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ABSTRACT 

 

Single Particle Studies on the Influence of the Environment on the Plasmonic Properties of 

Single and Assembled Gold Nanoparticles of Various Shapes 

By  

Pattanawit Swanglap 

 Plasmonic nanoparticles and their assembly have the potential to serve as a platform  in 

practical applications such as photonics, sensing, and nano-medicine. To use plasmonic 

nanoparticles in these applications, it is important to understand their optical properties and find 

methods to control their optical response. Using polarization-sensitive dark-field spectroscopy to 

study self-assembled nanoparticle rings on substrates with different permittivities I show that the 

interaction between collective plasmon resonances and the substrate can control the spatial 

scattering image. Using liquid crystals as an active medium that can be controlled with an 

external electric field I show that the Fano resonance of an asymmetric plasmonic assembly can 

be actively controlled utilizing the polarization change of scattered light passing through the 

liquid crystal device. Furthermore, utilizing the strong electromagnetic field enhancement of 

coupled plasmonic “nanospikes” on the surface of gold nanoshells with a silica core, I show the 

use of single spiky nanoshells as surface-enhanced Raman spectroscopy substrates. Individual 

spiky nanoshells give surprisingly reproducible surface-enhanced Raman spectroscopy 

intensities with a low standard deviation compared to clusters of nanoparticles.      In summary, 

the work presented here provides understanding of the plasmonic response for assembled 

nanoparticles on different substrates, illustrated a new method to actively control the optical 
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response of plasmonic nanoparticles, and characterizes spiky nanoshells as surface-enhanced 

Raman scattering platform.     
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Figure 2.1. Experimental setup for the dark-field scattering measurement. The combination of a 

wedge and a polarizer placed in the excitation path before the light enters the microscope was 

used to select the polarization of the excitation light.   

Figure 2.2. The combination of a wedge and a polarizer placed in the excitation path before the 

light enters the microscope was used to select the polarization of excitation light. (A) In-plane 

polarized excitation light, (B) out-of-plane polarized excitation light. For in-plane polarized 

excitation light the polarization axis of the polarizer was arranged to be horizontal to the opening 

of the wedge (C). Alternatively, the polarization axis of the polarizer was arranged to be vertical 

to the opening of the wedge in order to select out-of-plane polarized excitation light. 

Figure 2.3. TEM image of a self-assembled gold NP ring on an amorphous carbon layer on top 

of a copper grid. The ring was composed of 40 nm gold NPs and was 6.8 m in diameter.  

The inset shows a magnified TEM image of the ring segment marked by the red box, which 

illustrates that the width of the self-assembled gold NP ring was several NPs wide. 

Figure 2.4. SEM images of self-assembled gold NP rings on (A) gold (6.0 m diameter) and (B) 

glass (4.5 m diameter). 

Figure 2.5. Dark-field scattering images of self-assembled gold NP rings on different substrates: 

(A) carbon, (B) gold, and (C) glass. The images were collected with a polarizing beam splitter, 

where the two orthogonal polarization components of the scattered light are indicated by the 

white arrows. All scale bars correspond to 1 µm. The images were corrected for background 

scattering and the intensity scale ranges from 0 – 400 kHz for carbon and 0 – 200 kHZ for gold 

and glass. Intensity line sections of the ring segments that are indicated by the blue and red lines 
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are given below the corresponding images. The sign of the x-axis indicates the position relative 

to the ring: negative values correspond to positions outside the ring and positive values to 

positions inside the ring. The intensity line sections were normalized and offset for better 

comparison. 

Figure 2.6. Dark-field scattering images of a NP ring on a carbon substrate recorded as a 

function of microscope focus.  Only the channel detecting scattered light with horizontal 

polarization is shown as indicated by the arrow in the central panel.  The excitation light was 

randomly polarized. 

Figure 2.7. Full width at half maximum (FWHM) of the intensity line sections from dark-field 

scattering images of self-assembled gold NP rings on carbon, gold, and glass substrates. The 

FWHM values were collected from the intensity line sections of ring segments which were 

perpendicular (A) and parallel (B) to the polarization direction of the scattered light. 

Figure 2.8. Dark-field scattering images of single NPs with different sizes (76 nm (A), 88 nm 

(B), and 155 nm (C)) on glass.  The excitation light is randomly polarized.  The intensity scale 

for the images varies between 0 and 900 kHz in (A), 2.5 MHz in (B), and 5 MHz in (C).  (D) 

Normalized intensity line sections for each of the three NPs show that the optical resolution as 

measured by the FWHM increased with increasing NP size.  The average FWHM of these NPs 

are 380 nm, 450 nm, and 490 nm. 

Figure 2.9. Dark-field scattering images of self-assembled gold NP rings on carbon (A) and 

glass (B) substrates for different excitation polarizations. The upper row shows images for 

excitation with light polarized in the sample plane (s-polarized), while the bottom row contains 

images 
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Figure 2.10. Dark-field scattering images of individual 88 nm NPs supported by a carbon (A) 

and glass (B) substrate.  The excitation is randomly polarized and the scattered light is imaged 

for the two orthogonal polarizations given by the white arrows.  The intensity scale ranges from 

0 to 900 kHz for (A) and to 200 kHz for (B). 

Figure 2.11. Dark-field scattering images of individual NPs supported by a carbon substrate for 

different excitation polarizations: randomly (top), p-polarized (middle), s-polarized (bottom). 

Images in (A), (B), (D), (E), (G), and (H) were taken with a polarizing beam splitter in the 

detection path, while images (C), (F), and (I) were acquired without the beam splitter and only 

one detector. All scale bars correspond to 1 µm. The images were corrected for background 

scattering and the intensity scale ranges from 0 – 900 kHz for randomly, 0 – 120 kHz for p-

polarized, and 0 – 20 kHz for s-polarized excitation. Note that the wedge in the excitation path 

blocks out a significant portion of the light, reducing the scattering intensity. All dark-field 

images were taken from the same sample of 88 nm gold NPs and the circles in the bottom row 

indicate the positions of the single NPs, which were too weak to be observed. 

Figure 2.12. Dark-field scattering spectra of individual 88 nm NPs supported by a carbon, gold, 

and glass substrate.  The upper graph displays the spectra vs. energy, while the lower graph 

displays the spectra vs. wavelength.  The excitation light was randomly polarized. The amount of 

redshift in the plasmon scattering maximum correlates with the interaction strength between the 

NP and the substrate.  However, there appears to be no correlation between the width and the 

spectral shift of the surface plasmon resonance.  In addition to induced image charge 

interactions, other factors such as chemical interface damping might contribute to the dephasing 

of the plasmon oscillation, i.e. width of the single NP plasmon resonance. 
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Figure 2.13. A schematic of the induced image charge model for a NP located above a 

polarizable substrate. When the NP is excited with out-of-plane polarized light, the NP dipole 

and its induced image dipole have the same direction and interact constructively (A). When the 

NP is excited by in-plane polarized light, the NP dipole and its induced image dipole oscillate 

out of phase canceling each other (B). 

Figure. 2.14. A schematic of the induced image charge model for a chain of three NPs located 

above a polarizable substrate. The three NPs represent a small segment of the ring. For out-of-

plane polarized excitation light (A), the dipoles of the individual NPs are all aligned parallel to 

each other forming a bright antibonding mode and induce image dipoles having the same 

direction, leading to constructive interaction. For in-plane polarized excitation light (B), the 

dipoles of the individual NPs are again all aligned parallel to each other forming a bright bonding 

mode. The induced image charges are now oscillating out of phase though, therefore canceling 

the collective response of the NPs. It should be noted that this picture only considers dipole 

plasmon modes and therefore represents only a simplified model. 

Figure. 2.15. Dark-field scattering image (A) and spectrum (B, red line) of the same NP ring 

supported by a carbon substrate as shown in Figures 2.3 and 2.5 The image was taken without 

the polarizing beam splitter in the detection path. The red square indicates the position where the 

scattering spectrum was taken. The blue line in (B) shows the plasmon scattering spectrum of a 

single 40 nm gold NP, from which the rings were made. (C) and (D) are dark-field scattering 

images of the same ring taken with a 700 +/- 40 nm band pass filter for two orthogonal detected 

light polarizations as indicated by the white arrows. (E) and (F) are dark-field scattering images 

acquired with a 900 +/- 40 nm band pass filter. The scale bars correspond to 1 µm. All images 
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were corrected for background and are displayed using the same intensity scale, which ranges 

from 0 – 120 kHz. The excitation light was randomly polarized for all images. 

Figure. 2.16. Dark-field scattering images of a gold NP ring on a carbon substrate recorded with 

(A) s-polarized and (B) p-polarized excitation light. The blue circle in both images indicates the 

physical location of the NP ring. The detection polarization was vertical as indicated by the 

arrow. Both images were corrected for background and are displayed using the same intensity 

scale, which ranges from 0 – 100 kHz. 

Figure 2.17. Simulation of the dark-field scattering images of a NP ring for a carbon or gold 

substrate displayed for two detectors with orthogonal polarizations, (A) and (B).  (C) is the result 

obtained by subtracting (B) from (A) in case one ring in each of the collected images is at the 

true location of the NP ring.  (D) is the corresponding difference image if the rings in the two 

images are both offset along the axis of the detected polarization from the true location of the NP 

ring.  For comparison to experimental results, (E) shows the subtraction of two scattering images 

such as those shown in Figure 2.5A and 2.5B.  This particular NP ring is the same as displayed in 

Figure 2.16.  The difference image agrees with (D) and therefore confirms that the two rings in 

the dark-field scattering images are both offset from the actual location of the NP ring and that 

the physical location of the NP ring is in between the offset circles seen in the images. 

Figure 3.1.  Geometry of the LC device. (A) Side view of the LC device which was composed 

of an ITO coated glass slide and a cover slip spaced by glass beads (GB). The octamers (gold 

clusters) were located on the ITO glass slide and covered by a thin polyimide film (PI, pink 

layer). The IDA electrodes (gold bars) were placed on the cover slip. (B) Top view of the IDA 

electrodes. (C) Experimental scheme for the transmittance measurements. P: polarizer; A: 
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analyzer. (D,E) Transmittance images of the LC device for a crossed polarizer/analyzer setting 

with Voff (D) and Von (E), respectively. The nematic director was aligned parallel to the direction 

of the polarizer.  

Figure 3.2.  Dark-field image of a LC cell composed of octamers and IDA electrodes. The bright 

dots are the octamers while the black bars are the IDA electrodes. 

Figure 3.3.  Experimental (A) and simulated (B) spectra of an octamer in air with polarization at 

0  (blue) and 90  (red).  

Figure 3.4.  Fano resonance of a plasmonic octamer cluster. (A) Experimental scattering spectra 

of a single asymmetric octamer on an ITO substrate and covered with polyimide. The blue and 

red lines represent the scattering spectra with detection polarization at 0  (blue) and 90  (red), 

respectively. Black lines are the polarized spectra with the polarization varying from 15  to 75  

in 15  increments. (Inset) SEM of a representative octamer. (B) Simulated scattering spectra of 

an octamer with excitation polarization at 0  (blue) and 90  (red) as defined in (A). (C) 

Simulated charge distributions of an octamer excited with polarization at 0  for several 

characteristic wavelengths. (D) Simulated charge distributions when excited with polarization at 

90 . 

Figure 3.5.  Reconstructed polarized spectra of the octamer using the orthogonal polarized Fano-

like and non-Fano-like spectra (0  and 90 ). The spectra were calculated according to 

 where Ical( ) is the calculated spectrum with arbritrary 

polarization angle , I(0 ) is the spectrum of the octamer when the detection polarizer was 

oriented at 0  (blue line from Figure 3.4A), I(90 ) is the spectrum of the octamer when the 

detection polarizer was oriented at 90  (red line from Figure 3.4A). These weighted averages 
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(black lines) of the 0  and 90  cases reproduce the experimental spectra obtained when the 

polarizer was varied between 0  and 90  (Figure 3.4A), illustrating that the 0  and 90  cases are 

the fundamental modes of the asymmetric octamer. 

Figure 3.6. Active modulation of the Fano resonance.  (A) Experimental scheme of the dark-

field spectroscopy. (B,C) Scattering spectra of an individual octamer with Von and Voff detected 

for polarization directions of 0  (B) and 90  (C). The thickness of this LC device was measured 

to be 7.5 μm, which was slightly larger than the glass bead spacers, possibly due to bead size 

variations or the presence of small aggregates of glass beads. The switching voltage was 6V. 

Figure 3.7.  Simulated transmittance spectra of the LC device with the analyzer angle set to A = 

0  (A) and A = 90  (B). Green and magenta lines (solid, dashed) represent incident light with 

polarizer angle set to P = 0  and 90 , respectively. Solid and dashed lines identify the Voff and 

Von states, respectively. With Voff, the incident polarization was invariant after passing through 

the LC device independent of wavelength. With Von, the incident polarization was rotated almost 

perfectly by 90  over the entire wavelength range. 

Figure 3.8.  Effect of the LC medium on the polarized octamer scattering spectra when applying 

a voltage. (A,B) Simulation of the octamer spectra as observed after passing through the LC 

device for the Fano-like (A) and non-Fano-like (B) cases. The spectra are identical for 

orthogonal polarizations when comparing Voff and Von, indicating a 90  rotation of the scattering 

spectra with applied voltage. (C,D) Corresponding experimental scattering spectra of the octamer 

in the LC device for the condition showing the Fano-like spectrum (C) and non-Fano-like 

spectrum (D), as taken from Figure 3.6. In agreement with the simulations, each spectrum was 

reproduced in the orthogonal polarization state when the voltage was applied to the LC device. 
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Scheme 4.1. Synthesis of spiky gold nanoshells 

Figure 4.1. (A) An SEM image of spiky gold nanoshells obtained with AgNO3 in the growth 

solution.  (B) A TEM image of the nanostructure obtained without AgNO3 in the growth 

solution.  The scale bar is 200 nm. (C)  EDX spectrum of spiky shells.  The position of Ag L line 

is indicated by an arrow. (D) Extinction spectra of the metal nanoparticles shown in (A) (black) 

and (B) (red). 

Figure 4.2.  The extinction at λmax was monitored over time during the growth of spiky 

nanoshells in the growth solution containing AgNO3 (black).  The growth kinetic was also 

monitored for the nanoparticle synthesis without AgNO3 (red).   

Figure 4.3.  (A-C) TEM images of Spiky-S (A), Spiky-L (B) and smooth shells (C). The scale 

bar is 200 nm. (D) Solution phase extinction spectra of Spiky-S (red), Spiky-L (blue) and smooth 

shells (black).  (E-G) Representative single particle scattering spectra of Spiky-S (E), Spiky-L 

(F) and smooth shells (G).  (H) Histograms of scattering intensity of Spiky-S (red), Spiky-L 

(blue) and smooth shells (black). 

Figure 4.4. Representative single particle scattering spectra of Spiky-S (A), Spiky-L (B) and 

smooth nanoshells (C).  

Figure 4.5. Dark field scattering image (A) and corresponding SEM image of spiky (blue boxes) 

and smooth (yellow boxes) nanoshells  placed on the same substrate.  A dimer is shown in a red 

box.  It is apparent that the scattering intensity is higher for spiky shells. 

Figure 4.6. FDTD modeling of a spiky nanoshell.  (A) Calculated absorption (black), scattering 

(blue) and extinction (red) spectra of a spiky nanoshell. The inset shows the shape of the model 

spiky-S nanoshell. (B) Electric field intensity map for the P-polarized electric field (E) 
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propagating in the direction (k). (C) Electric field intensity map for a smooth nanoshell of 

dimensions corresponding to the structure shown in Figure 4.3C. 

Figure 4.7. Calculated extinction spectra for a spiky gold nanoshell composed of 60 cones with 

different tip radii. (A) The base radius is adjusted so that the cone angle remains constant, 

meaning that the radius of the base decreases as the tip radius (r) is decreased.  At around 5 nm, 

the overlap between the cones is minimal (~1 nm), causing the collective peak to shift greatly.  

The 5 nm model has a tip radius of 5 nm, cone height of 45 nm, tip angle of 25 degrees and a 

base diameter of 30 nm.  (B) The tip angle is adjusted while keeping the base diameter constant 

at 38 nm. The geometry of the 5 nm model is the same as the one presented in Figure 4.3.  All 

spectra are re-scaled to the extinction value of the spiky shell in Figure 4.3 for easy comparison. 

 

Figure 4.8. Calculated extinction cross sections for a spiky shell consisting of 60 cones each 

with a tip radius of 5 nm and base radius of 38 nm. In this calculation, the height was changed to 

span the average heights found in synthesized spiky shells.  All spectra are re-scaled to the 

extinction value of the spiky shell in Figure 4.3 for easy comparison. 

Figure 4.9. Comparison of plasmon resonance peaks in individual cones and overlapping cones 

for a five cone arrangement on a flat surface.  Red (S-polarized light) and green (P-polarized 

light) dashed curves show the extinction spectra for five cones separated from each other at the 

base by 10 nm.  The black (S- polarized) and blue (P-polarized) solid curves show the 

corresponding plasmon resonances when the cones overlap at the base by 10 nm.  All spectra are 

re-scaled to the extinction value of the spiky shell in Figure 4.3 for easy comparison.  The 

corresponding electric field intensity maps of overlapping cones are shown for P-polarized light 
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(B) and S-polarized light (C). The direction of the propagating light is shown by k and the 

polarization of the electric field is given by E. 

Figure 4.10. Comparison between plasmon resonance peaks in two separated cones and two 

overlapping cones. (A) Yellow (S-polarized light) and green (P-polarized light) curves show the 

extinction spectra for two cones separated from each other at the base by 10 nm (left inset). The 

extinction of S-polarized light by the separated cones is negligible and the only strong plasmon 

resonance is the one excited by the P-polarized light (green) appearing at about 700nm. The 

black (S-polarized) and red (P-polarized) curves show the corresponding plasmon resonances 

when the cones overlap at the base by 10 nm (right inset). (B) Electric field intensity map for the 

corresponding P-polarized light for overlapping cones. (C) Electric field intensity map for the 

corresponding S-polarized light for overlapping cones.  All spectra are re-scaled to the extinction 

value of the spiky shell in Figure 4.3 for easy comparison.  

Figure 4.11. (A) An optical image and a corresponding SEM image of particles used for SERS 

measurements. Particle aggregates (i) were easily distinguished from isolated single particles (ii, 

iii) by SEM measurements. (B) Single particle SERS spectra of 4-MBA deposited on a spiky 

shell (black) and on a smooth shell (blue).  The intense peaks at 1077 and 1585 cm-1 are 

characteristic of 4-MBA.  Insets show SEM images of the particles used for the measurements 

(left: smooth shell, right: spiky shell).  The scale bar is 200 nm. 

Figure 4.12. (A) Single particle spectra collected from nine different spiky shells.  (B) Ensemble 

spectra constructed by averaging thirty different single particle spectra of spiky shells (black).  

Averaged data was also constructed for smooth shells with spectra collected from ten different
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particles and plotted in blue.  The red lines indicate the standard deviations of the peak 

intensities. 

Figure 4.13. The SERS intensity histogram for 4-MBA deposited on Spiky-L, measured at 1587 

nm. 

Figure 4.14. Scheme showing the cross section of the models used to calculate the amount of 

gold in a smooth nanoshell (A), Spiky-S (B) and Spiky-L (C). 

Figure 4.15. Scheme of the truncated cone used to calculate the volume of gold. 

Figure 4.16.  (A) Schematic of two overlapping cones.  Aoverlap is in white. (B) Top view of the 

overlapping cones. The dotted line indicates the base of the original cone. 
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Chapter 1 

Introduction 

1.1 Motivation and background 

 The study of surface plasmon resonances (SPRs), caused by the collective oscillation of 

the conduction band electrons in a metal nanoparticle (NP) upon excitation with light, has been a 

rapidly growing field during the last decade with many promising applications such as photonic 

elements and drug delivery agents for medical purposes . Because of the localized SPR in metal 

NPs manipulation of light beyond the diffraction limit is possible.  Due to the sensitivity of the 

SPR to the surrounding environment, the SPR of metal NPs can be easily tuned and in turned be 

used for diverse sensing applications.
1
  The SPR wavelength of plasmonic NPs can be shifted by 

changing its environment, which includes using substrates with different permittivities. The 

substrates on which the NPs reside typically red-shift the SPR wavelength compared to 

vacuum,
2-4

 and different spectral profiles as well as unique spatial optical images are also 

obtained for strong interaction between the SPR and the substrate.
2-4

 Changing the refractive 

indix of an isotropic dielectric medium in which the NPs are embedded typically only yields 

shifts of the SPR.
5, 6

 In addition to changing refractive index of the surrounding environment, 

electromagnetic coupling between adjacent NPs can also alter the SPR and lead to coupled SPR 

modes, which are not observed in isolated NPs. For example, the coupled SPR of an end-to-end 

gold nanorod (NR) dimer is red-shifted compared to the single NR spectrum.
7, 8

 Spherical gold 

NPs self-assembled into ring-like structures shows multiple plasmon modes which are red-

shifted to the near-infrared (IR) wavelength range.
9
  In order for the strongest coupling of 

plasmonic NPs to take place, the gap between the NPs needs to be small than the particle 
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diameter.
10, 11

 This near-field coupling between adjacent NPs can be explained by well 

established theoretical concepts such as plasmon hybridization, in which the interaction of the 

individual NP plasmons is analogous to molecular orbital theory used in chemistry,
12

  Other 

theoretical methods include finite difference time domain simulations, which solve Maxwell‟s 

equations to describe the optical properties of coupled plasmonic NPs. Not only SPR shifts can 

be understood with these models, but also the origin and nature of new coupled plasmon modes 

that appear in the spectrum of interacting plasmonic NPs. These novel theoretical methods aid in 

the development and design of the complex plasmonic structures with desired SPR responses for 

the potential use in many different photonic applications.  

 To understand optical properties of individual plasmonic NPs and their assemblies, single 

particles spectroscopy is a powerful tool that has been used to study plasmonic NPs. Many single 

particle spectroscopy techniques have been developed, and each of them have their own 

advantages.  Examples of single particle spectroscopy techniques are fluorescence spectroscopy, 

dark-field scattering spectroscopy, and photothermal imaging. Fluorescence spectroscopy is a 

background free technique but requires a fluorescent sample to that . Dark-field scattering 

spectroscopy yields information of the light scattered from plasmonic NPs, and increased signal-

to-noise ratio is achieved by reducing unwanted background scattering . However, care must be 

taken because contamination by unwanted species can cause a high background signal. 

Photothermal imaging measures the absorption of plasmonic NPs upon excitation with light by 

detecting the absorption induced heating of the NP envrionement. All theses single particle 

spectroscopy techniques are often combined with electron microscopy, such as  transmission 

electron microscopy (TEM) or scanning electron microscopy (SEM) which enable a detailed 

correlation between the optical properties of NPs and their structure. Such structure-function 
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correlation has yielded a better understanding of the optical properties of plasmonic NPs and 

their dependence on size and shape as well as relative distance and orientation for interacting 

NPs.   For example, the optical properties of gold NR dimers have been studied by dark-field 

scattering spectroscopy and correlated SEM imaging,  addressing the question of the influence of 

the relative NR orientations on the dimer far-field scattering spectrum.
8
  Single particle 

spectroscopy is furthermore important because inhomogeneous broadening of the of optical 

properties of plasmonic NPs can be removed. A basic example is the comparison between the 

SPR spectrum of a single gold NR measured by dark-field scattering spectroscopy and the 

ensemble extinction spectrum of the NR stock solution measured by UV-Vis spectroscopy. Due 

to the size and shape distribution of the gold NRs in solution the longitudinal SPR is much 

broader compared to the SPR spectrum of a single gold NR.  

 Many novel colloidal synthesis methods as well as top-down fabrication techniques have 

been developed.  Synthesis of NPs with many different shapes such as spheres, rods, and 

triangles with precise control over the NP dimensions have been demonstrated.
13-16

   More 

complex structures such as NPs with surfaces decorated with cylinder-like protrusions or sharp 

tips have also been achieved.
17-19

 In addition to the synthesis of NPs, the assembly of NPs is 

possible with both top-down approach and bottom-up approaches. The top-down fabrication 

approach provides precise control of NP arrangement and interparticle gap size but the minimum 

feature size as well as gap size are limited by the diffraction of the writing source (electron beam 

at ~20 nm or light at ~250 nm). Top-down fabrication is achieved with electron-beam 

lithography, photolithography, and focused ion beam milling. Bottom-up fabrication using self-

assembly of chemically synthesized NPs or colloidal lithography gives smaller interparticle gap 

sizes on the order or a few nanometers, but the orientation and alignment of the NPs in the 
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assembly are difficult to control. Many plasmonic NP assemblies have been fabricated and show 

unique optical properties. These assemblies range from simple structure such as dimers of NPs to 

complex 3-dimensional plasmonic structures.  Examples of top-down fabricated plasmonic 

structures are heptmers,
20

 decamers,
21

 stacked split ring resonators,
22

 and chiral plasmonic 

structures.
23, 24

 Utilizing the bottom-up approach, dimers of NP,
8, 25

 asymmetric Fano-resonant 

quadrumers
26

 have been fabricated by self-assembly. Furthermore, surface modification of the 

plasmonic NPs with biological or chemical linkers such as complementary DNA strands or 

alkylthiols allows for control over the self-assembly structure. Simple assemblies like spherical 

gold NP dimers
27

 as well as more complex plasmonic structures such as one-dimensional chains 

of spherical gold NPs,
28

 and chiral tetrahedral structures
29

 composed of 4 types of spherical NPs 

with different sizes or materials have all been achieved.  All structures mentioned show unique 

optical responses that often resulted from the design based on theoretical calculations.  

 In addition to the tunability of SPR by coupling between plasmonic NPs, the substrate on 

which the NPs or their assemblies reside on can also shift the SPR as briefly mentioned above. 

The influence of the substrate on the SPR of NPs can be observed in the spectra as well as in the 

optical images. For example, spherical gold NPs on high permittivity substrates such as ZnSe 

show an energy splitting of the dipolar SPR observed in the far-field scattering spectrum.
3
 

Metallic films can also red-shift; localized NP SPRs as has been demonstrated in a system 

consisting of gold and silver NPs on top of a gold film.
2, 4

 Furthermore, the optical images of 

NPs residing on substrates with a high permittivity such as a gold film also show unique spatial 

profiles as the dark-field scattering images show doughnut-like patterns.
2, 4

 These doughnut-like 

patterns are not seen in the scattering images of spherical gold NPs on glass substrates.  The 

splitting and red-shift of the SPR and the doughnut-like patterns in the optical images are caused 
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by electromagnetic coupling between the NP dipole with its induced image charge in highly 

polarizable substrates.
2-4

 The idea of tuning a desired optical response has been the subject 

of immense interest due to the growing demand of using plasmonic NPs and their assemblies in 

various nanophotonic applications. Particularly, utilizing plasmonic NPs in many applications 

requires the active control of SPRs. One possible way to achieve active external control is to use 

active media or substrates in which the NPs embedded in or reside on. Substrates with refractive 

indices that can be actively tuned have been utilized and showed the capability to manipulate the 

SPR of NPs and NP assemblies. For example, thermal induces morphology change of substrate 

which leads to change of its refractive index can be used to tune the SPR wavelength.
30

 Flexible 

substrates such as elastomers can be stretched and lead to a change in the coupling strength 

between plasmonic NPs, thereby modulating the SPR.
31, 32

 Apart from using actively controllable 

substrate to shift the SPR of plasmonic NPs, tuning intrinsic properties of the NPs such as their 

electron density can also shift the SPR. Injection of electrons into NPs has been achieved by 

applying a potential to NPs on a conductive substrate and immersed in an electrolyte solution. 
33

 

 Liquid crystal (LCs) are another active medium which has gained a lot of interest for 

tuning of the SPR of plasmonic NPs. LCs can be actively controlled with an applied voltage 

which switches the orientation of the LC molecules.  Because of the anisotropic shape of the LC 

molecules, LCs are birefringent. Birefringence is based on the fact that the LC has two different 

refractive indices: one in the direction parallel to the main LC alignment axis (the nematic 

director) and is called the “ordinary refractive index” and the other one in the direction 

perpendicular to the nematic director called the “extra ordinary refractive index”.
34

 Many studies 

have demonstrated the use of the two refractive indices to shift the SPR of plasmonic NPs, which 

is accomplished by changing LC orientation with an applied electric field.
35-42

 The reorientation 
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of the LC molecules leads to a change of the refractive index that is sensed by the plasmonic NPs 

embedded in the LC.
35, 36, 41, 42

 Active external control by an electric field therefore allows for the 

reversible modulation of the optical response.  

 However, two common problems are encountered using this approach with LCs. It is 

difficult to dissolve NPs in LCs and defects in the LC alignment around the embedded NPs 

reduce the maximum possible refractive index change theoretically achievable by an electric 

field induced LC reorientation. The defects in the LC alignment around embedded NPs are due 

to the strong anchoring energy of LC molecules at interfaces, causing a preferential LC 

alignment perpendicular to the NP surface.
43-45

 For example, using a planar electrode system and 

applying an electric field to induce a LC reorientation should theoretically lead to a maximum 

refractive index change of up to 0.2 and therefore a SPR shift as large as 100 nm for single NPs. 

However, in experiments only 20-40 nm shifts were observed.
35, 36, 41, 42

  

 Recently, in our lab we have developed a novel approach to use LCs for the active 

control of SPRs. Instead of using the anisotropic refractive index of LCs to shift the SPR we used 

the electro-optical properties of LCs to control the polarization of light passing through a LC 

device.
46

 A voltage is applied to an in-plane interdigitated electrode array (IDA) and the electric 

field created between electrodes induces a reorientation of the LC molecules in between the 

electrodes, causing a nematic to twisted nematic phase transition. This LC phase transition leads 

to a change of polarization of light scattered by plasmonic NPs and passing through the LC. 

Linearly polarized light passing through a LC will be retarded differently depending on the 

incident light polarization axis relative to the axis of the nematic director.
34

 This phase 

retardation yields certain polarization changes depending on the phase of the LC (homogeneous 
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vs. twisted nematic in this case). The polarization of the transmitted light can be modeled by 

Jones calculus.
34

  

 Furthermore, strong electromagnetic field enhancement in the vicinity of NPs can be 

utilized in the enhancement of many spectroscopic signals. Fluorescence enhancement up to 

~1000 times has been realized by carefully selecting the absorption and fluorescence of a dye to 

match the SPR.
47

 The charge density and charge mobility in organic-based solar cells can be 

improved due to strong electromagnetic field enhancement at the SPR wavelength.
48

 

Electromagnetic coupling between adjacent NPs with small gaps  leads to even stronger 

electromagnetic field enhancement than for isolated NPs, known as “hot spot”.  Taking 

advantage of this strong electromagnetic field enhancement, the vibrational transitions in organic 

molecules can be detected by “surface-enhanced Raman spectroscopy (SERS)”. SERS allows the 

presence and nature of molecular analytes to be tracked. Assemblies of NPs often serve as a 

sensor platform to detect the presence of organic molecules. SERS is indeed widely used as a 

tool to detect analytes in industrial applications and even to check the authenticity of bank 

notes.
49

 Some studies indicate a correlation between the SPR far-field response and the SERS 

enhancement. For example, using silicon nanospheres decorated with silver nanorods as SERS 

substrates show that the SERS enhancement factor is clearly influenced by the SPR maximum of 

the substrate, as the maximum enhancement occurred at an excitation wavelength which overlaps 

with the SPR maximum.
50

 In contrast, it was also reported that the SERS enhancement factor 

does not show a dependence on the excitation wavelength as no correlation to the far-field 

response was found for NR trimers. Instead, the maximum enhancement was found at a SPR 

wavelength where the scattering intensity is relatively weak,
51

 This result suggests that the SERS 

enhancement is due to electromagnetic fields that originate from optically inactive of SPR 
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modes. The far-field response measured by dark-field scattering spectroscopy therefore appears 

to be not enough to determine the SERS enhancement factor.  

1.2 Specific aims: 

1. To understand the influence of the substrate on coupled SPR modes 

 As discussed above, substrates with different permittivities can shift the SPR of 

plasmonic NPs. However, the influence of the substrate permittivity on coupled SPR modes has 

not been explored. The question therefore arises as to how the substrate permittivity influences 

coupled SPR modes in an assembly of plasmonic NPs. Will the substrate permittivity influence 

the optical properties of the assembly in the same manner as has been observed for single 

plasmonic NPs? It is hence important to study the optical response of coupled SPRs of NP 

assemblies residing on different substrates. We studied the coupled SPRs of self-assembled rings 

of NPs and found that with different substrate permittivities we were able to spatially modulate 

the optical response of the NP rings as for polarization sensitive detection rings on carbon and 

gold substrates appeared as two offset circles in the optical scattering images. 

2. To actively control of the SPR with by a nematic LC 

 Advanced NP fabrication combined with simulations to predict the optical response 

allows one to design coupled plasmon modes with particular properties. Here we designed a 

plasmonic cluster with a polarization sensitive Fano resonance. Fano resonances typically have a 

large Figure Of Merit (FOM) for sensitive refractive index sensing.
20

  A Fano resonance 

originates from the destructive interference between two plasmon modes: a broad and bright 

plasmon mode and narrow and dark plasmon mode. For example, in plasmonic clusters 

consisting of an outer ring of NPs and a center NP the Fano resonance arises from coupling 
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between the outer ring and center NP plasmon modes. For asymmetric geometries, Fano 

resonances depend on the polarization of the incident light.   Taking advantage of the 

polarization dependence of the Fano resonance we achieved an active switching of the Fano 

resonance with an external control.  In particular, we used the electro-optical properties of  LCs 

to actively modulate the Fano resonance.  The electric-field induced reorientation of LC 

molecules covering a plasmonic cluster leads to a change in the scattered light polarization as it 

passes through the LC cell. We were able to switch the scattering spectrum between two 

orthogonal states with only one showing a strong Fano resonance due to the cluster's asymmetry. 

The voltage induced polarization switching of the scattered light passing through the LC device 

was modeled using Jones calculus. 

3. To understand the effect surface morphology on the scattering and SERS properties of single 

gold nanoshells 

 The SPR wavelength of plasmonic NPs can be tuned by changing the material, size, and 

shape of the NPs. Here we studied metallic nanoshells with a silica core and a gold shell to tune 

the SPR wavelength. To use a single nanoshell as a SERS substrate, gold spikes were grown on 

the nanoshell surface, providing strong electromagnetic field enhancement.  The SERS spectra of 

4-mercaptobenzoic acid were measured for different surface morphologies (smooth vs. spiky).  

We found a small variation in the SERS intensity for different single spiky nanoshells, which 

makes them excellent SERS substrates.     
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Chapter 2 

Influence of substrate on coupled SPR mode
1
 

 

2.1 Abstract 

 The interaction between adjacent metal nanoparticles within an assembly induces 

interesting collective plasmonic properties. Using dark-field imaging of plasmon scattering, we 

investigated rings of gold nanoparticles and observed that the images were dependent on the 

substrate. In particular, for nanoparticles assembled on carbon and gold substrates intensity line 

sections perpendicular to the ring revealed a significant broadening beyond the optical resolution 

accompanied by an intensity dip in the middle of the line profile. Overall this appeared in the 

image as a „splitting‟ into two offset circles along the direction of the scattered light polarization. 

This effect was not observed for a substrate with a low permittivity, such as glass. By varying the 

substrate as well as selecting different detected wavelengths and polarization components of the 

excitation light we were able to confirm that the observed effect was due to coupling of 

collective plasmon modes with their induced image charges in the supporting substrates. These 

results suggest that plasmon scattering in extended nanostructures can be spatially modulated by 

tuning the permittivity of the substrate. 

 

 

 

1
This chapter is based on the manuscript entitled “Seeing Double: Coupling Between Substrate Image Charges and 

Collective Plasmon Modes in Self-Assembled Nanoparticle Superstructures” by Pattanawit Swanglap, Liane S. 

Slaughter, Wei-Shun Chang, Britain Willingham, Bishnu P. Khanal, Eugene R. Zubarev, and Stephan Link, 

published in ACS Nano. 2011, 5, 4892-4901. 
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2.2 Introduction 

 The localized surface plasmon resonance of metallic nanoparticles (NPs) displays a 

dramatic dependence on the NP size and shape as well as the surrounding environment.
52-57

 The 

latter property is actively exploited in NP based surface plasmon resonance sensing.
1, 10, 58-60

 For 

many practical sensing applications, the effect of the substrate on which the NPs reside is of 

particular interest. In general, the sensitivity of supported NPs is smaller due to the reduction of 

the area that is available for analyte sensing. To a first approximation the sensitivity of the 

localized surface plasmon resonance is proportional to the fraction of exposed NP surface area, 

and the shift in the surface plasmon resonance can be modeled as a weighted average between 

the dielectric constants of the substrate and the immersed medium, as verified by ensemble as 

well as single particle spectroscopy.
61-64

  

 Considering only an average medium dielectric effect on the surface plasmon resonance 

for supported NPs is, however, in some cases an oversimplification of the actual optical 

response. In fact, it is well known from classical calculations that the electric dipole of an excited 

molecule or atom placed in the vicinity of a substrate couples to its own partially reflected 

electric field resulting in a frequency shift of the emitted radiation.
65, 66

 A general solution for the 

scattering of a sphere on a substrate has been obtained by separating the coupled system into the 

scattering by a sphere in a homogeneous medium, described by Mie theory, and the reflection of 

radiation by a surface.
67, 68

 Mirror image multi-poles induced in the substrate have also been 

taken into account in the calculations, and their importance has later been verified experimentally 

for latex and copper spheres on silicon wafers.
69

  

 More recent calculations for plasmonic NPs near metallic surfaces have shown that the 

localized NP surface plasmons not only couple strongly with image multi-poles but also with 



12 
 

surface plasmon modes of the metallic film.
70-72

 Hybridization between localized surface 

plasmons of the NP and delocalized surface plasmons of the film leads to spectral shifts that 

depend on the NP-film separation and the film thickness.
70, 72, 73

 Experimentally, a shift towards 

lower energies has indeed been observed for the surface plasmon resonance of silver and gold 

NPs on gold films as a function of film thickness, NP size, and NP-film separation, which were 

on the order of a few tens of nanometers and controlled by dielectric spacers.
2, 4, 73-75

 In all cases, 

this interaction is strongest for p-polarized incident light. Furthermore, large field enhancements 

have been predicted for the gaps of the NP-film system
70

 and observed experimentally by 

surface-enhanced Raman scattering.
76-79

  In addition to near-field coupling for the NP-film 

system, the importance of image charges has also been shown by far-field interference of light 

scattered by a NP and its mirror image, where a single gold NP interacted with an aluminum 

coated optical fiber mounted to an atomic force microscope cantilever for precise control over 

gap distances that exceeded 10 m.
80

 

 Interestingly, dielectric substrates can also significantly alter the surface plasmon 

resonance of supported NPs despite the absence of film surface plasmons. For silver nanocubes, 

the presence of different dielectric substrates caused a second localized surface plasmon 

resonance to appear at higher energies in the scattering spectrum, which was assigned to a 

quadrupolar plasmon mode.
10, 81

 For spherical NPs as well as nanoshells, the presence of the 

substrate lifts the degeneracy of the dipole mode and its component orientated perpendicular to 

the substrate shifts to lower energies for p-polarized excitation light. This trend is similar to the 

one observed for plasmonic NPs interacting with metallic films
3, 76, 82

 and also depends on the 

NP-film gap, but the amount of redshift is reduced for dielectric substrates.
76

 The interaction 

strength as measured by the shift in the plasmon resonance maximum increases with the 
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permittivity of the substrate.
3, 83

 In addition, higher order plasmon modes can appear in the 

optical spectrum of NPs supported on dielectric substrates because of an intraparticle 

hybridization of NP plasmons whose degeneracy has been lifted due to symmetry breaking by 

the substrate.
3, 83

 Because of the absence of film surface plasmons for dielectric substrates, these 

effects are mediated by induced images charges.
83

  

 In addition to the discussed spectral changes for a plasmonic NP brought into the vicinity 

of a metallic or dielectric film, it has been noted that the elastic and inelastic scattering from 

individual silver and gold NPs appears as doughnut-shaped patterns in the images.
2, 4, 76, 84

 This 

behavior is indicative of a dipole emitter that is orientated perpendicular to the substrate
85-87

 and 

is consistent with a stronger interaction of the NPs with the substrate for out-of-plane polarized 

light. When the NP-film interaction strength is decreased by changing the film material or NP-

film gap, the usual Gaussian intensity point spread function is obtained, illustrating how the 

direction and polarization of the light scattered by a plasmonic NP can be tuned
2, 4, 76, 84

 Beyond 

the NP-film system, such control is of great current interest in nanophotonics.
88-91

 However, 

while most studies of NP-film interactions have focused on spectral shifts,
2-4, 10, 70-76, 81-83, 92-95

 

only a few reports exist on the scattering patterns of individual NPs.
2, 4, 76, 84

 In addition, to the 

best of our knowledge, no studies have been carried out on the scattering images of assembled 

NPs interacting with different substrates. For closely spaced NPs, interparticle plasmon coupling 

becomes important and changes the optical response.
8, 9, 27, 92, 96-101

 The question therefore arises 

as to how the scattering pattern for closely spaced plasmonic NPs depends on the nature of the 

substrate on which the NPs are assembled. 

 In this work, we investigated the effect of coupling between collective plasmon modes of 

a self-assembled NP ring
9, 102

 with the substrate on the far-field scattering pattern. Using 
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polarization sensitive and wavelength selective dark-field scattering microscopy, we observed 

that the images of NP rings appeared as two offset circles displaced from the physical location of 

the ring for carbon and gold substrates. By varying the substrate material, we show that this 

effect was due to the interaction between the collective surface plasmon modes of the self-

assembled structure and the substrate as the double ring pattern was visible in the images of the 

NP rings created on carbon and gold but not glass substrates. 

 

2.3 Materials and methods 

2.3.1 Fabrication and characterization of self-assembled NP rings 

 40 nm gold NPs with a polystyrene surface coating (Mw = 10,000 g/mol) were prepared 

and stored in dichloromethane following the procedure described elsewhere.
102

 Self-assembled 

rings were prepared by allowing a drop of the solution containing the functionalized NPs to dry 

on different substrates. NP rings of various sizes ranging from about 1 – 10 m in diameter were 

formed at the interface between the organic solvent and water droplets that condensed from the 

air due to dichloromethane evaporation. As substrates for the NP rings we used glass coverslips 

(Fisher 12-541-B), ~15 nm thin gold patterns deposited on glass coverslips, and ~20 nm thin 

carbon films on top of standard transmission electron microscope (TEM) copper grids (Ted Pella 

CF300-Cu-50). The gold patterns were formed using an indexed TEM grid (Ted Pella 79021C) 

and an electron beam evaporator (Telemark), which also allowed us to locate the same structures 

on the glass and gold substrates by optical microscopy and scanning electron microscopy (SEM) 

(FEI Quanta ESEM2 operated at 25 kV).
9, 103, 104

 The samples deposited on TEM grids were 

characterized using a TEM (JEOL 2010) operated at 120 kV. 
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2.3.2 Optical characterization: Dark-field scattering spectroscopy 

 Dark-field excitation was performed in a reflected light geometry using an inverted 

microscope (Zeiss Axiovert 200) with a halogen lamp as the excitation source. The Dark-field 

experiment setup is shown in Figure 2.1. Dark-field contrast was achieved using incident 

excitation light with a larger numerical aperture than for the collected back-scattered light. The 

polarization of the excitation light was selected using a combination of a wedge and a polarizer 

as shown in Figure 2.2.
98

 To allow for coarse and fine adjustments of the sample position, a 

custom designed holder was attached to a manual translational stage and mounted on an xyz 

piezo scanning stage (Physik Instrumente P-517.3CL), which was connected to a surface probe 

microscope controller (RHK Technology SPM 1000). Scattered light was collected with a Zeiss 

Epiplan 100X/0.75 objective and, after passing first through a 50 μm pinhole located at the first 

microscope image plane and then a polarizing beam splitter, the signal was focused onto two 

avalanche photodiode detectors (Perkin Elmer SPCM-AQR-15). Using an intermediate 2.5X lens 

gave a total magnification of 250X at the detectors. Dark-field scattering images were collected 

point by point with the scanning stage. Optical density and band pass filters were used in the 

detection path to prevent saturating the detectors and to collect images for specific wavelength 

intervals of the scattered light, respectively. Scattering spectra were acquired by redirecting the 

light to the entrance of a spectrometer (Princeton Instruments Acton SP2150i) connected to a 

CCD camera (Princeton Instruments PIXIS 400BR). A Zeiss Epiplan-Neofluar 50X/0.8 objective 

was used to measure spectra and wavelength resolved images because it has a better transmission 

efficiency and chromatic correction for wavelengths longer than 700 nm compared to the 100X 

Epiplan objective. The spectra were corrected for background and dark counts by measuring 

spectra at regions with no NPs present and with the lamp off, respectively. In addition, correction 
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for the spectral response of the lamp and other optical components was carried out by collecting 

the spectrum of a white light reflectivity standard (Labsphere SRS-99-010). 

 

 

 

Figure 2.1. Experimental setup for the dark-field scattering measurement. The combination of a 

wedge and a polarizer placed in the excitation path before the light enters the microscope was 

used to select the polarization of the excitation light.   

 

 

Figure 2.2. The combination of a wedge and a polarizer placed in the excitation path before the 

light enters the microscope was used to select the polarization of excitation light. (A) In-plane 

polarized excitation light, (B) out-of-plane polarized excitation light. For in-plane polarized 

excitation light the polarization axis of the polarizer was arranged to be horizontal to the opening 

of the wedge (C). Alternatively, the polarization axis of the polarizer was arranged to be vertical 

to the opening of the wedge in order to select out-of-plane polarized excitation light. 
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2.4 Results and discussion 

 4-7 m large rings of 40 nm gold NPs on different substrates were formed by breath 

Figure templating.
102

 A TEM image of a ring on a 20 nm thick carbon film is shown in Figure 

2.3. The inset is a magnified TEM image of a ring segment which illustrates that the ring was 

several NPs wide. NP rings were also prepared on glass and gold substrates. The corresponding 

SEM images are given in Figure 2.4. We previously studied the plasmon scattering of these NP 

rings using dark-field spectroscopy and found strong interparticle near-field coupling giving rise 

to collective plasmon resonances polarized along the ring circumference.
9
 The scattering 

spectrum showed several redshifted plasmon modes that were assigned to multi-polar resonances 

of local ring segments. 

 

Figure 2.3. TEM image of a self-assembled gold NP ring on an amorphous carbon layer on top 

of a copper grid. The ring was composed of 40 nm gold NPs and was 6.8 m in diameter.  

The inset shows a magnified TEM image of the ring segment marked by the red box, which 

illustrates that the width of the self-assembled gold NP ring was several NPs wide. 
 

1 µm

50 nm

1 µm

50 nm
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Figure 2.4. SEM images of self-assembled gold NP rings on (A) gold (6.0 m diameter) and (B) 

glass (4.5 m diameter). 

 

 The plasmon scattering images of the self-assembled NP rings were strongly influenced 

by the substrate that the assemblies were created on (Figure 2.5). Surface plasmon resonances of 

NP rings on carbon, gold, and glass were excited with randomly polarized light in a dark-field 

illumination geometry, and the back scattered light was spectrally integrated (~ 450 – 700 nm) 

and analyzed for two perpendicular polarizations as indicated by the white arrows in Figure 2.5. 

For carbon (2.5A) and gold (2.5B) as substrates, the polarized dark-field scattering images of the 

rings appeared as two circles that were offset from each other in the direction of the detected 

light polarization. However, for the ring on the glass substrate (2.5C) this effect was not 

observed. Instead, Figure 2.5C shows dark-field scattering images of the NP ring consistent with 

the limited resolution of an optical microscope. The observed effect for the carbon and gold 

substrates was very reproducible as confirmed by multiple independent measurements of the 

same and different NP rings.  
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Figure 2.5. Dark-field scattering images of self-assembled gold NP rings on different substrates: 

(A) carbon, (B) gold, and (C) glass. The images were collected with a polarizing beam splitter, 

where the two orthogonal polarization components of the scattered light are indicated by the 

white arrows. All scale bars correspond to 1 µm. The images were corrected for background 

scattering and the intensity scale ranges from 0 – 400 kHz for carbon and 0 – 200 kHZ for gold 

and glass. Intensity line sections of the ring segments that are indicated by the blue and red lines 

are given below the corresponding images. The sign of the x-axis indicates the position relative 

to the ring: negative values correspond to positions outside the ring and positive values to 

positions inside the ring. The intensity line sections were normalized and offset for better 

comparison. 
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 The series of images in Figure 2.6 taken as a function of microscope focus position 

furthermore verify that a misalignment of the optical setup can be ruled out as a possible 

explanation. It should be noted that the scattering intensities for ring segments aligned parallel to 

the detected polarization were larger. This is particularly pronounced for the glass substrate and 

is due to near-field coupling between the NPs leading to longitudinally polarized collective 

plasmon modes.
9
 Variations in scattering intensity along the ring circumference are also 

influenced by differences in the thickness of local ring segments. The corresponding TEM and 

SEM images for the rings shown in Figure 2.5 are given in Figure 2.3 for the carbon substrate 

and Figure 2.4 for the gold and glass surfaces, respectively. 

 In order to quantify the broadening of the intensity line sections we calculated their full 

width at half maximum (FWHM) and then compared the FWHM values for the two detected 

polarizations. For the rings formed on the carbon and gold substrates, the FWHM of the intensity 

line sections were significantly larger for directions parallel compared to perpendicular to the 

polarization of the detected scattered light as illustrated in Figure 2.7. In the parallel case the 

average FWHM was 1040 and 1100 nm for carbon and gold, respectively, while in the 

perpendicular case the average FWHM was 590 and 560 nm. However, for the ring formed on 

the glass substrate the FWHM was independent of the detected polarization direction (610 nm 

and 540 nm for parallel and perpendicular, respectively). To compare these FWHM values to the 

optical resolution of the dark-field scattering microscope, we determined the FWHM from 

scattering images of single gold NPs placed on a glass coverslip. Glass was chosen as the 

substrate because it did not alter the image of the plasmon scattering collected for the NP ring. 

We measured dark-field scattering images for three different average sizes of NPs: 76 nm, 88 

nm, and 155 nm (Figure 2.8). The average FWHM of these NPs were 380 nm, 450 nm and 490 
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nm, respectively, which demonstrate that the FWHM were a convolution between the NP size 

and the microscope resolution. Because the NP rings were usually several NPs wide, 

corresponding to a ring thickness of approximately 100 - 200 nm as shown in Figure 2.1, it is 

most appropriate to compare the FWHM of the ring and the 155 nm NPs. This comparison 

confirms that the intensity line sections of the ring taken in the direction parallel to the detected 

light polarization were significantly broadened for the carbon and gold substrates, while the 

intensity line sections for the perpendicular direction were mostly governed by the optical 

resolution. 

 

 

Figure 2.6. Dark-field scattering images of a NP ring on a carbon substrate recorded as a 

function of microscope focus.  Only the channel detecting scattered light with horizontal 

polarization is shown as indicated by the arrow in the central panel.  The excitation light was 

randomly polarized. 
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Figure 2.7. Full width at half maximum (FWHM) of the intensity line sections from dark-field 

scattering images of self-assembled gold NP rings on carbon, gold, and glass substrates. The 

FWHM values were collected from the intensity line sections of ring segments which were 

perpendicular (A) and parallel (B) to the polarization direction of the scattered light. 

 

 

Figure 2.8. Dark-field scattering images of single NPs with different sizes (76 nm (A), 88 nm 

(B), and 155 nm (C)) on glass.  The excitation light is randomly polarized.  The intensity scale 

for the images varies between 0 and 900 kHz in (A), 2.5 MHz in (B), and 5 MHz in (C).  (D) 

Normalized intensity line sections for each of the three NPs show that the optical resolution as 

measured by the FWHM increased with increasing NP size.  The average FWHM of these NPs 

are 380 nm, 450 nm, and 490 nm. 
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 The observed optical effect is assigned to the interaction of the surface plasmon 

resonances of the NP ring with the substrate, and in particular the polarization component of the 

plasmon modes that was perpendicular to the image plane. This was confirmed by exciting the 

ring plasmon modes with s- and p-polarized light separately, which was achieved by placing a 

polarizer and a wedge in the excitation beam path.
99

 By using such a combination in a reflected 

light dark-field microscope, which employed a large numerical aperture for excitation, and 

varying their orientations, s-polarized incident light was almost purely polarized „in-plane‟, 

while p-polarized excitation contained polarization components that were both parallel and 

perpendicular („out-of-plane‟) with respect to the sample plane, where the perpendicular one 

dominated. Dark-field scattering images of the NP ring on the carbon and glass substrates 

excited with s- and p-polarized light are shown in Figure 2.9. For the ring supported by the 

carbon film, the same splitting into offset rings along the direction of the detected light 

polarization was observed when the image was recorded with p-polarized excitation as illustrated 

in the bottom row of Figure 2.9A. In contrast, the splitting was clearly absent in the dark-field 

scattering images for excitation with s-polarized light as shown in the top row of Figure 2.9A. 

These results and comparison to the images in Figure 2.5A recorded with randomly polarized 

excitation suggest that it was primarily the surface plasmon oscillation orientated perpendicular 

to the sample plane, which interacted strongly with the substrate. As expected from Figure 2.5C, 

when the NP ring was supported by a glass substrate, s- and p-polarized excitation gave the same 

results as no noticeable splitting into offset rings is seen in any of the dark-field scattering 

images shown in Figure 2.9B. 
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Figure 2.9. Dark-field scattering images of self-assembled gold NP rings on carbon (A) and 

glass (B) substrates for different excitation polarizations. The upper row shows images for 

excitation with light polarized in the sample plane (s-polarized), while the bottom row contains 

images excited with a mixture of in-plane and out-of-plane polarized light (p-polarized). For the 

latter the out-of-plane polarization component dominates. Each pair of images corresponds to the 

two orthogonal scattered light polarizations as indicated by the white arrows. All scale bars 

correspond to 1 µm. The images were corrected for background scattering and the intensity scale 

ranges from 0 – 120 kHz for both carbon and glass. Intensity line sections of the ring segments 

that are indicated by the lines are shown to the right and left of the corresponding dark-field 

scattering images. The rings are the same as those shown in Figure 2.2. The intensity line 

sections were normalized and offset for better comparison. 

 

  

 The stronger interaction for p-polarized excitation is consistent with previous studies of 

individual plasmonic NPs on metallic and dielectric substrates, which furthermore found that the 

distance dependent near-field coupling between the film and NP plasmons causes the individual 

NPs to appear as doughnuts in the optical scattering images.
2, 4, 76

 To test if the substrates we 

used in this study have the same effect on the plasmon scattering images of individual NPs and 

what role the polarization of the incident and detected light plays, we recorded single particle 

scattering images of 88 nm gold NPs supported on carbon, gold, and glass substrates. Larger 88 

nm NPs were used instead of the 40 nm NPs that made up the ring, because the larger scattering 

cross-section of the 88 nm NPs allowed for better contrast without changing the underlying 

mechanism. As expected, individual NPs on a glass substrate had a 2-dimensional Gaussian 
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intensity profile in their dark-field scattering images independent of the detected polarization 

(Figure 2.10B).  

 

Figure 2.10. Dark-field scattering images of individual 88 nm NPs supported by a carbon (A) 

and glass (B) substrate.  The excitation is randomly polarized and the scattered light is imaged 

for the two orthogonal polarizations given by the white arrows.  The intensity scale ranges from 

0 to 900 kHz for (A) and to 200 kHz for (B). 

 

  

 However, the results for the NPs on the carbon substrate were very different as illustrated 

in Figure 2.11 for different excitation conditions: randomly polarized (2.11A-C), p-polarized 

(2.11D-F), and s-polarized (2.11G-I). The dark-field scattering images of individual NPs were 

similarly affected compared to the NP ring when the surface plasmons were excited by randomly 

and p-polarized excitation light, which both led to a splitting of the single NP image into two 

lobes along the direction of the scattered light polarization (see images 2.11A, 2.11B, 2.11D, and 

2.11E). When the individual 88 nm NPs were excited by s-polarized excitation light instead, the 

splitting was absent, but the scattering intensity of the NPs decreased significantly. Note the 

difference in intensities for the images in the middle (120 kHz full scale) and bottom (20 kHz 
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full scale) rows of Figure 2.11. In agreement with previous work,
2, 4, 76

 after removing the 

polarizing beam splitter and recording only one dark-field scattering image by integrating the 

intensity for all detected polarizations, the individual 88 nm NPs appeared as doughnuts for 

randomly and p-polarized excitation light (see images 11C and 11F). Again, when the NPs were 

excited by s-polarized light, no doughnut-shaped features and only a decrease in the plasmon 

scattering intensity was observed (see image 11I). The gold substrate gave the same results as 

those discussed for carbon (not shown). The similarity in the coupling strength for carbon and 

gold is further evident from the scattering spectra in Figure 2.12, which show a comparable 

redshift of the surface plasmon resonance for the carbon and gold relative to the glass substrate. 

 

 

Figure 2.11. Dark-field scattering images of individual NPs supported by a carbon substrate for 

different excitation polarizations: randomly (top), p-polarized (middle), s-polarized (bottom). 

Images in (A), (B), (D), (E), (G), and (H) were taken with a polarizing beam splitter in the 

detection path, while images (C), (F), and (I) were acquired without the beam splitter and only 

one detector. All scale bars correspond to 1 µm. The images were corrected for background 

scattering and the intensity scale ranges from 0 – 900 kHz for randomly, 0 – 120 kHz for p-

polarized, and 0 – 20 kHz for s-polarized excitation. Note that the wedge in the excitation path 

blocks out a significant portion of the light, reducing the scattering intensity. All dark-field 

images were taken from the same sample of 88 nm gold NPs and the circles in the bottom row 

indicate the positions of the single NPs, which were too weak to be observed. 
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Figure 2.12. Dark-field scattering spectra of individual 88 nm NPs supported by a carbon, gold, 

and glass substrate.  The upper graph displays the spectra vs. energy, while the lower graph 

displays the spectra vs. wavelength.  The excitation light was randomly polarized. The amount of 

redshift in the plasmon scattering maximum correlates with the interaction strength between the 

NP and the substrate.  However, there appears to be no correlation between the width and the 

spectral shift of the surface plasmon resonance.  In addition to induced image charge 

interactions, other factors such as chemical interface damping might contribute to the dephasing 

of the plasmon oscillation, i.e. width of the single NP plasmon resonance. 

  

 The appearance of the doughnut-shaped features in the single NP scattering images can 

be explained by the induced image charge model,
2, 4, 66, 68, 74, 76, 82, 83

 which predicts that in-plane 

and out-of-plane polarized excitation result in destructive and constructive interference, 
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respectively. Figure 2.13 shows a schematic description of this model for a single plasmonic NP 

located above a substrate. Interaction between the charge distribution created by the excitation of 

a plasmon oscillation in the NP with the electrons in the substrate induces an image charge 

distribution. Out-of-plane excitation (13A) creates an image charge dipole that is in phase with 

the oscillation of the NP plasmon, resulting in constructive interference. The result is the 

appearance of a doughnut-shaped signal in the dark-field scattering image for an individual NP 

as seen in Figure 2.11F.
2, 4, 76, 85, 86

 Note that by using an objective with a large numerical 

aperture in these studies it is possible to collect light with out-of-plane polarization. When a 

polarizing beam splitter is placed in the detection path (Figures 2.11D and 2.11E) the in-plane 

projections of the scattered light for the two orthogonal polarization components are selected. 

This causes the dumbbell-shaped patterns that look like a „splitting‟ of the image along the 

direction of the detected light polarization. On the other hand, for in-plane excitation (2.13B) the 

NP dipole and the induced image dipole are out of phase with each other, which leads to 

destructive interference and a strongly reduced far-field scattering intensity as illustrated in 

Figure 2.11I. The described image charge model can also be interpreted as the hybridization of 

the localized surface plasmon resonance of the NP with its image charge. In fact, the model in 

Figure 13 resembles the case of a NP dimer.
72, 93
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Figure 2.13. A schematic of the induced image charge model for a NP located above a 

polarizable substrate. When the NP is excited with out-of-plane polarized light, the NP dipole 

and its induced image dipole have the same direction and interact constructively (A). When the 

NP is excited by in-plane polarized light, the NP dipole and its induced image dipole oscillate 

out of phase canceling each other (B). 

  

 This induced image charge model can also be qualitatively used to explain the 

interactions of collective plasmon modes of the NP ring with the substrate.  Figure 2.14 shows a 

schematic description of this model applied to a short chain of NPs located above a polarizable 

substrate. The three NPs represent a small ring segment and illustrate plasmon coupling between 

the NPs in the ring. Interaction between the charge distribution created by the excitation of the 

collective plasmon oscillation in the NPs with the electrons in the substrate induces an image 

charge distribution. Out-of-plane excitation (14A) creates an image charge distribution that is in 

phase with the plasmon oscillation of the NPs, resulting in constructive interference. In contrast, 

in-plane excitation (14B) creates an image charge distribution that is out of phase with the 

plasmon oscillation of the NPs, resulting in destructive interference. This constructive and 

destructive interference between the coupled plasmon modes of the NPs and the substrate images 

charges results in the appaearance of the offset rings and the reduced scattering intensity 

observed in the dark-field scattering images of the NP ring shown for out-of-plane and in-plane 

polarized excitation, respectively. It should be noted that Figure 2.14 represents a simplification 

as only dipolar interactions are considered. In addition, only the optically active hybridized 
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modes are shown in each case (A: anti-bonding; B: bonding). The collective plasmon response of 

the NP ring is, however, more complex because multipolar plasmon interactions become 

important for the short interparticle distances in the NP ring. 

 

Figure. 2.14. A schematic of the induced image charge model for a chain of three NPs located 

above a polarizable substrate. The three NPs represent a small segment of the ring. For out-of-

plane polarized excitation light (A), the dipoles of the individual NPs are all aligned parallel to 

each other forming a bright antibonding mode and induce image dipoles having the same 

direction, leading to constructive interaction. For in-plane polarized excitation light (B), the 

dipoles of the individual NPs are again all aligned parallel to each other forming a bright bonding 

mode. The induced image charges are now oscillating out of phase though, therefore canceling 

the collective response of the NPs. It should be noted that this picture only considers dipole 

plasmon modes and therefore represents only a simplified model. 

 

 Because excitation of surface plasmon polaritons of the thin film by evanescent coupling 

of the NP to the substrate is relatively weak for dark-field illumination,
2
 the collected far-field 

signal was dominated by scattering of the incident field by NP surface plasmons that were 

hybridized with induced charges situated at the surface of the substrate. The surface charge 

distribution due to the induced polarization is related to the localized surface plasmons of the NP 

by qlm
image

 = (-1)
l+m

(1-εs)/(1+εs)qlm, where qlm and qlm
image

 are the multipolar modes of the NP and 

the induced image charge within the substrate, respectively.
66

 εs is the substrate permittivity, l is 

the order of the plasmon mode, and m is the azimuthal index denoting out-of-plane (m = 0) and 

in-plane (m = 1) polarization. For a gold film, the large negative real part of its dielectric 
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function
105

 is responsible for dispersive multi-polar image modes with relative magnitudes larger 

than the surface plasmons of the NP. These image charge oscillations can couple in or out of 

phase with the NP surface plasmons, leading to constructive and destructive interference in the 

far-field. 

 For dielectrics such as glass with little or no conductance, the induced dipole moment is 

less than that of the NP surface plasmon and oscillates completely in phase or 180 degrees out of 

phase for excitation with polarization perpendicular or parallel to the substrate, respectively. 

However, for glass with a low permittivity of εs=2.25, the coupling between the NP surface 

plasmon modes and the induced image charges is so weak that the resulting cumulative dipole 

moment is not very different from the response of an isolated NP. 

 The amorphous carbon film of the TEM substrate had a very similar influence 

compared to metallic gold on the scattering pattern and spectra of individual gold NPs. Carbon is 

indeed dispersive for the visible part of the spectrum much like gold and should therefore 

effectively couple to the surface plasmon of a NP for certain frequencies. Its relative absorption 

is, however, much weaker than that of gold. For the wavelengths most relevant for the dark-field 

scattering images (450 – 700 nm), the reported values for the real part of the permittivity of 

amorphous carbon span a range from 4 to 6.
106-109

 These values are all larger than the 

permittivity of glass, consistent with the explanation of the experimental data by the image 

charge model. In contrast to glass, the increased broadening in the single particle scattering 

spectra of 88 nm gold NPs on carbon (Figure 2.12) furthermore indicates that the imaginary part 

of the permittivity for carbon (~ 2.5 – 4) also needs to be considered in the interaction between 

the plasmonic NPs and the induced image multi-poles. Because the carbon films used here were 

only 20 nm thin according to the manufacturer and a direct comparison with literature values is 
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difficult because the permittivity has been found to vary strongly with thickness and preparation 

method as well as crystallinity,
108

 it is difficult to draw further quantitative conclusions. 

Qualitatively, however, the dark-field images recorded for both carbon and gold substrates can 

be explained by the coupling of induced image charges with the localized surface plasmons of 

the individual NPs. 

 When the image charge model is applied to the NP rings, collective instead of localized 

surface plasmon modes need to be considered for the interaction with the substrate. Because of 

the random arrangement of the NPs within the ring and considering the optical resolution, it is 

unlikely that the observed effect could simply be due to a superposition of the response from all 

the individual NPs that made up the ring. This conclusion is further supported by wavelength 

resolved dark-field imaging (Figure 2.15). We have previously investigated the polarized 

scattering spectra of self-assembled NP rings supported on glass and observed the emergence of 

multi-polar collective plasmon modes due to strong near-field coupling between adjacent NPs in 

the ring.
9
 These collective plasmon resonances were mainly polarized along the ring 

circumference. Figure 2.15 shows a dark-field image (2.15A) of a NP ring on the carbon 

substrate and its spectrum (2.15B) collected from the area marked by the red square. For both of 

these measurements, the polarizing beam splitter was removed and the excitation light was 

randomly polarized. The spectrum of the NP ring was much broader and redshifted from the 

plasmon resonance of a single constituent 40 nm gold NP, shown for comparison as the blue line 

in Figure 2.15B. The fact that the scattering spectrum of the ring extended beyond 900 nm 

suggests that the lowest order mode was shifted to longer wavelengths outside our experimental 

spectral window. Despite the different substrate, the ring spectrum in Figure 2.15B is consistent 

with our previous results.
9
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 To prove that the interaction between the substrate and the collective plasmon modes of 

the ring and not the localized plasmon resonance of the individual NPs is responsible for the 

appearance of the offset rings, we collected wavelength resolved dark-field scattering images for 

the NP ring supported by the carbon substrate. This was achieved by placing various band pass 

filters in the detection path. Figure 2.15C shows dark-field images recorded with a 700 nm band 

pass filter for two orthogonal polarizations of the detected light and randomly polarized 

excitation, while Figure 2.15D contains the corresponding images for a 900 nm band pass filter. 

The rings were clearly split again into two offset circles for these two wavelengths, which were 

redshifted from the single NP response. At these redshifted wavelength, transverse plasmon 

modes must effectively couple with the substrate as ring segments aligned perpendicularly to the 

direction of the detected polarization appear brighter with p-polarized excitation light (see 

bottom of Figure 2.9(A)). It can therefore be concluded that it must be the interaction between 

the oscillating charges of the collective ring modes and their induced image charges, which 

caused the observed optical effect. We can furthermore rationalize now why the scattering 

intensity for the NP ring was not as strongly suppressed for s-polarized compared to p-polarized 

excitation (Figure 2.9A) as expected from the corresponding results shown for the individual 

gold NPs in Figure 2.11. The collective optical response of the NP ring contains many plasmon 

modes with both in-plane and out-of-plane polarization components and a simple cancellation of 

opposing dipoles as is the case for single NPs is therefore not possible. These wavelength 

resolved dark-field scattering images furthermore illustrate that even the most redshifted coupled 

plasmon modes of the ring possess transverse polarization components, which were only very 

weak or absent in the previously published polarized scattering spectra.
58 
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 Interestingly, the wavelength resolved dark-field images in Figure 2.15 provide further 

evidence for the proposed image charge model by analyzing the FWHM of the intensity line 

sections. We observed that the FWHM were dependent on the wavelength of the detected 

scattered light. The FWHM of the line sections analyzed parallel to the scattered light 

polarization were significantly different for the images taken with the 900 +/- 20 nm band pass 

filter compared to the 700 +/- 20 nm band pass filter: the average FWHM value of the line 

section from the image taken with the 900 +/- 20 nm band pass filter was 1360 nm, while the 

average FWHM value of the line section from the image taken with the 700 +/- 20 nm band pass 

filter was 1050 nm. This difference is consistent with an interference between the collective ring 

modes and the induced image charges in the substrate. The spacing of the interference fringes 

depends on the wavelength of the interfering waves. Longer wavelengths result in larger 

spacings between the fringes as observed here. 
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Figure. 2.15. Dark-field scattering image (A) and spectrum (B, red line) of the same NP ring 

supported by a carbon substrate as shown in Figures 2.3 and 2.5 The image was taken without 

the polarizing beam splitter in the detection path. The red square indicates the position where the 

scattering spectrum was taken. The blue line in (B) shows the plasmon scattering spectrum of a 

single 40 nm gold NP, from which the rings were made. (C) and (D) are dark-field scattering 

images of the same ring taken with a 700 +/- 40 nm band pass filter for two orthogonal detected 

light polarizations as indicated by the white arrows. (E) and (F) are dark-field scattering images 

acquired with a 900 +/- 40 nm band pass filter. The scale bars correspond to 1 µm. All images 

were corrected for background and are displayed using the same intensity scale, which ranges 

from 0 – 120 kHz. The excitation light was randomly polarized for all images. 

 The question arises as to where the NPs of the ring actually were in the optical images 

that were split into offset circles. We found that the physical position of the ring was in the 

middle of the two offset circles, which in turn means that the offset circles in the scattering 

images were displaced from the NP ring‟s actual location. Figure 2.16 shows two images of the 

same NP ring on a carbon substrate, which were acquired with different incident polarizations in 

order to produce images that intentionally either displayed a single ring (2.16A) or two offset 

circles (2.16B). In Figure 2.16A the physical location of the NP ring must coincide with the 

optical signal and is indicated by the blue dashed circle. By superimposing the two images in 

Figure 2.16, taking advantage of additional reference points in the images, we can conclude that 
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the location of the NP ring was in between the offset circles. Figure 2.17 further supports our 

conclusion about the physical location of the NP ring as the difference of two dark-field 

scattering images with orthogonal polarizations agrees well with simulations. 

 

Figure. 2.16. Dark-field scattering images of a gold NP ring on a carbon substrate recorded with 

(A) s-polarized and (B) p-polarized excitation light. The blue circle in both images indicates the 

physical location of the NP ring. The detection polarization was vertical as indicated by the 

arrow. Both images were corrected for background and are displayed using the same intensity 

scale, which ranges from 0 – 100 kHz. 
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Figure 2.17. Simulation of the dark-field scattering images of a NP ring for a carbon or gold 

substrate displayed for two detectors with orthogonal polarizations, (A) and (B).  (C) is the result 

obtained by subtracting (B) from (A) in case one ring in each of the collected images is at the 

true location of the NP ring.  (D) is the corresponding difference image if the rings in the two 

images are both offset along the axis of the detected polarization from the true location of the NP 

ring.  For comparison to experimental results, (E) shows the subtraction of two scattering images 

such as those shown in Figure 2.5A and 2.5B.  This particular NP ring is the same as displayed in 

Figure 2.16.  The difference image agrees with (D) and therefore confirms that the two rings in 

the dark-field scattering images are both offset from the actual location of the NP ring and that 

the physical location of the NP ring is in between the offset circles seen in the images. 

 

 

2.5 Conclusions  

 We have observed strong coupling between collective plasmon modes in NP rings and 

the substrate which supported the self-assembled structures. In the dark-field scattering images 

this interaction was seen as a splitting of the ring image into two offset circles along the direction 

of the detected light polarization. By isolating different polarization components of the excitation 

light we showed that the coupling responsible for this effect was strongest for polarization 

perpendicular to the substrate. We interpret the splitting into offset rings as the coupling between 

collective plasmon modes of the ring and induced images charges in the substrate as verified by 

single particle measurements and wavelength resolved dark-field imaging. The strength of this 
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coupling was dependent on the nature of the substrate as no effect was seen for NP rings on a 

low permittivity substrate such a glass. The experimental results for the optical response of 

individual and assembled gold NPs on the carbon compared to the gold film suggest a similar 

interaction strength, which is important to consider when using carbon coated TEM grids as NP 

substrates. Finally, our results show how it is possible to spatially modulate scattering from 

plasmonic nanostructures. Changing the permittivity of the substrate through external control 

with electrical or optical signals could tune the optical response of supported plasmonic 

structures by turning on and off the coupling with induced image charges. The result for a NP 

assembly as reported here would be a plasmonic light modulator similar to an acousto-optic 

modulator used in optics to deflect the beam path of laser light by a few degrees, but operating 

on the scale of a few micrometers. One can furthermore envision using the effect discussed in 

this work to sense changes in the dielectric properties of the supporting substrate. 
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Chapter 3 

Active control of Fano resonance
1
 

 

3.1 Abstract 

 Plasmonic clusters can support Fano resonances, where the line shape characteristics are 

controlled by cluster geometry. Here we show that clusters with a hemicircular central disk 

surrounded by a circular ring of closely spaced, coupled nanodisks yield Fano-like and non-

Fano-like spectra for orthogonal incident polarization orientations. When this structure is 

incorporated into an uniquely broadband,  liquid crystal (LC) device geometry, the entire Fano 

resonance spectrum can be switched on and off in a voltage-dependent manner. A reversible 

transition between the Fano-like and non-Fano-like spectra is induced by relatively low (∼6 V) 

applied voltages, resulting in a complete on/off switching of the transparency window. 

 

 

 

 

 

 

1
This chapter is based on the manuscript entitled “A Plasmonic Fano Switch” by Wei-Shun 

Chang, James B. Lassiter, Pattanawit Swanglap, Heidar Sobhani, Saumyakanti Khatua, Peter 

Nordlander, Naomi J. Halas, and Stephan Link, published in Nano Letter, 2012, 12, 4977−4982 
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3.2 Introduction 

 Collective oscillations of the conduction band electrons in metal nanostructures- known 

as surface plasmons
110-116

 have attracted significant attention for applications such as enhanced 

spectroscopies,
117-120

 nanoscale sensing,
121-124

 and subwavelength optical waveguiding.
125-128

  

When adjacent nanoparticles couple to each other they can exhibit unique, hybridized plasmon 

modes.
129

  These hybridized modes can in turn interact by a variety of physical mechanisms, 

resulting in exotic lineshapes and interference phenomena such as Fano resonances.
130

  Fano 

resonances have been observed in numerous plasmonic systems such as metamaterials,
131-133

 

ring-disk cavities,
134

 and coupled clusters of nanoparticles.
135-145

  In each of these structures, a 

Fano resonance occurs due to the interaction of a broad, superradiant mode and a narrow, 

subradiant mode.
130, 146

  The superradiant, “bright” mode can couple efficiently to the incident 

optical field, while the subradiant, “dark” mode couples only very weakly, if at all.  If a 

plasmonic structure has both a sub- and superradiant mode that overlap in energy, then, 

depending on geometry, the subradiant mode can be excited indirectly by near field coupling to 

the optically excited superradiant mode.  This resulting energy exchange gives rise to a Fano 

resonance in the scattering spectrum of the cluster, with a lineshape possessing a narrow 

transparency window corresponding to the energy of the subradiant plasmon mode.   

 The unique properties of the plasmonic Fano resonance have drawn extraordinary interest 

because of their particularly promising potential for active plasmonics applications.  Since its 

properties arise from interparticle coupling, the Fano resonance can be sensitively tuned and 

tailored by changes in a nearby or surrounding dielectric medium, as well as by changes in  

geometry.  In fact, due to its strong sensitivity to local environment, plasmonic Fano resonant 

structures are currently the subject of intense interest for enhancing a range of sensing 
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modalities.  For example, Fano minima can be used to dramatically enhance the Figure of Merit 

for localized surface plasmon resonance sensing of dielectric media,
25, 147, 148

 and the intense 

interparticle “hot spots” in the spectral region of Fano minima give rise to large surface-

enhanced Raman
149

 and IR absorption
121

 spectroscopic enhancements.  Due to their narrow 

transparency window, one could also envision Fano resonance structures being used for filtering 

or color sorting
150

 applications in next-generation detection and display technologies.  However, 

active Fano resonance-based applications beyond sensing will depend critically on our ability to 

control or modulate the Fano resonance by external means, ideally with minimal energy input.  

To date, several schemes for active modulation of plasmonic systems have been explored, 

typically by embedding structures in active media such as electro- and photo-chromic 

molecules,
151-154

 photoconductive solids,
155-157

 LCs,
158-162

 and elastomers.
31, 163

  Just as in sensing 

applications, the responsivity of a plasmonic nanostructure in active media is determined by its 

sensitivity- and this should give Fano resonant plasmonic structures a significant advantage in 

active plasmonics as well.  Recently we demonstrated active and reversible control of the far-

field scattering of individual nanorods, realizing a nanoparticle-based active plasmonic optical 

component.  We showed that the polarization-dependent scattering of individual gold nanorods 

was rotated orthogonally to the initially scattered light by a voltage-controlled in-plane alignment 

of a LC medium, independent of nanorod orientation.
46

 

 Here we demonstrate active modulation of the Fano resonance of a plasmonic cluster in a 

low-voltage LC device.  An asymmetric octamer structure was designed to have strongly 

polarization-dependent scattering spectra, possessing a strong Fano resonance for one 

polarization orientation and no Fano resonance for the orthogonal polarization.  We modulated 

the polarization of the scattered light using an applied voltage by integrating this octamer 
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structure into a LC device geometry with planar, interdigitated electrodes.  The modulation of the 

Fano resonance resulted from an orthogonal rotation of the far-field scattering spectrum, when 

the LC medium undergoes an electric field-induced transition from a homogenous nematic phase 

to a twisted nematic phase.  With this device we can turn on and/or off the Fano-like minimum 

with low (~6V) applied voltages. 

 

3.3 Material and method 

3.3.1 Preparation of interdigitated array (IDA) of electrodes by photolithography 

 Gold IDAs on glass substrate were fabricated by standard photolithography.
46

 The steps 

were as following. First, a designed pattern mask was fabricated by a mask maker (DWL66, 

Heidelberg). Second, photoresist (S1813, Microchem) was spin cast at 4000 rpm for 45 seconds 

onto a glass substrate and then cured at 115 
o
C for 60 seconds. Next, the glass substrate was 

aligned to the mask by the mask aligner (SUSS Mask Aligner MJB4, Karl SUSS), followed by 

UV exposure (365nm, 150mW/cm
2
). After that the electrode pattern was developed in a 

developer (MF319, Microchem). Then, a titanium adhesion layer (~5nm) and a gold layer (~55 

nm) were deposited on the developed substrate using an  electron beam evaporator 

(TELEMARK). Finally, the unwanted gold film was lifted off with  acetone (Fisher Scientific). 

The height of the electrodes was 60 nm and the separation between electrodes was 10 µm.   

3.3.2 LC cell assembly 

 The octamer nanostructures were patterned using electron-beam lithography and 

assembled into a LC device composed of an ITO glass substrate with the octamer nanostructures 
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and a cover slip separated by glass beads (~6 µm) (shown schematically in Figure 3.1A).  A thin 

polyimide film (Nissan Chemical) was spin cast onto the ITO substrate already patterned with 

octamer structures.  The polyimide film serves to align the subsequent LC layer, and in order to 

do so was rubbed unidirectionally, by mechanical means parallel to electrode.  The LC device 

was carefully assembled under a microscope to ensure spatial overlap between the areas of the 

octamers and the IDA electrodes.  This allowed for a significant number of octamers to be 

located in the gaps between the electrodes (Figure 3.2).  The rubbing direction of the polyimide 

film was aligned parallel to the axis of the electrodes.  The nematic LC 4-cyano-4-n-

pentylbiphenyl (5CB, TCI America) was inserted into the cell by capillary action while heating 

the sample to the temperature range where the 5CB is in the isotropic phase.  After 5CB was 

inserted into the cell, it was cooled very slowly to room temperature and sealed with epoxy glue.  

Coating the octamers with the polyimide film resulted in a redshift of ~ 100 nm (Figure 3.3), 

while the LC had no effect on the scattering spectrum.  At room temperature, 5CB is in the 

homogenous nematic phase with its director oriented parallel to 0, determined by the directional 

rubbing of the polyimide film prior to the assembly of the device.  

 By applying a voltage (~6 V, 1 kHz) to the IDA electrodes, a transition from a 

homogeneous nematic phase to a twisted nematic phase of the LC was induced.  This phase 

transition was observed using a bright-field polarization microscope (Figure 3.1C).  The LC 

device was placed between a polarizer (P) and an analyzer (A) with orthogonal orientations such 

that the nematic director of the LC device was parallel to the polarization direction of the 

polarizer.  White light from a halogen lamp was passed through the polarizer and focused onto 

the device.  The transmittance image was collected by an oil-immersion objective, passed 

through the analyzer and imaged using a SLR camera (Canon).  Figure 3.1D and 3.1E display the 
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transmittance images of the LC device with voltage off (Voff) and on (Von), respectively.  With 

no applied voltage (Voff), the transmittance image was completely dark, because the nematic 

director was homogeneous throughout the LC cell and aligned with the polarization direction of 

the polarizer.  In this case the polarization of the incident light was not altered as it passes 

through the LC cell, but was blocked by the analyzer oriented orthogonally with respect to the 

polarizer.  In contrast, when the voltage was applied to the IDA electrodes (Von), the nematic 

director in the plane of the electrodes was rotated to align with the direction of the electric field 

(perpendicular to the Voff direction) while at the opposing coverslip surface the nematic director 

remained aligned with the rubbing direction of the polyimide.  As a result, in the Von state, the 

LC director was changed continuously, from 0  to 90 , in the direction of light propagation 

through the LC cell, resulting in a twisted nematic phase.
46

  This caused the polarization 

direction of the incident light to be changed upon passing through the LC device, creating the 

bright transmittance image observed in Figure 3.1E.  The dark stripes in the image are the IDA 

electrodes. 

 

Figure 3.1.  Geometry of the LC device. (A) Side view of the LC device which was composed 

of an ITO coated glass slide and a cover slip spaced by glass beads (GB). The octamers (gold 

clusters) were located on the ITO glass slide and covered by a thin polyimide film (PI, pink 
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layer). The IDA electrodes (gold bars) were placed on the cover slip. (B) Top view of the IDA 

electrodes. (C) Experimental scheme for the transmittance measurements. P: polarizer; A: 

analyzer. (D,E) Transmittance images of the LC device for a crossed polarizer/analyzer setting 

with Voff (D) and Von (E), respectively. The nematic director was aligned parallel to the direction 

of the polarizer.  

 

Figure 3.2.  Dark-field image of a LC cell composed of octamers and IDA electrodes. The bright 

dots are the octamers while the black bars are the IDA electrodes. 

 

 
Figure 3.3.  Experimental (A) and simulated (B) spectra of an octamer in air with polarization at 

0  (blue) and 90  (red).  
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3.3.3 Single particle spectroscopy  

 All single particle scattering measurements were performed using a homebuilt dark-field 

spectroscopy setup based on a commercial microscope (Zeiss, Observer.D1m) in the 

transmission dark-field geometry. The light source was a halogen lamp. The unpolarized light 

from the lamp was focused by a dark-field condenser (Zeiss, numerical aperture (NA) = 1.40), 

and the transmitted scattered light was collected by a 63X oil immersion objective (Zeiss, NA = 

0.7). The image was then focused onto a 50 µm pinhole and guided to a liquid nitrogen cooled 

CCD camera attached to a spectrograph (Horiba Jobin Yvon). The pinhole replicated a confocal 

scheme and only transmitted the scattered light from a specific region of interest. A polarizer was 

inserted in front of the detector. All measured single particle spectra were corrected for the 

background scattering of the LC solvent. All data analysis was performed using Matlab. 

 

 

3.4 Results and discussion 

 

 We first examine the asymmetric octamer structure, where a large, central, hemicircular 

disk is surrounded by an evenly spaced circular ring of seven smaller nanodisks (Figure 3.4A, 

inset).  We have recently shown that for symmetric plasmonic clusters, the depth of the Fano 

minimum is controlled by the size of the central disk relative to the size and number of the ring 

of coupled peripheral disks, and by tuning this geometry the Fano minimum can be reduced to 

zero.
145

  For the symmetric structure, the Fano resonance is independent of polarization direction.  

However, here we have broken symmetry by removing half of the large central disk, which 

results in a strongly polarization dependent response.  Asymmetric octamers were patterned by 

electron beam lithography on an indium tin oxide (ITO) substrate, and were fabricated by 

depositing a 30 nm Au layer with a 2 nm Ti adhesion layer via electron beam evaporation.  The 

sample was then spin-coated with a thin polyimide film, in preparation for insertion into a LC 
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cell.  Polarization-resolved measurements of individual octamers were performed using 

transmission dark-field scattering spectroscopy. Essentially, unpolarized white light was focused 

on the sample by a dark-field condenser and the scattered light from a single octamer cluster was 

collected by an objective, then passed through a polarizer before being spectrally dispersed by a 

spectrometer.  

 The polarization-dependent scattering spectrum of a single asymmetric octamer is shown 

in Figure 3.4A.  Here the blue curve represents the scattering spectrum of the octamer structure 

as collected through a polarization analyzer oriented at 0º (as defined by the blue arrow in Figure 

3.4A with respect to the octamer, shown in the inset SEM image).  The red curve represents the 

scattering spectrum of the cluster with the polarization of light oriented at 90º (Figure 3.4A, red 

arrow).  At the 0º polarization angle the asymmetric octamer structure displays a strong Fano 

resonance, with the characteristic transparency window at 800 nm, while at 90º no Fano 

resonance was observed.  By rotating the analyzer through the oblique angles between 0º and 90º 

(black curves, Figure 3.4A), it is evident that the modes observed at 0º and 90º are the 

fundamental modes, because each of these angle-dependent spectra can be understood as 

weighted averages of the 0º and 90º cases (Figure 3.5).  Therefore, we refer to the polarized 

spectra at 0º as ″Fano-like″ and at 90º as ″non-Fano-like″ in the following discussions. 

 To understand the origin of this polarization-dependent behavior we performed 

electromagnetic simulations of this structure using the finite difference time domain (FDTD) 

method (Lumerical), utilizing the empirical dielectric function for gold,
164

 an index of refraction 

of n = 1.7 for the ITO substrate, and an effective refractive index for the finite (tens of 

nanometers) polyimide overlayer of n = 1.5. The simulated spectra shown in Figure 3.4B agree 

extremely well with our experimental observations of a strong Fano resonance lineshape for 
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polarization along the 0º direction, and no Fano resonance is observed for orthogonally polarized 

light. 

 The charge distribution on the nanocluster, calculated at several key wavelengths, 

provides insight into the underlying plasmon modes of the cluster.  For the 0º polarization 

(Figure 3.4C), a typical superradiant mode is observed in the charge distribution for the peaks at 

both 915 nm and 670 nm: here, the dipole moments of the center particle and the outer ring of 

particles are aligned.  At the dip at 800 nm, however, the charge distribution is characteristic of a 

subradiant mode, where the dipole moments of the outer ring and the center particle are anti-

aligned.  This confirms that the spectral lineshape observed in the 0º polarization is a Fano 

resonance caused by interference between the narrow subradiant mode at 800 nm and the broad 

superradiant mode.  For 90º polarization (Figure 3.4D), only one broad mode is found at 690 nm.  

The charge distribution at 690 nm shows that this is a typical superradiant mode.  At 800 nm, the 

charge distribution reveals the same superradiant mode, confirming that there is no subradiant 

mode present for this polarization, and thus no Fano resonance.  Therefore the observed 

polarization-dependent scattering spectra can be explained by the asymmetry of this octamer 

structure because it supports a subradiant mode only for the 0º polarization and not for the 90º 

polarization. 
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Figure 3.4.  Fano resonance of a plasmonic octamer cluster. (A) Experimental scattering 

spectra of a single asymmetric octamer on an ITO substrate and covered with polyimide. The 

blue and red lines represent the scattering spectra with detection polarization at 0  (blue) and 

90  (red), respectively. Black lines are the polarized spectra with the polarization varying 

from 15  to 75  in 15  increments. (Inset) SEM of a representative octamer. (B) Simulated 

scattering spectra of an octamer with excitation polarization at 0  (blue) and 90  (red) as 

defined in (A). (C) Simulated charge distributions of an octamer excited with polarization at 

0  for several characteristic wavelengths. (D) Simulated charge distributions when excited 

with polarization at 90 . 
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Figure 3.5.  Reconstructed polarized spectra of the octamer using the orthogonal polarized Fano-

like and non-Fano-like spectra (0  and 90 ). The spectra were calculated according to 

 where Ical( ) is the calculated spectrum with arbritrary 

polarization angle , I(0 ) is the spectrum of the octamer when the detection polarizer was 

oriented at 0  (blue line from Figure 3.4A), I(90 ) is the spectrum of the octamer when the 

detection polarizer was oriented at 90  (red line from Figure 3.4A). These weighted averages 

(black lines) of the 0  and 90  cases reproduce the experimental spectra obtained when the 

polarizer was varied between 0  and 90  (Figure 3.4A), illustrating that the 0  and 90  cases are 

the fundamental modes of the asymmetric octamer. 

 

 By performing polarized scattering spectroscopy of individual octamers in the device, we 

observed a reversible modulation of the Fano resonance upon switching between the Voff and Von 

states (Figure 3.6). The dark-field microscope geometry used for this measurement is illustrated 

in Figure 3.6A.  An unpolarized white light source is focused onto the sample by a dark-field 

condenser (Zeiss, N.A. = 1.4) to excite the plasmon resonances of the octamer.  The light 

scattered by the octamer passed through the LC device, was collected by an oil-immersion 

objective (Zeiss, N.A. = 0.7), and detected using a liquid nitrogen cooled CCD camera attached 

to a spectrometer.  Because a dark-field collection geometry was used, only the light scattered by 

the octamer structure was collected.  A polarization analyzer placed in front of the spectrometer 

ensured that the polarization dependence of the scattering spectrum could be observed.  Figure 

3.6B and 3.6C show the scattering spectra of a single octamer detected with the analyzer oriented 
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at 0  (Figure 3.6B) and 90  (Figure 3.6C), respectively.  These spectra were normalized post-

collection with the spectrum of a nearby region of the device where no octamer was present, in 

order to eliminate any effects of light scattering by the LC medium.  The solid (dashed) lines 

represent the spectrum observed when the LC device was in the Voff (Von) state.  When the 

analyzer was oriented in the 0  direction (Figure 3.6B), a Fano-like spectrum was detected when 

the LC device was in the Voff state (solid blue line).  By applying a voltage to the LC device (Von 

state, dashed blue line), the Fano resonance was switched off and the non-Fano-like spectrum 

was detected instead.  We observed the same switching behavior when the analyzer was oriented 

at 90  (Figure 3.6C), except that the spectra of the Voff and Von states were reversed.  In this case, 

the non-Fano-like spectrum was observed when the LC device was in the Voff state (red solid 

line) while the Fano-like signature was seen in the Von state (red dashed line). 

 

Figure 3.6. Active modulation of the Fano resonance.  (A) Experimental scheme of the dark-

field spectroscopy. (B,C) Scattering spectra of an individual octamer with Von and Voff detected 

for polarization directions of 0  (B) and 90  (C). The thickness of this LC device was measured 

to be 7.5 μm, which was slightly larger than the glass bead spacers, possibly due to bead size 

variations or the presence of small aggregates of glass beads. The switching voltage was 6V. 
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 The observed switching behavior arises from a 90  rotation of the octamer‟s scattering 

spectrum in the Von state.  To substantiate this, we first modeled the light transmittance through a 

homogeneous nematic LC phase, representing the Voff state, and a twisted nematic LC phase, 

corresponding to the Von state, using Jones calculus (detail show in 3.4.1; simulation of the LC 

transmittance spectra).  As illustrated in Figure 3.7, the polarization of broadband light passing 

through the LC device is invariant for Voff, while for Von the polarization is rotated almost 

perfectly by 90  over the entire wavelength range.  Based on this electro-optic response, the 

working principle of our Fano switch device can be modeled quantitatively using the simulated 

polarization-dependent octamer scattering spectra from Figure 3.4B as the light input (Figure 

3.8A and 3.8B).  The Fano-like spectrum is observed when the LC device is in the Voff state and 

the analyzer set to at 0 , but also in the Von state when the analyzer is in the 90  orientation 

(Figure 3.8A), matching the behavior observed experimentally (Figure 3.8C, replotted from 

Figure 3.7).  An identical process occurs for the non-Fano-like spectrum embedded in the device 

as seen in Figure 3.8B, matching again very well with the experiment (Figure 3.8D).  These 

results confirm that both the Fano-like and non-Fano-like spectra are rotated by 90 , independent 

of wavelength when a voltage induces a transition to a twisted nematic phase in our device.  This 

in-plane LC phase transition makes our device unique because the orthogonal polarization 

rotation is virtually independent of incident wavelength over a range of several hundred 

nanometers, as well as insensitive to device thickness (for devices thicker than 3 μm).  A 90  

polarization rotation could in principle also be achieved with a conventional half-wave plate 

configuration (e.g., a nematic LC with the director aligned 45  with respect to the incident 

polarization), but this would require the operating wavelength and device thickness to be 

precisely and carefully matched. 
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 Figure 3.7.  Simulated transmittance spectra of the LC device with the analyzer angle set to A = 

0  (A) and A = 90  (B). Green and magenta lines (solid, dashed) represent incident light with 

polarizer angle set to P = 0  and 90 , respectively. Solid and dashed lines identify the Voff and 

Von states, respectively. With Voff, the incident polarization was invariant after passing through 

the LC device independent of wavelength. With Von, the incident polarization was rotated almost 

perfectly by 90  over the entire wavelength range. 

 

Figure 3.8.  Effect of the LC medium on the polarized octamer scattering spectra when applying 

a voltage. (A,B) Simulation of the octamer spectra as observed after passing through the LC 

device for the Fano-like (A) and non-Fano-like (B) cases. The spectra are identical for 

orthogonal polarizations when comparing Voff and Von, indicating a 90  rotation of the scattering 

spectra with applied voltage. (C,D) Corresponding experimental scattering spectra of the octamer 

in the LC device for the condition showing the Fano-like spectrum (C) and non-Fano-like 

spectrum (D), as taken from Figure 3.6. In agreement with the simulations, each spectrum was 

reproduced in the orthogonal polarization state when the voltage was applied to the LC device. 
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3.4.1 Simulation of the LC transmittance spectra 

 

A. Homogeneous nematic LC phase 

 

 The director of the LC was assumed to be along the x-axis. The input and output 

polarization directions were 1 and 2, respectively, defined with respect to the x-axis. For a 

homogenous nematic LC, the Jones matrix describing the change in polarization of an incident 

electromagnetic wave is given by: 

where 

nd2

. λ is the wavelength, d is the cell thickness and measured to be 7.5 m, and 

n = 0.2 is the difference in extraordinary and ordinary refractive indices for 5CB. 

The Jones vector describing the incident light wave through the polarizer is: 
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The transmittance is given by: 

2
coscossincossin4)(cos 2

221121
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' yx EET         (4) 

Therefore, T = 1 when 1 = 0 , 2 = 0  or 1 = 90 , 2 =90  independent of . T = 0 when 1 = 0 , 

2 =90  or 1 = 90 , 2 =0  independent of . 

 

B. Twisted nematic LC phase 

 

 The director of the twisted nematic LC cell rotates from the x- to the y-axis across the 

sample thickness (z-axis). The input and output polarization directions are 1 and 2, 

respectively, defined with respect to the x-axis. For a twisted nematic LC, the Jones matrix 

describing the change in polarization of an incident electromagnetic wave is given by:
165
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The Jones vector describing the incident light wave through the polarizer is: 
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The Jones vector describing the light polarization after the twisted LC cell and an analyzer is 

given by: 
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The transmittance is given by: 
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For 1 = 0 , 2 = 0  or 1 = 90 , 2 = 90 , T =  ≈ 0. 

For 1 = 0 , 2 = 90  or 1 = 90 , 2 = 0 , T = . 

Considering the experimental parameters of d = 7.5 m, n = 0.2, and λ = 500 - 1000 nm, the 

quantity  is always smaller than 0.03 for the entire wavelength range. 

 These equations were applied to model the transmission spectra (500 - 1000 nm) for light 

passing through our LC devices with different polarizer and analyzer settings in the voltage off 

and on states. Essentially, in these simulations unpolarized white light was incident on a 

polarizer, then passed through a LC device, followed by an analyzer, and then observed by a 

detector.  The polarizer/analyzer angles are defined relative to the nematic director, which was 

modeled as a homogenous nematic phase (Voff state) and a twisted nematic phase (Von state).  

The transmittance was calculated by normalizing the detected optical intensity with respect to the 
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intensity after the initial polarizer and before the LC device.  Figure 3.7A and 3.7B illustrate the 

simulated transmittance spectra of the LC device with the analyzer angle set to A = 0  (3.7A) 

and A = 90  (3.7B), respectively.  The green (magenta) lines represent the transmittance with the 

polarizer angle set to P = 0  (P = 90 ).  The solid (dashed) lines indicate the Voff (Von) state in the 

LC device.  Without applying a voltage to the device, the transmittance is 100% when the 

polarizer and analyzer angles are aligned parallel to each other (solid green line in Figure 3.7A 

and solid magenta line in Figure 3.7B).  The transmittance is 0% when the polarizer and analyzer 

are oriented orthogonal to each other (solid magenta line in Figure 3.7A and solid green line in 

Figure 3.7B).  These results show that the polarization state of the incident light remains 

unaltered after passing through the homogenous nematic LC (Voff state), independent of 

wavelength over the wavelength range used to characterize the device.  Indeed, at P = 0  and 

90 , the incident polarization is parallel to the extraordinary and ordinary optical axes of the LC, 

respectively and therefore the incident light does not experience any net birefringence which 

would result in phase retardation.  However, when a voltage is applied to the LC device (Von), 

the polarization is rotated by 90  by the twisted nematic phase of the LC.  The twisted nematic 

phase is formed because the LC molecules in the gap between the IDA electrodes reorient with 

the direction of the electric field, but the LC molecules near the polyimide layer on the ITO 

substrate remain aligned along the rubbing direction.  Thus the nematic director changes 

continuously from 0  to 90  throughout the cell in the direction of light propagation.  This 

twisted nematic phase causes the polarization of light passing through the LC to be rotated with 

the director, inducing an orthogonal polarization rotation.  In the Von state, the transmittance is 

almost 100% if the polarizer and analyzer angles are orthogonal (magenta dashed line in 7A and 
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green dashed line in 7B) and near 0% when the polarizer and analyzer angles are aligned parallel 

(green dashed line in 7A and magenta dashed line in 7B). 

 Using the results from Figure 3.7, we can confirm that the far-field scattering spectra of 

the octamer are rotated by 90  after passing through the LC device in the Von state (Figure 3.8A 

and 3.8B).  The resulting spectra in Figure 3.8 were calculated according to 

 ),(),,(),( 10212 ITI       (1) 

where I0( , 1) is a scattering spectrum of the octamer (Figure 3.4B); T( , 1, 2) is the 

transmittance spectrum of the LC device shown in Figure 3.7A and 3.7B; I( , 1) is the detected 

scattering spectrum after passing through the LC device and the analyzer;  is the wavelength; 1 

and 2 are the polarizer and analyzer angles, respectively. 

 

3.5 Conclusions 

 The realization of this prototype Fano switch is very promising for potential applications.  

Several aspects of the Fano switch can still be improved.  For example, a faster switching speed 

can be achieved with LCs having a lower viscosity, by designing the switch to be based on a 

different LCline phase, or by reducing the thickness of the device.  The operation voltage can be 

further reduced by using electrodes with smaller gaps and/or LCs with higher dielectric 

anisotropies.  Finally, the contrast of the modulation could be increased by designing a 

plasmonic structure with better overlap between the Fano-like and non-Fano-like spectra so that 

the Fano dip is further maximized. 

 In summary, we have demonstrated the on-off switching of the Fano resonance of a 

plasmonic cluster by its incorporation into a broadband polarization rotating LC device.  An 
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octamer with a half-disk as the central particle was designed to specifically achieve polarized 

Fano-like and non-Fano-like spectra at orthogonal polarization directions.  Active switching of 

the Fano resonance resulted from the rotation of the polarized spectra by 90 , independent of 

wavelength over the entire wavelength range used, in a novel, broadband LC device geometry.  

Active, low-voltage switching of Fano resonances represents an important step toward the 

realization of active plasmonic devices whose vivid optical and chemically inert properties are 

likely to generate applications in a broad range of photonic technologies, such as active filters, 

spectrum or polarization analyzers, and robust color displays. 
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Chapter 4 

Spiky Nanoshells as Surface-enhanced Raman Spectroscopy (SERS) substrates
1 

 

4.1 Abstract 

 Gold nanoshells covered with sharp rods called “spiky gold nanoshells” are synthesized 

by employing silver-assisted seed-growth method for heterogeneous nanoparticle syntheses at 

polymer/water interfaces.  It is found that silver ions in the growth solution play an important 

role in forming uniform gold shells as well as regulating the surface morphology.  The optical 

properties of spiky gold nanoshells are investigated by single particle scattering measurements, 

single particle surface-enhanced Raman scattering (SERS) measurements, and finite-difference 

time-domain (FDTD) modeling.  The scattering intensities from isolated spiky nanoshells are 

significantly enhanced compared to those of conventional smooth shells.  Moreover, due to the 

abundant hot spots on spiky nanoshells, SERS signal is readily observed from single spiky shells 

with relatively small intensity variation (35 %), while there is no detectable signal from isolated 

smooth shells.  These results demonstrate that our synthetic method provides a straightforward 

way to organize metal nanoparticles into well-defined assemblies with enhanced scattering 

properties. 

 

 

1
This chapter is based on the manuscript entitled “Synthesis and Optical Properties of Spiky 

Gold Nanoshells.” By  Brenda L. Sanchez-Gaytan, Pattanawit Swanglap, Thomas J. Lamkin,  

Robert J. Hickey, Zahra Fakhraai, Stephan Link, and So-Jung Park, published in  Journal of  

Physical Chemistry C, 2012, 116, 10318- 10324   
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4.2 Introduction 

 Nanometer-scale noble metal particles have been actively investigated for the past two 

decades for their unique optical properties.
166, 167

  Strong surface plasmon resonance (SPR) 

absorption and scattering of metal nanoparticles have been exploited in a number of areas 

including bioimaging and medical applications.
168-170

  Metal nanoparticles are also extremely 

useful in various spectroscopic techniques including surface-enhanced Raman scattering 

(SERS)
171

 due to the strong electric field generated on metal nanoparticles upon light 

illumination.  For the past couple of decades, metal nanoparticles of many different shapes have 

been synthesized
172

 to take advantage of their size- and shape-dependent optical properties.  The 

unique properties of metal nanoparticles can be further manipulated and enhanced by brining two 

or more nanoparticles closely together.
173

  An excellent example is the dramatic enhancement in 

SERS signal at nanoparticle junctions, which enabled the detection of Raman from single 

molecule.
174-177

  The far-field scattering intensity was also shown to increase significantly upon 

aggregation of nanoparticles.
178, 179

  Thus, the ability to organize metal nanoparticles into well-

defined assembly structure has the utmost importance in realizing the full potential of metal 

nanoparticles.   

 We recently developed a high yield synthetic method for radially arranged gold spikes 

called “spiky nanoshells” (Scheme 1).
18

  The synthesis is based on the cetyltrimethylammonium 

bromide (CTAB)-assisted seed-growth method
180, 181

 on negatively charged polymer templates in 

the presence of silver ions.  This procedure leads to gold nanospikes organized at a radial 

position determined by the size of the polymer template.  Gold nanospikes are interesting one-

dimensional structures with tunable SP band in the near-IR region and strong electric fields at the 
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sharp ends.  In our spiky nanoshells, these properties are expected to be enhanced by the 

collective response of closely spaced sharp rods.     

 Here, we investigated the growth and optical properties of spiky nanoshells.  The 

morphology of spiky nanoshells combines those of nanoshells
170, 182, 183

 and nanostars.
59, 184, 185

  

The metal nanoshells developed by the Halas group are of great interest for their strong and 

tunable SPR band in the near IR region.
170, 182, 183

  Halas and coworkers have also synthesized 

nanoshells with roughened surface by treating pre-synthesized nanoshells with an aqueous 

solution containing CTAB, HAuCl4, and ascorbic acid.
186

  However, the scattering property of 

the roughened nanoshells was close to that of original smooth shells except for small differences 

in the angular light scattering distributions.
186

  In this study, we compared the scattering 

properties of spiky nanoshells and conventional smooth shells side by side at the single particle 

level to examine the effect of the highly roughened surface of spiky shells.  Our single particle 

scattering measurements and FDTD simulation showed that spiky nanoshells exhibit a 

significantly higher scattering intensity than smooth shells.  Furthermore, the abundant hot spots 

at the spike tips and junctions between spikes resulted in intense SERS signals even from 

isolated single spiky shells.  Compared to nanostars,
184, 185, 187-191

 our spiky nanoshells possess 

greater numbers of spikes for a given amount of gold and are more versatile in terms of 

functionality owing to the hollow feature.  It is also worth noting that our synthetic method 

generates spiky nanoshells in high yields with no side products from homogeneous nucleation.  

The enhanced near field and far field scattering properties together with the hollow morphology 

and straightforward synthetic procedure make the spiky nanoshells an excellent system for 

sensing and biomedical applications.   
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4.3 Materials and Methods 

 

4.3.1 Chemicals and Materials   

 HAuCl4•3H2O, cetyltrimethylammonium bromide (CTAB),  AgNO3, NaBH4, NaBr and 

4-mercaptobenzoic acid (4-MBA) were purchased from Sigma.  Ethanol, NH4OH and ascorbic 

acid were purchased from Fisher.  Carboxylate-modified FluoSpheres® (100 nm) were 

purchased from Invitrogen. Smooth gold nanoshells (diameter 150 nm, core 120 nm) were 

purchased from Nanospectra Biosciences, Inc.  

 

4.3.2 Synthesis of Spiky Gold Nanoshells   

 The synthesis of spiky nanoshells was carried out following the procedure we recently 

reported.
18

  First, acid-terminated polystyrene (PS) beads (FluoSpheres®, diameter: 100 nm, 2 % 

solids, 100 µL) were placed in a microcentrifuge tube.  An aqueous solution of Ag(NH3)2
+
 (0.01 

M, 100 µL), which was prepared by mixing AgNO3 (0.01 M, 5 mL) and concentrated NH4OH 

(30 µL), was added to the polymer beads.  After 30 minutes, 1 mL of purified water (18.0 MΩ
-1

) 

was added to the solution, which was then centrifuged at 18,000 rpm for 30 minutes to remove 

unadsorbed silver ions.  The supernatant was discarded and the same washing procedure was 

repeated one more time.  Then, 500 µL of water was added to the final precipitate.  For silver 

reduction, an aqueous solution of NaBH4 (0.01 M, 100 µL) was added to the solution with 

vigorous mixing.  The solution was aged overnight before use for the shell growth.  The resulting 

seed-decorated PS beads were purified by centrifuging the solution at 18,000 rpm for 30 minutes 

and replacing the supernatant with water.  The growth solution was prepared by mixing aqueous 

solutions of CTAB (0.1 M, 10 mL), HAuCl4•3H2O (0.01 M, 421 µL), AgNO3 (0.01 M, 64 µL) 
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and ascorbic acid (0.1 M, 67 µL).  To form the nanoshell, 10 µL of seed-decorated beads 

solution described above was added to the growth solution (10 mL) while gently mixing.  After 3 

hours, spiky nanoshells were centrifuged (5000 rpm, 10 minutes) and the supernatant was 

replaced with water.    

 

4.3.3 Nanoparticle characterization 

 Transmission electron microscope (TEM) images were taken with a Tecnai G
2
12 TWIN 

operating at 120 kV accelerating voltage.  High resolution (HR) TEM and energy-dispersive X-

ray spectroscopy (EDX) measurements were carried out using a JEOL 2010F.  Scanning electron 

microscope (SEM) images were taken with a Quanta 600 FEG Mark II at 20 kV accelerating 

voltage.  Extinction spectra were measured with an Agilent 8453 UV-Visible spectrophotometer.  

Raman spectroscopy analysis was performed using a micro-Raman spectrometer (Renishaw, RM 

1000/2000) equipped with a diode laser operating at a wavelength of 785 nm.  The laser was 

focused on the sample using a 100X objective to a spot size of approximately 2 µm with a laser 

power of 0.8 mW.  The acquisition time for all spectra was 10 s.   

 

4.3.4 Single particle scattering measurements 

 The measurements were carried out with a home-built dark-field scattering microscope in 

reflection geometry.
103, 192

  The setup was based on an inverted microscope (Zeiss Axiovert 200), 

a sample positioning stage (Physik Instrumente P-517.3CL), a spectrograph (Princeton 

Instruments Acton SP2150i), and a CCD camera (Princeton Instruments PIXIS 400BR).  Single 

particle scattering spectra were corrected for background and dark counts, and the spectral 

response of the lamp and other optical components were taken into account using a white light 
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reflectivity standard (Labsphere SRS-99-010).  To ensure that only single nanoshells were 

measured, all samples were deposited on glass substrates, onto which a gold identification 

pattern was evaporated, and examined by SEM (FEI Quanta ESEM2 operated at 25 kV). 

 

4.4 Results and Discussion 

 

4.4.1 Growth of spiky gold nanoshells  

  As mentioned above, our synthetic approach for spiky nanoshell is based on the 

CTAB/Ag-assisted seed-growth procedure.
180

  The CTAB-assisted seed-growth method was first 

developed by the Murphy group for the synthesis of metal nanorods.
180

  El-Sayed and coworkers 

improved the yield of nanorods by adding silver nitrate in the growth solution, which became a 

typical procedure for synthesizing metal nanorods.
181

  Our synthetic method applies the 

CTAB/Ag-assisted seed-growth method to a heterogeneous nanoparticle synthesis on polymer 

templates for the formation of hollow spiky metal shells.  Briefly, small silver nanoparticles were 

first formed on negatively charged polymer templates, and then gold spikes are grown from the 

seeds by the catalytic reduction of gold in the presence of silver ions and CTAB (Scheme 1).
18

  

In our synthesis of spiky nanoshells, several modifications were made from the typical 

homogeneous CTAB/Ag-assisted synthetic procedure of nanorods.  First, small silver seed 

particles were synthesized on the surface of negatively charged polymer beads by NaBH4 

reduction under basic conditions.  The density of seed particles on PS beads increased with pH 

because deprotonated acid groups on PS beads increases in basic condition and can attract a 

greater amount of silver ions.  The seed solution was aged overnight before use in order to ensure 

that NaBH4 is completely decomposed and does not interfere with the gold reduction in the 
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growth solution.  Additionally, silver particles formed in solution phase were removed by 

centrifugation right before the shell growth to ensure that gold spikes grow only from PS beads.  

Finally, gold spikes were synthesized by mixing the seed-decorated polymer beads with a growth 

solution composed of HAuCl4, ascorbic acid, AgNO3, and CTAB typically at the molar ratio of 

1:1.5:0.15:200 (Scheme 1).   

 The energy-dispersive X-ray spectroscopy (EDX) measurements revealed only trace 

amount of silver, confirming that the spiky shell is essentially made of gold (Figure 4.1C).  

However, AgNO3 was found to be critical in controlling the shape of nanoparticles (Figure 4.1).  

In the presence of AgNO3, the yield of spiky shells was nearly 100 % with no partially covered 

PS beads or small particles (Figure 4.1A).  Without AgNO3, however, a rapid reduction of gold 

occurred right after mixing the seed particles and the growth solution (Figure 4.2), which led to a 

mixture of spheres and some anisotropic particles such as triangles and rods attached to polymer 

beads (Figure 4.1B).  As a consequence, the SPR band maximum of nanoparticles grown without 

AgNO3 is located in the visible region (Figure 4.1D).  As mentioned above, silver ions were 

shown to be critical in high yield homogenous syntheses of gold nanorods as well.
193, 194

  While 

the exact mechanism is still under debate, a number of studies indicated that silver ions regulate 

the shape of metal nanoparticles by the facet-selective adsorption.  The same mechanism appears 

to apply in our heterogeneous synthesis; the binding of silver ions on certain facets of growing 

multi-twined gold crystals slows down the gold reduction rate of the facets and promotes the 

anisotropic growth of gold into the spiky shape.   

 Note that the addition of AgNO3 not only regulates the shape of particles but also is 

critical for the formation of a complete metal shells (Figure 4.1A,B).  While the exact 

mechanism is not yet known, it can be the result of favorable electrostatic interactions between 
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silver ions present in the growth solution and the negatively charged seed-decorated polymer 

beads.  Nonetheless, the result presented in Figure 4.1 clearly shows that silver ions in the 

growth solution promote the wetting of polymer surface with metal and the formation of shell 

structure.    

 

Scheme 4.1. Synthesis of spiky gold nanoshells 

 

 

Figure 4.1. (A) An SEM image of spiky gold nanoshells obtained with AgNO3 in the growth 

solution.  (B) A TEM image of the nanostructure obtained without AgNO3 in the growth 

solution.  The scale bar is 200 nm. (C)  EDX spectrum of spiky shells.  The position of Ag L line 

is indicated by an arrow. (D) Extinction spectra of the metal nanoparticles shown in (A) (black) 

and (B) (red). 
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Figure 4.2.  The extinction at λmax was monitored over time during the growth of spiky 

nanoshells in the growth solution containing AgNO3 (black).  The growth kinetic was also 

monitored for the nanoparticle synthesis without AgNO3 (red).   

 

4.4.2 Single particle scattering spectroscopy of spiky nanoshells 

 Spiky nanoshells were characterized by single particle scattering spectroscopy.  Two 

different batches of spiky shells were synthesized with varying amounts of seed-decorated PS 

beads (Figure 4.3A-B).  The spiky shells prepared with a larger amount of seeds (Spiky-S) 

possessed shorter spikes with an SPR band maximum at 770 nm in the ensemble extinction 

spectrum (Figure 4.3D).  The spiky shells with longer spikes (Spiky-L) prepared with a smaller 

amount of seeds showed a red-shifted SPR band from Spiky-S with a band maximum at 920 nm 

(Figure 4.3D).  For comparison, single particle scattering spectra were also collected for smooth 

shells purchased from Nanospectra Biosciences, Inc (Figure 4.3C).  The dimension of the smooth 

shell (120 nm core, 15 nm shell) was chosen so that the extinction peak position of the smooth 

nanoshell (λmax= 800 nm) is close to that of Spiky-S (Figure 4.3D).   

 Spiky nanoshells showed scattering spectra with multiple peaks in the near IR region 

with peak positions varying from particle to particle because spiky shells are composed of 

multiple protruding arms with varying lengths and angles (Figure 4.3E-G, Figure 4.4).  In 

addition to revealing the complex nature of SPR in spiky nanoshells, single particle spectroscopy 
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can be effectively used to directly compare the scattering intensities, which is difficult to do with 

ensemble measurements for highly complex structures such as spiky shells.  Figure 4.3H 

presents the intensity histogram of spiky shells and smooth shells, which clearly shows that the 

average scattering intensity of spiky shells was considerably higher than that of smooth shells.  

The scattering intensity ratio for smooth shells: Spiky-S: Spiky-L was calculated to be 1: 2: 5 by 

integrating the area under the ensemble averaged single particle spectra constructed with about 

30 spectra.  The amounts of gold in Spiky-S and Spiky-L were estimated to be only 1.3 and 1.6 

times larger than that in the smooth shell, respectively.  Thus, the scattering intensity reduced by 

the volume of gold is still higher for spiky shells.  The higher scattering intensity of spiky shells 

with respect to smooth nanoshells was clearly observed in the scattering image of the two 

different types of particles placed on the same substrate (Figure 4.5).  This result demonstrates an 

important advantage of having a highly structured surface morphology of spiky gold shells.   
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Figure 4.3.  (A-C) TEM images of Spiky-S (A), Spiky-L (B) and smooth shells (C). The scale 

bar is 200 nm. (D) Solution phase extinction spectra of Spiky-S (red), Spiky-L (blue) and smooth 

shells (black).  (E-G) Representative single particle scattering spectra of Spiky-S (E), Spiky-L 

(F) and smooth shells (G).  (H) Histograms of scattering intensity of Spiky-S (red), Spiky-L 

(blue) and smooth shells (black). 

 

 

Figure 4.4. Representative single particle scattering spectra of Spiky-S (A), Spiky-L (B) and 

smooth nanoshells (C).  
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Figure 4.5. Dark field scattering image (A) and corresponding SEM image of spiky (blue boxes) 

and smooth (yellow boxes) nanoshells  placed on the same substrate.  A dimer is shown in a red 

box.  It is apparent that the scattering intensity is higher for spiky shells. 

 

   Finite-difference time-domain (FDTD)
195

 was employed to study the absorption, 

scattering and extinction spectra of spiky nanoshells using the Lumerical software package 

(Figure 4.6A).  Based on the SEM and TEM images of spiky nanoshells, a model spiky-S was 

created with 60 gold cones each with a base diameter of 38 nm, a height of 45 nm and a tip 

radius of 5 nm, randomly assembled on the surface of a 100 nm diameter PS sphere (inset of 

Figure 4.6A).  A P-polarized pulse with a duration of 1.332 fs was sent into the simulation box of 

500 nm cubic dimension and perfectly matched layer (PML) boundary conditions.  A Cauchy 

model based on ellipsometric measurements of PS index of refraction was used to model the 
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dielectric properties of the PS sphere.
196

  The tabulated values of the dielectric constant of gold 

were obtained from a CRC database. 
197

 

 The calculated extinction spectrum of the model system is in good agreement with the 

experimental data with an intense peak in the near-IR region (Figure 4.6A).  The position, 

strength, and the width of the near-IR peak vary with the changes in the tip radius (Figure 4.7), 

the base diameter (Figure 4.7A), and the height (Figure 4.8) of the cones.  This behavior explains 

why the peak is broader in the experimental measurements compared to the model nanoshell, as 

the sizes, shapes, and overlap of the spikes are somewhat heterogeneous in the actual sample.  

The scattering intensity of the model spiky-S nanoshell is approximately twice as strong as that 

of smooth shell, in good agreement with the observed experimental intensities.   

 It is apparent that the collective phenomena among multiple spikes contribute 

significantly to the observed intense scattering.  The spatial map of the electric field of spiky 

shells shows that the electric field is localized at the tip of the cones (for P-polarized light) and in 

the overlap area (for S-polarized light) of spiky nanoshells (Figure 4.6B).  In addition, the 

spectral characteristics (i.e., peak position, intensity, and width) of spiky nanoshells cannot be 

explained solely by the plasmon resonances of individual gold cones and are believed to be a 

resonance propagating through the entire nanoshell, localized mostly in the regions where the 

cones overlap.   
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Figure 4.6. FDTD modeling of a spiky nanoshell.  (A) Calculated absorption (black), scattering 

(blue) and extinction (red) spectra of a spiky nanoshell. The inset shows the shape of the model 

spiky-S nanoshell. (B) Electric field intensity map for the P-polarized electric field (E) 

propagating in the direction (k). (C) Electric field intensity map for a smooth nanoshell of 

dimensions corresponding to the structure shown in Figure 4.3C. 

Figure 4.7. Calculated extinction spectra for a spiky gold nanoshell composed of 60 cones with 

different tip radii. (A) The base radius is adjusted so that the cone angle remains constant, 

meaning that the radius of the base decreases as the tip radius (r) is decreased.  At around 5 nm, 

the overlap between the cones is minimal (~1 nm), causing the collective peak to shift greatly.  

The 5 nm model has a tip radius of 5 nm, cone height of 45 nm, tip angle of 25 degrees and a 

base diameter of 30 nm.  (B) The tip angle is adjusted while keeping the base diameter constant 

at 38 nm. The geometry of the 5 nm model is the same as the one presented in Figure 4.3.  All 

spectra are re-scaled to the extinction value of the spiky shell in Figure 4.3 for easy comparison. 
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Figure 4.8. Calculated extinction cross sections for a spiky shell consisting of 60 cones each 

with a tip radius of 5 nm and base radius of 38 nm. In this calculation, the height was changed to 

span the average heights found in synthesized spiky shells.  All spectra are re-scaled to the 

extinction value of the spiky shell in Figure 4.3 for easy comparison. 

 

 To further investigate the effect of the cone density and thus the overlap in generating 

collective plasmon resonance peaks in near-IR region, the spectra of five overlapping cones were 

generated along with those of isolated cones (Figure 4.9).  The arrangement of five cones was 

chosen based on the average number of nearest neighbors in the spiky nanoshells (inset of Figure 

4.9).  To simplify the geometry, the cones were placed on a flat surface.  Figure 4.9 presents the 

spectra of five cones that overlap by 10 nm at the base and the spectra of individual cones 

separated by 10 nm.  For separated cones, a single plasmon mode is excited with the P-polarized 

light at about 700 nm, while the S-polarized light is not significantly scattered (Figure 4.9A).  

When the cones overlap by 10 nm at the base (base radius is 38 nm), the S-polarized light is 

significantly scattered by the overlap region and an extra plasmon peak appears at around 1100 

nm (Figure 4.9).  On the contrary, the position and the intensity of the P-polarized scattering 

peak remain almost constant when overlapping cones (Figure 4.9).  Similar to what was observed 

in the data presented in Figure 4.3, the S-polarized light is mainly localized in the overlap region, 
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while the P-polarized light is mainly localized on the tip of the cones.  In general, the position of 

the P-polarized peak at 700 nm does not change significantly with increasing number of cones 

(Compare Figure 4.9 and Figure 4.10) while the position of the S-polarized peak varies with the 

number of cones and the degree of overlap.  In addition, the intensity of the S-polarized peak 

grows more rapidly with increasing number of cones than the P-polarized peak (Figure 4.9 and 

Figure 4.10).  Again, these results show that the collective phenomena of multiple spikes on 

polymer beads contribute significantly to the observed scattering properties of spiky nanoshells. 

 

Figure 4.9. Comparison of plasmon resonance peaks in individual cones and overlapping cones 

for a five cone arrangement on a flat surface.  Red (S-polarized light) and green (P-polarized 

light) dashed curves show the extinction spectra for five cones separated from each other at the 

base by 10 nm.  The black (S- polarized) and blue (P-polarized) solid curves show the 

corresponding plasmon resonances when the cones overlap at the base by 10 nm.  All spectra are 

re-scaled to the extinction value of the spiky shell in Figure 4.3 for easy comparison.  The 

corresponding electric field intensity maps of overlapping cones are shown for P-polarized light 

(B) and S-polarized light (C). The direction of the propagating light is shown by k and the 

polarization of the electric field is given by E. 
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Figure 4.10. Comparison between plasmon resonance peaks in two separated cones and two 

overlapping cones. (A) Yellow (S-polarized light) and green (P-polarized light) curves show the 

extinction spectra for two cones separated from each other at the base by 10 nm (left inset). The 

extinction of S-polarized light by the separated cones is negligible and the only strong plasmon 

resonance is the one excited by the P-polarized light (green) appearing at about 700nm. The 

black (S-polarized) and red (P-polarized) curves show the corresponding plasmon resonances 

when the cones overlap at the base by 10 nm (right inset). (B) Electric field intensity map for the 

corresponding P-polarized light for overlapping cones. (C) Electric field intensity map for the 

corresponding S-polarized light for overlapping cones.  All spectra are re-scaled to the extinction 

value of the spiky shell in Figure 4.3 for easy comparison.  

 

4.4.3 Surface-Enhanced Raman Scattering of spiky nanoshells 

 Metal nanostructures with sharp features such as nanorods and nanostars produce locally 

enhanced electric fields at the sharp tips.
198

  Another way to create the high local electric field is 

to joint multiple nanoparticles together.  It has been demonstrated that it is even possible to 

detect single molecule Raman scattering when molecules are located at particle junctions.
174-176

  

Spiky nanoshells contain many numbers of both types of hot spots, (i.e., sharp tips and 

nanoparticle junctions), as shown in the calculated electric field map (Figure 4.6B).  In fact, 

FDTD calculations indicated that the electric field intensity at the tip and the overlap area of a 

spiky shell was substantially higher than that on a smooth shell (Figure 4.6B-C), making spiky 

nanoshells more effective in SERS where the degree of localization is an important factor.  Also 

note that since the spikes are arranged at all angles, any polarization of incident light can produce 
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significant localized electric fields around every single spike.  This can be observed in Figure 

4.3B, where the localized field changes from the tip of the cone to the overlap area as the angle 

of the spike with the incident field changes from 0° to 90°.  

 We compared the near field scattering intensity of our spiky nanoshells and smooth shells 

by conducting SERS measurements at the single particle level (Figure 4.11).  For single particle 

measurements, a dilute solution of nanoshells (20 µL, ~0.01 nM) was placed on a piranha 

cleaned silicon wafer for 30 seconds.  Then, the substrate was rinsed with water and dried with 

nitrogen gas.  Typically, 4-mercaptobenzoic acid (4-MBA), the proof-of-concept analyte used in 

the study, was deposited on the nanoshells by submerging the substrate into an ethanolic solution 

of 4-MBA (0.1 mM) for 15 h.  The sample was then rinsed with ethanol and dried with nitrogen 

gas.  The SERS measurements were carried out for Spiky-L and smooth shells shown in Figure 

4.2.  In order to ensure that the Raman scattering is collected for isolated single particles, the area 

examined by the optical microscope and Raman scattering measurements were imaged by SEM 

(Figure 4.11A).   

 Figure 4.5B presents a representative single particle SERS spectrum measured on a spiky 

shell, revealing intense Raman scattering peaks of 4-MBA.  On the contrary, for commercial 

smooth shells, Raman signal was observed only from nanoshell aggregates and there was no 

detectable signal from isolated single smooth shells (Figure 4.11B), when measured at the same 

condition.  Despite the heterogeneity in the shape of spiky nanoshells, the SERS spectra 

collected from many different particles showed consistently high Raman scattering intensities 

with a very small standard deviation of 35 % (Figure 4.12A).  This is reflected in the ensemble 

spectra created by averaging 30 single particle spectra (Figure 4.12B) (also see Figure 4.13 for 

an intensity histogram).  The variation of the SERS signal from uncontrolled nanoparticle 
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aggregates should be substantially higher than what was observed for spiky shells. The 

distribution of SERS enhancement factors is known to be extremely broad as it depends on the 

local structure and local field enhancement. For example, the distribution of SERS enhancement 

factors measured for a silver-coated nanosphere lattice showed enhancement factors ranging 

from 2.8 × 10
4
 to 4.1 × 10

10
.
199

 The 35% standard deviation reported here is indeed an extremely 

small value for SERS. These results demonstrate that our synthetic method provides an efficient 

way to organize metal nanoparticles and the resulting spiky shells are effective SERS substrates. 

 

Figure 4.11. (A) An optical image and a corresponding SEM image of particles used for SERS 

measurements. Particle aggregates (i) were easily distinguished from isolated single particles (ii, 

iii) by SEM measurements. (B) Single particle SERS spectra of 4-MBA deposited on a spiky 

shell (black) and on a smooth shell (blue).  The intense peaks at 1077 and 1585 cm-1 are 

characteristic of 4-MBA.  Insets show SEM images of the particles used for the measurements 

(left: smooth shell, right: spiky shell).  The scale bar is 200 nm. 
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Figure 4.12. (A) Single particle spectra collected from nine different spiky shells.  (B) Ensemble 

spectra constructed by averaging thirty different single particle spectra of spiky shells (black).  

Averaged data was also constructed for smooth shells with spectra collected from ten different 

particles and plotted in blue.  The red lines indicate the standard deviations of the peak 

intensities. 

 

Figure 4.13. The SERS intensity histogram for 4-MBA deposited on Spiky-L, measured at 1587 

nm. 
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4.4.4 Estimation of the volume of gold  

 The amounts of gold in the three structures examined by the single particle scattering 

measurements were calculated with the dimensions given in Figure 4.14.  The model of Spiky-S 

was constructed by distributing 60 cones with a base radius (r1) of 19 nm and a height (h1+h2) of 

55 nm throughout the surface of the core (Figure 4.14B).  Then, 10 nm at the tip of the cones was 

truncated as depicted in Figure 4.15.  Spiky-L was modeled with 60 cones with r1 of 19 nm, h1 of 

55 nm, and h2 of 15 nm (Figure 4.14C). 

 

Figure 4.14. Scheme showing the cross section of the models used to calculate the amount of 

gold in a smooth nanoshell (A), Spiky-S (B) and Spiky-L (C). 

 

 

Figure 4.15. Scheme of the truncated cone used to calculate the volume of gold. 
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 The overlapping volume of adjacent cones needs to be taken into account in calculating 

the total volume of gold.  An overlapping area is illustrated in Figure 4.16A.  The main 

parameters used in estimating the overlapping volume are the radius (roverlap), angle ( ) and 

height (hoverlap, not shown in 2-D representation) of the overlap volume.  The area of the overlap 

region (Aoverlap, white region in Figure 4.16A) was calculated by using the following equation: 

 

 The first term in parenthesis is the fractional area of the cone‟s base and the second term 

is the area of the triangle formed by the two lines of radius length and the dashed line.  The 

volume of the overlapping region (Voverlap) was then estimated by using the following equation.  

 

 

 The hoverlap, roverlap and  were measured with the software ruler of Lumerical.  The 

volume of the overlapping region per cone was calculated by multiplying two to Voverlap, 

assuming four neighbors as shown in Figure 4.16B.  The volume per one spike was then 

calculated by subtracting 2xVoverlap from the volume of one cone described in Figure 4.15. 
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Figure 4.16.  (A) Schematic of two overlapping cones.  Aoverlap is in white. (B) Top view of the 

overlapping cones. The dotted line indicates the base of the original cone. 

 

4.5 Conclusions 

 Spiky gold nanoshells were synthesized by applying the CTAB/Ag assisted seed-growth 

method to heterogeneous metal nanoparticle syntheses on polymer templates.  The spiky gold 

nanoshells were formed in three processes: synthesis of silver seed particles on negatively 

charged polymer beads, formation of gold spheres on the seed-decorated polymer beads, and the 

growth of gold spikes.  Although only trace amount of silver was detected in the spiky gold 

nanoshells, silver ions in the growth solution were found to play an important role in forming a 

complete shell and regulating the surface morphology.   

 The optical properties of spiky nanoshells were investigated by single particle scattering 

measurements, single particle SERS measurements, and FDTD modeling.  Single particle 

scattering measurements showed that our spiky nanoshells exhibit an enhanced scattering 

intensity compared to smooth shells when the two different particles were made with a 

comparable amount of gold.  The FDTD modeling data showed that the collective behavior of 

multiple spikes contributes significantly to the scattering properties of spiky metal shells, and 



83 
 

that the scattering is localized at the tip of spikes and the overlap regions.  Indeed, the spiky 

nanoshells containing numerous hot spots at those locations and served as excellent SERS 

substrates.  Our single particle SERS measurements revealed intense SERS signals even from 

isolated single spiky shells while for smooth shells, measurable SERS signal was observed only 

for nanoshell aggregates.  In addition, the standard deviation of single particle SERS intensity 

from spiky nanoshells was very small (35%) compared to typical nanoparticle aggregates, 

demonstrating that our synthetic strategy is an excellent method to organize metal nanoparticles 

into controllable geometry with well-defined cluster sizes.     
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Chapter 5 

Conclusions 

  

 We studied coupled SPRs of self-assembled rings of nanoparticles on different substrates 

using dark-field scattering spectroscopy. We found that with different substrate permittivities we 

were able to spatially modulate the optical response of the nanoparticle rings as with polarization 

sensitive detection rings on carbon and gold substrates appeared as two offset circles in the 

optical scattering images. 

 We used the electro-optical properties of  liquid crystals (LCs) to actively modulate the 

Fano resonance in a plasmonic cluster.  The electric-field induced reorientation of LC molecules 

covering a plasmonic cluster leads to a change in the scattered light polarization as it passes 

through the LC cell. Taking advantage of the polarization dependence of the Fano resonance we 

achieved an active switching of the Fano resonance with an external control. In addition, our LC 

cell has the potential to be employed as a platform to actively control other polarization 

dependent optical responses such as anisotropic fluorescence.   

 Gold nanoshells covered with sharp rods called “spiky gold nanoshells” were synthesized 

by employing a silver-assisted seed-growth method. The optical properties of these spiky 

nanoshells were investigated by single particle scattering measurements, single particle surface-

enhanced Raman spectroscopy (SERS), and finite difference time domain (FDTD) modeling.  

Single particle scattering measurements showed that the spiky nanoshells exhibit an enhanced 

scattering intensity compared to smooth shells when the two different particles were made with a 

comparable amount of gold. The FDTD modeling data confirmed the importance of the spikes 
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which provide strong electromagnetic field enhancement. Reproducible SERS intensities with a 

low standard deviation were achieved using individual spiky nanoshells as SERS substrates.  
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APPENDIX A: Most commonly used programs used in the course of this work 

1. LinesectionFWHM: this program is used to read and calculated FWHM of line section from 

dark-field scattering image. 

2. Spectra and image analysis program (Synerji and Winspec): These program are used to read 

and further process the data generated by a CCD camera.  
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