted in 

CHAPTER 3, discussing their capabilities, limitations, challenges, solutions, 
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examples, and improvements. The fabrication method of hole mask colloidal 

lithography (HMCL) is discussed in terms of its strengths and weaknesses. 

Experimental work involving optimization and application is detailed. Experimental 

studies about possible improvements in fabrication properties are explained. Issues 

experienced are noted, and their definitive or possible solution approaches are 

discussed. Computer-aided Modeling methods, considerations, and result validation 

approaches are detailed. Methods for the detection and resolution of wrong 

calculations have been discussed. 

Application-oriented studies and results are detailed in CHAPTER 4. First, dimer 

fabrications and observation of plasmonic coupling of closely spaced structures have 

been shown. The indications of measurement results are discussed with simulations. 

Second, the fabrication attempts and the results of complicated nano-geometries are 

shown. Optical scattering measurements of some of these structures have been 

discussed with analyses and discussions. Finally, the calculation of directional light 

scattering properties of structures is shown. These calculations allowed the 

development of a novel model for predicting the overall plasmonic effect when the 

photovoltaic surface is decorated with MNPs. The model allows quantification of the 

plasmonic photovoltaic enhancement at varied physical surface coverage of nano-

particles with arbitrary nano-geometry at various sizes. Several geometries, sizes, 

and surface coverages of structures are explored using the model. Results and 

indications are discussed.  
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1.1 History of Plasmonics 

The earliest known application of surface plasmons in human history is found in an 

artwork called the Lucurgus Cup. This artifact is believed to have been 

unintentionally produced during the fourth century. Individuals were drawn to this 

particular piece of work because of the noticeable color difference between the 

reflected and transmitted light, a dichroic effect, as shown in Figure 1.1. In 

contemporary times, there exist church windows that employ the same phenomenon. 

The dichroic effect is attained by the incorporation of minute quantities of gold and 

silver nanoparticles distributed in the colloidal form inside the glass matrix. The 

methodology employed in this fabrication remains to be determined. The scientific 

understanding of the mechanisms behind this optical response developed far later 

than their practical use [1].  

 

 

Figure 1.1. Famous Lycurgus cup. Left: Front illuminated , right: Back illuminated. 

Retrieved from [2] 
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Michael Faraday carried out the first published studies with plasmonic 

nanostructures during the mid-19th century. He successfully created colloidal 

solutions comprised of gold nanoparticles, meticulously analyzed them, and 

afterward referred to them as ñActivated Goldò [3]. Approximately four decades 

after Faradayôs research about the creation of colloidal gold particles, Richard 

Zsigmondy successfully observed these particles using the ñultra-microscopeò, an 

invention of his own [4]. Subsequently, Gustav Mie conducted theoretical 

calculations by solving Maxwell's equations to determine the absorption and 

scattering properties of spherical metal nanostructures [5]. The calculations 

formulated by Mie continue to be extensively employed within the plasmonics field 

[6], [7]. 

In 1902, an intriguing plasmonic phenomenon was found by Robert Wood [30]. 

During the investigation of reflections originating from metallic gratings, the 

researcher encountered spectral characteristics that posed difficulties for explanation 

[8]. Subsequently, it was shown that these phenomena corresponded to the excitation 

of surface plasmon resonances within the gratings [9]. The term "plasmon" was 

initially introduced by David Pines in the 1950s to describe a form of high-frequency 

electron oscillations observed in metals [10]. The plasmon is a quasiparticle that 

arises as a consequence of the quantization of plasma oscillations. During the mid-

1970s, Martin Fleischman observed of significant Raman scattering signals 

emanating from molecules on uneven metal surfaces [11]. This phenomenon was 

subsequently termed surface-enhanced Raman scattering (SERS) [12]. SERS has 

been attributed to generating of highly amplified local electromagnetic fields through 

surface plasmon resonances. 

Before the end of the 20th century, investigations related to surface plasmons were 

conducted individually without a unified name for the topic. However, a significant 

milestone in achieving an accurate understanding of this field was the discovery of 

extraordinary optical transmission (EOT). Extraordinary optical transmission (EOT) 

refers to the phenomenon of light propagation through sub-wavelength apertures on 

thick metal films at significantly greater levels than what was initially calculated 
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[13], [14]. The phenomenon under consideration, observed within the apertures, can 

be elucidated through the concept of plasmon resonances. The enhanced ability to 

confine and manipulate light at the sub-nanometer scale has significantly contributed 

to the growing interest in plasmonic interactions, leading to the establishment and 

development of the field of plasmonics as it exists today. 

Plasmonics has gained unprecedented popularity among scientists and engineers. 

Researchers are actively exploring the intriguing properties of plasmonic MNPs to 

unlock new scientific discoveries. Simultaneously, optical engineers are designing 

innovative devices that harness these properties for diverse industrial applications.  

1.2 Literature Review 

Many researchers have been drawn to the field of plasmonics since the beginning of 

the 21st century. In 2001, H. A. Atwaterôs paper gathered researchersô interest in this 

promising research area by emphasizing plasmonics as the route for nano-scale 

optical devices [15]. Plasmonic nanostructures have a great potential to reduce the 

size and increase the speed of electronic chips [16]. In addition to their exciting 

potential in information technology, plasmonic MNPs have undergone significant 

developments that enhance detection, renewable energy, and sensing [17]ï[22]. And 

are the foundation of many applications due to their unique optical characteristics. 

A review article published in 2017 highlights the exponential growth of plasmonic 

investigations in recent years. Figure 1.2 presents ground-breaking work in the field 

of plasmonics and metamaterials. Interior pictures show landmark studies chosen by 

writers. From the left side of Figure 1.2, the landmarks are extraordinary optical 

transmission (EOT) through subwavelength apertures [13], [23], lazing at the 

nanoscale [24], optical antennas [25], plasmonic nano-printing [26], graphene 

plasmonics [27], metamaterials [28], cloaking [29] and negative refraction [30], 

respectively. The article predicts that the scientific discoveries in these study fields 

will continue to develop and eventually become a part of everyday technology. The 
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authors emphasize how various seemingly distinct research fields have been brought 

together by plasmonic research, and they argue that these connections offer optimism 

for the future of the plasmonics field [31].  

 

 

Figure 1.2. Number of articles published annually in the domains of plasmonics 

(blue) and metamaterials (yellow). Interior shots display significant landmark 

publications. Figure adapted [31]. 

Plasmonic MNPs have many applications in biology, medicine, and health with their 

excellent capabilities. Some of these high-tech applications are actively being used 

in the medical industry. The primary approach to utilize these properties in sensing 

is to exploit changes in the plasmonic response due to alterations in the local 

environment (e.g., refractive index changes) to detect minute quantities of molecules 

or particles. Applications range from medical diagnostics to environmental 

monitoring like attenuated total reflection (ATR). In ATR, reflection dips are 

observed due to the coupling of evanescent field to Surface Plasmon Polaritons (SPP) 

at a specific angle on a metallic interface [32], [33]. ATR uses the fact that the 
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plasmonic response is highly dependent on surrounding media. This dependence 

enables the detection of targeted molecules in a liquid sample by utilizing agents to 

bind them on a thin metal surface. A schematic for such a detection setup is shown 

in Figure 1.3. The graph on the right shows the reflection by angle of incidence. A 

sharp plasmonic dip occurs at the specific angle where SPPs are excited on the thin 

metal interface. When the refractive index surrounding media changes slightly, a 

significant reflection dip angle shift occurs, enabling the detection of the targeted 

molecule [34], [35].  

 

 

Figure 1.3. A schematic setup for molecule detection by SPP excitation. Adapted 

from [34] 

Plasmonics enable the detection and quantification of biomolecules with exceptional 

precision and sensitivity. This capability finds crucial applications in disease 

diagnosis, real-time monitoring of biological processes, and the development of 

state-of-the-art testing devices [36]. Additionally, plasmonic nanoparticles are 

essential for targeted medicine delivery. Their unique ability to enhance the local 

electromagnetic field makes it possible to precisely regulate how therapeutic agents 

are released within the body, reducing adverse effects and increasing the 

effectiveness of treatment [37], [38]. Furthermore, plasmonics has revolutionized 

photothermal therapy. Here, nanoparticles are selectively heated by laser light, 

destroying cancer cells while sparing healthy tissue. This approach holds promise 

for non-invasive and highly targeted cancer treatments [39], [40]. Plasmonics has 
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found its place in optogenetics, a revolutionary technique for controlling neural 

activity using light. Plasmonic nano-antennas enhance the efficiency of photovoltaic 

devices in optogenetics, facilitating precise manipulation of neural circuits [41], [42].  

Plasmonic nanostructures enable the development of super-resolution optical 

imaging techniques. 2014 Nobel Prize in Chemistry is awarded for exceptional work 

in developing super-resolved fluorescence microscopy [43]. Plasmonic enhancement 

to fluorescence contributes to the development of similar super-resolution imaging 

techniques [44], [45]. Plasmonic structures also contributed to super-resolution 

optical imaging techniques like structured illumination microscopy (SIM) [46], [47] 

and stimulated emission depletion microscopy (STED) [48], [49]. These methods 

break the diffraction limit and allow for imaging structures well below the 

wavelength of light [50].  

Sub-wavelength plasmonic metal structures can be used to develop optical 

components such as lenses [51] and beam splitters [52] by utilizing collective far-

field manipulation properties. These components enable precise control and 

manipulation of light, leading to better-performing, nano-enhanced optical 

components. Such devices usually called metamaterials, which are artificially 

engineered materials with properties not found in nature. Precise nano-engineering 

of the size, shape, and arrangement of sub-wavelength metallic features enables the 

control of far-field optical response. The field of metamaterials covers a broader 

range of light spectrum than the field of plasmonics currently covers. Researchers 

can craft metamaterials with super lensing properties, negative refractive indices, 

optical cloaking capabilities, and other fine-engineered optical properties by 

designing sub-wavelength metallic unit cells. This engineering allows for the 

creation of materials with custom-tailored optical properties. [29], [28], [53]. 

Quantum plasmonics studies quantum properties of light-matter interaction at 

nanoscale [54]. One of the areas of interest is quantum-plasmonic sensing. By 

leveraging the quantum properties of plasmons, researchers can achieve 

ultrasensitive detection of chemical and biological molecules [55], [56]. 
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Furthermore, quantum plasmonics offers promising avenues for quantum computing 

and information processing. When coupled with quantum bits or qubits, plasmonic 

nanostructures can serve as the building blocks for single photon sources for 

quantum logic gates and quantum networks [57], [58]. This potential could 

revolutionize computing and secure communication systems [59]. 

Researchers continually push the boundaries of what is possible, creating innovative 

devices and technologies that impact various fields. The topic of using sub-

wavelength metallic structures for optical products is a frontier where scientific 

curiosity converges with technological advancement. 

1.2.1 Nanofabrication  

Over the last century, nanofabrication has dramatically improved with the numerous 

applications of nanotechnology. The integrated circuit (IC) industry and 

microelectronic devices (MEMS) research and development are the main driving 

fields. Manufacturing processes have been getting better and better in resolution 

every year for over 50 years. Moore made one of the early predictions regarding the 

forthcoming advancements in transistor technology and was published in Electronics 

magazine in April 1965 [60]. In his research, Moore predicted that production costs 

would be halved and that the number of transistors in a chip of the same size would 

double yearly.  This prediction is referred to as a "law" in subsequent years by Carver 

Mead, a professor at Caltech [61], [62]. Over the years, many scientists have argued 

if Moore's Law will eventually fail and discussed its implications. Ultimately, 

Moore's Law is materialized as ña prophecy that came trueò [63]ï[67].  

One driving charge towards developing advanced nanofabrication methods is the 

recent evolution of plasmonic technologies, which takes advantage of some of the 

already optimized nanofabrication techniques that the IC and MEMS industry 

developed. Commercial computer processors are now being produced with ~5 nm 

resolution. Still , the methods for producing metal nanostructures over expansive 
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areas are restricted. Most of the methods bear drawbacks compared to others, such 

as high costs or the inability to accommodate nanostructure fabrication within all 

geometric configurations [68].  

For Plasmonic research, the predominant technique adopted to produce various 

shapes of metal nanoparticles, such as cubes, stars, rods, and spheres, is chemical 

synthesis of nanostructures suspended in an aqueous suspension. This is because the 

reaction parameters, such as surfactants, temperature, and precursors, may be 

controlled independently [69]ï[71]. While solution-based approaches can be scaled 

up, the significant variation in both the form and size of nanoparticles inside a single 

reaction vessel remains a challenge for accurate analysis. Furthermore, suspended 

metal particles can be organized on surfaces into two-dimensional (2D) and three-

dimensional (3D) lattices using various methods. The interparticle distances and 

lattice geometry can be adjusted to manipulate the optical characteristics of these 

assemblies [72].  

Surface nanofabrication techniques provide an alternate approach as they directly 

decorate surfaces with plasmonic nanostructures. Direct-write techniques, such as 

Direct Laser Writing (DLW), may be used to fabricate structures with resolutions 

limited by the diffraction limit of the laser wavelength [73], [74]. Electron-beam 

lithography (EBL) may be used to decorate substrates with MNPs with several 

nanometer resolutions limited by the motorized stage mechanics. EBL writing areas 

larger than a millimeter square area may take several days. Both methods can create 

2D arrays of nanoparticles with varying distances between them [75], [76]. Scanning 

probe lithography (SPL) can even decorate surfaces with atoms reaching Angstrom 

scale resolution with very low throughput [77]. The predominant technique for 

creating hole and slot shapes in optically thick metal films is focused ion-beam (FIB)  

milling [13].   This technique has the capability to penetrate the film either whole or 

partially while also allowing for precise control over the size and arrangement of the 

structures, with an approximate accuracy of 100 nm. The production of multilayered 

metal films using focused ion beam milling and reactive ion etching is challenging 
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and time-consuming. However, these methods successfully created free-standing 

suspended films [78].  

Methods employing the reproduction of structures from a pre-fabricated mask are 

the reason such structured devices, including microchips and MEMS devices, are 

accessible commercially. The most commonly used technique for pattern transfer is 

photolithography, where a pre-fabricated mask is used to selectively expose 

photoresist on the surface to transfer. The features are transferred to the underlying 

resist subsequent to the development process.  Photolithography has emerged as a 

highly efficient and widely utilized technique in the production of commercial 

integrated circuits (ICs). This is primarily due to its ability to rapidly and 

conveniently structure numerous samples with almost the same features as those 

found on the employed photomask. The primary constraint of photolithography is 

the feature size, which is restricted by the diffraction limit of the light source. 

Standard UV photolithography commonly employs two types of light sources: 

visible g-line (with a wavelength of 436 nm) and UV i-line (with a wavelength of 

365 nm). However, these light sources are limited in accurately reproducing sub-

micrometer features. This constraint led to devices with shorter wavelengths. Deep 

ultraviolet (UV) lamps and lasers have been produced and are used to achieve 

smaller features, typically around 500 nanometers in size. Extreme UV lithography 

sources have a wavelength of approximately 13.5 nm, and X-ray sources have a 

wavelength of approximately 0.5 nm [79], [80]. Photolithography employing X-rays 

has the capability to accommodate smaller features compared to what can be 

achieved with Electron Beam Lithography (EBL) [81], [82]. 

Another widely used transfer-based lithography method is called nanoimprint 

lithography (NIL) , also referred to as soft lithography. NIL is a technique used to 

transfer pre-fabricated patterns onto particular substrates. As a contact transfer 

method, the constraints imposed by the diffraction limit of light, which can limit the 

capabilities of photolithography, are not a concern in nanoimprint lithography. NIL 

operates analogous to traditional typewriters; wherein pre-fabricated letter stamps 

are utilized to transfer inked letters onto paper. There are multiple methods available 
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for the transfer process in NIL. These methods include the transfer of molecules and 

stamping a heated polymer followed by cooling. The technology offers a significant 

increase in throughput and resolution at a comparatively lower cost when compared 

to short-wave photolithography [83]ï[85].  

A direct pattern generation technique, interference lithography utilizes the 

interference pattern resulting from the superposition of multiple laser beams to 

expose photoresist. This method can fabricate periodic structures. In order to produce 

patterns, a coherent laser beam is partitioned into several beams, which are 

subsequently enlarged to cover the entire surface to be decorated. Recombination of 

beams propagating at different angles at the surface produces an interference pattern 

due to the phase differential between them. This method is promising for fabrication 

of periodic nano-structures over large areas [86], [87]. Multiple exposures can be 

utilized for fabrication of wider spectrum of structure geometries [88]. 

In addition to direct-write and transfer techniques, self-assembly methods are often 

employed for large-area surface decoration with somewhat lower fabrication 

controllability but incredibly higher throughput compared to direct-write methods. 

Such methods decorate surfaces with metal nano-structures fabricated in an aqueous 

suspension directly onto surfaces. This approach found many applications in 

plasmonic detection, such as the fabrication of SERS substrates. Another 

lithographic approach involves the use of highly monodispersed colloidal spheres, 

commonly referred to as colloidal lithography or nanosphere lithography (NSL). The 

significance of NSL in nanotechnology has been recognized in many applications 

[89]. Colloidal spheres may have a diameter that spans several micrometers to 

several nanometers, which is beyond the resolution limit of traditional lithographic 

techniques. Under the right circumstances, these colloidal spheres can self-assemble 

into two- and three-dimensional colloidal crystals. The first proposal using a self-

assembled PS monolayer as a mask for a lithographic approach was in 1981 and later 

upscaled to cover a significant surface area for patterning [90], [91]. The field has 

witnessed significant progress, leading to a broader range of viable methodologies. 

The progress in synthesis techniques has facilitated the production of densely packed 
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particles with diverse forms and from various materials, employing a high degree of 

size and shape uniformity in a cost-effective manner. NSL has been identified as a 

rapid and cost-efficient method for the production of nanoscale devices. In one of 

the early works NSL used with photolithography, in which silica spheres with a 

diameter of 1 µm were employed as micro-lenses to expose the photoresist layer. 

Through numerical analysis, it was calculated that the focal point's size was 

approximately 150 nm [92].  

In one of the pioneering studies of NSL, researchers used the openings in the 

hexagonal nanosphere monolayer as evaporations masks. The gaps between 

consecutive spheres were utilized in conjunction with polar and azimuthal angled 

deposition. [93]. In another study, detailed and systematic investigations were 

conducted on the periodic fabrication of complex nanostructures using NSL. This 

group extensively examined the deposition shading parameters of nanospheres and 

successfully generated a wide range of nanostructures using. Nanostructures with 

complex geometries in hexagonal periodic structures produced using the shading 

features of nanosphere lithography are shown in Figure 1.4 [94]. 
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Figure 1.4. SEM images of nano geometries produced in a hexagonal array 

structure by evaporation of material from modified gaps between consecutive 

nanospheres by adjusting the polar and azimuth angles. Adapted from [94]. 

The foundation of the fabrication strategy of this thesis, hole mask colloidal 

lithography (HMCL), was introduced in 2007. In the paper various producible 

structures through this technique were discussed. The research team that invented 

the technique used a method of hole formation that involved spreading colloidal 

spheres at random on the substrate surface. The researchers detailed the hole-forming 

method for HMCL and made several fabrications at fixed-angle evaporation. They  

produced Ag pyramids by using the shrinkage of holes due to evaporation [95].  

A 2012 article showed the broad spectrum of nanostructures that may be produced 

using motorized sample holders augmented by HMCL. Similarly, the technique of 

randomly coating colloidal spheres was used in this work to create holes.  Structures 

fabricated with fixed angled multi-deposition are shown in Figure 1.5. The same 

group's subsequent efforts included the creation of Au nano helical structures using 

HML and analyzing their tunable infrared resonance [96]. 
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Figure 1.5. Right: Various metal structures produced using fixed-angle evaporation 

Left: Nanostructures fabricated using motorized sample holder-enhanced HML. 

Adapted from [95] and [96]. 

The impact of various HMCL-produced geometries on Raman amplification was 

studied in a paper that explores the plasmonic resonance effects on SERS [97]. In 

this study, binary dimer, nano-funnel, and nano-cylinder structures were fabricated, 

and the effects of these structures on Raman enhancement were examined. After 

conducting the investigation, it was discovered that the HMCL method is the only 

method that can create the nano-funnel structures that yield the largest SERS 

enhancement in this work. The SERS measurements of this work are shown in Figure 

1.6. 

 



 

 

17 

 

Figure 1.6. SERS measurements from HMCL fabricated substrates, adapted from 

[97] 

In another work, inclined hole masks were fabricated, and dimer structures were 

evaporated using these holes. Due to the inclined hole-sample distance, dimer discs 

with varying interparticle distances were obtained on the same sample, enabling the 

investigation of scattering properties of various gap distances from a single 

fabrication. The researchers also fabricated semi-circle isolated ring resonators on 

the same sample, orienting their openings in different directions. They examined the 

polarization conversion properties of these structures [98], [99]. 

We can compare commonly used lithography techniques under four main criteria: 

area of applicability, resolution, geometrical variety, and cost. Many conventional 

methods are either too costly or not sufficiently facile to allow a wide variety of 

different geometries. Hole mask colloidal lithography, conversely, gets excellent 

grades under all of these four criteria. A comparison of conventional lithography 

methods and HMCL under these criteria is made in Table 1 [100]. Detailed 

explanations and further discussion about HMCL are given in section 3.1. 



 

 

18 

Table 1. Comparison of lithography methods in terms of area, resolution, variety and 

cost. Adapted from [100]. 
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1.2.2 Computational Plasmonics 

In order to investigate the dynamics of systems characterized by complicated 

mathematical models, the utilization of numerical simulations becomes essential. In 

nanophotonics, the Maxwell equations are rarely solved exactly despite their 

establishment. Gustav Mie [5] solved Maxwellôs equations for the first time for 

nano-spheres. The plasmonic response of spherical and elliptical nanoparticles were 

calculated. Discrete Dipole Approximation (DDA) [101], [102] is used for the 

calculation of plasmonic response for a variety of geometries. In time, many 

numerical approaches have been established to simulate the physical behavior of 

more sophisticated nanophotonic systems that lack an analytical solution. 

Approximations for complicated problems are reliably obtained by discretizing the 

problem and solving it for every node in the time domain or the frequency domain. 

The electromagnetic finite difference time domain (FDTD) [103], [104]. The finite 

element method (FEM) [105], [106] and the boundary element method (BEM) 

[107]ï[110] are commonly used in nanophotonics. With computers getting faster and 

faster, researchers can discretize either the volume or surface of the problem for 

either finite or infinite domains to approximate full Maxwell equations solutions for 

each discretized point in the problem domain or surface. The computational memory 

and time needed vary depending on the specific problem and the chosen 

methodology for its solution [111], [112]. Still, however, larger problems tend to be 

very computationally demanding; thus, researchers frequently use simplification 

models like dimension reduction by keeping the problem symmetric on one axis or 

mirror methods for problems with symmetries. Some problems may be simplified by 

using problem-specific analogies, such as the RLC circuit approach for frequency-

selective surfaces [113], [114]. Such approaches generally extract information on a 

more specific case rather than a complete solution approximation of Maxwell 

equations but use minimal computational resources [115]ï[118].  

In recent years, computational plasmonics has made significant progress, 

particularly in transitioning from classical electrodynamics to approaches 
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incorporating quantum effects. A 2022 review of the advances summarizes some of 

these developments [119]. Most modern research focuses on finding models for 

incorporating classical electrodynamics with quantum phenomena [120]ï[126], 

atomistic effects [127]ï[132], creating techniques to handle strong coupling [133]ï

[137] and cavity phenomena [138]ï[141].  

Some of the recent developments in quantum-classical incorporation models are 

summarized in this paragraph. In a research paper, researchers developed a quantum-

corrected model incorporating quantum effects into classical equations with 

excellent agreement to dependent density functional theory (TDDFT) based, fully 

quantum mechanical calculations [120]. Researchers developed a self-consistent 

hydrodynamic model that allows for the determination of the parameters of the 

ground state and the excited state of an electron gas.  This method enables size-

dependent surface resonance shifts of Na and Ag nanowires and nanospheres [126]. 

The projected dipole model accurately incorporates quantum plasmonic features of 

nonlocal response and a finite work function with the same level of accuracy as 

TDDFT to any system size that can be effectively analyzed within classical 

electrodynamics.  When researchers applied the theory to dimers, they discovered 

that there are quantum corrections to the hybridization as long as the gap size is 

smaller than one nanometer [142]. In another work, researchers have introduced an 

atomistic electrodynamics model to accurately describe the optical characteristics of 

silver clusters with sizes ranging from 1 to 5 nm.   The model comprises atom-type 

capacitances and polarizabilities that interact with each other to collectively describe 

the overall response of the nanoclusters [127]. 

The MNPBEM toolbox, used for most of the numerical calculations in this thesis, is 

designed for the computational modeling of metallic nanoparticles (MNP) through 

the utilization of a boundary element technique (BEM) approach. The solution to 

Maxwell's equations when dielectrics of arbitrary shapes are present can be 

mathematically described using surface-integral equations at the interfaces. The 

calculation is performed by considering the boundary charges and currents that are 

derived in a self-consistent manner [108]. The primary objective of the toolbox is to 
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provide a solution for Maxwell's equations inside a dielectric environment, 

specifically in cases where bodies with uniform and isotropic dielectric properties 

are separated by sudden interfaces [143]ï[145].   

1.2.3 Surface Enhanced Raman Scattering (SERS) 

One of the most published branches of plasmonic field enhancement is Surface-

enhanced Raman scattering (SERS). SERS, a pivotal technology in analytical 

chemistry and material science, has introduced an essential method for molecular 

detection. Raman scattering includes molecular fingerprint information, which can 

be used to determine the contents of an analyte at the molecular level, which may 

not be possible with other molecular analysis methods. The main bottleneck of 

Raman scattering is incredibly low signal levels, as the cross-section of the scattering 

event is typically in the order of 10ī28 to 10ī30 cm2 moleculeī1 steradianī1 [146]. 

Which roughly corresponds to only 1 of 108 photons spontaneously Raman scatters 

[147]. Plasmonic near-field enhancement can significantly increase the Raman 

scattering probability when the Raman molecule is in the vicinity, this attracted 

researchers to develop more efficient surfaces for enhanced Raman scattering [148], 

[149]. By harnessing a significant enhancement in signal amplification that occurs 

during the interaction between molecules and metallic nanostructures, surface-

enhanced Raman spectroscopy (SERS) exhibits unique sensitivity, allowing the 

detection of even single molecules. The uses of this technology encompass a broad 

range, extending from the identification of minute chemical elements within a small 

amount of analyte. SERS offers insights into molecular structures, vibrational 

modes, and chemical compositions, making it an indispensable tool for chemists 

studying complex reactions and intricate chemical environments. 

Raman scattering, defined as the inelastic scattering of light by either exciting 

(Stokes) or absorbing (anti-Stokes) molecular vibrational energy, was discovered by 

C.V. Raman in 1928. Raman observed that light scattering by molecules yielded two 

distinct types of scattered light. The first type, known as Rayleigh scattering, exhibits 



 

 

22 

the same energy as the incident light. The second type, constituting a tiny fraction of 

the scattered light, has a different frequency. This discrepancy in energy was 

attributed to the inelastic scattering of light from the molecular vibrations. The 

schematic representation of the three types of scattering in relation with energy levels 

is shown in Figure 1.7. Raman received the Nobel Prize in Physics in 1930 in 

recognition of his significant discovery [150]. 

 

 

Figure 1.7. The three different types of electromagnetic light scattering. 

In 1974, Fleischmann and colleagues made a discovery regarding the efficient 

Raman scattering of pyridine molecules when adsorbed on silver electrode surfaces. 

Their observations revealed a remarkable phenomenon: the Raman signal emitted 

from a roughened silver electrode was a staggering 105 to 106 times more intense 

than that of bulk pyridine [151]. This astounding enhancement did not go unnoticed, 

as both Jeanmaire and Creighton, in independent studies, corroborated these findings 

on roughened silver electrodes. Jeanmaire proposed an explanation using electric 

field enhancement mechanism, while Creighton suggested that the observed 

intensification is due to the interaction between the molecular electronic states of the 

pyridine molecule and the metal surface [152], [153]. This phenomenon, eventually 
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coined as Surface Enhanced Raman Scattering (SERS), marked a pivotal moment 

for molecular detection via spectroscopy techniques.  

Since then, numerous enhancement mechanisms have been suggested to comprehend 

the underlying effects in the early stages of SERS. However, only two mechanisms, 

namely the electromagnetic (EM) model and the chemical enhancement (CE) model, 

are widely acknowledged and accepted today. The hypothesis of chemical 

enhancement (CE) relies on the chemical interaction between probe molecules and 

noble metals, and it is suggested to provide a maximum contribution of 

approximately 2-3 orders of magnitude [154]. The electromagnetic (EM) hypothesis 

is founded on the collective oscillation of free electrons, which gives rise to localized 

surface plasmons (LSPs). These LSPs have the potential to significantly amplify the 

EM field at or near the plasmonic resonance frequency [155].  

Researchers and engineers have reported many SERS substrates over the years in 

order to amplify the Raman scattering signal. The variety of  SERS substrates that 

reported in recent years is vast, making it difficult to review them comprehensively 

[156]. A schematic review of various SERS substrates proposed over the years is 

shown in Figure 1.8 [157]. The enhancement factor (EF) of SERS is commonly used 

as a metric to assess the performance of SERS substrates. The number of hot spots 

and field enhancement in these spots on the substrate determines the Raman EF for 

an analyte that will be adsorbed on these Raman surfaces before measurement. The 

initial documentation of self-assembled MNPs on solid substrates noted an 

enhancement factor (EF) of 105 [158]. Generally, the reported average EFs for 

surface MNP decoration by immobilizing suspended MNPs vary from 104 to 107 

[159]ï[162]. At the same time, there are occasional claims of more substantial EFs 

reaching up to 1010 [163].  

Nevertheless, it is crucial to note that the estimation of EFs typically involves several 

approximations that may result in over or underestimations. Several researchers 

addressed this issue and worked on reliability of EF calculations and discussed 

common mistakes [164], [165]. 
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Figure 1.8. Images of various SERS substrates reported in literature, figure adapted 

from [157].    

Raman spectroscopy is an established technique for detection and characterization 

today. SERS substrates are used for trace detection of explosives and chemical 

threats [166]ï[168]. SERS is also used for the characterization of two-dimensional 

(2D) materials, such as graphene [169], [170], and transition metal dichalcogenides 

[171], [172], for the analysis of phonon modes in crystalline structures [173]. Raman 

spectroscopy can be employed to extract many properties for the study of materials, 

including but not limited to the number of monolayers [171], [174], in-plane 

anisotropy [175], doping type and concentration [176]ï[178], crystal defects [179], 

[180], thermal conductivity [172], [181], [182], stress/strain [183]ï[185], and 

phonon modes [146], [186]ï[189]. 

In one of our groupôs works, SERS substrates are prepared consisting of five 

different chemically synthesized gold nanoparticles with various surface features. 

The SERS enhancement properties are experimentally examined. Enhancement 

factors are numerically calculated by simulation. For this purpose, the structures are 

first 3D modeled by their SEM images, and then the electric field amplitude 

distribution around the surface is calculated using the considerations discussed in 
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this thesis in section 4.1. The SEM images, the 3D model used for computations and 

field distribution simulations, are shown in Figure 1.9 [190]. In another paper, 

simulations were conducted for closely spaced multi-spiked spheroids with 

complicated surface morphology and assembled as a close-packed monolayer. A 

maximum SERS enhancement factor of 8x109 is calculated with the plasmonic 

coupling. The surfaces show excellent SERS enhancements experimentally at the 

order of 107 [191]. With a similar approach, Ag spheroids with atomically flat 

surfaces are examined experimentally and numerically at another publication, with 

surface coverages as low as ~1%. Field distribution shows strong enhancements at 

the edges of these flat-faceted structures [192]. 

 

 

Figure 1.9. Up: SEM images of gold nanoparticles with four different surface 

morphology. Mid: 3D models based on SEM images. Down: Calculated filed 

distributions. Adapted from [190]. 
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1.2.4 Plasmon-Enhanced Solar  Cells 

Another important application of plasmonics is the use of plasmonic nanoparticles 

for photovoltaic devices. This idea has gathered the interest of numerous researchers 

over the years. Three distinct mechanisms can be employed for photovoltaic 

applications. These mechanisms are the scattering of light by metal particles, the 

augmentation of the electric field in the vicinity of the particles, and the direct 

creation of charge carriers within the semiconductor substrate. A schematic for solar 

cell enhancement mechanisms depicting the locations of metal nanoparticles in a PV 

junction is shown in Figure 1.10. The primary mechanism accounting for the 

observed enhancement in photocurrent for inorganic devices is attributed to 

scattering, whereas for organic devices, near-field enhancement is typically 

responsible [193]ï[195].  Further discussion about photocurrent enhancement of 

photovoltaics by scattering from plasmonic nanostructures has been made in section 

4.3. 

 

 

Figure 1.10. Three distinct mechanisms can be employed for plasmon-enhanced 

photovoltaic applications. Adapted from [194]. 

Plasmon-enhanced photocurrent in photovoltaics has been observed in various types 

of solar cells, such as c-Si [196], a-Si:H [197], GaAs [198], CdSe [199], InGaN/GaN 

[200], InP/InGaAsP [200], as well as organic semiconductors [201], [202], dye-

sensitized solar cells [203] and perovskite solar cells [204].  
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In a paper published by our research group about spray coating of Ag nanocubes on 

conventional c-Si solar cells with thin passivation layers with thicknesses 8, 12, and 

19 nm, a photovoltaic conversion efficiency increase of 3.5% to 6.4% was observed 

relative to uncoated case [196]. In the simulations, the scattering cross-section and 

angular distribution of scattering are calculated for the nano-cube with the 

considerations discussed in section 4.4.1 of this thesis. The ratio of scattering into 

the substrate to total scattering has been calculated and compared with a sphere of 

the same size; due to its flat sides, the cube is better at scattering the radiation toward 

the substrate.  

 

 

Figure 1.11. Simulation results for comparison of a 60nm side Ag cube with a 

sphere. Left: field enhancement and angular scattering distribution. Right: Spectral 

graph of forward scattering ratio. Adapted from [196]. 
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CHAPTER 2  

2 THE PLASMONIC INTERACTION  

The complex and highly geometry dependent nature of the plasmonic response 

makes the prediction for a specific geometry and frequency extremely challenging. 

Analytical approaches able to solve and predict the response for relatively simpler 

geometries such as spheres. The groundwork of this response is first analytically 

worked out by Gustav Mie in 1908 [5]. Theoretical background leading these 

analytical solutions for this response outcomes are detailed in this chapter, starting 

from description of optical properties to complete solutions for spherical 

nanoparticles, where implications of these solutions are analyzed and discussed.  

The theoretical foundations of plasmonic interactions are built upon classical 

electromagnetic theory. The interaction between metals and electromagnetic fields 

can be thoroughly comprehended using a classical framework based on Maxwellôs 

equations. Even when examining metallic nanostructures at sizes as small as a few 

nanometers, the plasmonic behavior, depending on calculation outputs, can be 

adequately described without resorting to the principles of quantum mechanics 

[205]. However, quantum tunneling is important to incorporate when dealing with 

nano-aggregates, and nanojunction cannot be included in a classical model [206]. 

Even without quantum mechanical considerations, the investigation of metallic 

systems with complex geometries and their interaction with light at the nanoscale 

was a challenge before the development of numerical approaches enabled by 

computers. 

This chapter aims to elucidate the core principles governing surface plasmons and 

explore their behavior. The scattering and absorption cross-sections are calculated 

for a sub-wavelength spherical particle, as previously done by Gustav Mie [5]. 

Detailed explanations of Mie theory can be found in the books by Stratton [207] and 
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by Born and Wolf [208]. The book by van de Hulst [209] gives a thorough summary 

of the studies done on the phenomenon of nanoparticle-induced light scattering 

throughout the first part of the 20th century. The results are discussed with 

simulations to grasp better the physical principles governing the plasmonic response.  

2.1 Light Interaction with  Metals 

Prior to providing an elementary description of the optical characteristics of metals, 

it is necessary to revisit the fundamental equations that regulate the electromagnetic 

response, namely Maxwellôs equations governing macroscopic electrodynamics, 

which are defined in the following form:  

ᴆɳ ȢὈᴆ ”  

ᴆɳ Ȣὄᴆ π 

ᴆɳ ὼ Ὁᴆ  
‬ὄᴆ

‬ὸ
 

ᴆɳ ὼ Ὄᴆ  ὐᴆ  
‬Ὀᴆ

‬ὸ
 

( 2-1 ) 

These equations connect the external charge and current densities (”  ὥὲὨ ὐᴆ ) 

with four macroscopic fields: the dielectric displacement Ὀᴆ, the electric field Ὁᴆ, the 

magnetic field Ὄᴆ, and the magnetic induction ὄᴆ. 

Polarization ὖᴆ and magnetization ὓᴆ are connected to the macroscopic fields with 

constitutive relations: 

Ὀᴆ ‭Ὁᴆ  ὖᴆ 

Ὄᴆ
ρ

‘
  ὄᴆ  ὓᴆ 

( 2-2 ) 
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Where, ‭ is the electric permittivity and ‘ is the magnetic permeability of free 

space. For nonmagnetic media used in this text, we can omit ὓᴆ from our description. 

The polarization ὖᴆ represents the electric dipole moment per unit volume within the 

material, resulting from the orientation of microscopic dipoles in response to the 

electric field and is zero in vacuum. The relationship between the internal charge 

density and the divergence of the polarization vector is expressed as ᴆɳ Ȣὖᴆ ”. The 

principle of charge conservation, as expressed by the equation ᴆɳ Ȣὐᴆ  , reveals 

a connection between the internal charge and current densities. The current density 

than can be written in terms of polarization as  ὐᴆ  
ᴆ
 .  

For linear and isotropic media constitutive relations becomes: 

Ὀᴆ ‭‭Ὁᴆ 

ὄᴆ ‘‘ ὄᴆ 

( 2-3 ) 

Where ‭ is relative permittivity, also known as the dielectric constant; and ‘ is 

magnetic permeability. ‘ π can be assumed for nonmagnetic materials. The 

polarization ὖᴆ can be described linearly with Ὁᴆ using dielectric susceptibility ʔ

 ‭ ρ by: 

ὖᴆ  ʔὉᴆצ

 ( 2-4 ) 

Another important relationship is between internal current density and the electric 

field, which are related by conductivity „Ȣ 

ὐᴆ  „Ὁᴆ 

( 2-5 ) 
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Until now the dispersive properties of metals have not been considered. For the case 

where all characteristic dimensions such as electron mean free path and lattice 

constant of the media are significantly smaller than wavelength wave-vector 

dependence can be ignored, the dielectric function only depends on frequency. The 

constitutive relations for electric field in equation ( 2-3 ) should be written as; 

ὈᴆὯȟᴆ ʖ ‭ ‭ ʖ Ὁᴆ Ὧȟᴆ ʖ  

( 2-6 ) 

And equation ( 2-5 ) as; 

ὐᴆὯȟᴆ ʖ  „ ʖ Ὁᴆ Ὧȟᴆ ʖ  

( 2-7 ) 

Combining the equations ( 2-2 ) and ( 2-7 ),  

‭ ʖ ρ  
Ὥ „ ʖ

‭ ʖ
 

( 2-8 ) 

In this equation the existence of a close correlation between the variables ‭ ʖ  and 

„ ʖ  is shown, both functions assume complex values. Electromagnetic properties 

of metals may be described with any of them. Generally, conductivity has been 

prioritized at low frequencies, whereas at higher frequencies typical explanations are 

conducted in terms of the dielectric constant.  

2.1.1 Optical Constants 

The material's response to light is represented by the complex refractive index             

N = n + ik, or equivalently by the complex dielectric function ‭ ‭ Ὥ‭. While 

commonly known as optical "constants," those variables are not constant quantities 

with respect to wavelength of illumination. In fact, this dependence is more 
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significant for metals which makes resonance band quite narrow in plasmonic 

interactions.  

The variables (n; k) are primarily obtained with the direct measurement of 

transmission, reflection and attenuation, while (‭ȟὭ‭) are a more convenient means 

of connecting to Maxwell's equations. The two expressions are completely identical 

and have a direct relationship with each other, as shown in equations ( 2-9 ).  

‭ ὲ Ὧ 

‭  ςὲὯ 

ὲ  
‭ ‭   ‭ 

ς
 

Ὧ   
‭ ‭   ‭ 

ς
  

( 2-9 ) 

Note that ‭ mentioned here is the relative dielectric function ‭  ‭‭ϳ , subscript 

removed for simplicity. Assuming that permissivity ‘ ‘ such that the material is 

not magnetic, the optical constants are related to material susceptibility as … 

 ‭ ɀ ρ. 

Generally, optical constants follow a parametrizable wavelength dependence; this 

property is called dispersion. Researchers found such parametrization is very useful 

for working with optical constants. The optical characteristics of most dielectric 

materials exhibit weak dispersion, meaning the refractive index remains slowly 

changing with respect to frequency, particularly within longer wavelengths of visible 

spectrum and near-infrared region. For dielectrics like SiO2 Cauchy equation shown 

in equation ( 2-10 ) with three or more parameters can accurately represent 

wavelength dependence of refractive index in the visible region, while Sellmeier 

equation with three or more terms shown in ( 2-11 ) offers more accuracy in NIR 

region. 
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The process of transforming values of ‭‫  into a compact parametric model is 

intriguing and often necessary for simulations and analysis. In contrast to dielectric 

materials, the dielectric function of metals exhibits a significant variation depending 

on the wavelength. Depending on the frequency range of analysis, this parametrized 

model may be chosen as a polynomial fit for metals, which requires more orders thus 

more parameters to obtain better accuracy. Thus, it is more beneficial to utilize a 

physically motivated parameterization for metals, such as the Drude model, instead 

of an arbitrary model like a polynomial fit. The following section discusses the Drude 

model for the parametrization of metal-dielectric functions. 

2.1.2 Optical Properties of Metals 

The electron plasma model provides an explanation for the optical characteristics of 

metals within a specific frequency range. This approach is called the Drude model 

for the optical characteristics of metals. In the plasma model, an external electric 

field drives a gas of free electrons. As this model does not consider metallic 

transitions, it is thus not very accurate at higher frequencies; however, it plays a vital 

role in understanding the plasmonic response. 

Electrons in the electron gas have an effective mass represented by ñmò, according 

to model collisions that occur at a particular collision frequency denoted as ñgò.  The 

equation of motion for an electron in a plasma, under the influence of an external 

electric field E(t), equations of motions can be written as; 
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άὼᴆ ά‎ὼᴆ ὩὉᴆὸ 

( 2-12 ) 

Equation ( 2-12 ) can be solved when the driving field oscillates with frequency ʖȢ  

Ὁᴆὸ ὉᴆὩ  as in the case of light. The solution becomes, 

ὼᴆὸ
Ὡ

άʖ Ὥɾʖ
Ὁᴆὸ 

( 2-13 ) 

Now the polarization can be calculated by including the number density of the 

electron gas and charge 

ὖᴆὸ
ὲὩ

άʖ Ὥɾʖ
Ὁᴆὸ 

( 2-14 ) 

We can use equation ( 2-14 ) for linear isotropic media using the definition in 

equation ( 2-4 );  

צ ʖצ ρ
ὲὩ

άʖ Ὥɾʖ
 

( 2-15 ) 

The plasma frequency for metals is defined as; 

ʖ
ὲὩ

άצ
 

( 2-16 ) 

Inserting equation ( 2-16 ) into equation ( 2-15 ), the dielectric function can be found 

as, 

ʖצ ρ
ʖ

ʖ Ὥɾʖ
 

( 2-17 ) 
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We can separate real and imaginary parts, 

ὙὩצʖ ρ
ʖʐ

ρ ʖʐ
 

Ὅάצʖ
ʖʐ

ʖρ ʖʐ
 

( 2-18 ) 

Where, † is the relaxation time or inverse of characteristic collision frequency. This 

result for metal dielectric function is known as Drude model for metal dielectric 

function. 

At the excitation frequencies where ʖ ʖ  the response is like of a dielectric 

material as the electron cloud plasma response is not enough to support frequencies 

above ‫ . Thus, the metal dielectric function models are only to be considered up to 

‫ . 

The single-oscillator Drude model can be enhanced in its generality by include the 

superposition of j +1 separate oscillators. This model is called Lorentz-Drude multi-

oscillator model. 

ÏÒÅÎÔÚȤ$ÒÕÄÅ ʖ,צ ρ
Ὢʖȟ

ʖ É‎ʖ

Ὢʖȟ

ʖ ʖ É‎ʖ
 

( 2-19 ) 

Each term in the sum is characterized by four independent parameters: the oscillator 

strength (Ὢ), the damping rate (‎), the oscillator frequency (and the plasma ,(‫ 

frequency (‫ ).   The zeroth order or "Drude" term outside the sum is roughly the 

same, but with an oscillator frequency that is exactly equal to zero.   This term refers 

to the contribution of unbound electrons that do not experience any restorative force 

when they are relocated.   By utilizing the variable "j" with a maximum value of five, 

it is feasible to create a highly accurate representation of the measured optical 

characteristics for various metals and a wide range of semiconductors over the visible 
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spectrum. Typically, the free parameters in the multi-oscillator model mentioned 

above can be calculated using various nonlinear curve fitting procedures.  

Free electrons largely determine the optical characteristics of some metals. Metals 

like aluminum (Al) , sodium (Na), and potassium (K), can be accurately represented 

by solely utilizing the Drude model. The metals Ag and Au, which are significant 

for plasmonics, display a significant influence from bound electrons, in addition to 

their inherent behavior resulting from free electrons. The dielectric function's 

imaginary component exhibits a rise when photon energy triggers transitions 

between electronic bands. The transitions brought about by these photons are 

commonly referred to as interband transitions. Interband transitions at visible 

frequencies are observed in some metals, such as gold and copper, resulting in the 

absorption of specific frequencies and the manifestation of distinct colors of these 

metals.  

2.2 Metals Under Illumination : Mie Theory 

The subject of surface plasmons encompasses two primary interactions: surface 

plasmon polaritons (SPPs) and localized surface plasmons (LSPs), as noted before.   

SPPs, or surface plasmon polaritons, are electromagnetic waves propagating along 

the surface of metals at the interfaces between metal and dielectric materials.   The 

waves can travel across the surface for distances ranging from tens to hundreds of 

micrometers but eventually diminish due to absorption in the metal and scattering 

via the dielectric medium Figure 2.1(a). Detailed information about SPPs may be 

found in Chapter 2 and 3 of Maier's book [205]. 

When a metal nanoparticle is subjected to an external oscillating field, its conduction 

band electrons move under the electromagnetic field, exciting the LSPs [210]. 

Particle polarization under an electromagnetic field is illustrated in Figure 2.1(b). A 

metal nanoparticle can be viewed as an electron resonator with a moderate level of 

damping depending on frequency and material. The enclosed surface of the metal 

nanoparticle applies restorative forces on the electrons propelled by the field, which 
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gives rise to resonance modes.  The amplitude of resonant oscillation can far exceed 

the amplitude of excitation, resulting in a significant increase in the electromagnetic 

field near the particle and its extinction cross-section, which may be orders of 

magnitude higher than the actual projection area of the nanoparticle. 

 

 

Figure 2.1. (a) Surface plasmon polaritons on a metal-dielectric interface. (b) 

Excitation of LSP by illumination of subwavelength MNPs. 

An analytical solution is possible when a simpler case is considered. When the 

particle diameter is considerably shorter than wavelength of excitation field, at any 

instant the field distribution on the nano-particle is constant, called quasi-static 

approximation. This way, the time dependence term becomes independent of space 

of interest, such that it may be added to the equations later.  

Let us consider a spherical MNP of diameter ñaò embedded inside a dielectric 

medium, illuminated with a z axis polarized (Ὁᴆ ὉȢᾀǶ) monochromatic light of 

angular frequency ɤ. The Laplaceôs equation can be solved to calculate the ýeld 

inside and outside of the sphere.  

Electric potential inside and outside of the sphere can be written as:  

ɮ ὶȟ— ὃὶὖὧέί— 
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ɮ ὶȟ— ὄὶ ὅὶ ὖὧέί— 

( 2-20 ) 

Where ὖὧέί— is the Legendre polynomials of order l, ɗ is the angle between 

position vector and the polarization axis. At the limit where ὶO Њ, ɮ ᴼ Ὁᾀ

Ὁὶὧέίʃ. Then ὄ Ὁ and ὄ π for ὰ ρ. 

At the MNP interface (r = a/2) the boundary condition for tangential component of 

the electric field: 

ρ

ὥ

Ћɮ

Ћʃ Ⱦ
צצ

Ћɮ

Ћʃ Ⱦ
 

( 2-21 ) 

The boundary condition for the normal component of the electric field: 

‭‭‫
‬ɮ

‬ὶ Ⱦ
‭‭

‬ɮ

‬ὶ Ⱦ
 

( 2-22 ) 

Where the electric function of the surrounding medium be ‭  and the dielectric 

function of sphere be ‭ʖ . 

The boundary equations indicate ὃ ὅ π for ὰ ρ.  

Then the potential is evaluated as; 

ɮ
σצ

ʖצ ςצ
Ὁὶὧέίʃ 

( 2-23 ) 
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ɮ Ὁὶὧέίʃ
ʖצ צ
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τ ὶ
 

( 2-24 ) 

for the inside ( 2-23 ) and outside ( 2-24 ) of the particle. These equations describe a 

superposition and a dipole placed at the center of the particle at the outside thus we 

can introduce a term to represent the dipole moment (ὴᴆ), the equation then becomes; 

ɮ Ὁὶὧέίʃ
ὴᴆȢὶᴆ

τʌצצὶ
 

( 2-25 ) 

where; 

ὴᴆ Ὁᴆτʌצצὥ
ʖצ צ

ʖצ ςצ
 

( 2-26 ) 

Now that the polarizability (ɻ) can be defined as a term in equation ( 2-26 ) can be 

defined in terms of particle size and material dielectric functions as shown in 

equation ( 2-28 ). 

ὴᴆ  ɻὉᴆצצ

( 2-27 ) 

ɻ
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( 2-28 ) 

When we examine the denominator in the limit, the polarizability peaks showing 

resonant behavior. 

ὙὩצʖ ᴼ ςצ  

( 2-29 ) 



  

 

41 

This outcome holds significant importance in understanding optical phenomena that 

originate from sub-wavelength metallic nanoparticles. The equation is possible when 

metals are surrounded by a dielectric medium. Au and Ag exhibit this resonance at 

the visible range [205]. Note that the resonance is generally satisfied in a 

considerably small band, with roughly around 20 nm bandwidth. This is due to strong 

dependence resonance condition to the dielectric function and highly dispersive 

nature of metals. The spectral band of the resonance is highly responsive to even 

very little changes in the surrounding dielectric function. Based on the Drude model, 

the resonance frequency undergoes a red shift when the dielectric constant of the 

surrounding medium increases. 

2.2.1 EM Field in The Vicinity of MNP  

Electric field can be evaluated by using the relation between electric field and electric 

potential Ὁᴆ  ɳᴆ ɮ in the equations ( 2-23 ) for the inside and ( 2-24 ) for the 

outside of a spherical particle.  

Ὁᴆ Ὁ
σצ

ʖצ ςצ
 ὧέί—ὶǶίὭὲ—— 

( 2-30 ) 

Ὁᴆ Ὁ Ὁ

Ὁ ὧέί—ὶǶίὭὲ——
ʖצ צ ὥ

ʖצ ςצ

ρ

ψ ὶ
Ὁ ὧέίʃὶǶίὭὲʃʃ 

( 2-31 ) 

Where, Ὁ is incident field and Ὁ  induced field. At near the surface, ὥ O  ὶ, 

equation ( 2-31 ) can be written as; 

Ὁᴆ ḙὉ ὧέί—ὶǶίὭὲ——
‭‫ ‭

‭‫ ς‭
Ὁ ὧέί—ὶǶίὭὲ—— 

( 2-32 ) 



  

 

42 

The Equation ( 2-31 ) suggest that the field amplitude decays with the 3rd power of 

distance as the distance from the particle boundary increases linearly. We can 

observe this behavior via a relatively simpler simulation shown in Figure 2.2 for a 

50 nm Ag nanosphere at 532 nm. In the graph induced electric field decay is shown 

by defining a line moving away from the surface of the sphere in the direction of 

light polarization.  

 

 

Figure 2.2. Electric field distribution calculation near a spherical Ag nanosphere 

when illuminated with 532nm, the graph shows the field decay on the field 

calculation line 

The peak of near-field enhancement is apparent in equation ( 2-32 ). It is important 

to note that at resonance, where ὙὩצʖ ᴼ ςצ , the field strength at the particle 

surface diverges to infinity, this is due to the limitation of classical approach. In 

reality, quantum effects start to dominate at around a few nanometers outside the 

particle, preventing this divergence. It can be said that in the quantum realm, the 

particle boundary is not so sharply terminated. This is also a consideration for 

classical numerical simulations for near-field enhancement, to determine realistically 

how far from the particle the field strength saturates. Quantum mechanics 

incorporated hydrodynamical models can accurately predict the EM fields' realistic 

behavior near the nanoparticles' boundaries. 
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2.2.2 Scattering and Absorption 

The polarizability ɻ, determined by equation ( 2-26 ) is used for calculation of the 

scattering and absorption cross-sections as: 

ὅ
Ὧ

φʌ
ȿɻȿ

ʌ

ςτ
Ὧὥ

ʖצ צ

ʖצ ςצ
 

( 2-33 ) 
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( 2-34 ) 

Extinction cross-section is defined as the sum of scattering an absorption cross-

sections, ὅ  ὅ  ὅ . ὅ  Emphasizes the total interaction cross-section of 

the nano particle.  

It is important to note that the scattering cross-section in equation ( 2-33 ) is 

proportional to the sixth power of the sphere size, while the absorption cross-section 

in equation ( 2-34 ) is proportional to the third power. The rapid increase in the 

scattering cross-section can be seen in the simulations shown in Figure 2.3 for 

spherical Au particles with diameters increasing from 100nm to 150nm. The 

equations and simulations clearly show that, As the particle size gets bigger, the ratio 

of ὅ Ⱦὅ  increases rapidly, making the plasmonic particle a more efficient at 

scattering. Continuous lines in Figure 2.3 are scattering cross-sections, and dashed 

lines are absorption cross-sections. It can be observed that up to 120nm, the 

scattering cross-section is lower than absorption cross-sections; after a diameter of 

130nm, the scattering overcomes absorption. In other words, for smaller sizes, 

absorption dominates the interaction, while as size increases, scattering becomes the 

dominant part of the interaction. 
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Figure 2.3. Scattering and absorption cross-sections calculated for Au spheres of 

increasing diameters 

Cross-section results are sometimes given in terms of efficiencies, which is the cross-

section divided by cross-sectional area of the nanoparticle, plugging into equations ( 

2-33 ) and ( 2-34 ) we find the interaction efficiencies as: 
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( 2-35 ) 
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( 2-36 ) 

Nanoparticles in close proximity to their resonant frequencies exhibit a significantly 

enhanced scattering and absorption efficiencies, which can reach values significantly 

above 1. Indicating the interaction cross-sections surpass their geometrical cross-

sectional area which puzzled scientists in late 20th century [211]. This an important 

implication for applications where nanoparticles are used as scatterers, such as 
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photovoltaic applications. In calculations shown in Figure 2.4, dependence of ὗ  to 

Au sphere diameter has been calculated. For spheres smaller than 100nm the 

scattering efficiency stays below one even at resonance peak, diameters of 100 nm 

and above scatters light with efficiency more than one. For larger sizes scattering 

efficiency stays above one even at off-resonance spectral positions. 

 

Figure 2.4. Spectral scattering efficiency calculated for different diameters of Au 

nano spheres 

The trend of this fast increase of scattering efficiency with increasing particle size 

does not continue as the sizes get above 150 nm; the increase in scattering efficiency 

slows down. Higher-order resonance modes dominate the overall scattering response 

at these sizes. Calculations for an Au sphere with 150 to 600nm diameters are plotted 

in Figure 2.5. The figure shows that the scattering efficiency increases when the 

sphere diameter increases from 150 to 200nm. However, the relative difference in 

the peak height is much smaller than between 100nm and 150nm, as shown in Figure 

2.4. Moreover, at 300nm diameter, the peak value is smaller than that for a 150nm 

diameter sphere. Increasing sphere size deforms plasmonic peak, leading a flatter but 

still strong response in a wider band. 
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Figure 2.5. Spectral scattering efficiency calculated for large diameters of Au 

nanospheres
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CHAPTER 3  

3 METHODOLOGY  

Fine-tuning the plasmonic response requires well-studied methods for nanostructure 

fabrication, reliable measurement methods, and computational modeling tools. The 

fabrication method used in this work is the hole mask colloidal lithography. HMCL 

is mainly chosen for its compatibility with large areas, geometry variation, and 

surface distribution variation possibilities. Scanning Electron Microscopy (SEM) is 

used as the primary tool for geometrical characterization, together with Atomic Force 

Microscopy (AFM) for specific requirements. Optical characterizations are made 

using dark field (DF) spectroscopy, which allows examination of scattering 

properties of plasmonic structures. 3D numerical simulations are done mainly using 

the BEM method, and for specific calculations and validations, the FEM method is 

used. Validation of numerical results is as important as the corrections and 

calibrations for experimental measurements.  

This chapter explains the experimental methods for fabricating nano-structures and 

their optical characterization. Improvements done or proposed have been discussed. 

Numerical simulation methods, considerations, errors, and result validation 

approaches have been discussed.  

3.1 Surface Nano-Structurin g with Hole Mask Lithography 

Nano-structuring methods for producing MNPs over large areas with precision are 

restricted. Some of these methods bear drawbacks, such as high costs or low 

throughputs when applied to large areas or the inability to accommodate more than 

a few sizes or shapes as discussed in CHAPTER 1. Hole Mask Lithography (HML) 

is a possible improvement to widely adopted surface nano-structuring methods. 

HML enables the economical fabrication of complex or straightforward nano-
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structure geometries across large areas. Our aspiration revolves around developing 

an augmented HML technique, harnessing its considerable potential within 

nanofabrication and bringing it closer to its potential. It is expected that HML will 

accelerate empirical studies in the field of plasmonics, and it is expected to be used 

in the final application areas thanks to its wide area fabrication capability. 

The idea of HML involves creating cavities in a sacrificial film using directional 

vapor deposition. The material is evaporated inside through these holes. This 

approach opens up opportunities to determine precisely where metal will be 

deposited under a hole in a sample placed at a certain distance from the surface. 

Various geometries can be produced by manipulating the angle during deposition. A 

visualization of deposition through the holes can be seen in Figure 3.1. The 

nanostructures formed on the sample surface below the holes are aligned according 

to the placement of the holes on the surface. Thus, the hole placement is essential for 

HML.  

 

 

Figure 3.1. Visualization of directional material deposition through undercut holes 

in Hole Mask Lithography 
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HML employs specifically crafted hole arrays on the surface, enabling high-

resolution capabilities and facilitating the production of structures in complex 

geometries. These holes can be fabricated using low-cost lithography techniques that 

allow large-area decoration, such as colloidal lithography. Fabricated hole mask 

allows complicated nanostructures to be parallelly produced across expansive 

surfaces, unlike direct writing methods like EBL, significantly increasing the 

throughput of fabrication. Although the fabrication method HML was called Hole 

Mask Colloidal Lithography (HMCL) when first introduced [95], we tried to keep 

the colloidal part optional since improvement opportunities will be proposed.  

Nano-structuring with HML occurs by vapor deposition of material into holes 

positioned at a predetermined distance above the surface. The introduction of an 

angle between the normal vector of the substrate surface and the trajectory of the 

material traveling from the source to the sample within the thermal evaporation 

chamber makes the control possible. An illustration of deposition from a hole is 

shown in Figure 3.2. The angles from the surface normal in both perpendicular axes 

are used to determine precisely where the material will be deposited relative to the 

hole after passing through the hole. A crucial determinant of the method's accuracy 

is the directional nature of vapor deposition, wherein the vaporized material follows 

a linear path within the vacuum chamber after departing from the source. 

 

 

Figure 3.2. Hole mask lithography material deposition through the holes 
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During the material deposition, the angle imparted to the sample can be controlled 

using a motorized sample holder, ensuring precise alignment with the desired 

nanostructure formation on the sample surface. With simultaneous control over 

coating speed, this approach allows for the desired nanostructure to be deposited onto 

the sample surface with the intended thickness. A dual-motor sample holder 

enhances production diversity, enabling the rotation of the sample holder around two 

axes; an illustration of such a setup is shown in Figure 3.3 . With this system, the 

sample holder can be rotated around two axes, enabling heightened control over the 

area beneath the holes and maximizing the scope of producible structures. A split-

ring resonator fabrication with continuous back-and-forth rotation with a fixed tilt 

angle is shown in Figure 3.4.  

 

 

Figure 3.3. Left: An illustration of deposition chamber setup for achieving 

continuous control in undercut region. Right: Achievable geometries with material 

evaporation with varying only one angle. 
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Figure 3.4. SEM image of split-ring resonators fabricated with continuous back and 

forward rotation at a fixed tilt angle 

We will discuss several distinguishing characteristics of HML that make it unique 

compared to other micro and nanolithography methods. 

First, the capacity to construct distinct areas of a structure with varied thicknesses 

provides control over the produced structure's third dimension. This thickness 

control makes an in-depth study of structural thicknesses and the characteristics of 

asymmetric structures possible, allowing for the construction of even more complex 

structures. A fabrication that takes advantage of variable thickness control is made 

by fabricating dimers with different thicknesses, as shown in Figure 3.5, where 750 

nm diameter discs are evaporated at a fixed tilt angle with different thicknesses to 

fabricate asymmetrical dimers.  
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Figure 3.5. Fabricated asymmetrical Ag dimers on Si substrate with 40 ï 60 nm 

and 40 ï 75 nm thicknesses 

Second, co-deposition of different materials is possible. One can use different 

materials in a single structure fabrication. This property can fabricate structures with 

different sections consisting of different materials. Figure 3.6 shows an SEM image 

of a multi-material dimer fabricated with asymmetrical thickness. This sample is 

fabricated by fixed tilt angle deposition of 40 nm of Ag after a 180-degree rotation 

and 20 nm of Au deposition. Multi-material compatibility can also be used for 

fabricating multilayer structures such as metal-dielectric-metal sandwiches. 
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Figure 3.6. Multi-material dimer fabrication, 150nm hole diameter with 40 nm Ag 

and 20 nm Au deposition at fixed tilt angle. 

Third, the phenomena of hole shrinkage during deposition enables the construction 

of structures with sub-hole-size resolution as the features get smaller as the material 

is evaporated through the holes. In our experiments, the hole shrinkage rate has been 

found as - 0.63 times the total thickness of deposition through the holes at a fixed 

20ę tilt angle. SEM images taken between 3 consecutive evaporations of Ag are 

shown in Figure 3.7. The value for hole shrinkage may be different for other tilt 

angles. The hole shrinkage should be considered for more complex deposition with 

continuous tilt and rotation for accurate prediction of resulting structures. Hole 

shrinkage can be seen as an advantage as it makes it possible to fabricate at a lower 

resolution than the hole size, or it can be a disadvantage as it limits the total amount 

of material to be deposited inside the undercut region. The walls of high aspect ratio 

structures are tapered due to this effect.  

A highly asymmetrical dimer fabrication is shown in Figure 3.9; for this fabrication, 

140 nm Ag is evaporated at a fixed azimuth angle from 175 nm holes, followed by a 

polar rotation of 180 degrees, and another deposition of 30nm is applied. The second 

disc turned out to be around 55 nm in diameter due to the hole shrinkage. Inset in the 

figure is a 3d model representing the fabricated asymmetrical dimer. 
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Figure 3.7. SEM images taken in between 3 consecutive evaporation of Ag at fixed 

20ę tilt angle showing hole shrinkage 

 

 

 

Figure 3.8. SEM image of highly asymmetric Ag dimers fabricated by HMCL by 

utilization of hole shrinkage 
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3.1.1 Hole Mask Colloidal Lithography 

Surface distribution and feature size of an HML fabrication solely depend on the 

hole decoration method used on the surface. Most of the research used colloidal 

lithography after HMCL was first introduced in 2007 by Fredriksson and teammates  

[95]. The reason is easy accessibility as colloidal polystyrene nanospheres can be 

purchased in various sizes from several nanometers to millimeters with very accurate 

size distribution. These products are both sold as a dry powder or as a suspension in 

aqueous form. Various sizes of PS and silica nanosphere suspensions are used in our 

studies. 

The general procedure for sample preparation used by methods pioneersô work [95] 

is shown in Figure 3.9 and can be summarized briefly. First, a sacrificial layer is 

deposited on substrates to be nanostructured by spin-coating; PMMA was the choice 

for this layer in the literature. After a surface charge switching step by an appropriate 

poly-electrolyte, the nanosphere suspension is spread on this surface, layer kept for 

a particular time and then washed off, leaving isolated nanospheres adhered to the 

surface. Then, a thin (20-50 nm) Au layer is deposited on nanosphere-decorated 

PMMA prior to a mechanical nanosphere removal. With time and pressure-

controlled oxygen plasma etching as the last step, the desired cavities under the mask 

layer are achieved for the actual structuring. SEM images taken after nanosphere 

decoration, nanosphere removal, and cavity formation are shown in Figure 3.10. 
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Figure 3.9. Sample preparation for HMCL, a schematic procedure 

 

 

Figure 3.10. SEM images taken after hole mask preparation steps, nanosphere 

decoration, nanosphere removal and cavity formation from left to right. 

In previous studies by our research group, an alternate method for sample preparation 

was proposed, and the original procedure was altered. It is shown that instead of 

PMMA, a photoresist layer can be used as a sacrificial layer, and instead of plasma 

etching for cavity formation, photolithography is an alternative. Using the Au top 

layer as an exposure mask for photolithography, the resist is over-exposed and over-

developed for cavity formation. The method as proposed was successfully applied. 

However, wet undercutting by a photoresist developer is found to be more 

problematic due to excessive forces during development. These forces limit the size 

of the cavity as overlying mask layer. Oxygen plasma is so delicate because it erodes 

the polymer layer very gently and equally from each direction in a dry environment. 

Please refer to our previous work about an alternate procedure for HMCL and 
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detailed discussions about each step. Although the approaches are completely new, 

all the work explained in this section was developed based on our previous studies 

and discussions [100]. 

3.1.1.1 Hole Mask Formation Procedure  

Finalized procedure for application of HMCL is detailed in this part. To ensure 

scientific integrity in our experiments optimizing the steps to a repeatable degree for 

Hole Mask fabrication, different procedures only applied for the parts that need to 

be tested. All prepared samples go through the same processing steps. Below is an 

explanation of the general process steps used to create the hole mask.  

1. Substrate Cleaning and preparation: Substrates are cut to size roughly to 1 inch 

and are cleaned by 10-minute ultrasonic bath in deionized water, acetone, or 

isopropyl alcohol, respectively. If the substrate is made of Si, they kept in a 10% HF 

solution until complete hydrophobicity is observed. By taking this step, the Si 

surfaces become even more hydrophobic, which boosts photoresist adhesion. If the 

substrate is glass they are submerged for fifteen minutes in piranha solution (3:1; 

H2SO4: H2O2) to rid them of possible organic matter contaminations. Glass surfaces 

are treated with HDMS to get similar adhesion of PMMA. For this, we use 

Microchemôs ñMCC Primer 80/20ò on glass substrate at datasheet procedure. 

2. PMMA Coating:  PMMA is spin-coated onto the clean substrates. Layer 

thickness is aimed to be roughly twice as thick as the hole diameter that is intended. 

This ratio provides adequate tilt angle resolution as we do not want to use excessive 

tilt angles to reach sidewalls of the cavity, as the amount of material to be evaporated 

increases at higher angles to obtain desired structure thickness. ñ950PMMA A7ò 

resists by Microchem is used in our experiments together with ñA thinnerò 

specifically made for this resist. This resist concentration allows thickness control in 

the range of 1.5 ʈm to 600 nm without thinning. When spin-coating the resist directly 

does not yield films thin enough, it is thinned by desired amount. The substrates are 
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coated in 45 seconds at the proper rotation speed, followed by a minute of annealing 

at 110ę C. 

3. Pre-plasma procedure: At this stage the surface of PMMA layer is highly 

hydrophobic which makes coating of polyelectrolyte and nanospheres impractical as 

both of these are aqueous. Exposing samples to oxygen plasma for roughly two 

minutes makes the PMMA surface hydrophilic enough without etching the layer too 

much.  

4. Poly-electrode coating: Samples are submerged in a 0.2% by weight solution of 

poly (diallyldimethylammonium chloride) (PDDA) in deionized water. After that, 

rinse with deionized water and use N2 to dry. The concentration of solution affects 

the surface coverage to some degree, higher concentration of PDDA solution yields 

better nanosphere adhesion. However, 0.2% is found to be near saturation and 

increasing this concentration more does not significantly increase the surface 

coverage. This value is kept constant and surface coverage is changed by increasing 

nanosphere suspension concentration in next step. 

5. Nanosphere decoration: Using deionized water, the suspension of nanospheres 

is diluted for desired concentration. The diluted suspension is kept in ultrasonic bath 

for a duration of twenty minutes to separate some of the weakly agglomerated 

nanospheres in the suspension.  

The concentration of nanospheres directly affect surface coverage and plays an 

important role for isolated surface decoration, a must for successful mask 

preparation.  The values we found to be fitting for different diameters of nanospheres 

are; 0.125% by weight for 750 nm, 0.015% by weight for 500, 0.026% by weight for 

250 nm, and 0.015% by weight for ~150 nm nanospheres. At this stage, the 

concentration rates can be adjusted to achieve the required surface occupancy. An 

SEM image after 500 nm nanosphere deposition is shown in Figure 3.10 left panel. 
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The surface is coated by dripping this suspension onto it until the whole surface is 

covered, wait 1 minute, and then rinse with deionized water followed by N2 blow 

drying. 

6. Mask layer coating: SiO2 is sputtered with a thickness of about 30-50 nm on the 

sample surface. The resistance of mask layer to the PMMA etching step is crucial. 

In our trials Au, Cr and SiO is also examined as possible mask layer candidates, these 

experiments are discussed later in text.  

7. Removal of nanospheres: After hole mask layer coating, nanospheres are 

physically removed with a 10-minute ultrasonic bath. After this step samples are 

examined visually and through microscopy, this is found to be enough for most 

cases. However, in some experiments depending on mask layer thickness and 

deposition directionality, ultrasonic bath may not remove all of the spheres. In these 

cases, a very gentle q-tip scrubbing is applied in di-water followed by N2 blow 

drying. 

10. Cavity formation: This step, samples undergo oxygen plasma etching to create 

cavities with the appropriate diameters at the bottom of the holes. The time required 

for this step depends on the PMMA thickness and plasma parameters. In our 

experiments the etch rate of PMMA is found to be around 10 nm/min by consecutive 

thickness measurements with a profilometer. The etching time is chosen to be 2 to 

2.5 times the time it takes to completely remove an unmasked PMMA layer of the 

same thickness. This approach yielded cavities wide enough for use up to 30 degrees 

tilt angle. 

Optimized colloidal surface decoration method yielding randomly placed ~150 nm 

holes on SiO2 mask layer with about 1.2% to 1.8% surface coverage when used with 

500 nm nanospheres, with an average around 1.5%. Figure 3.11 shows SEM image 

grain size and distribution results averaged from 3 different SEM images of the 

sample surface. Gwyddion is used for analysis of average disc size and surface 

coverage by using an contrast selective mask. The masked SEM image and size 
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distribution histogram is shown in Figure 3.11.  For all experiments requiring size 

and coverage analysis the same method is used.  

 

 

Figure 3.11. Left: SEM image of a surface decorated with holes masked for grain 

analysis. Right: Size distribution histogram with grain analysis results averaged 

from 3 SEM images 

It is feasible to manipulate parameters like hole size and distribution up to some 

degree without significantly changing the decoration procedure. Over 1µm undercuts 

have been observed on SEM images of fabricated structures. Based on 1.5% surface 

coverage of hole mask may yield up to 66% surface coverage of fabricated structures, 

by considering undercut with diameter 1µm fully filled with material from each hole. 

In a more desirable case we can consider a structure covering an area of 10 holes 

yields 15% surface coverage which may be desirable for several practical 

applications like solar cell surface applications which will be discussed in section 

4.3.  

Complicated structures fabricated using HMCL with rotation of sample holder in 

azimuthal and/or polar directions simultaneously during material evaporation. For 

this purpose, an evaporation system with a sample holder similar to the one shown 

in Figure 3.3 is purchased from ñNanovakò. For enhanced control on motor 

movements an Arduino development board with CNC controller shield with 2 motor 

drivers have been utilized. A freeware firmware developed for Arduino called GRBL 
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is flashed to the development board. This allowed easy pre-programming of motor 

movements for desired nano-structure with the use of g-code files. Motor movements 

programmed for fast repeated movement during deposition. SEM images of three of 

these fabrications are shown in Figure 3.12. In all fabrication Ag is used as the main 

material as it is cheaper than Au, the other frequently used material for plasmonics.  

 

 

Figure 3.12. SEM images of fabricated structures with complicated geometrical 

aspects 

Main purposes of these fabrications are: 

1.) To observe the method is working properly, including repeatability of each 

device used in fabrication 

2.) To understand dynamics of the method during production, and get a better 

understanding about which parameters are more important.  

3.) To Examine structural properties of fabricated structures. 

4.) To see how post annealing effects structural and optical properties. 

Most of these purposes got some development in this fabrication series of 

complicated structures. To achieve this some parameters are not kept constant, 

adjusted some slightly between samples. Method has been shown to be able to 

fabricate complicated structures that show plasmonic activity. Further discussions 

and measurements conducted on these structures are detailed in section 4.2. 
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3.1.2 Hole Size Reduction  

As one of the improvements to the hole mask fabrication discussed previously we 

explored the question ñcan the hole size be tuned without changing PS nanoparticle 

size?ò. By achieving this the researchers would require a fewer suspension purchases 

in the experiments that require different hole sizes. Two methods proposed are 

oxygen plasma treatment of polystyrene (PS) nanospheres after nanosphere 

decoration and tilted rotating evaporation of mask layer. 

Oxygen plasma size reduction experiments are shown in Figure 3.13, which shows 

SEM images of PMMA surface with reduced-sized particles after each consecutive 

oxygen plasma etching session applied on initially 500nm nanospheres. Sem images 

are analyzed in Gwyddion using an automatic mask. The average sphere area is 

measured, and the average diameter is obtained. 500nm PS nanospheres on the 

PMMA layer are etched with oxygen plasma for 0min, 5min, 10min, and 20min at 

150W RF plasma power at 30mtorr pressure before SEM analysis, respectively. The 

average diameter of nanospheres in each case is found to be 500nm, 435nm, 395nm, 

and 255nm, respectively. The size reduction rate seems linear, with a slope of 

12nm/min. Twenty minutes of etched spheres show deviation in size, and they lose 

their circular shape. Thus, this method is applicable for size reduction to about 2/3 

times the original particle diameter. Further size reduction may change the geometry 

and remove some spheres from their location, as seen in (d) in Figure 3.13. Note that 

in this size reduction step, the PMMA underlying the particles is also etched, so the 

primary thickness of the PMMA layer should be chosen considering the etch rate.  
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Figure 3.13. SEM images of PS nanosphere size reduction by Oxygen plasma 

etching (a) 500nm nanospheres as deposited (b) 5 minutes (c) 10 minutes (d) 20 

minutes etched nanospheres 

Deposition of the mask layer with a tilted sample holder while constantly rotating 

the sample is the second size reduction method that is explored. For examination of 

how this effect can be used to manipulate the hole size,  hole masks are prepared 

with varied tilt angles and rotate the sample continuously during mask evaporation.  

Figure 3.14 shows the holes with reduced sizes when the evaporation angle is 

increased from 0 to 30 degrees. For all the samples, 500nm PS particles were used. 

The average size of resulting holes measured to be 435nm for 10ę tilted, 400nm for 

20ę tilted and 330nm for 30ę tilted samples.  
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Figure 3.14. SEM images of hole size reduction tests by tilted evaporation of Au 

mask layer PS nanospheres of 500nm diameter are used. (a) no tilt (b) 10 O tilt (c) 

20 O tilt (d) 30 O tilt  

After hole size reduction experiments, a new set is prepared for the fabrication of Au 

discs that have strong dipolar plasmonic peaks in the visible region. The purpose is 

to make the holes as small as possible to obtain smaller discs to see plasmonic 

activity using visible and NIR excitation using 500nm nanospheres. First, a 1 µm 

PMMA layer is spin-coated, and its surface is decorated with 500nm PS nanospheres. 

Then, a size reduction step of 15 minutes of Oxygen plasma etching was applied. 

The hole mask layer of 30nm SiO then evaporated with a constant tilt angle of 20 

degrees while the sample was constantly rotating. After particle removal and cavity 

formation, 30nm Au is evaporated through the holes. The remaining PMMA and the 

mask layer are lifted off in acetone. The expectation for the resulting disc size by 

purely geometrical calculations was about 150nm. However, upon examination of 

SEM images, an average disc diameter is measured as 270 ±15 nm. 

The images shown in Figure 3.14 are performed with tilted mask evaporation of Au 

thin film. Au as a mask layer is later found to not work as an oxygen plasma mask 
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mainly because it melts due to Eddie currents caused by RF radiation inside the 

plasma chamber. That is why we needed a dielectric film, and due to its availability 

and compatibility with thermal evaporation, a SiO film was chosen. Another set of 

discs is fabricated, this time using 170nm silica nanospheres. Since silica is 

unaffected by oxygen plasma etching, only tilted evaporation as a hole size reduction 

method can be used. For these samples, 1µm PMMA surface is decorated with 

nanosphere with the same methods, and a SiO mask layer is evaporated on the 

surface with 20ę tilted evaporation. Figure 3.15 shows SEM images of the PMMA 

layer after nanosphere decoration and the resulting hole mask. After nanosphere 

removal, oxygen plasma is used to etch and undercut the holes. Following the hole 

mask preparation, 30nm Au discs has been evaporated at surface normal angle. The 

resulting average discsô size is measured to be 174 nm Ñ38nm. The average size is 

still larger than expected, almost the same size with no tilted mask layer deposition. 

The size distribution divergence results from the low-quality suspension.  

 

 

Figure 3.15. SEM images left: PMMA surface decorated with 170 nm silica 

nanospheres, right: hole mask layer after particle removal 

In these experiments, we have seen that the size reduction of holes is applicable but 

only to some degree. The reason behind larger fabricated discs than expected is the 

failure of the SiO mask layer to hold its shape in thinner parts under the nanoparticle. 

Later, instead of a thermally evaporated SiO mask layer, a sputtered SiO2 layer is 
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used. In the experiments, the sputtered SiO2 mask layer observed to yield about 

150nm hole diameter when 500nm PS spheres were used. Due to more isotropic 

deposition nature of plasma sputtering, this method achieves hole size reduction 

without the need for the considerations described in this section. 

3.1.3 Strategies for Periodic Structuring With HMCL  

HMCL is a great nanofabrication method as is. However, one drawback can be 

emphasized, which is the random decoration of structures on the surface. If we can 

somehow place the hole masks in a controllable periodic order, possible applications 

would increase significantly. Periodic decoration allows the fabrication of 

metasurfaces. Far-field scattering properties of collective plasmonic response can be 

harvested. Metasurfaces allow light manipulation at a distance using an ultra-thin 

surface. For this purpose, several methods for periodic surface decoration are 

proposed, and some of them are explored experimentally. This section involves 

details of these proposals and experimental studies conducted for the realization of 

these proposals. 

Close-packed monolayer deposition of PS nanospheres has been successfully applied 

in our laboratories by a method called controlled evaporation, in which the 

suspension of nanospheres is spin-coated on the surfaces and left overnight for 

drying. It has been observed that a monolayer surface deposition can be achieved 

when the colloidal concentration is tuned correctly. The initial approach for periodic 

patterning with HMCL involves harvesting the close-packed deposition technique. 

However, for HMCL, colloidal nanospheres decorated on the surface, which then set 

the location of respective hole masks on the surface of the mask layer, are required 

to be isolated. Nanospheres deposited closely packed on the surface cannot be used 

the same way since there will be much less open space for the subsequent mask layer 

to cover the PMMA surface. The proposal involves etching the PS nanospheres with 

O2 plasma before proceeding with mask layer deposition. Preliminary experiments 

were conducted on Si surfaces without PMMA, and the results show promise. SEM 
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images of close-packed deposited 1ɛm spheres and reduced-diameter periodic 

spheres after 10 minutes of O2 plasma etching are shown in Figure 3.16 respectively. 

 

 

Figure 3.16. SEM images of Left: close packed deposited 1ɛm spheres, right: 

reduced diameter spheres after 10 minutes O2 plasma etching 

This proposal for the fabrication of hole masks is further investigated by the 

deposition of closely packed nanospheres on the PMMA surface. However, the 

adhesion properties of PMMA turned out to be quite different, and the same method 

did not yield close-packed deposition. This method was not further pursued 

experimentally in the context of this thesis; however, it shows promise for periodic 

decoration of hole masks as long as the thickness reduction of PMMA due to oxygen 

plasma sphere size reduction etch is compensated by thicker initial PMMA coating. 

Another method proposed was the use of the interference lithography method for the 

hole mask decoration. In this method, some of the expanded UV laser beam falls 

directly on the sample, and some of it reflects off the mirror placed perpendicular to 

the sample and falls on the sample, called Lloyd's mirror setup. A schematic 

representation of the experimental Lloyd's mirror setup in our laboratory is shown in 

Figure 3.17. The path difference between the two parts of the beam creates an 

interference pattern on the sample. When this interference pattern is shined on the 

photoresist, the bright regions are exposed, while the dark region is not exposed so 
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that the interference pattern can be produced on the sample. In the double exposure 

method, at the end of the first exposure, the sample is rotated 90 degrees and re-

exposed. When a negative photoresist is applied to the substrate prior to exposure, 

periodic holes with square periodicity can be obtained.  

 

 

Figure 3.17. Schematic of Lloyd's mirror setup for interference lithography. 

Experimental steps proposed for hole mask fabrication involving orthogonal double 

exposure interference lithography to produce periodic hole masks are illustrated in 

Figure 3.18. Su-8 2000.5 negative photoresist is used as the photoresist layer. SU-8 

2000.5, which yields around 600nm thickness when spin coated at 3000rpm, is 

thinned with 2:3 PR:thinner ratio. The measured thickness is about 300nm at a spin 

speed of 3000rpm. 

 

 

Figure 3.18. Proposed experimental procedure periodic hole mask fabrication with 

interference lithography 

Several experiments are conducted for the reliable use of double orthogonal exposure 

interference lithography to optimize the exposure time of SU-8. These sets are 

prepared by directly spin-coating thinned Su-8 photoresist on Si substrates. The size 
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reduction of holes as the exposure time increases as expected; from these 

experiments, 27.5 second exposure is found to be the most appropriate exposure 

time. An AFM image of 27.5 sec orthogonally double-exposed sample after 

development is shown on the left side of Figure 3.19. When the line cross-section of 

the AFM measurement on holes are examined, it is found that the holes do not go all 

the way down to the substrate surface. The problem is even the areas that should not 

be exposed to UV laser are exposed a little. This may be originated from unequal 

intensities of two interfering beams creating a DC offset in the interference intensity 

distribution, exposing the dark region a little. Upon further examination of the specs 

of the mirror used in Lloyd's mirror setup, it turns out there is a mere 4% loss from 

reflection at the laserôs wavelength even though the mirror is optimized for UV 

region. 

 

 

Figure 3.19. Left: AFM image of 27.5 sec orthogonally double exposed sample 

after development. Right: line cross-section analysis on the sample 

The use of oxygen plasma etching is proposed to overcome this problem. By a mild 

oxygen plasma etching after development the sample surface can be reached at the 

hole regions. To test this several samples are fabricated with same parameters and 
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etched at various durations. AFM images of the sample after varied oxygen plasma 

etching time can be seen in Figure 3.20Figure 3.19; line cross-sections at hole 

regions are included at the bottom of the figure. It is clear from the flat regions at the 

bottom of cross-section graphs that the etch method works. The sample surface is 

reached after 10 minutes of plasma etching without significant hole size increase.  

 

 

Figure 3.20. Up: AFM images of 27.5 seconds exposed samples after oxygen 

plasma etching for 0min, 6min, 10 min and 20 min respectively. Down: The line 

cross-section plots taken from hole regions of respective images. 

Following the successful results from hole fabrication with interference lithography, 

a full trial for hole mask interference lithography (HMIL) is explored. Hole mask 

formation procedure in subsubsection 3.1.1.1 is followed. Colloidal sphere 

deposition step is omitted, directly depositing SiO2  mask layer over plain PMMA 

surface. SU-8 photoresist spin-coated on the mask layer for interference lithography; 

however, at this step, it has been found out that the mask layer leaks solvent of SU-

8 photoresist, causing swelling of PMMA that forms cracks on the mask layer. 

Another trial with thicker mask layer reduced the cracks, but we could not get rid of 

them completely. The leak is thought to be originating from micro-cracks on the 

mask layer, a different mask layer material or a more refined deposition method may 

overcome this problem. However, HMIL trials are terminated at this point; the 

fabrications are continued with standard HMCL described in subsection 3.1.1.  
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3.2 Optical Characterization 

Optical characterization of fabricated plasmonic structures is characterized by dark-

field spectroscopy. In DF spectroscopy, the sample is illuminated with a ring of 

broad-spectrum light, and only scattered photons are collected from the middle of 

the illumination ring. This setup allows only the diffuse light to enter the 

spectrometer and eyepiece, leaving the direct reflections or transmissions outside of 

the light collection cone. A DF setup is shown with an image of scatterers with 

different plasmonic resonances, shown in Figure 3.21. 

 

 

Figure 3.21. Left: schematic of dark field spectroscopy. Mid: The inverted 

microscope setup used in measurements. Right: A dark field image of a surface 

with different plasmonic resonances. 

DF objective is equipped on an inverted microscope, and then the output port is 

coupled to a fiber spectrometer. A BaSO4 powder-coated substrate is used as the 

reference measurement to eliminate spectral dependence coming from illumination 

source. BaSO4 is known to be a very good diffuse scatterer for the visible and NIR 

regions with over 95% diffuse refraction and very little spectral dependence; since 

spectral dependence is so small, the measurements did not further correct to 

reference spectral reflection. Both measurements from the reference and the samples 

are collected at same integration time and averaging settings. To achieve same data 
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collection parameters, an attenuator is used for reference measurements. This way, 

when normalized, the resulting spectrum should correspond to the normalized 

scattering cross-section of the plasmonic structures on the surface. In Figure 3.22, 

SEM images of fabricated Au nanodiscs with average sizes 175 nm and 270 nm and 

their dark field microscopy images are shown in the lower pane. With dark field 

microscopy, we can clearly distinguish sub-diffraction limit size particles, thanks to 

their strong plasmonic scattering. The surface distribution of SEM and DF images 

align well. The produced discs scattered light show a reddish hue, which correlates 

with the spectrum results in Figure 3.23. Dark field scattering spectra obtained from 

these samples are shown in Figure 3.23. A transmission mode DF setup was used to 

obtain the spectrum, the samples were illuminated from glass side. The illumination 

numerical aperture of DF objective used is 0.80-0.95, which corresponds to incident 

angles ranging from ~55-70 degrees in the air, as the illumination is from the glass 

side, refraction makes the incident angle roughly ranging from 32 to 40 degrees, 

these values are used in model building for experiment matched simulations. The 

transmitted part of scattered light is collected by a 40x, NA=0.60 imaging objective. 

The surface is imaged, and spectrum data is collected from regions without any other 

strong scatterer in vision (like dust particles).  The same measurement setup is used 

for all scattering measurements reported in this thesis. 
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Figure 3.22. Left to right 174nm and 270nm average sized Au nanodiscs. Upper: 

SEM lower: Dark field optical microscope images 

 

 

Figure 3.23. Dark field scattering spectra obtained from samples of Au nanodics of 

175nm and 270nm average sizes respectively. 
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3.3 Numerical Simulations 

Exploration of a theoretical model often results in new scientific discoveries. 

Although the Maxwell equations have been well established, they are seldom solved 

exactly in nanophotonics. Consequently, it is necessary to solve the equations using 

numerical methods in order to identify the events predicted by the equations. The 

theory and numerical solutions aim for results that have the potential to be observed 

in experiments. These observations can be used to confirm whether the experiment 

aligns with the physics anticipated by the model or whether it reveals surprising new 

occurrences that may improve the theoretical background. Simulations serve as an 

intermediary between theoretical concepts and experimental observations. 

Todayôs simulation tools and personal computers are capable of numerically solving 

full Maxwellôs equations for arbitrary nano geometries considering the substrate or 

surrounding discontinuities and include the effect of the surface distribution of 

nanostructures when the model is built correctly. It is clear that getting a close 

solution to fairly complicated problems has never been this accessible. Experimental 

refractive index values for these materials are used in all calculations. Most used 

refractive indices are adapted from experimental results in literature: fused silica 

glass substrates [212], Si substrates [213], and Ag and Au [214].  

In this thesis, ñMnpbem17ò is utilized as the primary simulation tool due to 3 main 

factors. Firstly, it is an open-source tool enabling deep modifications that work on 

Matlab, a well-established programming environment. Secondly, it employs the 

boundary element method, enabling relatively faster computation. Finally, it has very 

good documentation with several example models covering most of its capabilities, 

which are included in the toolbox. Moreover, Mnpbem can solve for layer structures, 

which is crucial since plasmonic response is affected strongly by the surrounding 

media. Despite its advantages for some problems, Mnpbem is not the best tool for 

calculation, such as transmission from a surface with periodically decorated 

plasmonic structures, as light interference comes into play and affects the far-field 

radiation pattern. One important consideration is there is a large room for mistakes 
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in the model-building stage; as a modular tool, there are lots of parameters to choose 

correctly to build a physically and numerically correct model. 

Using the Mnpbem toolbox, field enhancement near the particles and Scattering, 

Absorption, and extinction cross-sections are obtained for nanoparticles with 

arbitrary geometries on arbitrarily many layers. Their far-field radiation patterns are 

also calculated. One example of Mnpbemôs shortcomings is a case with periodic 

structures; as a boundary element method, it cannot simply solve for periodic 

structures, such solutions may be possible but not without new code to implement 

far-field interference additions on the source code. A secondary tool for patching the 

shortcomings and confirming the results, Comsol Multiphysics, is used with the 

wave-optics tool package. Comsol has a well-established environment with a lower 

number of parameters to tune, making mistakes harder, but it takes longer both to 

build the model and to solve it.   

With the finite element method, problems for periodic structures can also be solved 

by using periodic boundary conditions. A more comprehensive method has been 

developed to determine the overall photonic effect of nanoparticle arrays placed on 

dielectric surfaces, including the effect of surface coverage. For this purpose, 

reflection and transmission coefficients are calculated in Comsol with periodic 

boundary conditions on the sides of the computational domain with the nanoparticle 

placed in the middle. This way, the size of the computational domain determines the 

overall surface coverage of nanoparticles and overall reflection and transmission 

coefficients. Simulation results for periodically placed 100nm discs on Si substrate 

are shown in Figure 3.24. 
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Figure 3.24. A FEM simulation of periodic array of 100nm diameter discs. Left: 

Meshed geometry of 100nm disc on Si substrate. Mid: Electric field distribution on 

the substrate surface. Right: Calculated reflection and transmission coefficients. 

For all simulations reported in this thesis, three different PCôs are used, personal 

laptops, one with 2.7 GHz Ķntel i7(2nd gen) processor with 8GB Ram which is later 

replaced with 4.3 GHz AMD Ryzen7 (4th gen) processor with 16GB Ram or a 

Desktop PC with 4 GHz i7(7th gen) processor and 16GB Ram, although there were 

many occasions these PCs were not enough to solve the problem in reasonable time 

or even at all. In such cases either the problem simplified, discretized more coarsely 

or different approaches to obtain a physically accurate result have been investigated. 

One of the most important things came upon working on several different problems 

in both simulation tools is the simulation reliability. The simulations do not always 

proceed as expected and yield the correct physical result; in fact, it has been observed 

that the result is most likely wrong on the first try. That is why checking the result 

with analytical models and testing the model with different parameters is very 

important. Simulation workflow to obtain confidence in results can be summarized 

with steps shown in Figure 3.25. The workflow starts with the model building, where 

numerical methods may diverge from actual physical results due to either mistakes 

or ill -defined parameters. For debugging any possible mistakes, a time-efficient 

approach is to build a simpler case of the model either by simplifying the geometry 

or reducing discretization points. For example, a layer-structured problem containing 

thin dielectric layers below the nanostructures was first simplified to a single-layered 

problem for preliminary results. The thin layer onto the substrate is added only after 

preliminary results gain some confidence in terms of physical consistency and 
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discretization optimizations. After building the model the problem is solved more 

than once with different discretizationôs since a physical result should not depend on 

the discretization (meshing) used in the numerical approach.  

 

 

Figure 3.25. Workflow of simulations 

3.3.1 Cross Validation 

A good validation of the simulation results would be to get the same results with 

different numerical or analytical approaches for the same physical problem. 

MNPBEMôs built-in models incorporate Mie theory for spherical or elliptical small 

particles, moreover it incorporates quasistatic approximation for arbitrary MNP 

geometry. These results are useful to compare with retarded Maxwell solutions at 

conditions where these approximations are valid. The MNPBEMôs Maxwell solution 
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plotted with the calculation with the Mie theory and the quasistatic approximation 

for a 10 nm diameter Au disc are shown in Figure 3.26. 

 

 

Figure 3.26. Scattering cross-section of a 10nm diameter Au nanosphere, the 

comparison of Mie solution, quasistatic solution and retarded full Maxwell solution 

calculated using Mnpbem toolbox 

Quasistatic solutions quickly diverges from actual solution quickly as the particle 

size increases, the divergence is apparent for particle diameter above 50nm and 

quasistatic solution should not be used for larger nanoparticle size. Figure 3.27 

clearly shows the large discrepancy between quasistatic and retarded scattering 

cross-section solutions for a 100nm Au nanodisc. 
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Figure 3.27. Scattering cross-section of a 100 nm diameter Au nanodisc, 

comparison of quasistatic approximation and retarded full Maxwell solution 

 

 

Figure 3.28. Comparison of scattering spectrum graphs calculated with MNPBEM 

and COMSOL. For a sphere with diameter 170 nm placed on 10nm SiO2 coated Si 

substrate 
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For larger particles where, the quasistatic approximation is no longer valid, Comsol 

is used for result comparison. The two different 3D Maxwell solution methods 

yielding the same result strongly supports the reliability of the results. For this 

purpose, a planewave excitation model for a disc with diameter of 170 nm placed on 

10nm SiO2 coated Si substrate has been built in both Mnpbem and Comsol, the 

obtained scattering cross-sections are shown in Figure 3.28. When the workflow for 

correction shown in Figure 3.25 is followed the results closely matches.  

In another problem where pre-modelled 3d mesh file for nano-cube is imported into 

model.  Same problem is with same particle model file used for solution in both tools. 

For this specific problem 3 different solutions are performed for 8, 12 and 19 nm 

thicknesses of Si3N4 on Si surface as the substrate. The scattering cross-section 

calculations show close relation and shown in Figure 3.29. These results validate the 

solution accuracy as two completely independent Maxwell solver yielded same 

outputs. The mesh import code for Mnpbem is shared in Appendix A. 

 

 

Figure 3.29. Comparison of scattering spectrum graphs calculated with MNPBEM 

and COMSOL for a 60 nm side length cube placed on 8, 12 and 19 nm of Si3N4 

coated Si substrate. 
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3.3.2 Considerations about Discretization 

The design of the geometrical features is one of the most important and challenging 

parts of a successful simulation, as the discretization resolution is determined at this 

step. The reliability of the results is directly affected by the mesh density until some 

point when the density is enough. If the mesh is not fine enough, the results are 

wrong. Thus, a problem must be solved for different mesh densities to make sure the 

meshing is enough. Over-meshing, on the other hand, unnecessarily increases the 

problem size, increasing the solution time and memory requirement. Moreover, since 

this dependence is polynomial, even a small increase in mesh density may make the 

problem unsolvable with the hardware; thus, in all the numerical simulations with 

large problem sizes, instead of trying to find better hardware, mesh simplification is 

preferred. A scattering cross-section calculation for the same structure with different 

meshes on MNPBEM is shown in Figure 3.30; in this figure, the left geometry 

surface is uniformly meshed, and in the right geometry, the number of meshes is 

reduced non-uniformly with shape preservation, resulting in a red shift in scattering 

peak position. The shift is due to sparse meshing on the surface of the structure. The 

skin depth of the metal is found to be a good distance for adjacent discretization point 

distance. 
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Figure 3.30. Scattering cross-sections calculated for same structure but different 

meshing parameters using MNPBEM.   

Both Mnpbem and Comsol have the tools to design some geometrical features and 

to discretize them with various mesh densities. However, included design tools are 

somewhat primitive compared to more advanced CAD software. Thus, for any 

simulation with a complex geometry, I prefer to design the geometry using CAD 

software, namely Autodesk Fusion 360. After design, the 3D object is exported in a 

mesh file to be imported to simulation software. Comsol allows further remeshing 

and refining after the import; Mnpbem uses the mesh on the imported file directly. 

Thus, for BEM simulations, another mesh refining software, Autodesk Meshmixer 

is used according to need for further refinement and manipulation of discretization 

distances.  

An example showing the effect of mesh density for FEM simulations is shown in 

Figure 3.31, in this example Ag nanocube array with 50% surface coverage on 

Si/Si3N4 substrate with 8nm (T magenta R yellow), 12nm (T red R cyan) and 19nm 

(T blue R green) Si3N4 layer thicknesses are calculated using Comsol. For the 
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solution on the left panel has a coarser mesh. The results seem to be somewhat spiky 

with a lot of errors, when a finer mesh is used in right panel, it greatly improved the 

spikiness in the solution but the solution time has been increased from 2hr to 10hr. 

Moreover, even the solution with denser mesh seems to be a little bit spiky in the 

blue side of the spectrum and should improve as the mesh density increased further. 

Although the example is from Comsol, Mnpbem solutions are also suffer from 

similar problems. Irregularities, inconsistencies in the solutions should be examined 

for all simulation results. 

 

 

Figure 3.31. Reflection and transmission coefficients of a surface covered with 

periodically placed Ag nanocubes calculated using Comsol. Left: coarse meshed 

cube (~2hr solution time), right: finer meshed cube (~10 hr solution time) 

Choosing a uniform and fine mesh distribution (ie. Triangles are roughly equal in 

size) is a natural way to start a simulation, but for some problems uniform meshing 

increases the problem size beyond hardware limitations unnecessarily. Another 

approach may be to increase the mesh around the region of interest and leave coarser 

mesh for other regions. For example, when near field distribution is examined, 

regions with the sharp features could be meshed denser since field amplitude greatly 

changes around those regions. Such a mesh refinement observed to improve 

scattering results without adding computational load. Another mesh simplification 
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for relatively larger nanostructures for FEM simulations is reducing the mesh density 

inside the particle at regions farther than the skin depth. The electric field amplitude 

inside the metal deep below the skin depth will quickly decay to zero a fine mesh is 

unnecessarily increasing the solution time.  

One of the challenges faced when simulating complicated geometries is determining 

how well a mesh is enough, a good way to make sure is solve for more than one 

randomly dense mesh and examine the results. If the results seem to be same than 

the mesh is enough and the result obtained can be said to be reliable. However, it is 

generally not so simple most of the time because of the hardware limitations on the 

problem size. For some problems an adequate mesh could not be reached that can be 

solved within a reasonable time, yielding the problem unsolvable.   

3.3.3 Model Building 

After defining the geometry and mesh, the next step is to program the software to 

correctly model the problem and get desired information. Time should be taken in 

this step as all inputs and outputs should be correctly modelled and inputted to the 

simulation software. Parameters like illumination, polarization as well as required 

properties as output and required calculations on the results are all embedded to the 

software in this step.  

Depending on required outputs the problem can be designed in different ways 

yielding the same result. Mnpbem contains a well-prepared documentation with 

appropriate examples makes this step a bit easier. Unfortunately, Comsol lacks key 

point explanations and examples in my opinion may be because it has many more 

different packages and aspects. In FEM simulations conducted with Comsol, 

appropriate boundary conditions have to be chosen. Computational domain can be 

terminated with perfectly matched layers (PMLôs) which absorbs all incoming 

radiation to damp unrealistic back reflections from computational domain 

boundaries. In some simulations periodic boundary conditions are used on sides of 
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the computational domain to simulate infinite material boundaries or periodically 

placed structures.  

When the problem is ñill builtò, most of the time, the software gives an error stating 

that there is a problem within the code. When such problems are faced problem is 

debugged until it works properly. The code should be carefully examined for any 

physical error at each parameter. One of such mistakes is made when using Comsol 

to calculate field distribution around an arbitrary nanoparticle. The mistake was 

definition of the incident field constant in space (Einc=E0 instead of Einc=E0exp(ikz)). 

Results seemed to be correct initially but with wrong results of course. Such ñsilentò 

mistakes could be dangerous and should be very carefully investigated to be 

confident on the obtained result. Some other types of issues may occur due to the 

way that the program handles the problem. Such underlying properties of simulation 

software are most of the time embedded inside the code and not visible directly to 

the user, thus it is hard to debug. I generally start by changing model parameters that 

are open to manipulation and try to solve the problem each time with a different 

value, which requires many hours of computational time.  

One of the ñill-builtò problems, as shown in Figure 3.32, occurred while simulating 

for cross-sections of an Ag rod on glass under different incidence polarizations. As 

can be seen in the graph on the left at some point scattering cross-section abruptly 

peaks overcoming the extinction, moreover at that region absorption cross-section is 

found to be negative. In the right graph the problem does not occur for the same 

problem built and same mesh properties. The only change made between these two 

simulations was to lift the nanorod to 0.5nm above the substrate. Such a change 

should not have a significant effect in terms of physics, but due to how the software 

handles the solution, such a physically subtle difference sometimes becomes the line 

between correct and wrong results. Letôs say if we were only interested in scattering 

cross-section and only calculate for it, under such a circumstance, we would assume 

the ñghostò peak was physical and try to explain it, even build new or modify existing 

models. This emphasizes the importance of checking the results for errors and getting 

confident over it by testing it under different parameters. 
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Figure 3.32. Scattering absorption and extinction spectrum of a nanorod on glass 

for parallel and perpendicular illumination obtained by BEM simulations. Left: 

particle is 0.1 nm above the surface, right: particle is 0.5 nm above the surface 

3.3.4 Experimental Validation 

The agreement between experimental and computational results is the most direct 

way to get confidence about simulation results. Matching experiment and simulation 

for a simple disc geometry was the first purpose in this context. Scattering spectra is 

collected with the dark field spectroscopy setup. To reproduce same experimental 

setup numerically, illumination conditions should match the DF objective used for 

measurements. This is achieved by calculations for light incident angles from 32 to 

40 degrees with 1-degree step, solved independently for both TE and TM 

polarizations. The scattering spectrums calculated for each angle are averaged at 

each wavelength value. The simulation results for a 175nm Au disc is shown in 

Figure 3.33. The Matlab code for DF matched calculation with Mnpbem is shared in 

Appendix B.  
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Figure 3.33. Calculations for a 175nm Au disc on glass. Up: Total of 18 

simulations calculated for dark field objective illumination. Down: The average of 

all results is expected to match the experimental measurements. 

Discs have been fabricated using hole mask preparation the procedure discussed in 

section 3.1 on glass substrate. 30nm of Ag is evaporated from the holes at zero polar 

and azimuthal angle. A SEM image of this fabrication containing randomly 

distributed discs is shown in Figure 3.34 left side. The average diameter of the discs 

is measured as 150 nm from SEM images. When 150 nm diameter value is used in 

simulations peak position did not match with the experiment, thus particle size is 

modified slightly, it has been observed that exact peak position match is obtained 

when the disc diameter of 160 nm. This discrepancy may be in the range of 

measurement and/or calculation errors. The experimental and simulation comparison 
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of the normalized scattering cross-section have been shown in Figure 3.34. As it can 

be seen almost perfect agreement is observed. 

 

 

Figure 3.34. Left: SEM image of fabricated Ag discs with 150 nm average diameter 

Right: Measured scattering spectrum (blue) and Mnpbem simulation (red) 
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CHAPTER 4  

4 EXPLORATION OF PLASMON IC RESPONSE 

In this Chapter, some plasmonic interactions are examined experimentally and 

computationally. First, the plasmonic coupling of structures with close gaps is 

explored. Two fabrications of Ag disc dimers with varied gap distances have been 

fabricated. Polarized optical measurements are conducted in order to show the 

plasmonic coupling effects on the overall scattering and SERS response of 

fabrications. Experiment-matched simulations are conducted, and the results are 

discussed. Second, various plasmonic structures with complex geometries, using the 

full potential of 2-axis motorized HMCL, have been fabricated. Scattering cross-

section measurements are analyzed, and results indicate the presence of multiple 

resonance peaks and/or broadband resonance peaks. Finally, numerical calculations 

are conducted for plasmon-enhanced photovoltaic devices. One of the promising 

applications of plasmonic structures is possible efficiency enhancement by 

photovoltaic surface decoration with plasmonics. Plasmonic structures can scatter 

light very effectively with scattering cross-sections much higher than their 

geometrical cross-sections. Moreover, when the structures are on an interface, most 

of the scattered light is directed towards a higher refractive index medium, and the 

ratio of this directional scattering preference increases as the index gradient is higher. 

In this section, numerical studies and approaches for harvesting these properties for 

PV efficiency enhancement are reported. A model was developed incorporating 

cross-sections, far-field scattering distribution, and surface coverage for 

quantification of the overall plasmonic effect for a PV device. Several MNPs have 

been compared using this model. 
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4.1 Coupling of Closely Spaced MNPs 

Coupling between close plasmonic structures has been examined through 

simulations and fabrication of several dimers with the optimized hole preparation 

procedure with 500 nm PS nanospheres with 150nm diameter resulting discs. Dimers 

are one of the most straightforward structures that can be fabricated using HMCL, 

enabling easy manipulation of distance between discs to manipulate electromagnetic 

interaction between them. Thus, they have an important role in our analyses. The 

Gap distance between discs is controlled by the azimuth angle between successive 

evaporations. 

The scattering spectrum simulations are conducted in Mnpbem for dimers made of 

150 nm discs on a glass substrate with varied gap sizes ranging from 10 to 50 nm, as 

shown in Figure 4.1. Continuous lines show the results when the incident light 

polarization is parallel to the dimer axis, while dotted lines are the results of 

perpendicular polarization. Scattering peaks show the effect of plasmonic coupling 

when the incident light polarization is parallel to the dimer axis, while when 

perpendicular, the peak position stays the same as the gap varies. 

  

 

Figure 4.1. Simulation results for scattering spectra of 150 nm Ag dimers with 

varied gap size with normal illumination 
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Two of the many dimer fabrications are chosen for detailed analysis in this part, for 

the fabrication of these two, 30 nm of Ag evaporated at each fixed azimuth angles of 

±10 (dimer 1), and ±9.5 (dimer 2) degrees at 0.5A°/s deposition rate. The SEM 

images of these fabrications are shown in Figure 4.2. These fabrications are made 

both on Si and Glass substrates simultaneously. Si substrates are used for SEM 

imaging and Raman scattering measurements, while glass samples are used to obtain 

DF scattering measurements. All optical measurements conducted as soon as 

fabrication finished in same day to keep the effects of oxidation minimal. 

Upon analysis of SEM images, the gap is found to be ~20nm for dimer 1 and ~10nm 

for dimer 2 which deposited with a smaller angle as expected. Moreover; with a 

rough analysis, distance between the discs found to be varied around several 

nanometers for different dimers on the same substrate. This indicates one of the 

important limitations of HMCL, the degree of gap control is in the range of several 

nanometers with used procedure not in sub-nanometer range. 

 

 

Figure 4.2. Up: Surface distribution of fabricated dimers, down: Close up SEM 

view of dimers fabricated with fixed azimuth angle of ±10 for dimer 1 and ±9.5 

degrees for dimer 2. 
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4.1.1 Scattering Cross-section Analyses 

Scattering spectrums of dimers are collected by adding a polarizer to the illumination 

port of dark field setup, keeping the dimer orientation w.r.to light polarization at 

parallel and perpendicular, two DF scattering spectra are collected from each sample. 

The resonance shift between polarization axis parallel and perpendicular to dimer 

axis is clear in the collected spectrums shown in Figure 4.3, proving the plasmonic 

coupling. Increased redshift of resonance peak for parallel illumination as gap 

becomes smaller in dimer 2 shows that, the interaction between close discs increases 

thus coupling between them increases as gap between them decreases. When the 

illumination polarization is perpendicular to the dimer axis, gap distance does not 

seem to affect the scattering peak, thus a very similar spectrum to isolated disc 

response is observed. This shows that plasmonic coupling does not occur when the 

illumination polarization is perpendicular. Results indicate as the distance between 

dimer get smaller the plasmon resonance peak redshifts when illumination is parallel 

to the dimer axis. When the illumination is perpendicular to the dimer axis, gap does 

not seem to affect the resonance peak significantly, as expected from simulations in 

Figure 4.1. 

 

 

Figure 4.3. Polarized illumination scattering spectra collected from dimer1 and 

dimer2, black curves are obtained with polarization axis parallel to dimer axis and 

red curves with perpendicular. 
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Examination of experimental results and simulation results together a conclusion 

about the gap distance can be made by considering the amount of shift between 

parallel and perpendicular polarized illuminated resonance peaks. Experimental 

spectral difference of peak positions between parallel and perpendicular polarized 

illuminations are roughly 40nm and 80nm respectively for dimer 1 and dimer 2. 

Examination of simulation results in Figure 4.1 with measurements in Figure 4.3, the 

gap distance between dimer 2 should be around 50nm, while gap for dimer 1 should 

be much more if we compare the amount of total redshift. This seems to be a 

discrepancy between SEM images and simulation indications. However, such 

comparison is not accurate since experimental conditions does not match with 

simulated conditions. In simulations shown in Figure 4.1, substrates are illuminated 

with normally incident light while dark field condenser used in experiments 

illuminates the samples from a hollow cone with incident angle is a range of very 

oblique angles. To match simulation to the actual experiment, direction and 

polarization should be chosen accordingly. Numerically there is no way to illuminate 

from multiple directions simultaneously. However, results from different 

illuminations can be averaged to obtain experiment matching conditions.  

A simulation model is built for experiment-matched simulation using Mnpbem, in 

which scattering cross-sections are calculated for the DF objective illumination cone 

for every degree, and then the angular results are averaged. The same calculation is 

performed for dimers with 10, 20, and 30nm gaps. The results are shown in Figure 

4.4. The Mnpbem code for this calculation is shared in Appendix B. 

 

 



  

 

94 

 

Figure 4.4. Scattering cross-section calculated for dimer gaps 10, 20 and 30 nm 

with DF objective matched illumination conditions 

Comparing the results for normal illumination in Figure 4.1, in Figure 4.4, both 

parallel and perpendicular peaks are wider, and as the gap increases, the parallel peak 

gets closer to the perpendicular peak more rapidly. Perpendicular polarization peak 

also redshifts compared to normal incidence, but the peak is wider, as it does not 

depend on the gap distance significantly. Only the average is shown in Figure 4.4. 

We were also able to observe the quasistatic Ag peak around 350nm for both 

polarizations. Since fields for both cases have a component in the vertical direction, 

the Small (30nm) thickness of the disc is causing this extra dipolar resonance peak 

as the polarization of incident light has a component in vertical direction.  

This analysis yields a more reasonable conclusion compared to the one made with 

simulations at normal incidence. When the experimental peak-shifts shown in Figure 

4.3 are compared, gap distances can be estimated to be around 30nm for dimer 2. 

The distance found from SEM images was closer to 10 to 20 nm but the number of 

samples these direct measurements conducted are limited while dark field 

measurements collected from at least several hundred dimers. Probably the gap 
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distance distribution in the actual samples is high causing the discrepancy between 

experiment matched simulations and actual experiments.  

Hole-to-substrate distance variation could be the main reason for gap size variation; 

this variation should be minimized by undercutting just enough to fit the structure in 

preparation. A careful examination of the upper image in Figure 4.2 shows a circular 

area surrounding dimers (undercut) that has a very large area (~1µm diameter), 

which could have been much smaller to still fit dimers (~400 nm). When the undercut 

is larger, small differences in temperature between substrate and air above the mask 

can create stresses on the mask layer due to pressure differences creating little humps 

and burrows centered at the hole. Such humps and burrows may stay deformed at 

high vacuum conditions. This effect may be the main reason for poor gap distance 

stability and tunability. Making the undercuts smaller increases the PMMA support 

on the mask layer, lowering hole-to-substrate distance variation, which increases the 

stability. 

4.1.2 Field Enhancement Near Dimers 

One of the most important and interesting effects caused by plasmonics with small 

gaps is the electric field enhancement at the gap region. These local enhancements 

are called hot-spots. This enhancement boosts the interaction of light with matter in 

the vicinity of the plasmonic structure. One of the mostly recognized applications 

occurring from this boost is surface enhanced Raman scattering (SERS). The field 

enhancement around 100 nm diameter Ag dimers is simulated for varying gap 

distances as shown in Figure 4.5. For gap distances 5nm, 10nm, 20nm, 30nm, 40nm, 

and 50nm, maximum field enhancements are calculated to be 52, 25, 13, 10, 8, and 

6 folds, respectively.  
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Figure 4.5.  Relative electric field calculations around 100nm diameter dimers at 

532nm illumination a) 5nm, b) 10nm, c) 20nm, d) 30nm, e) 40nm and f)100nm 

The field enhancement occurring around plasmonic particles also enhances the 

SERS signal. To show this experimentally, dimer 1 and dimer 2 fabrications on Si 

substrates covered with a Raman active dye brilliant cresyl blue (BCB) for observing 

field enhancement properties. Raman measurements have been collected using a 

reflection setup on an optical microscope with a 532 nm excitation laser; the received 

signal is then filtered with a sharp 532nm notch filter and sent to a high-resolution 

spectrometer. Longer exposure times are used in the order of 100 ms with an average 

of several independent data. Note that the laser used can be considered unpolarized 

due to long propagation in fiber before coupling to the system. This has been 

validated by unchanged laser power measurements when a linear polarizer is rotated 

in front of the detector. 

Raman measurement results are given in Figure 4.6. The graph shows Raman data 

collected from dimer-1 and dimer-2 samples discussed in the previous part and a 

bare Si surface after BCB deposition. The molecular structure of BCB is given as an 

inlet. The small peak at 520 cm-1  is a characteristic Si peak coming from the 

substrate. The rest of them are BCB Raman peaks. Two dominant peaks are located 
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at 580 cm-1 and 1653 cm-1, clearly observed in all measurements. Since smaller 

gaps are known to more efficiently enhance the field strength in the gap region, a 

higher BCB peak is expected from the dimer with a smaller gap. As expected, the 

dimer-2 decorated substrate has more Raman enhancement than the dimer-1 

decorated one. Proving the increased field enhancement occurring closer dimers. 

Moreover, comparing the measurement for plain substrate, the substrate peak did not 

significantly enhance, which is also expected as hot spots poorly penetrate into Si 

substrate both because of the high refractive index and the absorptive nature of Si. 

 

 

Figure 4.6. Raman measurement collected from BCB coated dimer1, dimer2 and 

bare Si surface with unpolarized laser. 

Another measurement has been made on dimer 2 by linearly polarizing the excitation 

laser parallel and perpendicular to dimer axis has been shown in Figure 4.7. Since 

the laser power had to be set low to keep polarizing filter not burned and extra 50 % 

loss due to polarization, it is harder to see the BCB peak, thus exposure time of the 

camera is increased and a lower grid period grating is used which lowers the 
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resolution. Plain substrate and dimer-1 measurements are also collected but peaks 

were almost indistinguishable from the noise.  In the graph the BCB peak at 1653 

cm-1 is clearly distinguishable when the polarization is parallel to the dimer axis, 

while when illuminated with perpendicularly polarized laser, it is not distinguishable 

from the background. This result clearly supports plasmonic coupling at the gap 

region. 

 

 

Figure 4.7. Raman measurement collected with polarized laser for polarization 

direction is parallel (red) and perpendicular (black) to dimer axis from dimer-2 

An experiment matched simulation is modelled for dimer 2 with gap distance 

measured by scattering peak shift analyses (~30nm) and SEM images (~10nm). The 

field distribution calculation for 10nm gap is shown in Figure 4.8. shows simulation 

results of the enhancement in electric field norm for a dimer with 10nm gap. In the 

gap region maximum field enhancement is calculated to be about 30-fold for 10nm 

gap and about 10-fold for 30nm gap with parallel polarized illumination at 532nm. 

These enhancements may yield up to 104 - 106 fold SERS enhancements from 

molecules at the hot-spot since probability of Raman events scales with the forth 
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power of electric field strength. Experimental results indicate much lower 

enhancement factors since none of dimers shown significant Raman enhancement. 

This is due to very low surface coverage of dimers, which is about 3% as shown in 

Figure 4.2. The density of hot spots throughout the surface is even lower, we can 

observe this by considering the size of red regions (hot-spots) from Figure 4.8.  

 

 

Figure 4.8. Plot of electric field distribution on and around of a dimer with 150 nm 

disc diameter on Si with 10 nm gap with parallel polarized 532nm illumination 

While simply taking the 4th power of maximum electric field enhancement may 

approximate somewhat accurate SERS electro-magnetic EF value for a surface with 

densely populated hot-spots, such as plasmonic aggregates with sharp features; for 

sparsely distributed hot-spots like the dimers discussed here the approximation 

should also include non-enhanced fields on the surface. More accurate 

approximation may be achieved by using equation ( 4-1 ), integration of relative 

electric field norm over the surface divided by total area.  

ὉὊ  
᷿Ὁ  Ὠὥ

᷿ Ὠὥ
 

( 4-1 ) 

The total area S should be the average area on the substrate for each structure can be 

determined by surface coverage. For example, for a surface coverage of 5% total 
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surface area should be 20 times the structure area. Ὁ  is relative electric field norm 

calculated as the ratio of sum of incident (ȿὉᴆ ) and plasmon induced (Ὁᴆ ) electric 

fields norm to incident electric field norm; 

Ὁ  
ȿὉᴆ  Ὁᴆ  ȿ

ȿὉᴆ  ȿ
 

( 4-2 ) 

Since the computational methods discretize the problem with appropriate steps 

equation ( 4-1 ) can be written as summation and into the simulation tool as 

summation of Erel at each discretization point multiplied by mesh area (ai) at each 

mesh point divided by total area per nano structure (A). 

ὉὊ  
В Ὁ ȟ ὥ

ὃ
 

( 4-3 ) 

In the approximation method described above Raman dye is assumed to be uniformly 

adsorbed on the sample surface and fully cover the surface. The simulation should 

be built to calculate the field distribution not at the surface but at a distance where 

molecule resides. This distance is dependent on the type of the Raman dye, for BCB 

2 to 4 nm maybe a good approximation for molecule distance from the surface. 

4.2 Fabrication and Analysis of Complicated Geometries  

HMCL is very versatile in terms of geometrical nano-fabrication capabilities when 

applied with 2 axes rotation during material evaporation. In order to challenge the 

geometrical nano-fabrication capabilities and exploration of wide-band plasmonic 

resonances, nine different considerably complicated nano-geometries have been 

fabricated. High magnification close-up SEM images and respective deposition 

parameters have been reported in Figure 4.9. The same structures are fabricated on 

glass and on Si substrates. The deposition rate and the underlying substrate are 
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indicated in the information provided near the SEM images. Upon examination of 

structures, each is given a name to be referred to in text; based on their appearance.  

Upon examination of SEM images, although very interesting structures have been 

fabricated, the poor quality of fabricated structures caches the eye compared to the 

dimers examined in the previous part. Dewetting of structures is the main reason for 

observed structural nonuniformities. Dewetting is a frequently used method to create 

low uniformity plasmonic interfaces and is conducted by annealing a thin metal film 

deposited on the substrate at much lower temperatures than the melting point of the 

metal. Since the film is too thin, it starts to separate into hemispherical nano-island. 

A similar process is seemingly happening in shown HMCL depositions, too. 

Deposition rate varied between depositions as it may be important in structural 

deformation by dewetting. At lower rates, deposition takes much more time, and 

evaporation chamber heats up a bit more due to radiation from the evaporation 

source. Upon examination of SEM images, it seems not to have a large impact on 

structure quality. Deposition rates ranging from 0.2 Aº/s to 2 Aº/s have been used 

with little indication of any effect on the resulting structure. 
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Figure 4.9. SEM images of complicated nano-structures with rotation and 

evaporation parameters and structure names 
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The total thickness of evaporated material seems to have an important effect on 

dewetting. Increased nonuniformities are observed when the total thickness of the 

structure is low. Wall thicknesses of several of the fabrications are calculated by 

dividing total evaporation thickness by the ratio of hole area to the resulting structure 

area, which has been shown in Figure 4.10. Upon examination of the figure, it can 

be said that structure deforming due to dewetting is increased when the thickness is 

below 20nm; a thickness of at least 30nm seems to get rid of dewetting completely.  

 

 

Figure 4.10. SEM image array with thicknesses of several structures 

Structures fabricated on glass samples also show slight differences from their Si 

counterparts. Figure 4.11 shows the ñexclamation markò geometry differs a bit even 

though the two samples treated almost all experimental steps side by side with the 

same parameters. This difference may be caused due to different heat conductivities 

and capacities or the different adhesion properties of Si and Glass substrates. 
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Figure 4.11. Same structure left: on Si substrate right: on glass substrate 

4.2.1 Scattering Measurements 

DF spectroscopy of each fabricated structure have been measured for examination 

of plasmonic scattering properties; some of the scattering results from simpler 

structures allow further analyzable scattering peaks. The scattering spectrum of the 

ñthe exclamation markò is shown in Figure 4.12. The structure contains two 

plasmonic particles, and the gap between them is higher than both of the dimers 

examined in section 4.1; thus, little coupling between them is expected, and the total 

scattering cross-section should include two distinct Gaussian peaks. Gaussian peak 

fitting analysis made using Originlab yielded that the measured spectrum almost 

perfectly contains two distinct peaks from the disc and rod. The peak found to be 

around 650 nm is originating from the plasmonic resonance of the disc and short side 

of the rod, as these two have very similar dimensions, and the peak around 970nm is 

from the long side of the rod. A similar two-peak fit analysis is made for the 

scattering result of ñthe plus signò structure, shown in Figure 4.13. This structure has 

a thicker square at the middle and two crossing arms at each orthogonal direction, 

the smaller peak around 750nm is supposed to result from the plasmonic resonances 

at the thick square middle section, and the larger and narrower peak at around 1ɛm 

is the resonances from the two arms of the structure. 
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Figure 4.12. Scattering spectra of ñexclamation markò and two Gaussian peak fit 

analysis. Green curves show the sum of two fitted curves. 

 

 

 

Figure 4.13. Scattering spectra of ñplus signò and two Gaussian peak fit analysis. 

Green curves show the sum of two fitted curves. 
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The measurements from ñeyeò structure shown in Figure 4.14, the spectrum is 

dominated by the peak from the thick disc inside the thin outer circle. Other 

structures that show wide peaks in the measurement region are ñeggò and ñhalf circle 

with dotsò. both of their measurement results are shown in  Figure 4.15. As the 

structures most probably more than two distinct scattering peaks and more 

complicated plasmonic coupling properties, peak analysis attempts were 

unsuccessful. However, their wide peaks may be useful for applications where wide 

band plasmonic scatterers are desired, such as solar cell applications. Other 

structures in Figure 4.9 did not show distinguishable scattering peaks at measurement 

range thus are not further discussed. 

 

 

Figure 4.14. Scattering spectrum of ñeyeò structure 
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Figure 4.15. Scattering spectra of ñeggò and ñhalf circle with dotsò structures. 

4.2.2 Examination of Annealing  

Annealing is a frequently used method to modify structural properties of metal 

nanostructures. It is mostly used to get rid of sharp features and nonuniformities. To 

observe how annealing effect the structural properties of these fabrications, several 

of the fabricated structures on Si substrate are annealed on a hot plate set to 210ęC 

for 5minutes. Figure 4.16 shows SEM images of several structures before and after 

annealing. Symmetric and thick structures are observed to keep their shape better 

after annealing, annealing seems to disturb the geometry even more by increasing 

islands formed by dewetting for thinner structures.  
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Figure 4.16. Structural effects of annealing on fabricated structures, up: before, 

down: after annealing  

Effect of dewetting on scattering properties have been examined for dimers and 

ñexclamation markò fabrications. Figure 4.17 shows measurements of scattering 

spectrums before and after annealing for each structure. Since particle size gets 

smaller as seen in SEM image insets, a blueshift is observed. Change in the spectrum 

is more significant for the exclamation mark, but as SEM images show, structural 

deformation is also significant and structure is much smaller after annealing. 

 

 

Figure 4.17. Dark field spectrum before (black) and after annealing (red), insets for 

respective SEM images 
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Figure 4.18. two Gaussian peak fit analysis on ñexclamation markò after annealing. 

Green curves show the sum of two fitted curves. 

A two peak gaussian fit analysis is performed on annealed ñexclamation markò 

structure. When compared with same analysis before annealing shown in Figure 

4.12, both peaks are blue shifted. The peak corresponding to the disc is shifted from 

650nm to 525nm and the peak corresponding to the rod is shifted from 970nm to 

627nm. SEM images support this behavior as the size of each structure gets smaller 

than the original dimensions after annealing which is the reason for blueshift in their 

resonance wavelength. 

A contrary outcome is obtained for another dimer fabrication, this time with thicker 

discs of 50nm. The polarized illumination DF spectra is examined for the two discs 

shown in Figure 4.19, the measurements on the left is done right after the fabrication 

and the graph on the right measured after 210ęC, 5 minutes annealing treatment. A 

red shift is observed in both parallel and perpendicular polarized measurements 

indicating overall disc diameter is increased after annealing. Moreover, comparing 

the parallel polarized measurements the coupling between the discs are enhanced. 

The inset SEM images supports the reduction in gap distance after annealing 

treatment.  
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Figure 4.19. Polarized DF spectrums of a dimer fabrication with thicker discs, left: 

before and right: after annealing. 

4.3 Preferential Scattering Calculations for Plasmon Enhanced 

Photovoltaics 

Plasmonic nanoparticles on interfaces have been shown to radiate preferentially to 

the higher refractive index medium [212]. One particular paper examines the ratio of 

forward scattering compared to overall scattering for various simple nanoparticle 

geometries placed over a solar cell surface [213]. Far-field radiation mode of 

simulation software can be used to realize and reproduce this result. Since HMCL 

can be used to fabricate various geometries on interfaces, and one of the promising 

applications is photovoltaic surface decoration for efficiency enhancement. It has 

been proposed such structures could be most effective on the surfaces of thin film 

solar cells by increasing the effective path length of light, reducing energy escape 

from the active region. Mnpbem is used for calculation of the radiation pattern from 

structures placed on Si substrate, 3D angular far-field scattering distribution pattern 

for 100 nm diameter disc at 500 and 650nm wavelengths and for a sphere from left 

to right, respectively are shown in Figure 4.20. The radiation pattern suggests that 

the preferential scattering into the Si substrate is much higher than backscattering 

through the air side. 
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Figure 4.20. Mnpbem simulation results. 3D polar plots for angular far field 

scattering distribution pattern for a) 100 nm diameter sphere b) 100 nm diameter 

disc at 800 nm wavelength. c) Hemisphere defined at infinity for poynting vector 

calculation. 

With the calculation model built for far-field scattering patterns, the ratio of 

scattering into the substrate to total scattering can be calculated for various 

structures. Model is first used to reproduce the results in the paper published by 

Catchpole and Polman [213], in which preferential scattering ratio is calculated for 

Ag disc, hemisphere, and two sizes of spheres shown in the left side of Figure 4.21, 

same calculations performed by our model and results are shown in the right side of 

Figure 4.21. When compared, a very similar trend is observed; the disc with a 100nm 

diameter has the largest preferential scattering, followed by a 100nm hemisphere, 

100nm sphere, and 150 nm sphere. Moreover, wavelength dependencies follow very 

similar trends. However, the values of the ratio are much higher in our simulations. 

The discrepancy in ratio values is thought to originate from the differences in model 

building. In our simulations, the structures are placed directly over the Si surface, 

while in the article, there is an intermediate SiO2 layer. Another difference is the 

simulation method; we used a 3-dimensional Maxwell solution with the BEM 

method; in the paper, a 2-dimensional solution with the FDTD method is used [213]. 
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Figure 4.21. Simulation results showing fraction of incident radiation scattered into 

substrate for 4 different plasmonic structures. Left: simulation results acquired 

from [213], right: Reproduction of results by Mnpbem simulations 

Using the same approach several different geometries have been examined, for 

geometry selection structures that can be fabricated with HMCL are preferred. Since 

the discs yield the highest preferential scattering ratio upon examined geometries in 

Figure 4.21, results obtained from different geometries have been compared to disc 

results. Preferential scattering ratios for Dimers of diameter 150 nm with 10 and 20 

nm gap distance, Quadromers with 50nm gap between neighboring discs with 

diameters 100 nm and 150 nm Analyses include rods of 3 aspect ratio, cross with 

different geometrical aspects, split rings and ring structures. For structured that does 

not show symmetry two perpendicular illumination polarizations are analyzed 

independently. 

The preferential scattering ratio results for 150 nm dimers with gap distances of 

10nm and 20 nm and quadromers have been shown in Figure 4.22. The fraction 

scattered into substrate show similarly high values over 94% for all the structures. 

The disc with 100nm dimeter is the winner again in this comparison. The values 

calculated for 150nm dimeter disc and 150nm diameter dimersô perpendicular 

polarization results are virtually the same. Dimer gap distance change from 10nm to 

20nm shows very little difference when the polarization is parallel, unlike their 

scattering spectra previously calculated and shown in Figure 4.4, where the 

plasmonic resonance peak is shown to be redshifted and get wider as the gap distance 
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reduced. Wider resonance peak however, may be beneficial in overall plasmonic 

contribution as the scattering cross-section is higher overall at a wider band of the 

spectrum.  

 

Figure 4.22. Fraction scattered into Si substrate for Dimers and quadromers 

 

 

Figure 4.23. Fraction scattered into Si substrate for rods of different aspect ratio, 

the short axis length is left: 100nm, right: 150 nm. 

The results obtained for rods are shown in Figure 4.23, in these analyses 3 different 

rods with varying aspect ratio, width/length values are given in insets with 3D 

models, are examined for 100 and 150nm widths. Similar to the dimers these 

structures also yield very high fractional scattering ratios. The fraction scattered into 
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substrate lowers as the aspect ratio getting lower and overall values are higher for 

100nm width structures. The compared discs of same size, which are aspect ratio one 

rods, yields highest preferential scattering into Si. 

Another consideration is the angular distribution of scattered light in the substrate, 

which is especially important for thin film solar cell applications where light 

escaping from thin active region before absorption is a problem. Angular distribution 

of scattered radiation calculations can be used to estimate how much of the scattered 

light will be directed into guided modes i.e., scattered with an angle above TIR. The 

simulation results for angular distribution of pointing vector norm inside the Si 

substrate at far field for a sphere and disc of diameter 100nm is shown in Figure 4.24. 

Comparing the two results the majority of scattered light from the sphere is directed 

directly below with a smaller portion is directed into guided modes, for disc higher 

portion of the scattered light is directed at higher angles. The poynting vector norm 

of the scattered light is much lower for the disc due to the off-resonance of the 

incident wavelength. A similar pattern is observed over a range of wavelengths 

indicating that disc is better at directing the scattered light into guided modes for a 

thin film solar cell. 

 

 

Figure 4.24. Angular distribution of pointing vector norm of scattered light inside 

the substrate. Left: A sphere, Right: A disc with 100nm diameter each at 500nm 

wavelength. Red lines indicate the TIR angle of Si/air interface 
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Figure 4.25. Calculation of the fraction of scattered light directed into guided 

modes of a thin film Si solar cell for different plasmonic structures 

None of the geometries under examination seems to reach the preferential scattering 

ratios obtained from discs. However, this analysis does not fully indicate the overall 

contribution of such structures to the efficiency of a solar cell when placed on the 

surface. One of the important values to consider here is scattering efficiency. For 

example, discs examined in these analyses have their plasmonic resonance at near 

infrared regions shown in Figure 4.26, the resonance positions are redshifted 

compared to previous analyses on glass substrates due to the high refractive index Si 

substrate in the vicinity.  While, the resonance position of a sphere of same diameter 

does not red-shift as much as the disc. The resonance peak position is around 550nm 

for a 100nm diameter Ag sphere. The wavelengths used for these analyses are out of 

resonance for the discs. Even if the fraction scattered into substrate values are very 

high, scattering efficiency of these discs are below 1 at 600nm. This means the 

interaction area is lower than the geometrical area and depending on surface 

coverage a very small portion of incident light interacts with discs in the visible 

region.  
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Figure 4.26. Calculated scattering and absorption efficiencies for discs on Si 

substrate. Blue curves are for disc diameter 100nm and green curves are for 150nm 

4.4 A Model for Quantification of Plasmonic Contribution to Photovoltaics 

There are many variables that should be considered when the contribution of 

plasmonic structures to efficiency is aimed to be calculated. A model can be used to 

combine these variables to quantify the overall effect of plasmonic surface scatterers 

to PV efficiency. When the wavelength range for calculation is determined we can 

incorporate scattering and absorption efficiencies, fraction scattered into PV, 

plasmonic path enhancement factor and surface coverage  together into the model. 

Using this approach, for a PV surface covered with plasmonic particles, we should 

be able to estimate the total plasmonic contribution to the absorption at active layer. 

A calculation model below is proposed for thin film solar cell. 

We should start with conditions that this model is valid: 

¶ Active layer is far from particles such that near field enhancement effects do 

not contribute to PV absorption 

¶ Surface and back reflector are perfectly flat 

¶ No coupling between the structures, there can be coupling inside the analyzed 

structure but next structure on the surface does not interact with previous one 
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¶ Particles are randomly distributed on the surface so scattered light donôt 

collectively interfere 

Portion of incoming energy interacting with plasmonic structures (Ὣ) can be defined 

as; 

Ὣ
ὅ

ὃ
 ” ‎  ὗ  ” ‎ 

( 4-4 ) 

Where; ὅ  is extinction cross-section, ὃ is the area of the plasmonic structure, ” is 

surface coverage ratio of plasmonic structures. 

‎ is defined as the overlapping factor. Since ὗ  may be much larger than 1 around 

resonance, it takes a value that reduces Ὣ to 1 if  ὗ   Ὓ  is higher than 1 indicating 

a purely plasmonic interface interaction, otherwise ‎ = 1. 

ρ Ὣ portion of incoming energy does not interact with plasmonic structures, 

governed by Fresnel R-T coefficients of the decorated interface.  

Total plasmonic absorption loss (L) and total scattered portion (S) can be calculated 

as; 

ὒ Ὣ  
ὅ

ὅ
 

( 4-5 ) 

Ὓ Ὣ  
ὅ

ὅ
 

( 4-6 ) 

Total portion scattered into substrate can be calculated using preferential scattering 

ratio (Psr) calculated in the previous section as; 

Ὓ Ὓ ὖίὶ 

( 4-7 ) 
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For a c-Si PV active region with thickness in the range of 100 ɛm, all the light 

entering the substrate can be assumed to be absorbed after one pass. The plasmonic 

enhancement generally worked on thin film devices as the plasmonic contribution 

compared to uncoated case would be significantly more. For the case of a thin film 

device the angular distribution calculation of scattered light in substrate should be 

considered. The path enhancement factor can be calculated as; 

Ὢ  
В

ρ
ÃÏÓ—

 Ὓ —  

Ὓ
 

( 4-8 ) 

With active region thickness t and absorption coefficient ‌, PV absorption 

coefficient by plasmonics structures ὃὦί and non-plasmonic absorption coefficient 

ὃὦί after 2 pases in active region can be found using; 

ὃὦί Ὓ   ρ  Ὡ  

( 4-9 ) 

ὃὦί ρ Ὣ Ὕ   ρ  Ὡ  

( 4-10 ) 

After 2 passes from active region the leftover energy portion  Ὓ  that will 

incident to the interface from inside is: 

 Ὓ  Ὓ   Ὡ  ρ Ὣ Ὕ   Ὡ   

( 4-11 ) 

Here, depending on the amount of leftover energy portion, calculation can be 

repeated again this time for light incident from the inside, the angular distribution 

may be ignored and most dominant angle can be used as the angle of incidence. Until 

the leftover energy falls a certain threshold calculation can be repeated. Adding all 

absorption coefficients yields total absorbed portion of incoming light. Repeating for 

multiple wavelengths a spectral graph of portion of energy absorbed will be obtained. 
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By using the internal quantum efficiency (IQE) of the cell total efficiency can be 

predicted. The obtained result can be compared to the case without plasmonic 

nanoparticles and total contribution of plasmonic nanoparticle to overall efficiency 

can be calculated. For a case with conventional thick solar cell complete absorption 

after 2 passes can be assumed, equation ( 4-7 ) would be enough to obtain total 

absorption due to plasmonic scattering, which can be combined with Fresnel 

transmission thus a simpler solution would be obtained. 

For solar cell surface decoration, the plasmonic enhancement should be integrated 

over the wavelength region of the device, weighted over the solar spectrum. The 

equation ( 4-12 ) can be used to calculate the overall plasmonic enhancement for Si 

based solar cells both for experimental results and for calculations [195]. 

–
᷿ ὃ ‗ ὃὓρȢυ Ὠ‗

᷿ ὃ ‗ ὃὓρȢυ Ὠ‗
 

( 4-12 ) 

Where AM1.5 is the normalized solar spectrum on Earthôs surface, ὃ ‗ is the 

absorption of Si device without plasmonic surface decoration and ὃ ‗ is the 

absorption of Si device with plasmonic surface decoration. 

4.4.1 Comparison of Basic Plasmon Geometries at Resonance 

For comparison of different geometries, a simpler approach deriving from this model 

is used. A completely plasmonic case can be examined by using resonant particles 

at a specific wavelength with surface coverage chosen such that g=1. Resonance 

position is chosen for purely plasmonic interaction analysis, at of resonance 

illumination extinction efficiency falls below 1 quickly making purely plasmonic 

analysis impossible even with very high surface coverages. By conducting the 

analysis this way maximum contribution to PV efficiency due to plasmonic 

structures can be calculated. The surface this time kept more realistic by adding a 

10nm SiO2 layer on top of Si substrate as plain Si substrates quickly oxidizes until a 
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natural oxide layer is formed when exposed to atmosphere.  As a first example 532 

nm is chosen for analysis. The Ag disc diameter that will resonate at 532nm when 

placed on 10nm thick SiO2 on Si substrate found by several calculations with a rough 

and fine diameter span, the graphs of scattering spectra calculations are shown in 

Figure 4.27. 71 nm is found to be resonant at this wavelength. 

 

 

Figure 4.27. Scattering cross-section calculations for finding the diameter of the 

disc resonant at 532nm on 10 nm thick SiO2 on Si substrate 

The angular scattering distribution is calculated for the disc and polar distribution 

graph is shown in Figure 4.28. The calculated parameters are given in Table 2.  

 

Figure 4.28. Angular distribution of scattered radiation for Ag disc of diameter 

71nm on 10 nm thick SiO2 on Si at 532 nm illumination 
















































































