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Abstract 
 
 
Surface plasmon resonance (SPR) has been applied to biosensing applications due to its 

intriguing characteristics arising from surface-selective detection of optical indices. Among 

researches in this field, enhancing sensitivity has received much interest in terms of 

application of SPR biosensors to molecular detection. Conventional SPR biosensor can detect 

1 pg/mm2 of typical biochemical molecules, which corresponds to 6 × 107 molecules per 

square millimeter, assuming small molecules with 10 kDa. Thus, enhancing sensitivity and 

subsequently the detection limit is the key to achieving inexpensive and efficient SPR 

biosensor. This study suggests a hybrid mode for sensitivity enhancement scheme combining 

plasmonic enhancement via nanoparticles and localized surface plasmon effect obtained with 

surface relief nanostructure. 

 

 

 

  



 
 
 

 
 

 v

 

 

 

 

To Ms. Hyung Rye Kang 

R. I. P. 



 
 
 

 
 

 vi

Acknowledgments 
 
For the past 6 and a half years, my achievements would not have been possible without 

persistent help and care from faculties and collaborating students, as well as my family. I 

deeply thank them all for their support. 

I want to sincerely thank my advisor, Dr. Donghyun Kim for offering me a chance to this 

scientific world and leading me through the way. He has been and will be a great mentor for 

my life whichever path I walk on. I also would like to thank Dr. Eunji Sim for her inspiring 

and brilliant supervision for numerical analyses and modeling. Dr. Kangtaek Lee also 

deserves my sincere thanks for his unlimited support in collaboration work, which had been 

the main topic for this dissertation. Dr. Dong Ha Kim was a motivating and encouraging 

person as a collaborator and a committee member. I also owe special thanks to other 

committee members, Dr. Hyungjoon Kim, Dr. Jaeyoung Choi, and Dr. Kook Jin Lim for 

strengthening this thesis in various aspects. As a member of NCRC, I am in debt to Dr. Kyung 

Hwa Yoo for organizing the center in excellent ways and providing students with enormous 

opportunities and supports throughout their course of study. Dr. Robert M. Corn also deserves 

my heartfelt thanks for inviting me to his group in UCI as a junior specialist, through which I 

experienced entertaining and enthusiastic research environment. 

The Grant from KOSEF through NCRC for Nanomedical Technology (R15-2004-024-

0000-0) was great help in pursuit of this degree.  Lastly, but not the least important of all, I 

would like to thank my family, for their unconditional support, inspiration and love. 

  



 
 
 

 
 

 vii

감사의 글 
 

저에게 있어 지난 6 년 반의 학위기간은 학교 내외의 여러 분들의 도움 없이는 

불가능한 시간이었습니다. 모두에게 심심한 감사의 마음을 표합니다. 

먼저 저의 멘토이자 지도교수님이신 김동현 교수님께 깊은 감사를 드립니다. 

학부생 시절부터 관심을 가져주시고, 부족한 저를 연구의 길로 이끌어 아낌없는 

지도와 격려를 해주신 덕분에 오늘날의 성과가 있을 수 있었습니다. 공동 연구로 

모델링과 해석적인 측면에 많은 가르침을 주신 심은지 교수님께도 깊은 감사의 

마음을 표합니다. 본 학위논문의 주제가 된 연구를 공동으로 지도해주시며 지원을 

아끼지 않으신 이강택 교수님께도 감사를 드립니다. 또한, 심사위원으로서 본 연구를 

빛내주신 김동하 교수님, 김형준 교수님, 최재영 교수님, 그리고 임국진 박사님께도 

심심한 감사를 표합니다. 나노메디컬 국가핵심연구센터의 소장님이신 유경화 

교수님의 모범적인 센터 운영과 학생들의 연구활동에 대한 아낌없는 지원은 

학위과정 내 큰 귀감이 되었습니다. 

오랜 기간 연구실 생활을 하면서 가까이에서 지켜보고 도와주신 많은 동료 

선후배님들께도 이 자리를 빌어 고마움을 표하고자 합니다. 모든 면에서 모범을 

보이셨던 경민이형, 항상 웃는 얼굴로 실험실을 밝게 해준 택일이형, 묵묵하게 많은 

일을 일궈낸 순준이형, 긍정의 힘 태혁이, 디스플레이 산업의 미래 동준이, 똑똑하고 

속이 깊은 호정이, 어리지만 늘 앞서갔던 규정이, 힘든 상황에서도 항상 노력했던 

지유, 이빔 공정에 고생이 많았던 영진이, 영원한 방장님 종률이, 모범생 용휘, 

시뮬레이션의 달인 원주, 모두 고맙습니다. 연구실 바깥에서 공동연구로 저를 많이 

도와주었던 영욱이형, 재승이형, 기태, 호섭이, 현창이, 리미, 평환이형, 지은이, 경화, 

낙현이, 요셉이, 영준이에게도 감사를 표합니다. 그리고 NCRC 1 회 동기들인 희열이, 

재형이, 은진누나, 미화, 혜원이, 세철이 모두의 앞날이 밝은 등불과 같기를 

기원합니다. 

한국과학재단의 나노메디컬 국가핵심연구센터(R15-2004-024-0000-0) 을 통한 

경제적인 지원에 감사드리며, 끝으로 저를 아껴주고 지지해준 가족들에게 감사와 

사랑을 전합니다. 



 
 
 

 
 

 viii

  



 
 
 

 
 

 ix

Table of Contents 
ABSTRACT ....................................................................................................................................................... IV 
ACKNOWLEDGMENTS ................................................................................................................................. VI 
감사의 글 ........................................................................................................................................................... VII 
TABLE OF CONTENTS .................................................................................................................................. IX 
TABLE LIST ..................................................................................................................................................... XI 
LIST OF FIGURES .......................................................................................................................................... XII 
LIST OF ABBREVIATIONS ........................................................................................................................ XIII 
1 BACKGROUND ............................................................................................................................................1 

1.1 SURFACE PLASMON .................................................................................................................................... 1 
1.2 SURFACE PLASMON RESONANCE BIOSENSOR........................................................................................... 3 

1.2.1 SPR as a sensor ................................................................................................................................. 3 
1.2.2 Research trend .................................................................................................................................. 6 
1.2.3 Definition of sensitivity...................................................................................................................... 7 
1.2.4 Motivation ......................................................................................................................................... 9 

1.3 SUMMARY OF THE FOLLOWING CHAPTERS ............................................................................................... 10 
2 NUMERICAL MODELS AND SENSITIVITY ........................................................................................ 11 

2.1 USEFUL ANALYSES FOR LIGHT PROPAGATING IN COMPLEX MEDIA ........................................................... 11 
2.1.1 Effective medium analysis ............................................................................................................... 11 
2.1.2 Rigorous coupled-wave analysis ..................................................................................................... 13 
2.1.3 Mie scattering theory for spherical particles .................................................................................. 14 

2.2 SENSITIVITY ENHANCEMENT FACTOR ...................................................................................................... 17 
3 ENHANCEMENT VIA GOLD NANOPARTICLES AND LSP GRATING ......................................... 19 

3.1 METHODS AND MATERIALS .................................................................................................................... 19 
3.1.1 Optical setup ................................................................................................................................... 19 
3.1.2 LSP Nanograting fabrication .......................................................................................................... 20 
3.1.3 Nanoparticle synthesis .................................................................................................................... 21 
3.1.4 DNA protocol .................................................................................................................................. 22 

3.2 RESULTS AND DISCUSSIONS .................................................................................................................... 23 
3.2.1 Sensitivity enhancement .................................................................................................................. 23 
3.2.2 Size effect ......................................................................................................................................... 25 
3.2.3 Detection limit and sensitivity ......................................................................................................... 27 

3.3 SUMMARY ............................................................................................................................................... 28 
4 ENHANCEMENT VIA CORE-SHELL NANOPARTICLES AND LSP GRATING ........................... 30 

4.1 METHODS AND MATERIALS .................................................................................................................... 30 
4.1.1 Numerical analyses on CSNPs ........................................................................................................ 30 
4.1.2 LSP Grating fabrication .................................................................................................................. 31 
4.1.3 CSNP synthesis................................................................................................................................ 32 
4.1.4 DNA protocol .................................................................................................................................. 33 

4.2 RESULTS AND DISCUSSIONS .................................................................................................................... 33 
4.2.1 Extinction characteristics of CSNPs and near-field distribution .................................................... 33 
4.2.2 Sensitivity enhancement with CSNP and nanograting .................................................................... 37 
4.2.3 Size effect ......................................................................................................................................... 38 
4.2.4 Isotherm........................................................................................................................................... 39 
4.2.5 Optimization in geometrical parameter of sample .......................................................................... 40 



 
 
 

 
 

 x

4.3 SUMMARY ............................................................................................................................................... 41 
5 CONCLUSION ............................................................................................................................................ 43 

5.1 SENSITIVITY ENHANCEMENT MECHANISM ............................................................................................ 43 
5.2 ESTIMATION WITH RESPECT TO THE NUMBER OF MOLECULES............................................................... 45 
5.3 FURTHER ENHANCEMENT ...................................................................................................................... 46 
5.4 CONCLUDING REMARK .......................................................................................................................... 47 

REFERENCES ................................................................................................................................................... 48 
APPENDIX ......................................................................................................................................................... 51 
  

 
 



 
 
 

 
 

 xi

Table List 
 
 

Tables             Page 
 
Table 3.1 Resonance angle shifts in degrees ............................................................................ 24 
Table 4.1 Resonance shifts and calculated SEF values ............................................................ 37 
 



 
 
 

 
 

 xii

List of Figures 
 
 

Figures                     Page 

Figure 1.1 Kretschman and Otto configurations for SP excitation ............................................. 4 
Figure 1.2 Graphical representation of dispersion relation in Eq. 1.4 ........................................ 5 
Figure 2.1 Numerical EMT applied to photonic crystal ........................................................... 13 
Figure 3.1 Schematic diagram of optical setup: L, laser; CO, collimator; PO, polarizer; CH, 

chopper; M, mirror; PR, prism; SN, surface nanograting; PD, photodiode; IN, inlet; and 
OUT, outlet. ...................................................................................................................... 20 

Figure 3.2 (a) SEM image of nanograting sample with Λ = 200 nm and f = 67%. (b) TEM 
image of Au nanoparticles (ϕ = 20 nm). ........................................................................... 21 

Figure 3.3 Angular resonance spectra of DNA hybridization with GNP (ϕ = 20 nm). ............ 24 
Figure 3.4 Measured resonance shifts with NPs with different diameters (� = 12, 15, 

and 20 nm) and (b) normalized resonance shifts by the number of 

nanoparticles plotted against nanoparticle volumes. ............................................ 26 
Figure 4.1 SEM image of fabricated grating sample (a) and TEM image of synthesized 

CSNPs (b). ........................................................................................................................ 32 
Figure 4.2 Rabs and Qext calculated for varying size parameters: Rabs for ϕi = 5 nm (a) and ϕi = 

15 nm (c); and Qabs for ϕi = 5 nm (a) and ϕi = 15 nm (c) .................................................. 34 
Figure 4.3 UV-vis spectrum measured for GNPs and CSNPs with varying particle size. ....... 36 
Figure 4.4 Near-field calculated for LSP grating structure under resonance condition. .......... 37 
Figure 4.5 Measured resonance angle shift and calculated SEF values for DNA hybridization 

without CSNP conjugation on control thin film and grating (GR), and for DNA 
hybridization with CSNP conjugation on control thin film (CSNP) and grating 
(GR+CSNP). ..................................................................................................................... 38 

Figure 4.6 Measured resonance angle shift and calculated SEF values for DNA hybridization 
with CSNP conjugation on control thin film for varying shell thicknesses. ..................... 39 

Figure 4.7 Isotherm characteristics measured for varying target concentration. CSNPs with ϕi 
= 15 nm and ϕo = 80 nm were used. ................................................................................. 40 

Figure 4.8 Numerical calculations of SEF as a function of design parameter f........................ 41 



 
 
 

 
 

 xiii

Figure 5.1 Near-field distribution with varying GNP position relative to surface structures. .. 44 
List of Abbreviations 

 
ATR  attenated total reflection 

CSNP  core-shell nanoparticle 

DLS  dynamic light scattering 

DNA  deoxyribonucleic acid 

DW  distilled water 

EDC  1-ethil-3-(3-dimethylaminopropyl)carbodiimide 

EMT  effective medium theory 

GNP  gold nanoparticle 

LSP  localized surface plasmon 

MTLT  modal transmission line theory 

NHS  N-hydroxysuccinimide 

NP  nanoparticle 

PMMA poly(methyl methacrylate) 

RCWA rigorous coupled-wave analysis 

SEF  sensitivity enhancement factor 

SEM  scanning electron microscopy 

SNR  signal-to-noise ratio 

SP  surface plasmon 

SPP  surface plasmon polariton 

SPR  surface plasmon resonance 

SPW  surface plasmon wave 

TEM  transmission electron microscopy 

TEOS  tetraethyl orthosilicate 

UV  ultraviolet 



 
 
 

 
 

  1

1 Background 
 
Many types of biosensors have been studied and implemented, since careful and accurate 

detection of biomolecules and their interactions play a crucial role in diagnosing and 

understanding human diseases. In most cases, successful recognition of small number of 

such indicators lead to early detection of a disease and lead to higher chance of effective 

treatment, which is important for lethal diseases that progress in time. For this reason, 

research of sensor applications in biomedicine has paid a great interest to enhancing 

detection sensitivity. In this dissertation, a special type of biosensor that utilizes 

plasmonics, namely surface plasmon resonance (SPR) biosensor is considered for 

application and some ideas to enhance the sensitivity of conventional SPR biosensors 

employing nano-scale fabrication techniques are introduced with theoretical and 

experimental analyses. 

 

 

1.1 Surface plasmon 

Plasmon is a quantum of plasma oscillation, which makes it a qusiparticle. To put it in a 

more plain explanation, it is a density wave of free electrons. Like other quasiparticles, 

plasmon can couple with a photon resulting in a form called plasmon polariton. Formation 

of plasmon polariton is observed as absorption of photons with specific energy in 

macroscopic world. This is mostly why gold has yellowish tint. The characteristic 

frequency, also called plasma frequency, is solely determined by physical quantities of 

metal: conduction electron density (n), electron charge (e) and mass (me), and permittivity 
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of medium (ε). The characteristic absorption frequency, also called bulk plasmon 

frequency (ωp), is given as 

w p =
ne2

me
æ

è
ç

ö

ø
÷

1
2
. (1.1) 

In Eq. (1), n and e are electron density and charge, m is effective mass of an electron, and 

ε is the permittivity of the medium. Obviously, particles small exhibit alternate 

characteristics and the absorption condition is often observed in colored metal particulates 

that mankind have used in decorations in sculpting such as Lycurgus cup as early as 

fourth centuary A. D. and in architectures such as Rose Window of Notre Dame de Paris. 

Surface plasmon (SP) is quantization of electron density wave that is formed on metal 

surface. SP can be excited in two ways: one is providing electrons into metal, 

transforming the energy of the scattered electrons into SP energy parallel to the surface; 

and the other is coupling photons with SP. For the latter case, the coupled qusiparticle is 

called SP polariton (SPP). SP frequency (ωsp) is related to ωp by 

wsp =w p × ed +em( )-
1
2 , (1.2) 

where εd and εm respectively denotes dielectric constant of interfacing medium and metal. 

For given frequency, the wave vector of SP (ksp) is larger than that of bulk 

electromagnetic wave (k), as stated with the relation 

ksp = k edem

ed +em

æ

è
ç

ö

ø
÷

1
2

. (1.3) 

Since energy of an electromagnetic wave is proportional to its momentum, SP energy 

is larger than the photon energy at given frequency. Thus SPP formation is a special event 

where the momentum of bulk light is matched to that of SP wave (SPW). 
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1.2 Surface plasmon resonance biosensor 
 
SPR is a phenomenon named for strong absorption of incident photons due to SPP 

formation. Resulting SPW propagates along the metal surface, and exponentially decaying 

evanescent field is formed in the interfacing dielectric medium. Thus, change in dielectric 

constant of the interfacing medium results in change in resonance condition (frequency or 

wave number), which makes it a good candidate for sensor applications. People have 

implemented such sensors in various configurations to date to study phenomenon within 

evanescent regime (100 ~ 200 nm) above metal surface. 

 

 

1.2.1 SPR as a sensor 

Kretschmann [Kretschmann and Raether, 1968] and Otto [Otto, 1968] introduced SP 

excitation via attenuated total reflection (ATR), in which higher wave number is obtained 

by guiding light through optically dense material and resulting higher momentum of the 

evanescent field outside the material is matched to that of SPW on metal surface. 

Schematic diagram of Kretschmann and Otto configurations are presented in Fig. 2.1. 

Otto configuration, although not frequently used in recent years, provides the key to 

understanding the relation between photon and SP energy, which will be explained in 

following paragraph. In 1970s, people started to appreciate SPR as a useful tool to acquire 

the optical characteristics of thin film [Pockrand et al. 1978] and to monitor 

electrochemical event in the proximity of metal surface [Gordon II and Ernst, 1980]. 

Since then, SPR gathered persistent attention from scientific society for applications 

ranging from gas detection to biosensing [Homola, 1999]. 
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Figure 1.1 Kretschman and Otto configurations for SP excitation 
 
The transverse momentum of the evanescent field resulting from ATR is the horizontal 

projection of the momentum inside the prism material with permittivity εp. Since the 

resonance condition is the exact energy coupling between the two, for these 

configurations, Eq 1.3 can be rewritten as 

 kSP =
w
c

emed

em +ed

æ

è
ç

ö

ø
÷

1
2
= k0

e p

e0

sinqsp , (1.4) 

where θsp is the SPR angle. On the righter-most side of Eq. 1.4, two adjustable factors are 

the free space wave vector k0 and the incident angle θ in experimental setting. This allows 

one to interrogate either the frequency of the incident light or the incident angle and 

physically observe the resonance condition being fulfilled for very specific circumstances. 

Because changes made to any of the parameters in Eq. 1.4, one can easily find out that 

change from changes made to probing parameter to observe the resonance. 

Figure 1.2 depicts graphical representation of Eq. 1.4 for a range of wave vectors. The 

solid curve is the dispersion relation of SP on metal surface. The dotted line (ω = ckx) is 

normally referred as the light line, which is the dispersion of light in free space. With this 

normal dispersion, momentum of the light is not matched to that of SP, i.e. the two graphs 
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are not intersecting. The dashed line (ω = ckx/) is the dispersion of evanescent field 

outside the prism material resulting from ATR. For this case, as indicated with horizontal 

dotted trace, the evanescent field has larger wave vector compared to the light originally 

incident, thus fulfilling the momentum matching condition with SP at kx = ksp. 

 

Figure 1.2 Graphical representation of dispersion relation in Eq. 1.4 
 
 

With help of surface chemistry, one can attach capture molecules onto metallic thin 

film, which works as a platform to capture target molecules of interest. When capture 

molecules and target molecules bind through any kind of affinity interactions (e.g., 

electrostatic binding, chemisorption, covalent bonding, etc.), resulting change in effective 

permittivity of the medium that embeds the molecules alters SPP formation condition. 

The difference appears as measurable quantities such as shift in resonant wavelength or 

resonant angle of incidence, both of which being related to ksp as indicated in Eq. 1.4. 

Thus it is possible to analyze molecular interaction occurring on the surface via detecting 

changes in the permittivity of interfacing medium. 

The origination of sensitivity was derived by Nunzi and Ricard [1984], which for angle 

interrogation scheme is written as, 
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dqSP = tanqSP

e
m

2ded +ed
2dem

2emed (em +ed )

æ

è
çç

ö

ø
÷÷ . (1.5) 

In Eq. 2.4, the change in resonance angle δθSP is given as a function of permittivity of the 

materials and their change. The value is determined by εm
2δεd term, since for biochemical 

interactions, it is obvious that δεm is null. Use of contrast nanoparticles results in extra 

change in δεd, and application of nanostructures results in larger εm. 

 

 

1.2.2 Research trend 

SPR biosensing is a mature technology, which is already commercialized by a number of 

companies. Growing number of researchers in the field of chemistry, medicine, and 

bioengineering are now familiar with various types instruments and conduct experiments 

to study surface-confined biochemical interactions. Researchers are faced with two major 

limitations: lack of inherent specificity, specificity for a SPR sensor depends on the 

specific affinity of molecules of interest; and essential limit signal-to-noise ratio (SNR), 

adsorption of unwanted molecules onto sensor platform also results in change of effective 

refractive index, which is converted into signal. Both limitations originate from indirect 

nature of sensing, i.e. a SPR sensor can detect changes in optical constant caused by 

adsorption of target molecule, not the molecule itself. Careful design of surface chemistry 

and use of suitable blocking mechanism can help experimenter eliminate these issues. On 

instrumentation point of view, researchers suggested use of imaging approach that enables 

multiple measurements with single experiment and elimination of non-specific binding 
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effects, thus improving SNR [Jordan et al. 1997]. An approach to subtract the background 

effect by use of overlayer was also suggested [Homola et al. 2001]. 

Let us consider a situation where a group of molecules contributing to change in 

effective refractive index. This can be expressed as 

Dqsp

DN
=
qsp ed +Ded( )-qsp ed( )

DN
» ded

dN
×
dqsp

ded

, (1.6) 

where N is the number of molecules participating in the event. Enhancing sensitivity, thus, 

roughly falls into two major directions: One is to amplify the signal per molecule, i.e. to 

increase δεd/δn in Eq. (2.5). Use of functionalized nanoparticles (NPs) enlarges the optical 

signature [He et al., 2000]. Signal amplification with functionalized NPs can be 

engineered via tailoring the physical parameters such as, size, shape and distribution of 

the particles [Eustics and El-Sayed, 2006; Sherry et al., 2005]. The other is to tackle 

δθsp/δεd in Eq. (2.5) by evanescent field modulation to increase the change in resonance 

condition per unit index change. Grating structures and nanoposts have been introduced to 

localize SP-associated near-fields [Byun et al., 2005, 2007; Kim et al., 2006; Malic et al. 

2007; Willets and Van Duyne, 2007].  

 

 

1.2.3 Definition of sensitivity 

At this point it is worth to dedicate a small portion to understand the sensitivity of a 

sensor. Sensitivity as a sensor can be defined as transduced signal per change in physical 

parameters that result in the signal. Since all sensors are implemented transducers that 
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convert a physical quantity, Q, into a legible signal, S, a universal description of intrinsic 

sensitivity of such sensors can be written as 

Sensitivity = ¶S
¶Q

. (1.7) 

For a SPR sensor, S is an optical measurement (reflectivity, wavelength, or angle of 

incidence), and Q is the effective permittivity (or effective refractive index, which is more 

commonly used, ε = (n+jk)2). The reason for persistent use of the word ‘effective’ is to 

emphasize that additional processes need to be taken to resolve spatial variations of 

refractive index, i.e., the permittivity detected with a SPR sensor is a spatial average of 

local permittivity over a range of sensing area. 

Often confused with this sensitivity is the concept of resolution, which can be defined 

as change in Q that results in smallest S. For reference, theoretically obtained sensitivity 

of prism-coupled SPR sensor is 191 deg/RIU (RIU: refractive index unit) and resolution is 

5 × 10-7 RIU [Homola et al. 1999]. A conventionally accepted sensitivity limit of a SPR 

biosensor in practice converted into mass concentration is 1 pg/mm2 for general 

biomolecules of interest [Campbell and Kim, 2007; Homola et al., 1999]. For detection of 

small molecule with molecular weight, MW ~ 10 kDa, at least 6 × 107 molecules are 

required. If binding efficiency is accounted, the number of molecules necessary for 

detection becomes even larger. 
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1.2.4 Motivation 

Molecular detection has been an important issue in biomedicine, because mortal rate of a 

disease is proportional to its development time. Thus it is crucial to be able to identify 

small number of indicative molecules, which leads to early detection and thus higher 

probability of survival. Additionally, search for a novel medicine involves use of precious 

proteins, making the drug discovery a capital-intensive industry. Thus, ultra-sensitive 

detection capability has a great merit in aforementioned fields. For SPR biosensors to 

promisingly be introduced to these areas, it is necessary to enhance sensitivity, and 

subsequently the limit of detection. 

As stated in Section 1.2.2, recent research on SPR sensitivity enhancement has 

developed into two distinct categories. One is to compromise the label-free nature of SPR 

and add contrast tags to increase index contrast and employ plasmon-coupling effect. The 

other is to introduce surface nanostructures, which induces localized SP (LSP) near the 

structures leading to enhanced sensitivity. This study suggests hybrid mode of these 

approaches to obtain synergic effect on sensitivity enhancement and provide underlying 

mechanism of sensitivity. In doing so, DNA was used as a generic representation of small 

biomolecules with specific binding affinity.  
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1.3 Summary of the following chapters 
 
Background description was made in Chapter 1. Chapter 2 will explain the mathematical 

analyses used this study. Chapters 3 and 4 will introduce experimental and numerical 

results obtained with aforementioned hybrid sensing scheme. Finally, Chapter 5 concludes 

the study along with a brief discussion. 
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2 Numerical Models and Sensitivity 
 
In this chapter, introduction to mathematical and numerical analyses of light interaction 

with complex media and spherical particles are introduced. Some mathematical equations 

and expressions in Subsection 2.1.3 involve vector notations. Within equations separate 

from the text, arrowed letter, e.g., 
r

E , denotes a vector quantity. For typographic 

preference, bold letters, e.g., E and r, in equations and expressions represent vector 

quantity. Readers can assume scalar variable for expressions typed otherwise without 

notation. 

 
 
 
2.1  Useful analyses for light propagating in complex media 
 
2.1.1 Effective medium analysis 

When light encounters a medium with miscellaneous interfaces, i.e. medium embedded by 

other media, it undergoes multiple reflections and refractions as well as diffraction, 

scattering and absorption. Rytov suggested an analytical estimation to general behavior of 

electromagnetic waves in such medium by addressing the effective permittivity of that 

medium [S. M. Rytov, 1956], later named effective medium theory (EMT). People have 

used the estimation in the study of optical filters, diffractive optical elements, photonic 

crystals, and left-handed materials. The essence of EMT is to replace an inhomogeneous 

medium by a homogeneous medium with virtual permittivity, by which the optical 

response of the original inhomogeneous medium can be explained. 

 Higher-order terms in analytical expansion for the effective permittivity can be 

truncated in the case of grating structure with period, Λ, given that the wavelength of the 
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incident light, λ, is grater than Λ, named second-order effective permittivity. For this 

quasistatic limit, the second-order effective permittivity is defined as 

e ( 2 )
eff ,̂ =e0 ,̂ + p 2

3
f 2 1- f( )2

e1 -e2( )2 L
l

æ

è
ç

ö

ø
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2

,

e ( 2 )
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3
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ç
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L
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è
ç
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ø
÷
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,

 (2.1) 

where ^  and || stands for transverse and parallel polarization of electric field with regard 

to the plane of incidence, and ε0 is the zeroth-order permittivity. Grating is composed of 

two materials ε1 and ε2, with volume fill factor f. Zeroth-order permittivities ε0,  and ε0,|| 

are defined as 

e0 ,̂ = f e1 + 1- f( )e2 ,

e0 ,|| =
e1e2

f e2 + 1- f( )e1

.
 (2.1) 

Although the second-order EMT provides good estimation on dielectric grating 

structures, when metallic grating is considered, the equation leads to a large deviation 

from physical measurements. There was a study to extend the idea of EMT and apply 

numerical fitting model [Moon and Kim, 2006]. Figure The study suggests that the virtual 

permittivity can be estimated by fitting the numbers that best reproduce the physical 

measurements of significance, e.g. reflectance and transmittance. Given that continuity 

criterion is met, the method has successfully reproduced the optical response of a metallic 

photonic crystal by decomposing the crystal into sub-layers to obtain effective 

permittivity and reassembling the layers by calculating Fresnel coefficients and applying 

multiple reflection geometry. Figure 2.1 is an example of successful reconstruction of a 

^
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photonic crystal with consecutive layers of effective permittivity attained by numerical 

fitting. Consistent with experimental measurement of the photonic crystal, calculation 

using the effectively homogenized layers efficiently reproduces its photonic bandgap 

property in long wavelength range over 10 μm. EMT and associated methods allows 

faster determination of bulk optical characteristics of complex structures if property of 

elementary layer is properly determined than other rigorous means. 

 

Figure 2.1 Numerical EMT applied to photonic crystal 
 

 

2.1.2 Rigorous coupled-wave analysis 

Rigorous coupled-wave analysis (RCWA) is a computational method taken to give 

precise solution to the Maxwell’s equations and their boundary conditions expanded in 

Floquet functions. Floquet expansion results in infinitely large algebra equations, thus 

cutting off higher-order-terms allows one to compute such expensive calculations using a 
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computer. A general implementation is through conversion of periodic permittivity 

function into Fourier harmonics, and solving full vectorial Maxwell’s equations and 

corresponding boundary conditions. The RCWA algorithm used in this study is enhanced 

with modal transmission line theory (MTLT), which superposes individual modes to 

represent the spatial field distribution. The MTLT provides superior stability over other 

numerical approaches like the transfer matrix method. All frequency-dependent material 

properties used in this study was taken from Palik [1985] with interpolation if necessary. 

 

 

2.1.3 Mie scattering theory for spherical particles 

Light interaction with small particles has been a topic of interest for quite a long time. 

Although studies in recent years focus on quantum nature of light, it is meaningful in 

many circumstances to understand macroscopic response of light to interfering spherical 

particles with varying size parameters.  

The name Mie theory comes from Gustav Mie, who studied the change in colors due to 

absorption and scattering by small particles of gold suspended in water. However, it was 

Hendrik Lorentz, who gave solution to this problem for the first time. Without further 

crediting for precise mathematical achievements, Mie theory will be used as a general 

term. Mie theory gives a precise description of light dissipated by spherical particles 

through absorption and scattering, where the dissipation is specifically named extinction 

and is related to experimentally measurable absorption. On one hand, light absorption is 

experimentally measured as the intensity of light that remains after passing through a 

medium, and is the sum of light scattered and dissipated by the particles in the medium. 
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On the other hand, absorption by particle refers to light dissipation resulting in other form 

of energy, such as electron oscillation. Thus, throughout the study, absorption and 

extinction will be referred correspondingly. A brief analytical investigation from Bohren 

and Huffman [1983] will be introduced in the remaining subsection. 

Maxwell’s equations state that in linear, isotropic and homogeneous medium, 

electromagnetic fields satisfy the wave equations, 

Ñ2
r

E + k 2
r

E = 0
Ñ2

r
H + k 2

r
H = 0

Ñ×
r

E = 0
Ñ×

r
H = 0

, (2.2) 

where k2 = εμ, ε and μ being permittivity and permeability of the medium, respectively. 

Finding a vector function M that satisfies the vector equation can be replaced with finding 

solution to a scalar wave equation  

Ñ2y + k 2y = 0 , (2.3) 

given that ψ is a scalar function satisfying M = Ñ×(rψ) for arbitrary constant vector r. 

Note that k in Eq. 2.3 is an arbitrary constant. Since the problem at hand involves 

spherical symmetry the scalar wave equation can be solved in spherical polar coordinate 

system if the arbitrary vector r is chosen to be the radius vector, and particular solution is 

y( r ,q ,f )= R ( r )Q(q )F(f ). (2.4) 

Solutions also satisfying dependence of magnetic and electric field (Ñ×E = iωμH and Ñ

×H = −iωμE) are composed of Legendre functions and spherical Bessel functions. 

Electromagnetic field scattered by spherical particles can be expressed with scattering 

coefficients, 
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an =
myn mx( ) ¢yn x( )-yn x( ) ¢yn mx( )
myn mx( ) ¢xn x( )-xn x( ) ¢yn mx( )

,

bn =
yn mx( ) ¢yn x( )-myn x( ) ¢yn mx( )
yn mx( ) ¢xn x( )-mxn x( ) ¢yn mx( )

.

 (2.5) 

In Eq. 2.5, Riccati-Bessel functions are adopted, i.e., ψn(ρ) = ρjn(ρ) and ξn(ρ) = ρhn
(1)(ρ), 

where jn and hn
(1) are the Bessel function of the first kind and the spherical Bessel function 

of the third kind, and apostrophe is the derivative of the function. x = kϕ/2 is the size 

parameter of the particle, where ϕ is the diameter, and m is the refractive index of the 

particle relative to the surrounding medium. 

The scattering coefficients are then used to determine scattering cross section, Csca, 

with following relation. Csca is the ratio of scattered electromagnetic energy integrated 

about arbitrary closed surface around the scatterer and the incident irradiance, leaving 

dimension of area. A dimensionless scattering efficiency, Qsca, is obtained by dividing 

Csca by the projection area of the scatterer along the incidence. Absorption cross section, 

Cabs, and extinction cross section, Cext, are also acquired by similar procedure, along with 

the relation that extinction is the sum of scattering and absorption (Cext = Csca + Cabs). Csca 

and Cext are defined as 

C sca =
2p
k 2

2n +1( ) an

2
+ bn

2( )
n=1

¥

å ,

C abs =
2p
k 2

2n +1( )Re an +bn{ }
n=1

¥

å .
 (2.6) 

For a coated sphere, one must take the cross-talk of the fields into account, and 

subsequently, scattering coefficients an and bn are obtained as: 
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an =
yn z( ) ¢yn m2z( )- An ¢cn m2z( )é

ë
ù
û-m2 ¢yn z( ) yn m2z( )- Ancn m2z( )é

ë
ù
û

xn z( ) ¢yn m2z( )- An ¢cn m2z( )é
ë

ù
û-m2 ¢xn z( ) yn m2z( )- Ancn m2z( )é

ë
ù
û

,

bn =
m2yn z( ) ¢yn m2z( )- Bn ¢cn m2z( )é

ë
ù
û- ¢yn z( ) yn m2z( )- Bn cn m2z( )é

ë
ù
û

m2xn z( ) ¢yn m2z( )- Bn ¢cn m2z( )é
ë

ù
û- ¢xn z( ) yn m2z( )- Bn cn m2z( )é

ë
ù
û

,

An =
m2yn m2x( ) ¢yn m1x( )-m1 ¢yn m2x( )yn m1x( )
m2cn m2x( ) ¢yn m1x( )-m1 ¢cn m2x( )yn m1x( )

,

Bn =
m2yn m1x( ) ¢yn m2x( )-m1yn m2x( ) ¢yn m1x( )
m2 ¢cn m2x( )yn m1x( )-m1 ¢yn m1x( ) cn m2x( )

.

 (2.7) 

In Eq. 2.7, a Riccati-Bessel function χn(ρ) = −yn(ρ) is introduced, and x and z are size 

parameters for the core and the coat of the particle, defined as x = kϕi/2 and z = kϕo/2, ϕi,o 

standing for inner and outer diameters of the particle. m1 and m2 are the refractive indices 

of the core and the coat, relative to the surrounding medium. The scattering coefficients in 

Eq. 2.7 can be generalized to a multi-layered sphere with each layer being homogeneous 

and isotropic. 

Practical implementation of infinite series for numerical calculations should meet 

proper truncation criterion. Truncation issue arises from implementation of recurrence 

relation on Riccati-Bessel functions in order to reduce computational load. In this study, 

truncation criteria introduced by Bohren and Huffman [1983], and by Wiscombe [1980] 

were adopted (z + 4z1/3 + 2 terms) with small modification for large size parameters. 

 

 

2.2 Sensitivity enhancement factor 
 
Comparison of sensitivity between different schemes can be done in two ways. One is to 

directly acquire sensitivity from all schemes used and comparing the numbers. Resulting 
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numbers in SPR sensor with angle interrogation would be X°/RIU, X being the sensitivity 

of each scheme. The other approach is to compare the signal intensity among different 

schemes, under equivalent amount of target adsorption. For a SPR sensor with angle 

interrogation, the numbers under consideration would be X°. In the latter case, the basic 

assumption is that the amount of interacting molecules be precisely controlled for 

different schemes taken for sensitivity enhancement. 

If one is to compare the sensitivity using the latter approach, a straightforward concept 

of sensitivity enhancement factor (SEF) can be given as, 

SEF = ¶Senhanced (Q)
¶Q

× ¶Scontrol (Q)
¶Q

æ

è
ç

ö

ø
÷
-1

» Senhanced (Q+DQ)- Senhanced (Q)
Scontrol (Q+DQ)- Scontrol (Q)

. (2.2) 

Thus, for an angle interrogation SPR sensor, ratio of the changes in θsp due to equivalent 

amount of effective index deviation between an enhanced and the control scheme 

represents the sensitivity enhancement. 
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3 Enhancement via Gold Nanoparticles and LSP 
Grating 

 

Gold nanoparticles (GNPs) are known for variant hue due to size-dependent plasmonic 

absorption. The plasmonic characteristics of the particles and large refractive index has 

contributed to boost detection sensitivity in analyses of biological interaction. In this 

chapter, empirical analyses on sensitivity enhancement will be discussed in detail. LSP 

Grating structure is introduced as surface nanostructure, and gold nanoparticles are 

introduced as contrast tags. DNA hybridization was targeted for sensitivity comparison 

between conventional and improved sensing schemes. 

 

3.1 Methods and materials 
 
3.1.1 Optical setup 

For all measurements, a custom-built SPR instrument was used, based on theta-two-theta 

angle interrogation scheme. As depicted in Fig. 2.1, light is emitted from He-Ne laser (36 

mW, λ = 632.8 nm, Melles-Griot, Carlsbad, California, USA) through collimation lens 

and the polarizer. TM polarized light then passes through the chopper for amplitude 

modulation, and is reflected off the mirror and incident on an SF10 cylindrical prism, 

which interfaces an SF10 glass chip by index-matching gel (n = 1.732). Two co-axial 

motorized rotation stages (URS75PP, Newport, Irvine, California, USA) scan the incident 

angle by rotating one stage holding the prism-sample by θ, and the other holding a 

photodiode (818-UV, Newport, Irvine, California) by 2×θ. A lock-in-amplifier amplifier 
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(SR830DSP, Stanford Research Technology, Sunnyvale, CA, USA) synchronized to the 

chopper frequency eliminates noise within the optical measurements. Operation of 

electro-mechanical devices was controlled by LabVIEW program (National In- struments, 

Austin, Texas), and a micropump (KDScientific Inc. Holliston, MA, USA) was employed 

to control the flux of buffer and analytes into the reaction cell sealed on the sample chip. 

 

Figure 3.1 Schematic diagram of optical setup: L, laser; CO, collimator; 
PO, polarizer; CH, chopper; M, mirror; PR, prism; SN, surface 
nanograting; PD, photodiode; IN, inlet; and OUT, outlet. 

 

 

3.1.2 LSP Nanograting fabrication 

Grating structures were made on SF10 glass substrate by following steps. A thin Au film 

was vapor deposited on a cleaned SF10 glass substrate (df = 55 nm), following Cr 

adhesion layer (dad = 2 nm). Polymethyl methacrylate (PMMA, Allresist™, Strausberg, 
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Germany) photoresist was then spin-coated for electron beam lithography patterning. 

After development, dg = 10 nm Au was vapor deposited. A final lift-off process removes 

PMMA residue and and leaves periodic surface relief grating structure. A scanning 

electron micrograph is shown in Fig. 2.2(a). Vapor deposition process was monitored in 

real-time with the quartz crystal microbalance (QCM) sensor in the vacuum chamber. 

High vacuum condition (~10-6 Torr) was maintained throughout slow deposition process 

(i.e., 0.1 Å/sec for Cr, and 0.5 Å/sec for Au). Samples were washed thoroughly before 

addition processes. Figure 3.2(a) shows the scanning electron microscopy (SEM) image 

of fabricated LSP grating sample. 

 

 

Figure 3.2 (a) SEM image of nanograting sample with Λ = 200 nm and f 
= 67%. (b) TEM image of Au nanoparticles (ϕ = 20 nm). 

 

 

3.1.3 Nanoparticle synthesis 

Citrate reduction method [Turkevich et al., 1951] was used to synthesize GNPs. 1mL 

KAuCl4 (1%) was added to 100 mL distilled water (DW) and brought up to boiling 
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temperature. To the boiling solution, 6mL, 3.1 mL, and 2.2 mL trisodium citrate (1%) was 

added for particles with diameters of ϕ = 12, 15, and 20 nm. The solution was kept in a 

magnetic stirrer for 30 min, which was then cooled to room temperature. Polydispersive 

index of resulting particles was 0.18, and the diameters were measured with a dynamic 

light scattering (DLS, Nano-ZS, Malvern Instrument Co., Malvern, UK) and also 

confirmed with a transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, 

Japan). TEM image of synthesized particles is shown in Fig. 2.2(b). 

 

3.1.4 DNA protocol 

Target and probe DNAs of 24-mer oligonucleotides (tDNA: 5’ – CAC TGT CGG TAT 

GCA TGC CAT GGC – 3’; pDNA: 5’ – GCC ATG GCA TGC ATA CCG ACA GTG – 

3’, Bioneer Co., Daejeon, Korea) were randomly sequenced for generic DNA 

hybridization assessment. For adhesion to Au surfaces, DNAs were modified with thiol at 

5’ ending. 100 pM/μL DNAs were prepared in TE buffer, and diluted to needs. 40 μL 

pDNA was pipetted on a SPR chip and left at 5°C for 12 hr for adhesion. Chip was then 

washed to remove unadsorbed DNAs and soaked into hybridization buffer (0.1 M 

phosphate buffered saline, PBS with 0.1 M NaOH and 0.15 M NaCl, at pH 7.3). For 

tDNAs without GNP-conjugation, 40 μL was added to 960 μL hybridization buffer. For 

tDNAs with GNP-conjugation, 40 μL tDNA was dissolved in 1 mL GNP colloid and kept 

at 5°C for 48 hr for adhesion. The solution was then centrifuged at 1250 g for 45 min and 

supernatant DNAs were removed. GNP-conjugated DNAs in red pellet was brought back 

to the original concentration in 1 mL hybridization buffer. No significant sign of 

aggregation was found in DLS measurement, except size increment due to DNA 
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adsorption. tDNAs in either form was injected into interaction chamber via a micropump 

(KD Scientific Inc., Holliston, Massachusetts) at 400 μL/h. SPR angle scan was 

conducted before and after hybridization event to monitor the change in resonance angle, 

θsp. 

 

 

 

3.2 Results and discussions 
 
3.2.1 Sensitivity enhancement 

Resonance angular spectra of DNA hybridization were experimentally acquired for the 

following four sets: (1) DNA hybridization on conventional Au thin film (co); (2) GNP-

conjugated DNA hybridization on conventional thin film (np); (3) DNA hybridization on 

surface nanograting-enhanced chips (sn); and (4) GNP-conjugated DNA hybridization on 

surface nanograting-enhanced chips (np + sn). Figure 3.3 presents the acquired spectra for 

all cases, and the resonance angle shifts Δθsp for corresponding cases are listed in Table 

3.1. 
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Figure 3.3 Angular resonance spectra of DNA hybridization with GNP 
(ϕ = 20 nm). 

 
 

For a quantitative comparison of sensitivity, SEF defined in Section 2.2 was applied as 

SEFenhancement =
Dqenhanced

Nenhanced

´ Dqcontrol

Ncontrol

æ

è
ç

ö

ø
÷
-1

» Dqenhanced

Dqcontrol

, (3.1) 

 
where N is the number of DNA molecules responsible for resulting Δθsp, assuming 

deviation of N is strictly limited. Calculated SEF for GNP-conjugated DNA hybridization 

on nanograting, SEFnp+sn, is 18.2, whereas SEF enhanced with GNP, SEFnp and 

nanograting SEFsn are 11.6 and 1.57, respectively. Effect of  

 

Table 3.1 Resonance angle shifts in degrees 

Δθco Δθnp Δθsn Δθnp+sn 

0.21 2.02 0.33 3.83 
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3.2.2 Size effect 

Additional measurements were taken for resonance characteristics of DNA hybridization 

with GNPs of ϕ = 12 and 15 nm. The resonance shifts extracted directly from the 

resonance characteristics measured for GNPs with different sizes are presented in Fig. 

3.4(a). With constant mass concentration, resonance shift and particle diameter clearly 

show a linear relationship, which is consistent with an earlier study [Lee and El-Sayed, 

2006]. Since the number of GNPs participating in the hybridization is proportional to the 

number of GNPs in suspension as prepared, more GNPs are involved to the angle shift if 

they are smaller in size and vice versa. The number of nanoparticles participating in the 

hybridization event was calculated on a relative scale and used to determine the effective 

contribution of individual GNP to the total angle shift, which is shown in Fig. 3.4(b). As 

can be anticipated, Fig. 3.4(b) indicates that the optical signature of a GNP shows linear 

proportionality with the volume, which is equivalent to the mass of a GNP. The SEFs 

were calculated from the measured resonance shift obtained with varying GNP size, and 

presented in Table 3.2. 
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Figure 3.4 Measured resonance shifts with NPs with different 

diameters (� = 12, 15, and 20 nm) and (b) normalized resonance 

shifts by the number of nanoparticles plotted against nanoparticle 

volumes. 

 

Particles used in this study are fairly small, because aggregation of these particles can be 

minimal without heavy surfactants within the size range. As Yoon and Kim [2007] 

pointed out, penetration depth is known to decrease in the presence of nanostructures, 

particles small as used in this study guarantees that particle-target cluster remain in the 

evanescent regime. Although larger particles can bring larger contrast, if particles become 

larger than the evanescent field, the contribution by the increase in particle size would be 

limited. If one considers the nature of an evanescent, decreasing exponentially from 

surface, the plasmonic signature of a GNP size (A) relative to that of nanoparticles with 

different size (B), assuming identical number concentration of particle, can be estimated 

as 
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e-z/l dz
0

Aò
e-z/l dz

0

Bò
. (3.2) 

This estimation is in very good agreement with the experimental data listed in Table 3.2, 

e.g., the ratio of experimentally measured SEFnp for A = 15 nm and B = 12nm equals 

1.222, while Eq. (3.2) gives 1.247. Moreover, Eq. (3.2) suggests an upper limit on the 

sensitivity enhancement achievable with NP of specific size, i.e., if B = 20 nm, it can be 

estimated that the maximum realizable sensitivity by using larger GNPs is approximately 

32 times in the case of A reaching infinity. Although the number can be more strictly 

constrained by the extent of an evanescent field regime, this sets an optimal limit. 

  

 

3.2.3 Detection limit and sensitivity 

The nature of enhanced sensitivity can be divided into two regimes as suggested in 

Subsection 2.2.2. One is the surface-enhanced sensitivity increase due to nanogratings. In 

Subsection 3.2.1, the nanograting contributed to the increase of the detection sensitivity 

by 1.57 (57%). A conventional sensitivity limit suggests that this detection 1/1.57 = 0.64 

pg/mm2 using the current nanograting chip, where 1 pg/mm2 detection limit is taken from 

Homola et al. [1999]. Since other parameters that can affect angular sensitivity, such as 

wavelength and prism and metal substances, remain the same throughout the 

measurements, the observed 57% increase is associated exclusively with the sensitivity 

change induced by the surface nanograting. The other is an increase of index contrast 

from gold NPs. From concentration of tDNA molecules and NPs, it can be estimated that 
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1.64 × 109 DNA molecules induced an angle shift of 0.21° on a control, while it took 3.33 

× 106 GNP-conjugated DNA molecules to induce a shift of 2.02°. In other words, the 

index signature of a NP is almost 5000 times stronger as that of a DNA molecule (i.e., 

(2.02/3.33 × 106)/(0.21/1.64 × 109) = 4737). Considering that the number of NPs 

participating in the hybridization was 500 times smaller, 11.6 times enhancement 

achieved by NPs is consistent with the analysis. 

Noticeably larger enhancement due to GNPs than that due to surface nanograting can 

be explained in two aspects. One is that most of the enhanced evanescent field via surface 

nanograting reside near vertices, which take a small area on the surface. The other is the 

origin of sensitivity dictated in Eq. 2.4, where surface nanograting contributes to effective 

Δεm, whereas GNPs contribute to effective Δεd. Given that |εm|2 > |εd|2 the contribution of 

GNPs shows more significance. 

 

 

3.3 Summary 
 
The study of the coupled effect of GNPs and surface nanograting on the highly sensitive 

SPR detection of biomolecular interaction showed that detection of DNA hybridization 

with 18 times larger sensitivity is plausible. Although GNP-associated enhancement was 

dominant under the experimental conditions, an additional 57% contribution was realized 

by introducing the surface nanograting, where the increased sensitivity is related to local 

field enhancement. Sensitivity enhancement is linearly related to the volume of GNPs, 

suggesting that the index contrast is the principal contribution factor. 
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4 Enhancement via Core-shell Nanoparticles and 
LSP Grating 

 
 

In this chapter, core-shell nanoparticles (CSNP) will be introduced to the sensing scheme. 

DNA hybridization was also targeted for sensitivity comparison between conventional 

and improved sensing schemes as in the previous chapter. 

4.1 Methods and materials 
Since similar experimental setting was used, this subsection will describe only the 

changes made from Subsection 3.1. 

 
4.1.1 Numerical analyses on CSNPs 

Mie scattering theory gives an excellent scattering and absorption of light by spherical 

particles [Bohren and Huffman, 1983]. Absorption and scattering cross-section of CSNPs 

were calculated using following definitions.   

Cabs = k Im a{ } and
  
 (3.1) 

Csca =
k 4

6p
a 2 , (3.2) 

where α is the polarizability of the CSNP, and with electrostatic approximation (i.e., |ka| 

<< 1), is defined as 

a = 4pa3
es -ea( ) ec + 2es( )+ fv ec -es( ) ea + 2es( )

es + 2ea( ) ec + 2es( )+ 2 fv es -ea( ) ea - 2es( )
. (3.3) 

In Eq. 3.3, a is the outer radius, εc, εs, and εa are respectively the permittivity of core, shell, 

and the ambience. fv is the volume fraction of the core, such that fv = ϕi
3/ϕo

3, given that ϕi 
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and ϕo are the inner and the outer diameter of a spherical CSNP. Absorption and 

scattering efficiencies were calculated from the cross-section values following Qabs = 

Cabs/πa2 and Qsca = Csca/πa2. 

For particle with relatively large size, or for wavelengths comparable to particle size, 

electrostatic approximation does not hold. Thus, polarizability should be replaced with 

superposed series of scattering coefficients in Chapter 2, to produce more accurate results. 

With a custom Mathematica code presented in Appendix, straightforward calculations 

employing Bessel functions were conducted [Wolfram Research, Inc., 2007]. Numerical 

methods using recurrence relation of the Riccati-Bessel functions can also be used to save 

computational load. 

 

 

4.1.2 LSP Grating fabrication 

For this study, the same procedure used in Chapter 3 was used, except that the geometry 

of the grating was modified to produce the best enhancement. A 20 nm thick grating with 

period Λ = 400 nm and fill factor f = 50% was deposited onto a 40 nm thick Au thin film. 

Resulting grating pattern is presented in Fig. 4.1(a). 
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Figure 4.1 SEM image of fabricated grating sample (a) and TEM image of 
synthesized CSNPs (b). 

 

 

 
4.1.3 CSNP synthesis 

GNPs were first synthesized using the standard citrate reduction method as in Lee and 

Meisel [1982]. 18 mL of 1 wt% tri-sodium citrate solution was added to 1 L of 25.4 mM 

HAuCl43H2O aqueous solution at boiling temperature. In 30 min, the solution was cooled 

down to room temperature. The average diameter of the GNPs was estimated to be ~15 

nm by DLS measurements. 2.4 times dilution of GNP colloid solution was use for particle 

stability. Silica shell was then formed by using a modified recipe of Lu et al. [2002]. 26.8 

mL of the GNP colloid was added to 150 mL 2-propanol with vigorous stirring. After a 

thorough mixing, 50 μL tetraethyl orthosilicate (TEOS) was added. Subsequently, 3.75 

mL NH4OH solution (~ 30 wt.%) was added. The solution was left at room temperature 

for 12 hours under continuous stirring for reaction. CSNPs were collected by centrifuging 

the solution at 4000 rpm for 30 min. The surface of the CSNPs was functionalized with 

amine group for chemical adsorption of DNA molecules [Huh et. al., 2003]. Number 
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concentration of the synthesized CSNPs was estimated to be 7.1 x 1010 ~ 1.1 x 1011/mL 

for experiments. Fig. 1(b) is a TEM image of the synthesized CSNPs with gold core (ϕi = 

15 nm) and silica shell (ϕo = 80 nm). 

 

 

4.1.4 DNA protocol 

Priori preparation is identical to Subsection 3.1.4. 20 μL of pDNAs was deposited on a 

SPR chip and kept at 5°C for adhesion. 20 μL tDNA was used for non-enhanced detection, 

and tDNA modified with carboxylic group was used for CSNP-enhanced detection. 20 μL 

tDNA, 2 nM N-hydroxysuccinimide (NHS) and 2 nM 1-ethil-3-(3-

dimethylaminopropyl)carbodiimide (EDC) were mixed in 1 mL CSNP colloid and the 

solution was kept at 5°C for 12 hr and brought to centrifugation for 15 min at 4000 rpm. 

The red pellet was gradually brought to 1 mL hybridization buffer to avoid abrupt 

increase in ion concentrations. Micropump injection speed was set to 500 μL/h. 

  

 

4.2 Results and discussions 
 
4.2.1 Extinction characteristics of CSNPs and near-field distribution 

Absoprtion and extinction of light due to spherical GNPs and CSNPs were calculated to 

help understanding the effect of dielectric shell thickness for a spectrum of light 

interacting with the particles. Since extinction is the superposition of absorption and 
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scattering, the portion of absorption in extinction Rabs = Qabs/Qext is the indicator of the 

interaction mechanism. Calculated Rabs for varying geometrical parameters of CSNP is 

plotted in Fig. 4.2; ϕi = 5 and 15 nm, with ϕo as large as 10 ϕi represented in ratio as ϕr = 

ϕo/ϕi, thus ϕr = 1 is the case for GNP. The spectral range is from 300 to 1000 nm. 

 

Figure 4.2 Rabs and Qext calculated for varying size parameters: Rabs for 
ϕi = 5 nm (a) and ϕi = 15 nm (c); and Qabs for ϕi = 5 nm (a) and ϕi = 15 
nm (c) 

 
Figure 4.2 suggests that the existence of dielectric shell appears as two distinct regimes: 

one is the absorption-dominant regime, where extinction mostly comes from light 

absorption by gold core, and the other is the scattering-dominant regime, in which light is 

mostly scattered before reaching the core. As the definition of Rabs indicates, the 
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absorption-dominant regime appears in red color with high Rabs values in Figs. 4.2(a) and 

(b). The Rabs values do not tend to correlate with ϕr values for different core size, but 

rather correlates with the absolute ϕo value, i.e., Rabs of ϕr = 9 for ϕi = 5 and that of ϕr = 3 

for ϕi = 15 are comparable. 

In Fig. 4.2(c) and (d), the extinction efficiency (Qext) increases as shell thickness grows. 

Aside the he origin of the extinction mechanism, it is a manifestation of the difference in 

effective permittivity of CSNP from its surrounding medium. It is also a measure of how 

much electromagnetic field is removed from the incident light, thus providing that larger 

extinction efficiency should relate to higher probability to interact with evanescent or 

transmitted electromagnetic field, subsequently resulting in plasmonic absorption or 

coupling to SP. 

Figure 4.3 is the red-shifting trend in absorption spectra observed with UV-vis, measured 

for different CSNP size with fixed core size of ϕ = 15 nm. The absorption peak shifted 

from 515 nm to 525 nm as silica shell is introduced. This shift is due to plasmonic 

damping caused by refractive index change owing to presence of silica shell [Alexander et 

al., 1974; Arakawa et al., 1973]. Strong absorption in UV region is presumably 

contributed by strong scattering via silica. The inset in Fig.4.3 is the spectroscopic 

reflectogram of LSP grating structure used in this study at varying angles of incidence. 

Spectral broadening is observed, which is a manifestation of tunable plasmon energy on 

LSP gratings. The tunable plasmon energy results from that surface charge distribution on 

LSP gratings highly depends on surface corrugation, since charges tend to align such that 

internal field vanishes. 
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Figure 4.3 UV-vis spectrum measured for GNPs and CSNPs with 
varying particle size. 

 

 

Near-field distribution is calculated with RCWA method, and the field distribution for 

transverse magnetic field component at resonance angle (θsp = 63.84°) is presented in Fig. 

4.4. SPs tend to be localized in the presence of surface corrugations, since SPW, which is 

propagating electron oscillations, is affected by distribution of surface charges. 

Discontinuity of SPW propagation results in field amplification, and so-called hot spots 

where amplified field is condensed are generated.  
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Figure 4.4 Near-field calculated for LSP grating structure under 
resonance condition. 

 

 

4.2.2 Sensitivity enhancement with CSNP and nanograting 

Enhanced optical signatures with surface nanograting and CSNPs (ϕi = 15 nm and ϕo = 80 

nm) were detected while DNA sequences undergo hybridization. Measured resonance 

angle shifts and calculated SEF values from corresponding results are presented in Table 

4.1 and Fig. 4.5, showing as large as 36 times sensitivity enhancement compared to 

conventional SPR scheme. The inset in Fig. 4.5 is the obtained resonance characteristics. 

Table 4.1 Resonance shifts and calculated SEF values 

 Control CSNP Grating (GR) GR + CSNP 

Δθsp [degrees] 0.015 ± 0.005 0.23 ± 0.04 0.056 ± 0.024 0.54 ± 0.09 

SEF − 15 3.7 36 

 

As also mentioned in Chapter 3, the ratio between resonance angle shifts, SEF, is a 

straightforward measure of sensitivity, given that the number of molecules participating in 

each event remains the same. It is arguable that increased sensitivity does not contribute 

to increase in SNR. However, SNR of a SPR sensor is related to discrimination capability 

of effective permittivity change due to target molecules and other environmental factors, 

and is beyond the scope of this study. One can apply multiplexed measurements to rule 

out the effects coming from noise. 
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Figure 4.5 Measured resonance angle shift and calculated SEF values 
for DNA hybridization without CSNP conjugation on control thin film 
and grating (GR), and for DNA hybridization with CSNP conjugation 
on control thin film (CSNP) and grating (GR+CSNP).  

 

 

4.2.3 Size effect 

Resonance angle shifts were also measured with CSNPs with different shell thicknesses 

and compared to the results with bare GNPs. In Fig. 4.6, the results obtained with GNP (ϕ 

= 15 nm) and CSNPs (ϕi = 15 nm and ϕo = 45, 80 and 100 nm) are plotted with SEF 

calculated from the measured values. The existence of silica shell provides at least two 

folds signal improvement over use of bare GNPs. However, the effect of increase in shell 

thickness was rather marginal. This is mainly due to the distance effect introduced in 

Subsection 3.2.2. As the particle size increases, the distance between the core and sensor 

surface also increases, thus reducing the index signature when converged with 

exponentially decaying evanescent field. Another key factor for this phenomenon is the 

 



 
 
 

 
 

  39

effect of particle size on the area available for target DNA molecules, and area-

normalized angular shift presented in the inset of Fig. 4.6. As the size of particle increases, 

the distance between the core and the sensor surface increases as well as the surface area. 

Figure 4.6 suggests that if large effective permittivity can be brought close to the surface, 

obtainable enhancement will be maximized. 

 

Figure 4.6 Measured resonance angle shift and calculated SEF values 
for DNA hybridization with CSNP conjugation on control thin film for 
varying shell thicknesses. 

 

 

4.2.4 Isotherm 

Since a sensor is basically a transducer, it is important that within working regime, signal 

is proportional to the changes in physical value, or at least the relation is obviously 

presented. An isotherm, which is the relation between signal and the source, is shown in 

Fig. 4.7. Hybridization events of DNAs with varying concentration were measured and 
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resulting resonance angle shift is plotted. In this setting, one can define detection 

sensitivity as Δθsp/Δx, which is the slope of the curves in Fig. 4.7. Also the ratio of 

different sensing schemes is a measure of sensitivity enhancement over a working range, 

e.g. ratio of GR+CSNP to control is 30. With small variation in molar concentration of 

DNAs, the response is well fitted in linear fashion (R2 > 0.95).  

 

Figure 4.7 Isotherm characteristics measured for varying target 
concentration. CSNPs with ϕi = 15 nm and ϕo = 80 nm were used. 

 

 

4.2.5 Optimization in geometrical parameter of sample 

In the experiments, nanograting sample produces optimized enhancement by controlling 

the geometrical parameters. For the samples used in this study, a RCWA calculation was 

conducted to determine the sensitivity enhancement brought by changing the fill factor f 

of nanograting samples and presented in Fig. 4.8. A significant variation in sensitivity 

enhancement is observable due to changes in f. The symmetry of the SEF curve implies 
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that the origin of sensitivity enhancement due to prominence and depression is the same. 

Optimal results is expected within the range of f = 40 ~ 60% if all other parameters are 

identical. This also implies that small error in the fabrication process will result in sample-

to-sample variation. 

 

Figure 4.8 Numerical calculations of SEF as a function of design 
parameter f 

 

 

4.3 Summary 
 
SPR detection limit was challenged by use of CSNPs and LSP induced by grating 

structure. CSNPs in combination with the grating produced 36 times enhanced sensitivity 

over conventional SPR sensing scheme for DNA hybridization sensing experiments. In 

comparison with GNPs, CSNPs showed at least two times improved performance. The 



 
 
 

 
 

  42

results show a promising step toward femto-scale detection recalling that conventional 

sensitivity is 1 pg/mm2. 
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5 Conclusion 
 

In this chapter, a brief discussion will be given on how such nanoparticles and surface 

nanostructures contribute to sensitivity enhancement, and on number of molecules under 

detection in terms of enhanced sensitivity. A concluding remark will follow the discussion 

on further enhancement of sensitivity. 

 

5.1 Sensitivity enhancement mechanism 
 
There are mainly two factors related to sensitivity enhancement achieved by contrast 

particles: (1) increased index contrast and (2) plasmonic field coupling between the 

particle and surface plasmons. In terms of (1), linear increase of detection sensitivity 

resulting from increase of particle size is in good agreement with mathematical analysis in 

Eq. 1.5, where conjugated particles act as source of additional permittivity perturbation 

during the interaction. Effect of (2) can be visualized with near-field distribution shown in 

Fig. 5.1. Figure 5.1 depicts the near-field pattern under light incident at θsp with varying 

GNP position relative to a 300 nm period Au nanograting. 
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Figure 5.1 Near-field distribution with varying GNP position relative to 
surface structures.  
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Sensitivity enhancement due to presence of surface nanostructures can also be 

explained in two aspects: (1) strong field confinement as a result of  (2) increased area 

effect. Since increased surface area of grating samples is less than 20% for all cases, the 

area effect is limited. Thus, let us consider the two factors (1) and (2). Nordlander and 

Prodan [2004] suggested that the interaction of particle plasmon and SP is related to the 

distance between the two. For the GNPs, the distance is shorter, thus creating more 

coupling effect [Prodan et al., 2003]. On the other hand, CSNPs suffer from relatively 

large distance from SP, since evanescent field quickly decays away from the surface. Now, 

if the index contrast is taken into account, effective index change caused by GNP is 

relatively small compared to CSNPs that have silica shell which has larger index 

compared to sensing environment. 

 

 

5.2 Estimation with respect to the number of molecules 
 
Estimating the number of molecules under detection should provide a picture on where 

SPR sensing stands in terms of molecular detection. If one assumes a 0.1° resonance 

angle shift for 1 ng/mm2 of target analyte binding, the control measurements taken in 

Section 4 may be associated with 7 × 108 tDNA molecules on 100 × 100 μm2 of effective 

sensing area (Molecular weight of 24-mer single stranded DNA molecule is approximated 

as 8 kDa). If CSNP is applied, the signature is increased 36 times, and 2 × 107 tDNA 

molecules can produce the same signal (Here, only the DNAs participating in 

hybridization event is considered). By applying nominal angular resolution of the 
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motorized rotation stage, which is directly related to the resolution of the system, the 

number of detectable DNA molecules is as small as 3 × 106 (angular resolution is hard-

limited to 2 × 10-3 °). However, since ample of DNA molecules can adsorb to a single 

CSNP, it is plausible to further reduce the number. 

 

 

5.3 Further enhancement 
 

As mentioned earlier, excitation of LSP results in amplified near-field distributed in 

restricted area. Sensitivity can be modeled with the overlap integral introduced in 

Subsection 3.2.2. Thus careful co-localization of the target molecule and the hot spots can 

result in higher sensitivity, if sensitivity per target molecule is accounted. This was 

eloquently demonstrated by Ma et al. [2010], by depositing a thin blocking layer on 

grating structure to control adhesion of probe and target molecules on the sensor surface. 

Oh et al. [2011] successfully applied the idea to nanoparticle-conjugated detection of 

DNA hybridization. 

Another approach is to employ a more sensitive signal, such as phase response at 

resonance condition. Ma et al. [2009] numerically demonstrated the possible application 

of periodic nanogratings to detection of liquid targets of varying refractive indices with 

enhanced sensitivity. Halpern et al. [2011] successfully applied phase signal to imaging 

technology with patterned DNA monolayers. 
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5.4 Concluding remark 
 
As stated in Chapter 2, through the insight gained from analytical representation of 

sensitivity, successful synergic effect on sensitivity improvement of DNA hybridization 

analyses was introduced by combining surface nanostructure and conjugation of 

plasmonic nanoparticles. It is important to note that the approach can be generalized to a 

generic form of sensitivity enhancement of SPR biosensors. A significant improvement of 

36-folds in sensitivity was demonstrated and SPR sensing scheme is brought a step closer 

to molecular detection. 
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Appendix
Mie-code 
Coated sphere (notebook for mathematica calculation) 
 
(*Computation of scattering and absorption characteristics from Bohren & Huffman*) 

(*definition: Riccati-Bessel functions*) 

Psi[n_,m_,x_]:=Module[{tmp},tmp=Sqrt[Pi*m*x/2]*BesselJ[n+1/2,m*x]]; 

Chi[n_,m_,x_]:=Module[{tmp},tmp=-Sqrt[Pi*m*x/2]*BesselY[n+1/2,m*x]]; 

Xi[n_,m_,x_]:=Module[{tmp},tmp=Sqrt[Pi*m*x/2]*(BesselJ[n+1/2,m*x]+I BesselY[n+1/2,m*x])]; 

 

(*derivatives as defined reciprocally for series representation*) 

Psi2[n_,m_,x_]:=Module[{tmp},tmp=Psi[n-1,m,x]-n/(m*x) Psi[n,m,x]]; 

Chi2[n_,m_,x_]:=Module[{tmp},tmp=Chi[n-1,m,x]-n/(m*x) Chi[n,m,x]]; 

Xi2[n_,m_,x_]:=Module[{tmp},tmp=Xi[n-1,m,x]-n/(m*x) Xi[n,m,x]]; 

 

(*inner and outer scattering coefficients*) 

An=(m2 Psi[n,m2,x] Psi2[n,m1,x]-m1 Psi2[n,m2,x] Psi[n,m1,x])/(m2 Chi[n,m2,x] Psi2[n,m1,x]-m1 
Chi2[n,m2,x] Psi[n,m1,x]); 

Bn=(m2 Psi[n,m1,x] Psi2[n,m2,x]-m1 Psi[n,m2,x] Psi2[n,m1,x])/(m2 Chi2[n,m2,x] Psi[n,m1,x]-m1 
Psi2[n,m1,x] Chi[n,m2,x]); 

an=(Psi[n,1,z]*(Psi2[n,m2,z]-An*Chi2[n,m2,z])-m2*Psi2[n,m0,z]*(Psi[n,m2,z]-
An*Chi[n,m2,z]))/(Xi[n,1,z]*(Psi2[n,m2,z]-An*Chi2[n,m2,z])-m2*Xi2[n,m0,z]*(Psi[n,m2,z]-An*Chi[n,m2,z])); 

bn=(m2*Psi[n,m0,z]*(Psi2[n,m2,z]-Bn*Chi2[n,m2,z])-Psi2[n,m0,z]*(Psi[n,m2,z]-
Bn*Chi[n,m2,z]))/(m2*Xi[n,m0,z]*(Psi2[n,m2,z]-Bn*Chi2[n,m2,z])-Xi2[n,m0,z]*(Psi[n,m2,z]-
Bn*Chi[n,m2,z])); 

 

(*scattering and extinction efficiency as defined*) 

(*backscattering efficiency for code verification*) 

Qscatc[x_,z_]:=Module[{qscat,se,tot,m},se=If[z<=8,tot=Ceiling[z+4 z^(1/3)+1]//N,tot=Ceiling[z+4.05 
z^(1/3)+2]//N]; 

    qscat=2/z^2*Sum[(2 n+1)*(Abs[an]^2+Abs[bn]^2),{n,1,tot}]]//N; 

Qextc[x_,z_]:=Module[{qext,se,tot},se=If[z<=8,tot=Ceiling[z+4 z^(1/3)+1]//N,tot=Ceiling[z+4.05 
z^(1/3)+2]//N]; 

   qext=2/z^2*Sum[(2 n+1)*(Re[an+bn]),{n,1,tot}]]; 

Qbackc[x_,z_]:=Module[{qback,se,tot},se=If[z<=8,tot=Ceiling[z+4 z^(1/3)+1]//N,tot=Ceiling[z+4.05 
z^(1/3)+2]//N]; 

   qback=1/z^2 Abs[Sum[(2 n+1) (-1)^n (an-bn),{n,1,tot}]]^2]; 

 

(*define output array*) 
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output = {{"lambda","Qext","Qsca","Qback"}}; 

 

(*material property: n+ik*) 

ngold = Import["~/Mathematica/Mie/Palik-gold.txt","Data"]; (*file should contain wavelength, refractive 
index and extinction coefficient in columns*) 

ngold = Transpose[ngold]; 

 

(*inner and outer radii in um*) 

b=0.06;a=0.05;  

m0 = 1; (*ambience refractive index) 

m2=1.52/m0;(*shell material*) 

Do[{ 

   (*core material from array*) 

   m1=ngold[[2]][[numb]]+I ngold[[3]][[numb]]/m0; 

   lambda=ngold[[1]][[numb]]; 

   (*size parameter for core (x) and shell (z) in recursion*) 

   z=2 Pi b/lambda//N; 

   x=2 Pi a/lambda//N; 

   output=Append[output,{lambda,Qextc[x,z]//N,Qscatc[x,z]//N,Qbackc[x,z]//N}]},{numb,101(*array 
size*)}]; 

 

 


