
 

 

NORTHWESTERN UNIVERSITY 

 

Linear and Nonlinear Optical Spectroscopy on Two-Dimensional Arrays of Silver Nanoparticles 

 

A DISSERTATION 

 

SUBMITTED TO THE GRADUATE SCHOOL  

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

 

for the degree 

 

DOCTOR OF PHILOSOPHY 

 

Field of Chemistry 

 

By 

 

Jiha Sung 

 

EVANSTON, ILLINOIS 

December 2007 

 



 

 

2
 

 

 

 

 

 

 

 

 

© Copyright by Jiha Sung 2007 

All Rights Reserved 

 

 

 



 

 

3
ABSTRACT 

Linear and Nonlinear Optical Spectroscopy on Two-Dimensional Arrays of Silver Nanoparticles 

Jiha Sung 

The work presented in this thesis describes investigations into linear and nonlinear optical 

properties of two-dimensional silver nanoparticle arrays.  The linear optical measurements – 

extinction measurements were performed on two-dimensional square arrays of L-shaped silver 

nanoparticles fabricated by electron beam lithography in order to study the effect of dipole 

coupling to the plasmon resonance of the arrays.  A single L-shaped nanoparticle localized 

surface plasmon resonance (LSPR) had two polarized components which independently coupled 

to create plasmon resonances in the arrays.  The resonance location and bandwidth of the arrays 

were dependent on grid spacing and number of particles in the array.  The array plasmon 

resonance had a minimum bandwidth of 700 – 800 cm-1 at a grid spacing ~ 75 nm smaller than 

the grid having the largest red shift of the plasmon resonance.  The birefringence property of the 

arrays was also investigated.  The maximum phase difference of 30° for two orthogonal optical 

axes was observed in between two main dipole resonance wavelengths.  The observation 

suggested the possible application of the two-dimensional nanoparticle arrays as wavelength-

tunable, extremely thin birefringence materials.  The nonlinear optical measurements – 

frequency-scanned excitation profiles of coherent second harmonic generation (SHG) were 

measured for silver nanoparticle arrays prepared by nanosphere lithography.  The second 

harmonic (SH) emission from the arrays was compared with a smooth silver film to identify an 

enhancement of SH emission efficiency.  The polarization and orientation dependence of the 

enhancement suggested that it is related to a dipolar LSPR mode polarized normal to the plane of 

the substrate.  In-plane dipoles that dominate linear extinction spectra did not contribute to the 
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SHG process because of the centrosymmetric orientation of arrays which allowed observation of 

the weak out-of-plane component.  Laser power stability of Al2O3 coated silver nanoparticles 

was tested.  It was demonstrated that the atomic layer deposited Al2O3 layers provide enhanced 

stability of the silver nanoparticles against femtosecond laser exposure, therefore the Al2O3 

coated nanoparticles can serve as a stable platform for surface enhanced laser spectroscopy, 

including nonlinear spectroscopy. 
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Introduction to Linear and Nonlinear Optical Spectroscopy on Noble Metal Nanoparticles 
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0 Anni Mirabilēs 

The first observation of surface-enhanced Raman scattering (SERS) was made by 

Fleischmann et al. in 1974.1  They reported that the Raman signal of pyridine is enhanced by a 

factor of 105-106 through adsorption at a roughened silver electrode, and they believed that the 

signal enhancement came from the increase in silver electrode surface area.  Jeanmaire and Van 

Duyne2 recognized that the enhancement cannot be explained just by the increased surface area 

alone, and in 1977 they proposed that the local electric field enhancement caused by the 

roughened silver surface accounts for the large Raman enhancement.  The electromagnetic 

model has explained the surface enhanced spectroscopy successfully, and according to this 

model, the field enhancement is the consequence of the optical resonance of nano-sized 

structures or particles, called localized surface plasmon resonance (LSPR). 

In Van Duyne group, a highly SERS-active substrate fabrication technique, called 

nanosphere lithography (NSL), has been developed.3,4  By this technique, a two-dimensional (2D) 

array of truncated tetrahedron-shaped nanoparticles or a roughened film, called film over 

nanosphere (FON), can be fabricated with high reproducibility, high throughput, and low cost.4  

These substrates have been utilized for SERS studies and sensor developments.  McFarland et 

al.5 monitored the surface-enhanced Raman excitation spectroscopy (SERES) profile from NSL-

fabricated nanoparticle arrays and correlated the SERS enhancement to the LSPR of the 

nanoparticle arrays.  They showed that the strongest SERS enhancement occurs under conditions 

where the incident and Raman scattered photons are both strongly enhanced, which is consistent 

with prediction of the electromagnetic enhancement model.  How then is the nonlinear response, 

especially second harmonic generation (SHG) of the NSL-fabricated nanoparticle arrays 
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correlated to their LSPR?  This question was my first research topic in the Van Duyne and 

Spears groups, and my results on this topic will be presented in Chapter 4. 

Another research interest in the Van Duyne group has been developing chemo/bio 

sensors from NSL-fabricated substrates.  SERS and LSPR sensors for various biomolecules, such 

as glucose,6 calcium dipicolinate which is an anthrax biomarker,7 amyloid-derived diffusible 

ligand known as an Alzheimer’s disease biomarker,8 and concanavalin A,9 have been 

demonstrated successfully.  The latter two among listed above are examples of an LSPR sensor.  

In the case of noble metal nanoparticles, the LSPR red-shifts as the refractive index of the 

surrounding increases, and this refractive index sensitivity of LSPR is the key feature of LSPR 

sensor development.  The LSPR shift should be large in order to be a good sensor, and LSPR 

wavelength shift per refractive index unit (nmRIU-1) has been used to determine the sensitivity of 

the system.  However, not only the amount of shift but also the LSPR bandwidth is also 

important for the resolution, and Sherry et al.10 proposed new figure of merit (FOM).  In this unit, 

the LSPR shift is normalized by LSPR bandwidth.  Then how can we make LSPR bandwidth 

narrow?  Schatz and coworkers11-13 predicted theoretically that a remarkably narrow plasmon 

resonance is possible for one-dimensional (1D) and two-dimensional (2D) silver nanoparticle 

arrays through dipole coupling when certain conditions are met, and it is shown that the sensing 

capability of the narrow band is larger than the corresponding single particle.12  Hicks et al.14 

demonstrated the prediction of Schatz and coworkers partly for a 1D array of cylindrical 

nanoparticles.  As a sensing platform, however, 2D arrays, rather than 1D arrays, are commonly 

used because higher signal level is expected for 2D arrays.  The bandwidth narrowing had not 

been shown for 2D arrays, which lead me to a second research topic: investigation of the effect 

of dipole coupling to the surface plasmon of 2D silver nanoparticle arrays. 
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This thesis is not organized in chronological order.  The dipole coupling study precedes 

the SHG study, so that the linear spectroscopes are presented before nonlinear spectroscopy.  

Backgrounds for understanding following chapters will be briefly introduced in this chapter.  

Section 1.1 describes dipole coupling.  LSPR will be introduced briefly in first subsection, and 

detailed discussion of dipole coupling will be presented in second subsection.  Section 1.2 is 

about nonlinear spectroscopy.  A brief introduction to the nonlinear spectroscopy and overview 

of SHG studies that have been done on noble metal surfaces and nanoparticles will be discussed 

in two continuing subsections. 

1.1 Optical Properties of Noble Metal Nanoparticles 

1.1.1 Surface Plasmon Polariton and Localized Surface Plasmon Resonance 

The physical entities that have particle-like properties are usually named with the words 

ending in –ON.15  Electron, neutron, proton, photon, boson, fermion, phonon, exiton, polaron, 

polariton, and plasmon are examples.  Among all those –ON’s, plasmon, especially, localized 

surface plasmon is the main interest of this thesis. 

In 1940’s Ruthemann16 and Lang17 reported the characteristic energy loss of fast 

electrons when those electrons pass through thin beryllium and aluminum film.18  There had 

been debate on the origin of this energy loss.  Various workers tried to explain this observation 

with interband transitions of individual conduction electrons, but the origin turned out to be a 

coupling of the electron charge to a surface plasmon.19,20  The surface plasmon is coherent 

oscillation of the surface conduction electrons, and it is distinct from unbounded bulk plasmon 

because electrons are confined in the metal surface.21  The surface plasmon can couple with 

electromagnetic waves to create a surface plasmon polariton (SPP).  If the single boundary of a 

metal and dielectric medium is considered, the dispersion relation of the SPP is given by22 
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where kx is the wave vector of the SPP, ω is angular frequency, c is speed of light, ε1 is dielectric 

function of the dielectric medium, and ε2r and ε2i are real and imaginary component of metal 

dielectric function, respectively.  A propagating mode with a sharp resonance (small damping) 

requires a large negative ε2r and a small ε2i.22  This condition is well satisfied by noble metals, 

lithium, aluminum, indium and sodium in the visible wavelength region.  However, the surface 

plasmon cannot be directly coupled to the electromagnetic field from the external dielectric 

media.  The maximum surface-parallel wave vector that can be achieved from the 

electromagnetic wave in the dielectric media with same angular frequency, ω, is 

1max, )/(
1

εωε ck =  which is smaller than the wave vector of the SPP (kx).  Thus, it is clear from 

each dispersion relation that the wave vector matching condition cannot be achieved.  For the 

optical excitation of the SPP, prism coupling or grating coupling is necessary.23  In the case of 

thin metal films, the SPP modes form at two metal-dielectric boundaries, and there is coupling 

between them, resulting in two mixed modes; short-range and long-range SPP mode.24,25  The 

short-range SPP mode has antisymmetric surface charge, and it results in large electric field 

within metal, so, it is strongly attenuated through Joule heating.  The long-range SPP mode has 

symmetric surface charge, very weak electric field within metal, and a longer propagation 

distance,22,24,25 therefore this mode is of potential practical application in a plasmonic band gap 

laser.26,27  The SPP of the metal film has also been employed in various sensing techniques.23 

Now let me move from metal surfaces and films to metal nanoparticles.  There is more 

confinement of the conduction electrons in metal nanoparticles than those in metal surfaces or 

films, and this makes the optical properties of metal nanoparticles distinct from those of bulk 
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metal or metal film.  An electromagnetic field satisfying the resonance condition can cause the 

collective oscillation of conduction electrons of the metal nanoparticles, and it is called a 

localized surface plasmon resonance (LSPR).  Because of this resonance, small colloidal 

particles of some metals, such as gold, show varied colors in absorption or scattering within the 

visible wavelength range.  In 1908, Mie reported the rigorous analytical solution of the Maxwell 

equations for a homogeneous spherical particle of arbitrary size,21,28-30 and in 1912, Gans 

extended the Mie theory to spheroids.30,31  The scattering and absorption, therefore extinction, 

which is the sum of scattering and absorption, of homogeneous spherical and spheroidal particles 

can be described with this theory.21,29  If the particle diameter is much smaller than the 

wavelength of incident light (electrostatic dipole approximation), the extinction spectrum E(λ) of 

the metal sphere or spheroid can be given by following equation:30 
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where N is number of nanoparticles in unit area, λ is wavelength of electromagnetic field, V is 

the volume of nanoparticle, ε1 is dielectric constant of dielectric medium, ε2r and ε2i are real and 

imaginary component of metal dielectric function, and χ is a shape factor.  For a spherical 

particle, χ is two, and χ is larger than two for spheroids.  Here, again, the requirement for a sharp 

resonance is a large negative value of ε2r and small ε2i.  From Equation 1.2, it is clear that the 

LSPR of the noble metal nanoparticle imbedded in dielectric medium depends on the 

composition of the nanoparticle (ε2r and ε2i), the dielectric constant of environment (ε1), and the 

nanoparticle shape (χ).  When the nanoparticles form a particle pair, cluster, one-dimensional 

(1D) array or two-dimensional (2D) array, the dipole coupling of nanoparticles also affects the 

plasmon resonance of whole cluster or array.11,12,32-34  This aspect will be discussed in section 

1.1.2.  Two remarkable consequences of this optical phenomenon are (1) an enhanced light 
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scattering and absorption which is sensitive to the external refractive index and (2) a large local 

electromagnetic field enhancement.  LSPR sensors for chem/bio detection and quantitation can 

be developed utilizing the former feature.35,36  The latter feature enables surface enhanced 

spectroscopies.37  Molecules near a noble metal nanoparticle or nanostructure feel an enhanced 

local electric field when excited at the LSPR wavelength, therefore their response to the electric 

field is greatly enhanced compared to without the metal surface.  For example, Raman scattering 

of a molecule is enhanced greatly when the molecule is adsorbed on roughened metal 

surface,1,2,38,39 and it is called Surface-enhanced Raman scattering (SERS).  In the ensemble-

averaged system, Raman enhancements up to 108 have been observed5,40 and in the case of single 

molecule SERS, a Raman enhancement factor on the order of 1014-1015 was reported.41  Surface-

enhanced hyper-Raman scattering (SEHRS)42-44, fluorescence,45-47 second harmonic generation 

(SHG)48,49, and two-photon absroption50 from the molecules adsorbed on metal electrode or 

nanoparticles have also been studied.  When the external electromagnetic field impinging on a 

metal nanoparticle is resonant with the LSPR of the nanoparticle, fluorescence and the nonlinear 

response of the metal nanoparticle itself is also enhanced.  This aspect will be discussed in 

section 1.2.2 in more detail. 

1.1.2 Coupling of Localized Surface Plasmons 

In the previous section, the emphasis was on the factors that determine the LSPR of 

single noble metal nanoparticle.  Under the electromagnetic field, each nanoparticle can be 

considered as a single dipole, and if two or more nanoparticles are brought together, the LSPR of 

the system can be modified by the interaction of the dipoles.  There are two types of interactions 

between metal nanoparticles; one is short range dipolar coupling due to the evanescent field and 

the other is long range dipolar coupling due to radiative dipolar fields.33,34,51 
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The short range coupling becomes dominant if the particle spacing is the order of a 

particle radius.  The system of two adjacent nanoparticles34,52-55 and 1D nanoparticle arrays56 

with various particle spacing have been explored by various research groups.  They monitored 

the resonance wavelength of the system while the particle spacing was tuned and they compared 

their observations with theoretical calculations.  Both experiment and theory57,58 have shown that 

for the incident beam polarization parallel to the array axis, the resonance of the system red-

shifts as particles get closer, and for the incident beam polarization perpendicular to the array 

axis, the resonance blue-shifts as particles get closer.  This observation can be explained 

qualitatively by a simple dipole-dipole interaction model.52  The incident electromagnetic field 

creates positive and negative charges on the metal nanoparticle surface at opposite sides, and the 

charges on each side feel a repulsive force (Figure 1.1A).  Imagine that another particle is 

brought nearby.  By the electromagnetic field, the same charge separation will take place for the 

second particle.  If the second particle is placed to form an array with its axis parallel to the 

polarization of driving field (Figure 1.1B), opposite charges are facing within particle gap and 

the repulsive forces within each particle will be weakened, leading to a lower resonance 

frequency.  However, if the second particle is placed to form an array with its axis perpendicular 

to the polarization of the field (Figure 1.1C), the same charges are facing within particle gap to 

enhance the repulsive forces within each particle, leading to a higher resonance frequency.52  A 

molecular ruler utilizing this sensitivity of resonance to the particle spacing has been 

demonstrated by Alivisatos and coworkers.59,60  The short range coupling leads to a large 

enhancement of the local electric field in the gap between the particles34 and it is considered as 

an origin of spectroscopic “hot spots”.  Since Nie and Emory41 reported Raman scattering from a 

single rhodamine 6G molecule adsorbed on aggregated silver colloids, which requires Raman 
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Figure 1.1 Simple dipole-dipole interaction model.  (A) Single particle, (B) a pair of particles 

with polarization parallel to the array axis, and (C) a pair of particles with polarization 

perpendicular to the array axis. 
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enhancements of the order 1014-1015, electromagnetic “hot spots” have drawn attention.  There 

have been much experimental and theoretical work to design61-63 and fabricate64-68 “hot spots”. 

Long range dipolar coupling becomes more important if the interparticle distance exceeds 

the order of a particle radius.  Wokaun and coworkers69,70 modeled the dipolar interaction 

between the metal particles in 2D arrays.  They also simulated the shifts and broadening of the 

particle plasmon resonances and field enhancement for a regular 2D array of particles.  Retarded 

dipolar interactions between the particles are explicitly taken into account in their model and the 

incident field was plane wave.  They showed that the dipolar interactions among particles exhibit 

a large dependence on both the wavelength and the grid spacing (D) of the array.69  The total 

field can be written as a Fourier series of plane and evanescent waves, which represent the 

radiating and evanescent grating orders.  When the grid spacing is smaller than the wavelength 

(Figure 1.2A), all the grating orders are evanescent, except zero order.  In this case, large shifts 

of the plasmon resonance arise.  The dipolar interactions exhibit a strong variation when the grid 

spacing matches the wavelength, i.e. when the particular order crosses the light circle in 

reciprocal space (Figure 1.2B).  At this critical grid spacing (Dcrit), the grating order changes 

from evanescent to radiating, and it radiates at grazing angle.  Once the grid spacing becomes 

larger than the wavelength (Figure 1.2C), strong damping occurs because of radiative gating 

order.  Their model was used by Aussenegg and coworkers33 to explain data for 2D square arrays 

of cylindrical silver nanoparticles.  They performed extinction and plasmon decay time 

measurements on the arrays with variable grid spacing, and they observed a red shift of the 

plasmon resonance when the grating order was evanescent.  When the grating order became 

radiative by increased grid spacing, an enhanced plasmon damping was observed, which is 

thought to result from the strongly enhanced radiative damping.33  More recently, Schatz and 
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Figure 1.2 Reciprocal space representation of the 2D square array of grid spacing D.  Beam 

propagation is normal to the array surface.  The grating orders are represented by dots and the 

circle represents the light circle with wavelength λ.  (A) D < λ, (B) D = λ, and (C) D > λ. 
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coworkers11,12 performed theoretical calculations on 1D and 2D arrays of silver nanoparticles, 

and reported that a remarkably narrow plasmon line can be achieved at certain grid spacing.  

They used the coupled dipole (CD) method for the modeling.  For a small spherical particle close 

to resonance, the polarizability αs is approximately –A/(ω – ωp + iγ), where A is a positive real 

constant, ωp is surface plasmon frequency for the isolated particle, and γ is its half-width.11,12  

Then the polarization (P) of the spherical particle is 
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where E0 is the amplitude of incident field.  In the case of an infinite array, the polarization of 

each particle turns out to be:11,12 
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where k is wave vector of incident field, rij is the distance between dipole i and j, and θij is the 

angle between rij and the polarization direction.  From Equation 1.4, the real part of AS 

determines the shift of the plasmon resonance frequency and the imaginary part determines the 

change in bandwidth.  It was shown that there is a condition where the width factor γ + Im(AS) 

vanishes.  The 1D array of 50 nm silver nanoparticles showed 3.5 nm (20 meV) bandwidth with 

a peak wavelength of 471.4 nm, for 470 nm particle spacing.11  In the case of 2D arrays 

constructed from the same particle, the bandwidth is always broader than 1D arrays, but the 

minimum bandwidth is still much narrower than that of an isolated single particle.11  There is a 

difference between Wokaun’s model and Schatz’s model in describing the origin of change in 
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plasmon bandwidth.  In Wokaun’s model, the radiative damping, i.e. the plasmon life time was 

the factor that determines the plasmon bandwidth.  However, in Schatz’s model, the origin of 

bandwidth narrowing is attributed as a destructive interference within a small window of 

wavelengths, so it is not because of the increased plasmon life time.  Van Duyne and coworkers14 

reported the observation of plasmon line shape that is similar to that of Schatz’s model for the 

1D arrays of cylindrical silver nanoparticles.  For the observation, the refractive index of the 

dielectric media that is surrounding the silver nanoparticle arrays should be matched. 

1.2 Nonlinear Optical Spectroscopy on Noble Metal Nanoparticles 

1.2.1 Introduction to Nonlinear Optics 

‘Physics would be dull and life most unfulfilling if all physical phenomena around us 

were linear’ – from ‘The Principles of Nonlinear Optics’ by Y. R. Shen 

The nonlinear optical properties have been known since Maxwell’s time.  However, the 

first observation of nonlinear optical process was made after the pulsed ruby laser was developed 

in 1960.71-73  Since Franken et al.74 reported second harmonic generation (SHG) of a ruby laser 

beam (λ = 694.3 nm) through crystalline quartz in 1961, various nonlinear optical processes have 

been experimentally observed.  They have drawn particular attention, because nonlinear optical 

measurements enable obtaining optical properties that are not observable with linear optical 

measurement.  For example, high surface-specificity of the second order process makes the SHG 

and sum frequency generation (SFG) a powerful tool for surface or interface study. 

For all but exceptional circumstances, the induced polarization P(t) can be expressed with 

power series of electric field strength E(t); 73,75,76 
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where )1(χ , )2(χ , and )3(χ are linear, second-order, and third-order susceptibility, respectively.  

High-order nonlinear optical susceptibilities are naturally much weaker than the linear 

susceptibility, therefore, when the electric field strength is small, the second-order and higher-

order terms can be neglected and only the linear polarization term )()( )1()1( tEtP χ= is important.  

Absorption, reflection, and refraction under the weak electric field are related to )()1( tP .  

However, as the electric field strength becomes large, high-order terms become important. 

)()( 2)2()2( tEtP χ= is the second-order polarization, and it describes the three-wave 

mixing process, such as SHG, SFG, difference frequency generation (DFG) and optical 

parametric amplification.  If the incident optical field consists of two frequency components ω1 

and ω2, it can be expressed as; 
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Then the second-order polarization in Equation 1.6 becomes75 
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The first two polarization terms with frequency of 2ω1 and 2ω2 in Equation 1.8 are related to 

SHG, and next two terms with frequency of ω1 + ω2 and ω1 – ω2 are related to SFG and DFG, 

respectively.  The last two polarization terms with zero frequency are related to optical 

rectification.  Under the electric dipole approximation, second-order optical processes are 

forbidden in a medium with inversion symmetry, such as liquids, gases, amorphous solids, and 

even many crystals.  The inversion symmetry is broken at the surface or interface between two 

media with inversion symmetry, therefore the second-order optical process is highly surface or 

interface-specific.73,77  A variety of surface/interface studies are performed by SHG and SFG 
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spectroscopy.  Electrochemical processes at liquid/solid interface,78,79 molecular orientation on a 

surface,80,81 optical imaging microscopy,82-85 vibrational spectroscopy of surface/interface,86-89 

molecular chirality,90 surface adsorption kinetics,91,92 bare semiconductor and metal surfaces,93-95 

and surface/membrane potential96,97 have been studied by SHG and SFG spectroscopy. 

Third-order polarization, )()( 3)3()3( tEtP χ= , describes four-wave mixing process.  Third 

harmonic generation, coherent anti-Stokes Raman spectroscopy (CARS), transient grating, and 

photon echo are spectroscopic techniques related to )()3( tP .  Also the nonlinear contribution to 

the refractive index (intensity-dependent refractive index) is governed by )3(χ .75 

Other than those mentioned above, a variety of nonlinear optical spectroscopy have been 

developed and applied for a variety of research areas, but introducing each of them is demanding 

and beyond the scope of this thesis.  Let me close this introduction with a brief review of SHG 

studies that have been done on noble metal nanoparticles in following section which is related to 

work presented in this thesis. 

1.2.2. Second Harmonic Generation (SHG) from Noble Metal Nanoparticles 

As discussed at the beginning of this chapter, the great enhancement of Raman scattering 

by roughened silver surfaces was reported in the 1970’s and the origin of the enhancement is 

attributed to the local field enhancement from the surface plasmon of the roughened metal 

surface.  This observation attracted great interest from many researchers, and they tried to 

achieve an enhancement of other optical processes from the local field enhancement.  SHG 

spectroscopy was not an exception.  SHG enhancement from the surface roughness of a metal is 

studied experimentally79,98-100 and theoretically79,99, but this section will be focused on the SHG 

studies performed on noble metal nanoparticles rather than on roughened metal films. 
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SHG enhancement of the dye molecules conjugated to gold nanoparticle was reported by 

Clark et al.48  JPW4041 dye conjugated to the 100 nm gold nanoparticle showed 100 times 

enhanced SHG signal compared to the dye conjugated to a latex bead with same size.  Chen et 

al.49 demonstrated that the SHG of an ionic self-assembled multilayer film is enhanced 200 times 

by silver nanoparticles deposited on the film.  These experiments clearly show that the local field 

enhancement by noble metal nanoparticles LSPR enhances the SHG from the molecule adsorbed 

on the nanoparticle surface. 

The LSPR also enhances the SHG of the noble metal nanoparticle itself.  Sandrock et 

al.101 fabricated noncentrosymmetric gold nanocylinder pairs in a porous anodic alumina host.  

The SHG signal resulting from this structure was collected with 780 nm incident wavelength that 

corresponds to the dipolar plasmon resonance of long particle axis.  They changed the incidence 

angle of the 780 nm beam to change the component of the incident electric field parallel to the 

long particle axis, and they observed the increase in SHG intensity as the field component 

increased.  This observation is consistent with local field enhancements arising from a long-axis 

dipolar plasmon resonance.  Podlipensky et al.102 reported strongly enhanced SHG in thin layers 

of uniformly oriented ellipsoidal silver nanoparticles in a glass matrix.  These measurements 

were performed while the incident beam polarization and incidence angle was varied while the 

incident laser wavelength was fixed. 

There also have been wavelength-scanned measurements on spherical noble metal 

nanoparticles.  Antoine et al. reported surface plasmon enhanced second harmonic (SH) response 

of gold nanoparticles at the air/toluene interface103 and gold clusters embedded in an alumina 

matrix.104  In their research, the incident laser wavelength was scanned while the resulting SHG 

intensity was monitored.  The SHG wavelength was scanned through the interband transition and 
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surface plasmon wavelength region.  SH response from the surface plasmon dominated that from 

the interband transitions.  Hupp and coworkers105-107 studied the hyper-Rayleigh scattering 

(HRS) from colloidal noble metal nanoparticles while the incident laser wavelength was scanned.  

Their experiment was also performed with a two-photon resonance condition.  Their study 

demonstrated the existence of distinguishable contributions to HRS intensities from 32 nm silver 

nanoparticles arising from electric dipole and quadrupole plasmon resonances at the emitted 

wavelength.105  However, Russier-Antoine et al.108 reported no contribution from the electric 

quadrupolar term in HRS response for 11 nm gold nanoparticles since retardation effects are 

much smaller in 11 nm particles.  Strong enhancement of gold nanoparticle HRS is observed for 

harmonic frequencies in resonance with the dipolar surface plasmon excitation and no 

contribution of the interband transition is observed,108 which agrees with the report of Antoine et 

al.104 

There also have been efforts to correlate SH responses of noble metal nanoparticles with 

their morphology.  Scherer and coworkers109 obtained SHG signals from colloidal silver 

nanoparticles deposited onto a substrate and correlated their SHG signal to the STM image.  

Strong SHG signal was observed from dimers with nonspherical particles and trimers, and 

detectable SHG signal was not yielded from single spherical particles.   

The review in this section have been focused on the studies that investigate the factors 

that govern noble metal nanoparticle SHG enhancement, but there have been many SHG studies 

on metal nanoparticles for many other purposes.  For example, Aussenegg and coworkers110-112 

studied plasmon dephasing in gold and silver nanoparticles by SHG autocorrelation 

measurements.  Canfield et al.113 studied the chirality arising from small defects in gold 

nanoparticle arrays by both linear and SHG measurements.  They showed that the chiral 
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responses from SHG are enormous compared to linear measurements and demonstrated that the 

SHG measurement can be an excellent tool for studying nanoparticle chirality. 

1.3 Goals and Organization 

The goal of the work described in this thesis is to provide further understanding of linear 

and nonlinear optical properties of two-dimensional square arrays of silver nanoparticles, which 

is essential for the application of these arrays for sensing and laser spectroscopy.  As discussed in 

previous sections, noble metal nanoparticle exhibit remarkable optical properties which result 

from the LSPR.  The main interest in this thesis is about LSPR properties that are modified by 

dipole coupling within nanoparticle arrays and the SHG enhancement originating from the LSPR 

of nanoparticles. 

In Chapter 2 and 3, linear optical properties of two-dimensional arrays of L-shaped silver 

nanoparticles fabricated by electron beam lithography are presented.  All the measurements were 

performed with continuous wave white light from the tungsten-halogen light source.  Chapter 2 

describes the dipole coupling in two-dimensional arrays of L-shaped silver nanoparticles.  The 

effect of grid spacing, array size and refractive index to the plasmon resonance of the array is 

discussed.  Chapter 3 discusses the birefringence property of the L-shaped silver nanoparticle 

arrays and experimental observations are rationalized with several models.  In Chapter 4 and 5, 

nonlinear optical properties and femtosecond laser stability of NSL-fabricated silver nanoparticle 

arrays are presented.  Chapter 4 presents the frequency-scanned excitation profile of coherent 

second harmonic generation of silver nanoparticle arrays and the origin of the second harmonic 

enhancement is proposed.  Chapter 5 describes the stability of the NSL-fabricated silver 

nanoparticle arrays to a femtosecond laser pulse.  The femtosecond laser stability of bare 

nanoparticles and Al2O3 coated nanoparticles were studied by monitoring the LSPR extinction 



 

 

34
spectra during laser illumination.  The Appendix 1 demonstrates the absorption measurements of 

the dye molecules that are adsorbed on smooth silver film, performed by an integrating sphere.  

The absorbance of surface-adsorbed dyes is compared with that of dye solution.  Finally, the 

appendix 2 summarizes the optical measurements performed on the gap arrays of cylindrical 

silver nanoparticles and discusses the effect of number of interacting nanoparticles of plasmon 

resonance. 
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Chapter 2 

 

Dipole Coupling in Two-Dimensional Arrays of L-Shaped Silver Nanoparticles 
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2.1 Introduction 

Nanomaterials are of current interest in a wide variety of fields from medicine to 

microelectronics.  The optical properties of nanoscale-fabricated noble metal nanoparticles have 

drawn particular interest both experimentally and theoretically because of their impact in 

technological applications such as bio/chemosensors,114-117 optical filters,118,119 plasmonic 

waveguides,23,120-122 and substrates for surface-enhanced spectroscopy.5,123,124  The property 

behind all of these applications is the localized surface plasmon resonance (LSPR), which is a 

collective oscillation of the conduction electrons that occurs when light impinges on a 

nanoparticle at a specific wavelength.  The resonance peak position and shape of the LSPR is 

governed by the nanoparticle shape, size, composition, and dielectric environment.  The LSPR 

creates enhanced light scattering, absorption, and local enhancement of the electromagnetic field.  

For arrays of nanoparticles the optical properties become dependent on the array interactions to 

create a modified plasmon resonance that is characteristic of the whole array; therefore, one 

needs to understand nanoparticle coupling versus grid spacing, effects of shape and size, and the 

nanoparticle dielectric environment. 

To effectively study a wide variety of arrays, a fabrication method is needed that has 

precise, user-defined placement of the nanoparticles.  Current fabrication techniques include 

natural lithography, such as nanosphere lithography (NSL),3,4 and direct-write methods, such as 

photolithography,125,126 electron beam lithography (EBL),32,127 and dip-pen nanolithography.128  

Each type has its own advantages and disadvantages, but for experiments involving the precise 

control of nanoparticles on a surface, a direct-write method is an excellent tool.  Specifically, 

EBL can be used to create nanoparticles with different shapes, sizes, spacing, and orientation in 
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two-dimensional (2D) arrays.  A partial review of nanoparticle fabrication by EBL is given by 

Canfield, et al.129 

Optical properties of one- or two-dimensional noble metal nanoparticle arrays have been 

studied experimentally14,32,33,130-133 and theoretically11,12,51,69,70 by several groups.  Short-range 

coupling effects in EBL fabricated hexagonal and square arrays of triangular and circular Au and 

Ag nanoparticles were studied by Van Duyne and coworkers.32  They observed a shift of the 

LSPR dependent on lattice spacing, and related theoretical work explained these effects in terms 

of radiative dipolar coupling between the nanoparticles and retardation effects.32,134  For one-

dimensional (1D) chains, they were able to experimentally find a narrower shoulder on the 

plasmon resonance due to long-range dipole interactions along the chain,14 which was predicted 

by Schatz and co-workers.11,12  Others have looked in more detail at 2D arrays with large grid 

spacing.  Aussenegg and co-workers have studied extinction spectra of 2D Au nanoparticle 

arrays with a variety of nanoparticle geometries such as cylinders,33,131,132 nanorods,131,132 and 

nanowire gratings.133  In one study of Au arrays33 this group monitored the resonance peak with 

white light spectroscopy and the plasmon lifetime with time-resolved collinear autocorrelation 

measurements.  They observed a red shift with increasing grid spacing and a dramatic increase in 

the plasmon damping at critical grid spacing.  Their physical explanation for these effects relied 

on the models of Meier and Wokaun,69,70 and the experiments showed the importance of 

coherent scattering into a substrate as the means to enhance dipole coupling and thereby increase 

the radiative component of bandwidth.  In a related recent work,132 they showed a predicted 

grating-induced resonance69,70 in an array of Au nanorods having large transition dipoles.  Others 

have looked into different shapes and lattice structures as well.56,135,136 
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In this work an L-shaped nanoparticle without a center of inversion symmetry was 

studied to provide optical characterization of linear optical properties prior to nonlinear optical 

studies of the same particles.  For a nanoparticle or a lattice with in-plane center of inversion 

symmetry, the centrosymmetry of the in-plane dipole results in the cancellation of second order 

nonlinear response such as second harmonic generation (SHG).111,137  Aussenegg and co-workers 

have studied the SHG response from a square lattice of Au nanoparticles created from three 

coalesced discs in a rough L shape.  This work measured the plasmon dephasing time in the 

nanoparticles by interferometric autocorrelation methods.110,111  Tuovinen, Canfield and co-

workers129,138,139 studied the linear and second order nonlinear optical properties of a two-

dimensional array of L-shaped Au nanoparticles having rounded arms.  They observed 

polarization dependence in the linear and SHG response of L-shaped nanoparticle arrays.  The 

extinction spectra were shown to have two optical transitions with independent polarizations 

along the mirror plane and perpendicular to the mirror plane.  In their SHG studies, the incident 

laser wavelength was fixed at 1060 nm and they scanned the plasmon resonance of the array by 

changing the grid spacing. 

There also have been efforts to theoretically predict and explain the modification of the 

optical properties of noble metal nanoparticles in 1D and 2D arrays.  Wokaun and co-

workers69,70 explained the resonant shift and bandwidth change of the plasmon of periodic 

nanoparticle arrays by dipolar interaction.  With a coupled dipole model, Schatz and co-

workers32,134 demonstrated that for the 1D and 2D periodic nanoparticle arrays the plasmon 

wavelength shift is determined by the real part of the retarded dipole sum, while the bandwidth is 

determined by the imaginary part of this sum.  They also have shown that the bandwidth can 

reach a minimum for 1D and 2D arrays, and especially for 1D arrays the polarization 
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perpendicular to the arrays gives exceptional opportunity for extremely narrow plasmon 

bandwidths11,12,140 when the chain is in a uniform dielectric environment. 

While the prior results give a conceptual basis for understanding some of the features of 

nanoparticle interactions in an array, more complete experimental data are required to provide 

data sets for more accurate testing of theoretical models and optimizing arrays for applications.  

A study with a fine set of grid spacings and comparison to isolated nanoparticles is presented 

here to explore how resonance positions and bandwidths depend on such parameters.  In addition, 

the first study of different sized arrays having varying nanoparticle gaps in extended structures is 

presented to show how resonances and bandwidths evolve with nanoparticle number and spacing.  

All of these studies are a prerequisite for understanding nonlinear optical properties of L-shaped 

particles, and motivating new theory for linear and nonlinear optical properties of arrays.  In this 

work we emphasize larger grid spacing and long-range dipole coupling effect. 

In the following sections, our optical studies of 2D arrays of Ag nanoparticles and the 

effects of grid spacing, dielectric environment, and gaps within a 2D structure on the peak 

position and bandwidth of the plasmon resonance are described.  Some discussion of theoretical 

models is used to rationalize the results, but more detailed theoretical modeling is in progress. 

2.2 Experimental Methods 

2.2.1  Sample Fabrication 

The samples were prepared by EBL on an indium-tin-oxide (ITO) conducting layer of 40 

nm on 750 μm thick glass substrates (Thin Film Devices, Anaheim, CA).  The substrates were 

first cleaned by sonication for 5 min in each of the following solvents: acetone, isopropyl alcohol, 

and DI water.  The clean substrates were then baked at 170 ˚C for 1 min to remove any excess 

water from the surface.  Each substrate was then spin-coated with a 70 nm film of an electron-
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sensitive resist, ZEP 520 (Nippon ZEON Ltd.) diluted 1:2 in anisole.  Each sample was then soft-

baked at 170 ˚C in a convection oven overnight.  A Jeol 9300 FS was used to expose resist; the 

resolution of the Jeol 9300 FS is approximately 6 nm, at an accelerating voltage of 100 kV.  

After exposure of the ZEP 520, the nanoparticle patterns were developed in hexyl acetate to 

create areas for deposition of Ag metal in a high-vacuum thin-film vapor deposition system 

(AVAC HVC 600).  For all samples the metal thickness was 30 nm, as measured by a quartz 

crystal microbalance.  In the last step of the sample preparation, the lift-off step, the resist was 

dissolved in a strong solvent (Shipley remover 1165), which also removes the metal deposited on 

top of the resist.  To ensure that the metal film on top of the resist does not have any physical 

contact with the metal deposited directly on the substrate, samples were prepared with an 

“undercut” in the resist film.  This is accomplished by overdeveloping the resist slightly.  In this 

work, nanoparticles shaped like an L, with equal arms, were used in two orientations, which are 

called L or V depending on their orientation relative to lines of nanoparticles (see Figure 2.1A,B).  

Both continuous arrays over large areas of ~100 ×  100 μm2 and arrays with gaps were studied.  

Gap arrays are those where different unit cells were repeated with “missing” nanoparticles or 

gaps; this gives translational symmetry to the whole array.  Scanning electron microscopic (SEM) 

images to clarify this structure can be seen in Figure 2.1C,D.  For the L structure, arm length was 

used to refer to the extension past the thickness of the arm, which is 63 ± 5 nm; for example, an 

82 ± 5 nm arm length has a full edge length of 145 nm in both directions.  Figure 2.1E shows the 

definition of arm length and arm width of L-shaped nanoparticle.  Tables 2.1 and 2.2 summarize 

all the arrays reported in this paper.  In each sample, duplicate and triplicate arrays were prepared, 

and data for two or three duplicate samples are shown in Figures 2.4, 2.5, 2.7, and 2.8.  These 
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Figure 2.1 SEM images of two-dimensional arrays of L- and V-shaped nanoparticles.  (A) L-

shaped nanoparticle arrays (82 nm arm length, 250 nm grid spacing).  (B) V-shaped nanoparticle 

arrays (83 nm arm length, 675 nm grid spacing).  (C) Gap array with 82 nm arm length and 450 

nm grid spacing (24 particles per block edge and gap of 17 particles).  (D) Enlarged view of 

panel C.  (E) Diagram of L-shaped nanoparticle.  Dimension a is defined as the arm length and b 

is defined as arm thickness.  (F) Diagram of gap arrays with 8 ×  8 blocks and gap size of 4.  

Gray particles in the diagram stand for vacant sites. 
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orientation arm lengtha 
(nm) 

arm widtha 
(nm) grid spacing (nm) 

L 82 63 250, 300, 350, 400, 420, 440, 450, 460, 500, 550, 
600, 650, 5000 

L 92 63 250, 300, 350, 400, 420, 440, 450, 460, 500, 550, 
600, 650, 5000 

V 83 93 400, 450, 475, 500, 525, 550, 575, 600, 625,650, 
675, 700, 725, 750, 5000 

V 103 93 400, 450, 475, 500, 525, 550, 575, 600, 625,650, 
675, 700, 725, 750, 5000 

a Error is ± 5 nm 
 
Table 2.1 Characteristics of 2D Ag Nanoparticle Square Arrays 
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orientation arm lengtha 
(nm) 

arm widtha 
(nm) 

grid spacing 
(nm) block sizeb gap sizeb 

L 82 63 450 24 ×  24 17 

L 92 63 400 8 ×  8 4, 9, 17 

L 92 63 400 12 ×  12 4, 9, 17 

L 92 63 400 16 ×  16 9, 17 

L 92 63 400 24 ×  24 9, 17, 25 
a Error is ± 5 nm 
b Numbers of particles 

Table 2.2 Characteristics of Ag Nanoparticle Gap Arrays 
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duplicates show reproducibility of the EBL method.  EBL fabrication was performed at the MC2 

process lab at Chalmers University of Technology. 

2.2.2 Extinction Measurements 

Extinction spectra were collected on an Ocean Optics USB2000 fiber-coupled 

spectrometer for the 400 – 1000 nm region and a fiber-coupled near-infrared (NIR) spectrometer 

(NIR 128L-1.7T1-USB, Control Development) for the 900 – 1700 nm region.  The Ocean Optics 

spectrometer had low noise to 950 nm.  The spectra over this wide region have a slight mismatch 

near 900 nm, signifying where one spectrometer ends and the other begins.  The optics 

arrangement is shown schematically in Figure 2.2.  White light from a tungsten-halogen lamp 

light source was fiber-coupled with a 100 μm fiber to a +40 mm focal length achromatic 

collimating lens.  The collimated beam was then polarized by a Glan-Taylor calcite polarizer 

with 5 mm aperture and focused onto the sample by a +12.7 mm focal length achromatic lens 

with the optic axis normal to the sample surface.  Transmitted light was collected by an infinity 

corrected 10×  Nikon microscope objective (NA = 0.30) at a working distance of 16.0 mm and 

focused into a 600 μm fiber that couples into the spectrometer.  The white light spot size on the 

sample was scanned with a straight edge and was close to Gaussian with a 20 μm diameter at full 

width at half-maximum (FWHM). 

The sample was mounted on two computer-controlled microtranslational stages (M-

111.1DG, Physik Instrumente) to form an x–y system with a 50 nm step size.  The x–y stage 

system is fixed on the manual vertical linear stage (MVN50, Newport Corp.) and manual 

rotational stage (M-UTR120A, Newport Corp.).  Rotation of the incident beam polarization 

relative to the sample geometry was achieved by rotating the sample stage with fixed incident 

beam polarization.  The white light axis was coincident with the rotational axis of a rotational 
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Figure 2.2 Experimental setup for extinction measurements.  Symbols represent achromatic 

lenses (L1-L4), polarizer (P), sample mount or flow cell (S), 10×  Nikon microscope objective 

(O), computer-controlled microtranslational stages (T1 and T2), vertical stage (V), rotational 

stage (R), and a mirror (M).  The focal lengths of achromatic lenses are +40 mm, +12.7 mm, 

+200 mm, and +30 mm respectively.  The microscope objective is attached to its own manual 

xyz-translational stage, which is not shown in this figure. 
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stage to make the beam position fixed on the sample during sample rotation.  All the samples 

were studied under a stream of dry nitrogen, with some additional samples being tested in 

benzene as well.  The extinction measurement was done approximately at the center of the 100 ×  

100 μm2 pads and the reference measurement was obtained by scanning into a nearby region of 

the glass substrate. 

2.2.3 Dark-Field Scattering Measurement 

A single nanoparticle scattering spectrum of the high-energy band was obtained by 

resonant Rayleigh dark-field optical microscopy with an inverted microscope (Eclipse TE300, 

Nikon Instruments) equipped with a dark-field condenser (NA = 0.95 – 0.80) for illumination 

and a 40×  objective (NA = 0.60) for collection.  White light from the tungsten-halogen lamp in 

the microscope was polarized by a linear polarizer (cutoff ~800 nm) before the dark-field 

condenser.  The dark-field condenser system was modified to improve transmitted polarization 

by a mask having a wide slit along a radius aligned with the input polarization, but the 

transmitted polarization still shows a weak component from orthogonal polarized transitions.  

Collected light was directed to an imaging spectrograph (SpectraPro 300i, Roper Scientific) 

coupled with a liquid nitrogen-cooled charge-coupled device (CCD) camera (Spec-10:400B, 

Roper Scientific). 

2.2.4  Structural Characterization of Nanoparticle Arrays 

The EBL patterns were characterized with scanning electron microscopy.  Accelerating 

voltages used for imaging were 5 – 10 kV with a working distance of 7 mm.  In Figure 2.1, 

images of different shapes and arrangements are shown.  Imaging was performed in the EPIC 

center at Northwestern University with a Hitachi 4500. 

2.3 Results 
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2.3.1 Structural Characterization 

The shape of nanoparticles in 2D L-shaped nanoparticle arrays (L arrays) is sharper than 

that of 2D V-shaped nanoparticle arrays (V arrays), and these variations are according to each 

particular run of the EBL machine (see Figure 2.1).  Grid spacing is varied from 250 to 650 nm 

for L arrays and from 400 to 750 nm for V arrays.  A 2D array with 5 µm grid spacing was also 

fabricated to provide spectra of “isolated” nanoparticles due to negligible dipole interactions at 

this spacing.  For most studies, sample pads with 100 ×  100 μm2 dimension were fabricated, and 

a 300 ×  300 μm2 pad was fabricated to explore edge effects from the dipole coupling (see 

section 2.3.3).  Gap arrays of smaller array size were created by isolating smaller blocks with 

gaps within the same 100 ×  100 μm2 pad.  These were fabricated to study the range of dipole 

coupling in finite arrays; the samples maintain translational symmetry for fixed grid spacing and 

fixed nanoparticle parameters with variable gaps and variable numbers of nanoparticles in each 

block. 

2.3.2 Plasmon Resonance Position and Bandwidth in an Isolated Nanoparticle and 2D 

Arrays 

The polarization dependent spectra of isolated L-shaped nanoparticles and a 400 nm 

spaced square array of L-shaped nanoparticles are shown in Figure 2.3A,B.  Two independent 

bands can be observed in the isolated nanoparticle spectra (Figure 2.3A) with orthogonal incident 

beam polarization.  The high-energy band in these spectra was studied with a dark-field 

scattering method on a single nanoparticle in a pad with 5 μm grid spacing, and the low-energy 

band was obtained by extinction measurement on a pad with 5 μm grid spacing.  These two 

transitions are maintained in the 2D arrays (Figure 2.3B).  The inset in Figure 2.3A is a definition 

of the polarizations used for these experiments.  For both 2D L and 2D V arrays, as well as for 
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Figure 2.3 (A) Dark-field scattering spectrum (400-800 nm) of a single nanoparticle and 

extinction spectrum (>900 nm) of isolated nanoparticles of 82 nm arm length L-shaped 

nanoparticles in 5 μm grid spacing array.  Inset shows a definition of the incident beam 

polarizations used for these experiments.  (B) Extinction spectra of 2D array of 82 nm arm length 

L-shaped nanoparticles with 400 nm grid spacing.  (C) Spectra of the high-energy dipole band 

for selected grid spacing; 250 nm (black), 300 nm (red), 400 nm (green), 480 nm (blue), and 600 

nm (dark yellow).  (D) Spectra of the nonpolarized band with a Y-polarized incident beam for 

selected grid spacings. 
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isolated nanoparticles, when the polarization is along the mirror symmetry plane of the 

nanoparticle (X polarization), a high-energy band is observed, and when the polarization is 

perpendicular to the symmetry plane (Y polarization), a low-energy band is observed.  When the 

polarization is in between, both bands are observed.  However, the resonant wavelength and 

bandwidth of the isolated nanoparticles are different from those of the 2D array, and the resonant 

wavelength and bandwidth of the 2D array also changes for other grid spacings.  In Figure 2.3C, 

the narrowest bandwidth is shown at 400 nm grid spacing and the resonant wavelength of the 

spectrum shows the most red shift at 480 nm grid spacing.  Note that the spectrum at 480 nm grid 

spacing is quite distorted from a Lorentzian line shape. 

In Figure 2.3A,B, there is a weak band at ~450 nm; it does not change by rotation of the 

incident beam polarization and is not very dependent on grid spacing.  These features suggest 

that this band might be a more complex resonance, and it will be referred to as the nonpolarized 

extinction band.  Figure 2.3D shows the nonpolarized band of the 2D L arrays with Y-polarized 

incident beam.  A similar spectrum is observed for the X-polarized incident beam, which is not 

shown.  At more closely spaced grids of 250 and 300 nm, the amplitude of this band increases 

with a slight red shift, and this effect is shown for all 2D L arrays with different arm lengths.  

Samples were systematically prepared to study the grid spacing effect, and the results are 

shown in Figure 2.4A,B.  Two data points are often visible for duplicate arrays made in the same 

preparation, although most are overlapping.  The isolated particle parameters are obtained from 

the data with 5 μm grid spacing.  As the grid spacing changes, the resonant wavelength of the 

absorption changes for both array types.  The resonant wavelength red shifts with increasing grid 

spacing, and reaches a maximum red shift at a critical grid spacing (Dcrit).  At larger grid spacing 

the resonance wavelength begins to blue shift.  Dcrit is observed at the grid spacing where the 
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Figure 2.4 Resonant wavelength and bandwidth versus grid spacing for high-energy band (A, 

C) and low-energy band (B, D) for 2D nanoparticle arrays of L and V orientation.  L arrays with 

82 and 92 nm arm length are plotted with black squares and red circles, respectively, and V 

arrays with 83 and 103 nm arm length are plotted with green triangles and blue inverted triangles, 

respectively.  Duplicate and triplicate (82 nm L, black) arrays are shown for different array pads 

prepared on the same chip.  The light line λ = Dnglass is shown with a black solid line in panels A 

and B.  The bandwidth is plotted versus (D – Dcrit), where D is the actual grid spacing and Dcrit is 

the critical grid spacing where the resonant wavelength shows maximum red shift.  Plots for L 

arrays follow the left axis, and the plots for V arrays follow the right axis. 
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resonant wavelength is coincident with Dnglass where D is grid spacing and nglass is the refractive 

index of glass (nglass = 1.5).  Not only the peak position but also the bandwidth varies as the grid 

spacing is changed.  Figure 2.4C,D depicts the plots of the resonance bandwidth versus (D – 

Dcrit).  For both high-energy (X-polarized) and low-energy (Y-polarized) dipole bands, the 

bandwidth decreases as the grid spacing increases until the grid spacing about 75 nm smaller 

than the Dcrit of each band.  After the grid spacing, the bandwidth starts increasing.  The 

minimum bandwidth achieved with an optimized 2D array is about half of the single nanoparticle 

resonance. 

The resonance band shape of most grid spacings is a Lorentzian function except when the 

grid spacing is near Dcrit.  The spacings with Lorentzian line shapes indicate that there is no large 

inhomogeneous broadening in these nanoparticles.  When the grid spacing is close to Dcrit, the 

line shape of the resonance band starts deviating from Lorentzian, and this distortion lasts until 

~100 nm larger spacing than Dcrit.  When the grid spacing is just larger than the turnover of 

bandwidth, the band shape becomes distorted significantly and forms a broad shoulder on the 

high-energy side, as can be seen in the 480 nm grid of Figure 2.3C.  In the case of bands with 

Lorentzian shape, the product of lifetime in time domain and bandwidth in frequency domain is 

1/2π.  The minimum bandwidth observed was around 700 – 800 cm-1 (~0.1 eV), and it 

corresponds to a plasmon lifetimes of 7.6 – 6.6 fs. 

2.3.3 Range of Dipole Coupling 

To explore the plasmonic coupling in these arrays, 100 ×  100 μm2 gap arrays were 

fabricated with different unit sizes and gap sizes between the units (each unit is a smaller square 

block of nanoparticles, and in the discussion these are referred as blocks).  The pattern is shown 

in Figure 2.1C,D for a specific case, and in Figure 2.1F, a detailed diagram of gap-arrays with 8 
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×  8 blocks and a gap size of 4 is shown.  Gray particles in Figure 2.1F stand for vacant sites.  All 

the gap-arrays tested have L orientation and are summarized in Table 2.2.  The resonant 

wavelength of each gap array is shown in Figure 2.5A,B for each high-energy (X-polarized) and 

low-energy (Y-polarized) band.  For the smallest block size, an 8 ×  8 nanoparticle block, the 

high-energy and low-energy bands are red shifted from that of a semi-infinite array, which is a 

continuous particle array over a 100 ×  100 μm2 area (250 ×250 nanoparticles).  The magnitude 

of the shift is different for each band, with a shift of ~50 nm for the low-energy band and ~10 nm 

for the high-energy band.  As the number of nanoparticles in a block is systematically increased 

from 8 ×  8 to 24 ×  24, the plasmon peak position blue shifts and approximately converges to the 

peak position of a semi-infinite nanoparticle array.  

The resonance bandwidth also shows a large change according to the block dimension.  

Figure 2.5C,D shows a plot of the bandwidth versus block dimension.  As the block size 

increases, the bandwidth decreases and it converges to that of semi-infinite nanoparticle array.  

However, the gap dimension does not seem to play a significant role in either the resonant 

wavelength or the bandwidth.  There is no systematic trend in resonant wavelength and 

bandwidth according to the change of gap dimension.  Furthermore, for some nanoparticle 

blocks such as 16 ×  16 blocks, different gaps show almost the same resonant wavelength and 

bandwidth.  This suggests that four or more nanoparticle gaps isolate the unit blocks.  These 

results are shown for a grid spacing of 400 nm; a similar set of results was found for a spacing of 

450 nm, which is not shown. 

To explore the consistency of the resonant wavelength and the bandwidth of the LSPR 

across a nanoparticle array, large arrays (300 ×  300 μm2; grid spacing = 250 nm) were fabricated 

and spectra were taken at various positions throughout the array.  These results are in Figure 2.6 
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Figure 2.5 Resonant wavelength and bandwidth of high-energy bands (A, C) and low-energy 

bands (B, D) of gap array samples (92 nm arm length, 400 nm grid) versus the number of 

particles per block edge.  Data for semi-infinite particle arrays are plotted with black squares, 

and data with gaps corresponding to 4, 9, 17, and 25 particles are plotted with red circles, green 

triangles, blue inverted triangles, and cyan diamonds, respectively.  Duplicate arrays are shown 

for different array pads prepared on the same chip. 
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Figure 2.6 Resonant wavelength and bandwidth of (A) high-energy band and (B) low-energy 

band canned from one edge to the other edge of the two-dimensional L-shaped nanoparticle array.  

The array dimension was 300 ×  300 μm2.  The arm length of the particle was 92 nm, the grid 

spacing was 250 nm, and the focal spot radius for 99% of the energy was ~19 μm. 
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where one observes that as the probe beam gets closer to the edge of the pad, the peak position 

red shifts and the bandwidth becomes broader.  The origin (x, y = 0) is arbitrarily set in both 

directions, and the data were not rescaled to be symmetric. 

2.3.4 Solvent Effect on the Plasmon Resonance of 2D Arrays 

As stated in the beginning of the paper, the LSPR resonance position is a function of 

many parameters, including the refractive index of the medium surrounding the nanoparticles.  

Mie theory for spherical nanoparticles28 and the experimental measurements and theoretical 

calculations of various types of nanoparticles134,141,142 describe the plasmon shift in dielectric 

media other than vacuum. 

The two dipole bands of V arrays with 83 nm arm length were monitored in nitrogen and 

benzene.  The change in resonance wavelength and bandwidth for different grid spacing in 

nitrogen and benzene is shown in Figure 2.7.  Figure 2.7A,B shows the resonant wavelength 

versus grid spacing plots for both high and low-energy bands in two different dielectric media 

for the same sample.  In benzene (n = 1.5), the resonant wavelength shifted to the red compared 

to nitrogen (n = 1.0), as expected from the increase in refractive index.  The Dcrit of the high-

energy band shifted from ~575 nm in nitrogen to ~650 nm in benzene.  The Dcrit of the low-

energy band is ~700 nm in nitrogen; however, in benzene, it is not observed within our grid 

spacing range. 

Figure 2.7C,D shows the bandwidth versus grid spacing plot for both high and low-

energy bands.  In the high-energy band (Figure 2.7C) the nitrogen case has a minimum in 

bandwidth at about 525 nm grid spacing, or 50 nm below the Dcrit.  However, the case of benzene 

shows no clear minimum in bandwidth until about 625 nm, which is slightly below its Dcrit.  In 

the low-energy band (Figure 2.7D), the bandwidth of the LSPR in two different environments is 



 

 

56
 

 
 
 

 
 

Figure 2.7 Resonant wavelength and bandwidth of the high-energy band (A, C) and low-

energy band (B, D) in two different dielectric media; nitrogen (n = 1.0) and benzene (n = 1.5).  

The sample was 2D V arrays with 83 nm arm length.  Duplicate arrays are shown for different 

array pads prepared on the same chip.  The plot with black squares is in nitrogen, and the plot 

with red triangles is in benzene.  The light line λ = Dnglass is shown with a black solid line. 
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similar to each other at grids smaller than 600 nm.  However, in nitrogen it starts increasing after 

600 nm grid spacing, while in benzene it keeps decreasing because Dcrit is moved to larger grid 

spacing. 

An alternative way to examine the data is to plot the difference between the high-energy 

and low-energy resonances in nitrogen and benzene.  In Figure 2.8, the energy difference 

between the high-energy and low-energy bands in nitrogen is the same up to 575 nm grid spacing 

which is Dcrit for the high-energy band in the nitrogen. 

When benzene was introduced as a dielectric medium, additional bands were observed 

that were not seen under nitrogen; they are plotted in Figure 2.9A,B that shows normalized 

extinction spectra for X-polarized beam.  These features shifted to red as the grid spacing 

increased, and they are assigned as grating-induced plasmon modes as seen previously by Félidj 

et al.132  These modes were not observed under nitrogen because 40 nm ITO cannot support a 

waveguide mode with a low index on one side.143,144  When the refractive index of the medium 

on top of the 40 nm ITO layer is close to 1 (the refractive index of nitrogen), the cutoff frequency 

for waveguide operation is located in the UV range.  However, as the refractive index of the 

medium approaches that of glass substrate, the cutoff frequency moves to low frequency.  

Therefore, in benzene, the ITO waveguide mode can support visible and near-IR wavelengths, 

and this creates additional features in the extinction spectrum.  In Figure 2.10A, the grating-

induced plasmon mode (bands marked as c in Figure 2.9B) is plotted with black squares and 

marked as c while the high-energy band resonance (bands marked as d in Figure 2.9B) is plotted 

with red circles and marked as d.  The grating-induced mode follows the λ = Dnglass light line and 

it corresponds to orders on the light circle of Dk /2π=  in the reciprocal lattice (Figure 2.10B).  

This agrees with the observation reported by Félidj et al.132  It is also observed for the Y-
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Figure 2.8 The energy difference between X- and Y-polarized bands in nitrogen (black 

square plot) and in benzene (red triangle plot).  Duplicate arrays are shown for different array 

pads prepared on the same chip. 
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Figure 2.9 (A) Nanoparticle area normalized extinction spectra of the 2D V arrays with 

different grid spacings in nitrogen.  Grid spacing ranges from 450 nm to 750 nm in 25 nm 

increment from top to bottom.  All the spectra are shown with an offset for clarity.  The arm 

length of the V nanoparticle was 83 nm.  (B) Area normalized extinction spectra of the 2D V 

arrays in benzene.  Grid spacing is the same as panel A.  The wave vector and polarization of the 

incident beam are shown in inset of panel A. 
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Figure 2.10 (A) Resonant wavelength of X-polarized band, that is marked as d in Figure 2.9B 

is plotted with red circles and grating-induced plasmon mode that is marked as c in Figure 2.9B 

is plotted with black squares and marked as c.  The grating-induced mode follows  λ = Dnglass line.  

Another resonance that is marked with a and b in Figure 2.9B, is plotted with black squares and 

marked as same letter.  (B) Reciprocal lattice of 2D square array with grid spacing D.  All the 

grating orders are marked with black dots.  Light circles of Dk /2π= , Dk /22 π= , and 

Dk /4π=  are marked with blue, green, and orange circles, respectively.  The light 

lines glassDn=λ , 2/glassDn=λ , and 2/glassDn=λ  in panel A correspond to the light circles 

Dk /2π= , Dk /22 π= , and Dk /4π=  in panel B, respectively. 
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polarized beam, which is not shown here.  The origin of the bands marked with a and b in Figure 

2.9B can be the grazing angle scattering through the orders on the light circles of Dk /22 π=  

and Dk /4π=  in Figure 2.10B.  However the plot of band a and b in Figure 2.10A do not 

follow the light lines of those k’s, so the origin of those bands is not clear. 

2.4 Discussion 

Resonances having polarization properties similar to those shown in Figure 2.3 have been 

reported for arrays of Au nanoparticles of a rounded L shape129,138,139,145 but not for isolated 

nanoparticles.  Our fabrication procedure often resulted in less rounded arms for individual L 

nanoparticles and these Ag nanoparticles have two main polarized transitions with a small 

nonpolarized transition to the blue of the main transitions.  The position of the nonpolarized 

transition is not sensitive to grid spacing, but it increases in amplitude at close spacings of 250 

and 300 nm and it also exists in the isolated nanoparticle.  Preliminary theoretical results confirm 

that small nonpolarized extinction is expected to the blue of the two polarized resonances. 

The shifts in location of the polarized resonances as a function of grid spacing have been 

seen previously for close-spaced grids32 and for grids having similar spacing ranges to this 

work.33  Figure 2.4 shows a variety of L sizes and two orientations for both the high-energy and 

low-energy resonances of nanoparticles.  The results in Figure 2.4A,B show the same grid 

spacing dependence as was seen previously,33 with a resonance peak position shifting red as the 

grid spacing increases.  This shift reverses at some critical grid spacing Dcrit, and then returns to a 

value similar to the isolated nanoparticle resonance at larger spacing.  The limiting value at very 

large spacing is expected to be identical to the average isolated nanoparticle resonance.  The 

maximum resonance shift has been discussed previously33 as being defined by the wavelength 

where scattering can propagate in the substrate with grazing angle, which for normal incidence 
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geometry is at the glass index of refraction (nglass ~1.5) times the grid spacing (D).  In prior 

theoretical work69,70 this type of shifting was predicted as due to dipole interactions with 

enhancement from scattering into the substrate.  This model provides a qualitative understanding 

of why the bandwidth is also changing dramatically33 as shown in Figure 2.4C,D.  The physical 

interpretation of this model shows that the greatest bandwidth should be at a grid where 

maximum radiation into the substrate is present, which enhances radiation damping and shortens 

the lifetime below the intrinsic electron-hole relaxation time.  When the grid spacing is small 

compared to the wavelength of the plasmon resonance, radiative damping and intrinsic relaxation 

define the bandwidth.  As the grid spacing times the glass refractive index (Dnglass) approaches 

the plasmon resonance wavelength, maximum dipole interactions between particles shift the 

peak resonance due to coherent interactions.  These interactions near the wavelength Dnglass 

provide increased radiative damping, which broadens the Lorentzian line shape.  All of the 

samples give the narrowest bandwidth at a similar value of ~75 nm for (D – Dcrit).  However, 

specific computation is required to predict how narrow the minimum bandwidth might become, 

and the origin of the 75 nm offset for minimum bandwidth. 

Another type of model has identified how the dipole coupling explains red or blue shifts 

in the resonances.32,134  A simple semianalytical model of coupled dipoles134 shows how 

summing all of the dipole interactions on an infinite lattice can be modeled with optical constants 

of the metal and computation of the extinction.  While this study did not extend to larger grid 

spacing, they showed that the bandwidth is controlled by the imaginary part of the sum of all 

dipole contributions and the resonance is controlled by the real component.  Red shifting was 

shown to be expected for grid spacing similar to the isolated nanoparticle resonance and blue 

shifts for closer spacing.  By analyzing the polarization of the whole array in this fashion they 
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showed that long-range dipole contributions dominate for 2D lattices.  The simplified model was 

also used to examine 2D array data at relatively close spacings.32  The resonance shifts are 

qualitatively consistent with the data; however, the simplified model was not extended to large 

grid spacings.  More recently, an electrodynamic calculation was done for 400 spherical Ag 

nanoparticles of 50 nm diameter on 2D arrays.11-13  This calculation shows a progressive 

narrowing of the resonance with increasing grid spacing, along with the red shift.  The grid 

spacing of minimum bandwidth is 500 nm, with a bandwidth of 0.084 eV for hexagonal arrays 

and 420 nm with a bandwidth of 0.105 eV for square arrays, which is similar to the narrowest 

bandwidth observed in our research.  However, the line shape for resonances is different from 

our experiments.  In the theoretical work, as the grid becomes larger the line shapes look like an 

interference dip plus a red resonance adding to the broad resonance of an isolated nanoparticle.  

We have used the simplified coupled dipole model134 to show that this general form is also 

present at larger grid spacings with no substrate; we find the interference dip for ellipses at the 

wavelength of the grid spacing.  Therefore, the experimental line shapes do not agree with the 

theoretical line shape that has been predicted for arrays of spherical nanoparticles,11,12 although 

the minimum bandwidth is close to our data.  However, our experiments on an ITO glass 

interface do not follow the theoretical conditions of uniform refractive index, even in benzene.  

Our work and the prior work on Au nanoparticles33 find a Lorentzian line shape for most 

wavelengths, except when the grid is near the grid of maximum red shift Dcrit.  Additional 

theoretical work on nonspherical particles that includes substrate effects is required to model 

these changes in line shape as a function of grid spacing, and the location of the minimum 

bandwidth point. 
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The data on gap arrays relate to the basic interpretation of dipole interaction discussed in 

the prior paragraph.  Figure 2.5A,B shows how the resonance position shifts as the number of 

nanoparticles in the 2D arrays increases.  The resonance position data show significant 

fluctuation so that any dependence of the trend on gap size is not obvious.  However, the size of 

the array clearly correlates with the resonance position, with larger numbers of nanoparticles 

having a resonance that approaches the limiting semi-infinite array value.  Figure 2.5C,D shows 

that the number of nanoparticles greatly affects the bandwidth.  As the number of nanoparticles 

increases bandwidth reduces dramatically.  For the smaller gap arrays of 8 ×  8 and 12 ×  12 

nanoparticles, the data suggest that gaps of four nanoparticles have greater bandwidth than larger 

gaps, but this might be due to sample variations, and more study with even smaller gaps is in 

progress.  The greater bandwidth of smaller arrays is clear from these data, and 24 ×  24 

nanoparticles is approaching the number of dipole interactions required to give similar effects to 

a full array.  For this particular grid spacing of 400 nm, the full array has a bandwidth near the 

minimum value, which is achieved at 450 nm grid spacing.  The dependence of bandwidth on 

nanoparticle number suggests that the minimum bandwidth is a consequence of many dipole 

interactions reducing the natural radiative scattering probability.  Additional theory is required to 

explain the nanoparticle number dependence of the bandwidth and define the ultimate minimum 

bandwidth.  The range of nanoparticle interaction in these experiments exceeds 25 nanoparticles 

with 400 nm spacing, or 10 μm.  While not tested, one might expect the coupled nanoparticle 

range of 40 nanoparticles might closely approach the infinite limit, or 16 μm. 

Figure 2.6 shows how the range of dipole interactions depends on the experimental setup.  

For an optical focus of 20 μm FWHM, which is smaller than the array size of 300 ×  300 μm2, we 

can clearly see the effects of approaching an edge.  As shown in Figure 2.6B, about 200 – 220 
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μm out of the 300 μm size have the limiting bandwidth.  The beam focus radius to the 99% 

energy level is 18.7 μm, although the sharpness of the focus in this particular experiment was not 

immediately measured and might be slightly different.  If we use this radius and a nanoparticle 

interaction range of 16 μm to define a reasonable approximation to an infinite lattice, then the 

sum of these effects is about 35 μm.  This would predict a constant range of 230 μm in the data 

for Figure 2.6B, which is slightly larger than we measured.  This shows that optical scanning of 

arrays requires careful attention to edge effects in the probe beam and the range of dipole 

interactions, and is important for designing sensing applications. 

The solvent experiments shown in Figure 2.7 have the effect of approximately immersing 

the nanoparticles into a constant refractive index environment.  The red shifts of resonances were 

similar to other types of nanoparticle arrays, and the bandwidth changes in benzene are similar to 

data in nitrogen.  Figure 2.8 shows that the splitting between the resonances is almost constant up 

to Dcrit.  These results show that the minimum bandwidth effects can be maintained in solvents, 

which might be important for sensing applications.  The effect of a constant refractive index 

environment at enhancing waveguide effects was shown in Figure 2.9.  For a study of dipole 

coupling of nanoparticles in solution it would be better to not use ITO, although it makes the 

fabrication easier. 

2.5 Conclusion 

The LSPR extinction spectra of 2D arrays of Ag nanoparticles having an L shape were 

obtained for various grid spacings and nanoparticle sizes.  Single nanoparticles had two 

independent extinction resonances with orthogonal polarization, and the two resonances were 

maintained in the 2D arrays.  A small resonance to the blue of the main resonances was not 

polarized, and it suggests a more complex optical transition that had changes in amplitude and 
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resonance at close grid spacing of 250 and 300 nm.  Each polarized resonance had its resonance 

wavelength and bandwidth modified by the grid spacing of 2D arrays.  The maximum resonance 

red shift was shown at a critical grid spacing, Dcrit, defined previously33 as the spacing where 

scattering launches into the substrate.  The minimum bandwidth was observed at ~75 nm smaller 

grid spacing than the critical grid spacing for each high- and low-energy band.  The minimum 

bandwidth of 700 – 800 cm-1 is half the single nanoparticle resonance and corresponds to 7.6 – 

6.6 fs lifetime.  The number of interacting nanoparticles also determined the resonant wavelength 

and bandwidth, with bandwidth most sensitive.  As the number of interacting nanoparticles 

increased from an 8 ×  8 to a 24 ×  24 array, the resonant wavelength red-shifted and bandwidth 

decreased to near the semi-infinite array limit.  However changing the gap between adjacent 2D 

blocks from 4 to 25 nanoparticles did not play a discernible role in resonant wavelength and 

bandwidth, although fabrication issues create noise in the data.  More experiments are needed 

with gaps from 1 to 4 particles.  The effect of dipole coupling range was also shown by scanning 

a larger array, where edge effects in resonance position and bandwidth could be clearly shown.  

When the refractive index of the environment was increased by adding solvent, the resonant 

wavelength shifted to the red.  The critical grid spacing and the spacing for minimum bandwidth 

shifted accordingly.  This solvent effect shows that specific grid spacing can achieve minimum 

bandwidth, which is important for sensing applications in solvents.  The energy difference 

between the high- and low-energy band was approximately constant in nitrogen and benzene.  

The refractive index similarity of benzene to a glass substrate enables a waveguide mode to be 

supported by a 40 nm ITO layer.  Therefore, in benzene a small grating-induced resonance was 

observed, which was not observed in a nitrogen environment. 
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Chapter 3 

 

Birefringence in Two-Dimensional Arrays of L-Shaped Silver Nanoparticles 
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3.1 Introduction 

Nanomaterials have drawn particular interest in a wide variety of fields because their 

optical properties are different from bulk properties.  The optical properties of metal 

nanoparticles or nanostructures can be modified and controlled by changing the shape, size, 

composition, and the refractive index of dielectric media.4,21,142,146,147  The development of 

flexible nanofabrication techniques to adjust those parameters has enabled wavelength tuning of 

the optical functions of these nanomaterials.  Various types of nanostructures including sub-

wavelength grating, sub-wavelength hole arrays, and nanoparticle arrays are fabricated as optical 

elements such as reflective and transmission polarizers,148-150 optical filters,118,119,148,151 

antireflection surfaces,152-154 wave plates,154,155 and binary lenses.156 

Sub-wavelength grating patterns etched on dielectric material or semiconductor shows a 

birefringence property that arises from anisotropy on a scale much larger than molecular scale.  It 

is called form birefringence157 and such a grating produces only zero-order diffraction.158,159  The 

optical properties of the structure have been modeled,160-162 and it has been shown that the 

birefringence property can be adjusted by variation of the duty cycle (filling factor) and the 

shape of the structure.  By using these properties, applications have been demonstrated with sub-

wavelength gratings as polarizers,160,163,164 antireflection surfaces,152-154,160 wave plates,154,155 and 

binary lenses.156  Typical fabrication methods were holographic lithography or electron-beam 

lithography (EBL) followed by ion-beam etching. 

Metal nanostructures offer another means to fabricate ultra thin optical elements; for 

example, the metal wire-grid is one of the most studied structures.  An optical model to estimate 

the transmittance and reflectance of a wire-grid is suggested by Yeh,165 and polarizers149,150,166 as 

well as extreme-ultraviolet filters148,151 have been fabricated with gold, aluminum, and chromium 
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wire-grids.  Their polarization dependent resonance behavior also has been studied by Chen et 

al.167  On the other hand, Ebbesen and coworkers demonstrated the transmission wavelength 

selectivity of sub-wavelength hole arrays on noble metal film.119,168,169  The transmission 

wavelength can be tuned by changing the period of array and hole diameter, therefore the array 

acts like a tunable color filter.  In the case of metal nanoparticle arrays, pearl-necklace-type 

arrays of silver nanoparticles embedded in flexible film have been demonstrated as a 

polarization-dependent color filter.118  However, there have been few studies that use metal 

nanoparticle arrays as far-field optical elements, and their birefringence properties have not been 

analyzed. 

Depolarized scattering from nonspherical particles have been studied since long ago.29,170-

173  Recently, the depolarized scattering from metal nanoparticles also has been reported by  

Bazhan and coworkers, where they studied the depolarization of light scattered by a sodium 

nanoparticle trapped in an electro-optical trap.174  Calander, Gryczynski, and coworkers reported 

the depolarized light scattering from colloidal silver nanoparticles.175-177  They observed strong 

depolarized scattering around the resonant wavelength of the silver nanoparticles175,176 and the 

observation was explained by the interference of surface plasmon resonances.177  Their model 

showed that the maximum depolarization occurs between two surface plasmon resonances of 

anisotropic particles.  Khlebtsov and coworkers studied the depolarized light scattering from 

gold nanorods.178,179  All their work has been performed on randomly oriented colloidal samples. 

In this work, we present studies on the birefringent properties of two-dimensional (2D) 

ordered arrays of L-shaped silver nanoparticles.  The birefringence is discussed from the optical 

properties of single silver nanoparticle, briefly.  A macroscopic birefringent transmission model 

is also used to rationalize the experimental observations.  Presented work suggests that 2D 
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nanoparticle arrays can provide extremely thin birefringence materials for a designed wavelength 

region. 

3.2 Experimental Methods 

3.2.1 Sample Fabrication and Structural Characterization 

EBL was used to fabricate the sample.  Detailed fabrication steps are described 

elsewhere.180  Briefly, The sample was prepared on 40 nm indium-tin-oxide (ITO) conducting 

layer on 750 μm thick glass substrates (Thin Film Devices, Anaheim, CA).  The 2D nanoparticle 

pattern was written by a Jeol 9300 FS on the spin-coated resist.  After the exposure, the 

nanoparticle patterns were developed in hexyl acetate, and then Ag metal was deposited through 

the mask.  For all samples the Ag metal thickness was 30 nm, as measured by a quartz crystal 

microbalance.  After the Ag metal deposition, the resist was dissolved in Shipley remover 1165.  

Two samples were fabricated for this study; one had 82 ± 5 nm arm length with 63 nm arm width 

and the other had 92 ± 5 nm arm length with 63 nm arm width.  The definition of arm length and 

arm width is illustrated in Figure 3.1B.  The samples were fabricated over areas of 100 ×  100 

μm2.  EBL fabrication was performed at the MC2 process lab at Chalmers University of 

Technology. 

The structure of the sample was characterized with scanning electron microscopy (SEM).  

Imaging was performed in the EPIC center at Northwestern University with a Hitachi 4500.  

Figure 3.1A shows the SEM image of the 82 nm arm length sample.  Figure 3.1B describes the 

axis definition that is used in this paper.  The axes along each arm of the nanoparticle are defined 

as A and B-axis, respectively.  The axis along the mirror plane of the L-shaped nanoparticle, i.e. 

45° off of the arms of L, is defined as X-axis and the axis perpendicular to the X-axis is defined 

as Y-axis.  The angle θ is defined in Figure 3.1B as the angle between X-axis and the 
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Figure 3.1 (A) SEM image of two-dimensional array of L-shaped Ag nanoparticles (82 nm 

arm length, 63 nm arm width, 30 nm height, and 250 nm grid spacing).  (B) Definition of each 

axis (X, Y, A, and B), angle of transmission axis of second polarizer (θ), arm length (a), and arm 

width (b). 
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transmission axis of the wire-grid polarizer (P2); where θ increases to the counterclockwise as 

shown in Figure 3.1B. 

3.2.2 White Light Spectroscopy 

Extinction spectra and the intensity of an induced beam with a polarization perpendicular 

to the incident beam were collected by a spectrometer (SpectraPro 2300i, Roper Scientific) 

coupled with a liquid nitrogen-cooled charge-coupled device (CCD) camera (Spec-10:400LN, 

Roper Scientific) for the 600-1100 nm region.  Spectra were also obtained with Ocean Optics 

USB2000 fiber-coupled spectrometer for the 400-950 nm region and a fiber-coupled near-IR 

spectrometer (NIR 128L-1.7T1-USB, Control Development) for the 900-1700 nm region.  The 

optics arrangement is shown schematically in Figure 3.2.  White light from a tungsten-halogen 

lamp light source was fiber-coupled with a 100 μm fiber to a +40 mm focal length achromatic 

collimating lens.  The collimated beam was then polarized by a Glan-Taylor calcite polarizer 

(P1) with 5 mm aperture and focused onto a sample by a +12.7 mm focal length achromatic lens 

with the optic axis normal to the sample surface.  Transmitted light was collected by an infinity-

corrected 10×  Nikon microscope objective (NA = 0.30) at a working distance of 16.0 mm and 

again polarized by VersaLight wire-grid polarizer (P2) before it was focused into a 600 μm fiber 

that couples into the spectrometer.  The white light spot size on the sample was scanned with a 

straight edge and was close to Gaussian with 20 μm diameter at full width at half-maximum 

(FWHM). 

The sample was mounted on two computer-controlled micro translational stages (M-

111.1DG, Physik Instrumente) to form an x–y system with a 50 nm step size.  The x–y stage 

system is fixed on the manual vertical linear stage (MVN50, Newport Corporation) and manual 

rotational stage (M-UTR120A, Newport Corporation).  Rotation of the incident beam 
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Figure 3.2 Experimental setup.  Symbols represent achromatic lenses (L1-L4), Glan-Taylor 

calcite polarizer (P1), VersaLight wire-grid polarizer (P2), sample mount and flow cell (S), 10×  

Nikon microscope objective (O), computer-controlled microtranslational stages (T1 and T2), 

vertical stage (V), rotational stage (R), and a mirror (M).  The focal lengths of achromatic lenses 

are +40 mm, +12.7 mm, +200 mm, and +30 mm, respectively.  The microscope objective is 

attached to its own manual xyz-translational stage, which is not shown in this figure. 
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polarization relative to the sample geometry was achieved by rotating the sample stage with 

fixed incident beam polarization.  The white light axis was coincident with the rotational axis of 

a rotational stage to make the beam position fixed on the sample during sample rotation.  All the 

samples were studied under a stream of dry nitrogen in a flow cell. 

To acquire extinction spectra, the transmission axis of the second polarizer (P2) was set 

parallel to the incident beam polarization.  The polarizer setup for this measurement is shown in 

Figure 3.3A.  The transmitted beam intensity through the sample ( θ
θI ) was measured and a 

reference measurement ( θ
θ refI , ) was obtained by scanning into a nearby region of the glass 

substrate.  In this section and following sections, the superscript and subscript used with I and T 

are for incident beam (superscript) and detection (subscript) polarization angle or axis.  If the 

signal is obtained on the glass substrate (reference), it is specified in the subscript as ref, 

otherwise, the signal is obtained on the nanoparticle arrays (sample).  Extinction (E) is defined 

by θ
θTE 10log−= , where θ

θ
θ
θ

θ
θ refIIT ,/= .  To measure the intensity of perpendicularly induced 

components, θ
θ 90+I , P2 was set perpendicular to the incident beam polarization.  The polarizer 

setup for this measurement is shown in Figure 3.3B.  In order to remove the artifacts that come 

from the imperfection of the polarizers from the perpendicularly induced beam measurements, 

the following formula is used to obtain transmission with perpendicular component.  We correct 

the signal as ( )( ) θ
θ

θ
θ

θ
θ

θ
θ

θ
θ refref ITIIT ,

90
90,909090 /+

++++ ×−= , where θ
θ refI ,  is the intensity measured when 

the incident beam was on the bare glass substrate and P2 was parallel to P1.  The θ
θ refI ,90+  is the 

intensity obtained when the incident beam was on bare glass substrate and P2 was perpendicular 

to P1, and 90
90
+
+
θ
θT  is the transmittance of the nanoparticle array for +90° rotated incident beam 

polarization. 
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Figure 3.3 Polarizer setup for (A) θ
θI , (B) θ

θ 90+I , and (C) AIθ  measurements. 
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3.3 Results and Discussion 

3.3.1 Perpendicularly Induced Component Measurements 

The extinction spectra ( θ
θTE 10log−= ) are shown in Figure 3.4 with black solid lines.  

Incident beam polarization (θ) was X, Y, and A as shown in Figure 3.4A, B, and C respectively.  

For the extinction measurements, collection beam polarizer (P2) was set parallel to the incident 

beam polarization.  The extinction spectra show high and low energy resonances for X and Y 

incident beam polarization and this spectrum shows both resonances for in between polarization 

(A polarization), which is already shown in previous work.111,113,180  The high and low-energy 

resonances are at 738 nm and 1029 nm, respectively.  The transmission with perpendicularly 

induced beam ( θ
θ 90+T ) is shown in Figure 3.4 with red solid lines.  When the incident beam has 

either X and Y polarization, θ
θ 90+T  is negligible (<0.3 % of the incident beam intensity).  

However, when the incident beam has A polarization, significant θ
θ 90+T , i.e. A

BT  is observed 

between 600 and 1500 nm.  At 993 nm, the ratio of the induced field intensity ranges up to 6.2 % 

of the incident field intensity.  A similar observation was made for the B polarization (data is not 

shown). 

The observation of perpendicularly induced field can be rationalized as following.  The 

L-shaped nanoparticles have two dipole resonances, one is along the X-axis (high-energy 

resonance) and the other is along the Y-axis (low-energy resonance).  When the incident field 

impinges on the nanoparticle with the polarization along the X or Y-axis, it only excites the 

dipole oscillation along X or Y-axis, which results in the induced field oscillation parallel to the 

incident field polarization.  However, when the incident field is along the A or B-axis, it creates 

dipole oscillation that is a superposition of both X and Y-axis oscillations.  The field oscillation 

along the X and Y-axis has both A and B components, so induced field oscillation by incident 
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Figure 3.4 Extinction spectra θ
θTE 10log−=  (black line, left axis) and the perpendicularly 

induced component θ
θ 90+T  (red line, right axis) of 92 nm arm length sample.  The polarization of 

incident beam was along (A) X-axis, (B) Y-axis, and (C) A-axis. 
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beam polarization along A and B-axis can have perpendicular components of the polarization to 

the incident beam.  The individual nanoparticles are the origin of the effect.  However the dipole 

interactions of nanoparticles in arrays can modify the optical properties of 2D arrays that consist 

of the nanoparticles, such as resonant wavelength and bandwidth, and this aspect was already 

discussed in previous paper, in detail.180 

3.3.2 Inadequacy of a Dichroism Model 

A dichroism model can be used to test the experimental observations.  Here, the 

nanoparticle array is treated as a single optical element, and all the microscopic information, 

such as particle shape, size, composition, and array structure, are not taken into consideration.  In 

this section and the following section, the data are obtained from a 92 nm arm length L array 

with 250 nm grid spacing.  The high-energy and low-energy resonances of the sample are located 

at 738 nm and 1029 nm, respectively, and the intersection of those two bands occurs at 844 nm 

(Figure 3.5A). 

The Jones matrix formalism181,182 is used for calculating the propagation of polarized 

light by optical elements. Complex vector amplitude and optical elements are expressed by 2×1 

column vector and 2×2 matrices respectively, and the propagation of the beam polarization by 

the optical elements is calculated by matrix algebra.  The normalized Jones vector for the 

incident beam with A polarization is ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
1
1

2
1 .  The Jones matrices of the linear polarizer with a 

transmission axis along the A and B-axis are ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
11
11

2
1  and ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

−
11
11

2
1 , respectively.  The Jones 

matrix of the nanoparticle array is 
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
Y

Y

X
X

T
T
0

0
 for the simple dichroism-based model, where 

X
XT  and Y

YT  are the transmittance for X and Y-polarized incident beam, respectively.  Here the 
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particle is assumed to be perfectly symmetric so there are no off-diagonal terms.  Electric fields 

after the beam passes through the nanoparticle array and the polarizer P2 along the A-axis ( AE
r

) 

and along the B-axis ( BE
r

) are as follows: 

⎟⎟
⎠

⎞
⎜⎜
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⎛+
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

1
1
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X TT
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T
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and transmittances for each system are: 

( )Y
Y

X
X

Y
Y

X
X

A
A TTTTT 2

4
12

++== AE
r

,       (3.2a) 

( )Y
Y

X
X

Y
Y

X
X

A
B TTTTT 2

4
12

−+== BE
r

.       (3.2b) 

The extinction along A-axis ( A
ATlog− ) and the perpendicularly induced component A

BT  

calculated by this model are compared with the experimental data in Figure 3.5A and 3.5B, 

respectively.  In Figure 3.5A, the extinction along A-axis ( A
ATlog− ) calculated by the model (red 

line) crosses the intersection of extinction of the extinction along X-axis ( X
XTlog− , black line 

marked as X) and along Y-axis ( Y
YTlog− , black line marked as Y); however the experimental 

data (black line marked as A) does not.  In Figure 3.5B, the induced component along the B-axis, 

A
BT  shows a node at 844 nm where the extinction along the A and B-axis crosses (Figure 3.5A), 

but the experimental data does not show such a node. 

The simple dichroism-based model accounts for some of the observed features, but it 

deviates from experiment at predicting the property of the light transmission where the two 

dipole bands cross.
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Figure 3.5 (A) Experimentally obtained extinction spectra θ
θTE 10log−=  for X, Y, and A-

polarized incident beam (black lines), and extinction spectra for A-polarized incident beam 

obtained by simple dichroism-based model (red line) and by birefringence model (green line).  

(B) Perpendicularly induced component θ
θ 90+T  that is obtained experimentally (black line) and by 

dichroism-based model (red line). 
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3.3.3 Birefringence Model 

In the previous section, when the Jones matrix for the nanoparticle array is constructed, 

the phase retardation was not considered or it was assumed that the phase retardation for both X 

and Y-axis was same, therefore the light was still linearly polarized after it passed through the 

nanoparticle array as shown in Equation 3.1.  The phase retardation can be introduced in the 

Jones matrix.  If the phase retardation along X-axis is φx and along the Y-axis is φy, the Jones 

matrix for the nanoparticle array becomes
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
y

x

iY
Y

iX
X

eT
eT

ϕ

ϕ

0
0

.  The Jones vector after the X-

polarized incident beam pass through the nanoparticle array becomes
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
y

x

iY
Y

iX
X

eT
eT
ϕ

ϕ

2
1 , and in case 

φx ≠ φy, it is no longer a linearly polarized beam.  If the transmission axis of P2 is set θ, after the 

beam passes P2 the electric field vector becomes 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+
=

yx

yx

iY
Y
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X

eTeT
eTeT
ϕϕ

ϕϕ

θθθ
θθθ

2

2

sincossin
cossincos

2
1

θE
r

.       (3.3) 

Then the transmittance of whole system ( ATθ ) is: 

[ ]ϕθθθθθ coscossin2sincos
2
1 222 Y

Y
X

X
Y

Y
X

X
A TTTTT ++== θE

r
,     (3.4) 

where yx ϕϕϕ −= .  Note that if φ is zero, Equation 3.4 becomes identical to Equation 3.2.  When 

θ is +45° (A-axis) and −45° (B-axis), it becomes Equation 3.2a and 3.2b, respectively.  X
XT , Y

YT , 

and ATθ  are experimentally measurable parameters, and θ is experimentally controlled by 

adjusting the P2 transmission axis, therefore the phase difference for two axis ϕ  can be 

obtained by Equation 3.4.  For θ = −45° (B-axis), where the transmission axis of P2 is set 

perpendicular to the incident beam polarization along A-axis (θ = +45°), the transmittance 
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becomes [ ]ϕcos2
4
1

45
Y

Y
X

X
Y

Y
X

X
A

B
A TTTTTT −+==− , therefore the phase difference ϕ  can be 

obtained as follows: 
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The red solid line in Figure 3.6A shows the phase difference ϕ  versus wavelength plot obtained 

by Equation 3.5.  The two main dipole bands are shown with black lines for comparison.  The 

significant phase difference is obtained between two main dipole bands, and the maximum phase 

difference ranges up to 28°. 

From the ϕ  obtained here, the extinction along A-axis can be calculated from Equation 

3.4 (θ = +45°) and the result is plotted in Figure 3.5A with green line.  It does not cross the 

intersection of the two dipole bands, which agrees with the experimental observation (black line) 

better than the plot based on the simple dichroism-based model (red line). 

3.3.4 Transmission with Resolved Linear Polarization 

To characterize the beam after the nanoparticle array, the beam intensity was monitored 

by the Ocean Optics spectrometer while the transmission angle of the P2 (θ) was rotated for an 

incident beam polarization fixed along the A-axis.  This polarizer setup is shown in Figure 3.3C.  

For this measurement, the 82 nm arm length L array with 250 nm grid spacing was tested.  The 

high-energy and low-energy resonance of this array is located at 704 nm and 929 nm 

respectively, and the intersection of those two bands happens at 789 nm (not shown in this paper).  

The θ -dependent beam intensity ( ATθ ) is plotted in Figure 3.7 with red square and it is compared 

with the calculation based on Equation 3.4 (black line) for selected wavelengths; 450, 701, 720, 

and 770 nm.  The calculation used a phase difference ϕ  of  0°, 14°, 23°, and 32°, respectively.  
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Figure 3.6 The wavelength dependent phase difference (|φ|) is plotted with red line (left axis).  

Extinction spectra for the X and Y-polarized incident beam are shown with black lines for 

comparison, plotted to right axis.  The measurements are performed by (A) spectrometer coupled 

with liquid nitrogen-cooled CCD detector and (B) UV-vis and near-IR spectrometers.  |φ| plot of 

panel A is shown in panel B again with green line for comparison. 
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Figure 3.7 Experimentally obtained collection polarizer angle (θ)-dependent signal 

intensities ( ATθ ) from 82 nm arm length sample are plotted with red dots for (A) 450 nm, (B) 701 

nm, (C) 720 nm, and (D) 770 nm wavelengths.  Calculations by birefringence model are plotted 

with black line. 
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θ = 45° is achieved when the transmission axis of the P2 is along the A-axis (parallel to the 

incident beam polarization) and θ =135° corresponds to when the transmission axis of the P2 is 

along B-axis (perpendicular to the incident beam polarization).  There is a little deviation of the 

experimental plot from the calculation, but their behavior is quite close each other.  A slight 

difference in arm length of the particle that came from the imperfection of the fabrication is 

thought to be the source of the observed deviation. 

The θ that shows the minimum transmission (θmin) for fixed wavelength, as marked in 

Figure 3.7, is determined by the ratio between the transmission for X and Y-axis; X
XT  and Y

YT .  If 

their ratio is unity, the angle should be 135°; as the ratio deviates from unity, θmin moves to 

higher angle.  At 450 nm, where X
XT  and Y

YT  are similar, the minimum transmittance is observed 

at about 135° polarizer angle.  The wavelength of 701 nm is close to the high-energy band 

resonance, therefore the transmission for X and Y-polarization shows a large difference at this 

wavelength and the θmin moves to larger angle.  However, as the wavelength is moved to 720 nm 

and 770 nm, the difference between X
XT  and Y

YT  decreases, and the θmin moves back toward 135°.  

The minimum transmission is correlated to the phase difference ϕ .  If ϕ  is zero, the beam is 

still linearly polarized after it passes through the nanoparticle array, therefore the minimum 

transmission after P2 becomes zero (Figure 3.7A).  If ϕ  is nonzero, the beam becomes 

elliptically polarized after the nanoparticle array and the minimum transmission deviates from 

zero as shown both in experimental plot and calculation in Figure 3.7B,C,D. 

The polarization of the beam after the sample is graphically represented in Figure 3.8.  As 

ϕ  decreases, the polarization becomes close to linear and as it increases, the polarization 
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Figure 3.8 The polarization of the beam after the nanoparticle array is calculated by simple 

dichroism-based moded (black plot) and birefringence model (red plot) for (A) 450 nm, (B) 701 

nm, (C) 720 nm, and (D) 770 nm wavelength beam.  The polarization of the incident beam is 

shown with green line for comparison.  ξ is the rotation angle of the polarization axis after the 

beam pass through the nanoparticle arrays. 
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becomes closer to circular.  As discussed previously, the angle ξ that is shown in Figure 3.8 is 

determined by the ratio between X
XT  and Y

YT , and they are related by following equation: 

4
arctan πξ −= X

X

Y
Y

T
T

.         (3.6) 

3.3.5 Phase Difference Predicted from the Complex Index of Refraction 

In Figure 3.6A, the phase difference ϕ  shows minima near 700 nm and 1050 nm, but 

they are not resolved well because of the low signal to noise ratio.  To resolve these features, X
XT , 

Y
YT , and A

AT  are obtained by Ocean Optics USB2000 fiber-coupled spectrometer for the 400-950 

nm region and a fiber-coupled near-IR spectrometer for the 900-1700 nm region.  ϕ  and 

extinction are obtained based on the measurements and the results are plotted in Figure 3.6B.  

The extinction spectra for X and Y polarized beam is plotted with black lines and ϕ  is plotted 

with red line.  A slight mismatch near 900 nm signifies where one spectrometer ends and the 

other begins.  ϕ  in Figure 3.6A is plotted with green line for comparison.  The local ϕ  

minimum near 1050 nm is clearly shown and another local maximum of ϕ  is shown near 1200 

nm. 

These local minimum and maximum can be qualitatively explained by considering the 

complex index of refraction of the nanoparticle array.  An L-shaped nanoparticle has two strong 

dipole resonances that are perpendicular each other, and each dipole mode shows different 

extinction for each incident beam polarization, therefore the nanoparticle array has different 

refractive index for two orthogonal polarizations.  The diagram of the imaginary and real part of 

the refractive index is shown in Figure 3.9A,B.  The imaginary part, κ is related to the extinction 

and the peak position is determined by resonance frequency of both high and low energy band, 
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Figure 3.9 Diagram of (A) imaginary part (κ) and (B) real part (n) of the refractive index of 

the nanoparticle array.  Five distinct frequency areas are labeled with from a to e.  (C) Estimated 

φ from the panel B.  Inset in panel B: u is phase velocity, ω is angular frequency, k is wave 

vector, and c is speed of light. 
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ωx and ωy respectively (Figure 3.9A).  The corresponding real part, n is shown in Figure 3.9B, 

and it determines phase velocity, u, by the equation inset in Figure 3.9B.  The difference in phase 

velocity between the two optical axes determines the phase difference ϕ .  In frequency region a 

and e in Figure 3.9B, there is no phase difference because the phase velocity for X- and Y-

polarized light are same.  However, birefringence is shown in frequency region b, c, and d 

because of the phase velocity difference for two orthogonal polarization axes.  The polarity of 

phase difference in c is different from in b and d, therefore at the boundary between b and c and 

between c and d, the phase difference should be zero (Figure 3.9C).  In our experiment, ϕ  

instead of ϕ  is measured, therefore regions b, c, and d should have each local maximum and 

there should be nodes between each maximum.  The maximum ϕ  is expected to be observed at 

region c because maximum difference in phase velocity is expected in the region.  Above 

arguments explain some of the features in Figure 3.6B, such as maximum ϕ  near 900 nm, local 

maximum near 1200 nm and a node near 1050 nm.  However there are some disagreements.  The 

local maximum expected at highest frequency region is not observed distinctly.  A distinct node 

is observed near 1050 nm, but it does not hit zero value.  A possible explanation of these 

discrepancies is the imperfection of the nanoparticles.  ϕ   is obtained under the assumption of 

perfect symmetry of the nanoparticle.  However, there is slight asymmetry because of 

imperfection of the fabrication, which can cause the error in the estimation of ϕ .  Furthermore, 

if there is a deviation in the nanoparticles size, each nanoparticle has slightly different refractive 

index, and the sharp node can be smeared out by average of all particles.  Finally, small signal 

artifacts in X
XT , Y

YT , and A
AT  during the experimental measurements also can lead to the 

deviation of the modeled  ϕ  from the actual value.  The modeling in Figure 3.9 considered only 
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two main dipole bands.  However there is another spectral feature at 500 nm as shown in Figure 

3.6B and it might interfere with the node at high energy side that is predicted by the simple 

model and obscure the node. 

Even though this crude model does not match exactly with experimental observations, it 

qualitatively explains the feature of experimentally obtained ϕ  and also provides insights into 

the birefringence of nanoparticle array. 

3.3.6 2D Array of L-Shaped Nanoparticles as a Birefringence Material 

In the case of conventional birefringence crystals, such as calcite and quartz, absorption 

is at UV region, therefore they have almost constant refractive index in visible region where we 

are interested in, as shown in Figure 3.10A.  Because of the anisotropy of crystal structure 

(Figure 3.10B), birefringence crystals have different resonant frequencies along X- and Y-axis, 

which leads to the different refractive indices nx and ny along each axis.  The phase difference ϕ  

is given by:181 

( )yx nnd −=
0

2
λ
πϕ           (3.7) 

where 0λ  is wavelength in vacuum and d is thickness of the crystal.  ϕ  can be tuned by 

changing d in order to obtain a quarter waveplate ( ϕ  = 90°) or a half waveplate ( ϕ  = 180°).  In 

the case of nanoparticle arrays tested in this study, the maximum phase retardation was 30°, 

therefore quarter waveplate cannot be obtained.  Furthermore, transmittance is low compared to 

the conventional birefringence crystals because there is strong absorption in the wavelength 

region where we are interested in.  Even though there are some restrictions in using the 

nanoparticle arrays as birefringence materials, there are many interesting aspects.  The 

nanoparticle arrays have high birefringence only within a particular wavelength range 
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Figure 3.10 (A) Diagram of the refractive index (real part) of conventional birefringence 

materials.  nx and ny are refractive index along X- and Y-axis, respectively.  (B) Electron cloud 

bound to a nucleus.  The diagram depicts the different restoring force along X- and Y-axis for a 

birefringence crystal with single optic axis (X-axis). 
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characteristic of the overlapping resonances.  Any particle shape that has two orthogonal dipole 

resonances such as an ellipse or rectangle is expected to show similar birefringence properties.  

The wavelength range of maximum phase difference can be tuned by varying the two dipole 

resonances.  These dipole resonances can be varied by changing the size, aspect ratio, and 

composition of the nanoparticles.4,21,147  In the case of noble metal nanoparticles, the dipole 

resonance red-shifts as the refractive index of surrounding increases,4,134,142 therefore the dipole 

resonance position also can be tuned by varying the refractive index of surrounding media.  In 

order to generate 30° phase difference between two orthogonal polarizations, at 590 nm 

wavelength, typical birefringence materials, such as quartz, calcite, and calomel requires 7.3 μm, 

388 nm, and 98 nm, respectively.  However, the silver nanoparticle arrays demonstrated in this 

paper show about 30° phase difference with 30 nm thickness silver nanoparticles with 92 nm and 

82 nm arm length at 850 nm and 780 nm wavelength, respectively, which suggests the possibility 

of the nanoparticle arrays as a wavelength-tunable, extremely thin birefringence materials.  

Future work will be focused on improving birefringence properties of nanoparticle arrays.  In 

order for real application, achievement of 90° of ϕ  which gives quarter waveplate is important.  

Higher particle density, changing particle shape, and fabrication with different materials can be 

tried to increase ϕ .  Further theoretical studies are also required to explore the optimum 

condition for the application. 

3.4 Conclusion 

The perpendicularly induced component from the incident beam polarization was 

measured for L-shaped nanoparticle arrays with height of 30 nm.  A significant amount of 

perpendicularly induced component was observed for A-polarized incident beam between two 

main dipole resonances of nanoparticle array and the ratio was 6.2% of the incident beam at 993 
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nm.  The A-polarized incident beam can excite dipole oscillations along both X and Y-axis, and 

as a result, induced field oscillation can have the component of polarization that is perpendicular 

to the incident beam polarization.  However, the perpendicularly induced component was 

negligible when the incident beam polarization was along X and Y-axis, the direction of two 

main dipoles of the L-shaped nanoparticle, because the field oscillation along X-axis cannot 

excite dipole oscillation along Y-axis, and visa versa.  The experimental observation was also 

modeled by a dichroism-based model and a birefringence model, and the birefringence model 

agrees well with the experimental data.  The linearly polarized incident beam along the A-axis is 

changed to an elliptically polarized beam after it passes through the nanoparticle arrays as a 

consequence of phase retardation along X and Y-axis.  This effect depends on wavelength.  The 

polarization of the outgoing beam is determined by the transmittance along X and Y-axis ( X
XT  

and Y
YT ) and phase difference along each axis ( ϕ ).  The maximum phase difference was 

observed in between two overlapping dipole resonance wavelengths, and it was about 30° for 2D 

arrays of L-shaped nanoparticle with thickness of 30 nm and this phase difference is high 

compared to the conventional birefringence materials with same thickness.  This study is 

expected to provide a step toward the development of new plasmonic birefringence materials. 
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Chapter 4 

 

Second Harmonic Excitation Spectroscopy of Silver Nanoparticle Arrays 
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4.1 Introduction 

Current interest in the optical properties of nanoscale materials is driven by a broad 

spectrum of technological applications, including bio/chemosensors,114-117 optical filters,118,119 

plasmonic waveguides,23,120-122 and substrates for surface-enhanced molecular 

spectroscopy.5,123,124  Noble metal nanoparticles are particularly well-suited for applications in a 

wide variety of fields due to their size, shape and environment sensitive localized surface 

plasmon resonance (LSPR) bands.  Current fabrication methods allow LSPR energies and widths 

of individual particles134,183-187 and ordered arrays3,125,126,188 to be tuned with high precision.  

Many applications use the linear optical response of the LSPR modes.  Fundamental studies of 

nonlinear optical properties represent a relatively new method of studying nanoparticle 

properties. 

Experimental studies of second-order optical properties for metal nanoparticles were 

reported for colloids dispersed in solution,105,106,109,189-191 embedded in a dielectric 

matrix,101,102,104 and supported on a substrate.79,111,139,192-196  These investigations include 

measurements of both hyper-Rayleigh scattering (HRS)105,106,189,190 and coherent second 

harmonic generation (SHG).79,101-104,111,139,192-196  Hupp and co-workers105 reported the first 

experimental distinction between electric dipole and quadrupole contributions to HRS for 

solutions of spherical 32 nm silver nanoparticles by comparing angularly resolved emission to 

predictions of a theoretical model.  In addition, nanoparticle enhanced SHG was recently studied 

for a fluorescent polymer adsorbed on 100 nm gold particles.48 

Several theoretical studies have been reported for particles with simple geometric 

shapes.79,197-203  Specific treatments include a hydrodynamic model for an electron gas,198 a 

quantum size effect formulation for conduction electrons,199 and an extension of the continuous 
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dipolium model204 to a sphere in an inhomogeneous longitudinal field.205  Most predictions for 

complex shapes are made by assuming an intensity independent nonlinear response, which is 

expressed as the product of linear susceptibilities.134  A general formalism for arbitrarily shaped 

particles in inhomogeneous dielectric environments is not yet available.  The second harmonic 

(SH) signals from silver films are consistent with a general form of the second-order 

susceptibility and a tight-binding basis set.206-208  The SH signals from the nanoparticle arrays are 

analyzed by considering general multipolar interaction mechanisms. 

In this work, linear and nonlinear optical properties of silver nanoparticle arrays 

fabricated by nanosphere lithography (NSL)3,4,188,209 are characterized.  NSL is an inexpensive, 

simple to implement, inherently parallel, high throughput, materials general, and size-

controllable fabrication technique capable of producing well-ordered two-dimensional 

nanoparticle arrays.4,147  The NSL-fabricated substrates as a platform for 

bio/chemosensors8,35,114,134 and a substrate for surface-enhanced spectroscopy5,210 have been 

demonstrated.  There have been studies to correlate the LSPR of the NSL-fabricated substrate to 

the surface-enhanced Raman excitation spectroscopy (SERES) profile by Van Duyne and co-

workers.5,40  They showed that the strongest surface-enhanced Raman scattering (SERS) 

enhancement occurs under conditions where the incident and Raman scattered photons are both 

strongly enhanced,5 and it is consistent with prediction of the electromagnetic enhancement 

mechanism.211 

In this study, extinction spectra and SHG were measured for various orientations and 

polarizations, and the coherent SHG was studied with a tunable femtosecond laser.  The 

fundamental beam was not resonant with the material, whereas the emitted frequency was tuned 

in the region of the LSPR to identify resonance behavior.  The SHG from a silver film was 
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measured to compare with the array SHG at every wavelength, which allows experimental 

parameter normalization.  Experimental observations were compared with theoretical 

calculations that were performed by a discrete dipole approximation (DDA) method. 

4.2 Experimental Methods 

4.2.1 Sample Preparation 

Fisher brand no. 2, 18 mm diameter glass coverslips (Fisher Scientific, Fairlawn, VA) 

were used as substrates.  Glass substrates were cleaned by immersion in a boiling piranha 

solution (3:1 concentrated H2SO4: 30% H2O2) for 30 min.  (CAUTION: Piranha reacts violently 

with organic compounds and should be handled with great care.)  After cooling, the substrates 

were thoroughly rinsed repeatedly with 18.2 MΩ cm-1 Millipore water (Marlborough, MA).  The 

substrates were then sonicated for 1 h in 5:1:1 H2O:NH4OH:30%H2O2.  Following sonication, 

the substrates were rinsed with copious amounts of Millipore water.  Surfactant free, white 

carboxyl-substituted 390 nm diameter polystyrene latex nanospheres were received as a 

suspension in water from Duke Scientific (Palo Alto, CA), whereas 510 nm and 590 nm 

nanospheres were purchased from Interfacial Dynamics (Portland, OR).  Absolute ethanol was 

purchased from Pharmco (Brookfield, CT).  Silver (99.99%) was purchased from D.F. 

Goldsmith (Evanston, IL). 

Single-layer nanoparticle arrays were prepared with the nanosphere lithography 

technique.3,4  The nanoparticle geometry, and therefore the LSPR, can be controlled by the 

selection of the nanosphere diameter (D) and the deposited metal thickness (dm).  A suspension 

of nanospheres spontaneously self-assembled into hexagonally closed-packed two dimensional 

arrays after being coated on a clean glass substrate.  Once the sphere masks were dry, half of the 

mask was removed to leave an area of bare glass where the film would be deposited.  Silver was 
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deposited at a rate of 0.1 nm s-1 with a Consolidated Vacuum Corporation (Rochester, NY) 

deposition system or with a Kurt J. Lesker Axxis electron beam deposition system (Pittsburgh, 

PA) with a base pressure of 10-6 Torr.  The deposited height was monitored with a XTM/2 

monitor quartz crystal microbalance (Leybold Inficon, East Syracuse, NY).  The silver 

deposition had been made by two steps.  In the first step, the area for the silver film where the 

sphere mask was removed was masked with aluminum foil and silver was deposited with desired 

particle height (30 – 60 nm).  In the next step, the nanoparticle portion of the cover slip was 

masked and 50 nm of silver film was deposited.  On the day of optical measurements, the 

nanosphere masks were removed by sonication in absolute ethanol for approximately 5 min.  

NSL fabrication procedure is illustrated in Figure 4.1. 

4.2.2 Structural Characterization of NSL-fabricated Nanoparticle Arrays 

AFM images were collected with a Digital Instruments Nanoscope III microscope 

operated in tapping mode with etched Si nanoprobe tips (Digital Instruments, Santa Barbara, 

CA).  These tips have resonance frequencies between 280 and 320 kHz, are conical in shape with 

a cone angle of 20°, and an effective radius of curvature at the tip of 10 nm.  Figure 4.2 shows an 

AFM image of a typical sample prepared with D = 390 nm nanospheres.  This image and earlier 

studies by nanosphere lithography support the dimensional properties of each nanoparticle as a 

truncated tetrahedron.  The triangular base of each tetrahedron has a perpendicular bisector of 

~90 – 100 nm, and the nanoparticles form hexagonal arrays around the 390 nm diameter of the 

nanosphere.  The geometric relationships have been previously described4,188 in terms of the 

nanosphere diameter, D.  The triangular base has a perpendicular bisector a that equals 0.233D 

and the interparticle center-to-center spacing, dip, equals 0.577D   Figure 4.2 demonstrates that 

the pattern is composed of pairs of tetrahedra in defect free sections of the surface, which is 
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Figure 4.1 Nanosphere lithography (NSL). 
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Figure 4.2 (A) AFM image of a sample prepared with a nanosphere diameter (D) of 390 nm.  

The perpendicular bisector, a, of the triangular base is 100 nm, and the interparticle distance is 

294 nm.  The box depicts the centrosymmetry of particle pairs present in the sample.  (B) A line 

scan of the sample in panel A shows a = 104 and dm = 52 nm. 
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important for discussing the SHG properties.4,212  The particle arrays have a number of defects 

which have been described, but not correlated with optical properties.  The size of defect free 

regions is unknown, but prior work suggests they are probably small (~10 μm) so that with a 125 

μm spot size in our experiments we cannot assume uniform symmetry through the whole area 

that is illuminated. 

4.2.3 Extinction Measurements 

The optical design used to measure extinction is shown in Figure 4.3.  A continuum 

(~400 – 900 nm) generated by a tungsten-halogen light source was focused to a spot size of 600 

μm (FWHM) at the sample with an achromatic lens.  A Glan-Taylor calcite polarizer was used to 

control incident light polarization.  Sample orientation (normal, 45°, and 70° incidence) was 

varied with a graduated manual rotational mount.  Extinction spectra were collected with an 

optical-fiber-coupled Ocean Optics model USB2000 spectrometer.  With a nominal height of 50 

nm the 390 nm, 510 and 590 nm sphere diameters gave extinctions peaking at 620 – 630 nm, 720 

– 750 nm, and 840 – 850 nm, respectively. 

4.2.4 SHG Measurements 

Experiments were carried out with an amplified Ti:Sapphire laser system.213  Figure 4.4 

shows the schematic of the instrumentation for SHG measurements.  The laser system consists of 

a mode-locked femtosecond Ti:Sapphire oscillator214 and a pulse stretcher/regenerative 

amplifier/pulse compressor215,216 for producing high power ultrafast laser pulses.  A continuous 

wave (CW) frequency-doubled diode pumped Nd:YVO4 laser (Millennia, Spectra Physics) 

pumped the oscillator with 2.80W.  The oscillator output pulses were centered at 800 nm with a 

repetition rate of 83 MHz and 85 mW of average power (~1.0 nJ/pulse).  A faraday isolator was 

used before a grating pulse stretcher and then the stretcher output was injected into the 
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Figure 4.3 Experimental design used for extinction measurements.  Symbols represent 

achromatic lenses (L1-L4), polarizer (P), neutral density filter (ND), sample (S), and a rotational 

axis for the sample (R). 
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Figure 4.4 Schematic of the femtosecond laser system.  Symbols represent a neutral density 

filter (ND), λ/2 waveplates (WP1, WP2), focusing and collimating lenses (L1, L2), and a short 

pass color filter (CF). 
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regenerative amplifier with a 10% reflection.  The regenerative amplifier was pumped with an 

average power of 5.9 W split from a Q-switched, frequency-doubled, Nd:YLF laser (Evolution-

30, Spectra Physics) with ~250 ns pulses at 527 nm and a 1 kHz repetition rate.  The amplifier 

cavity-switched output was 850 mW of 805 nm pulses at 1 kHz.  A 3-pass amplifier (Photonics 

Industries) before the pulse compressor provided additional amplification with little added 

dispersion.  The 3-pass amplifier was pumped with 9.66 W from the Nd:YLF laser to provide 1.8 

W of 805 nm pulses at a 1 kHz repetition rate.  The amplified beam was sent to a grating 

compressor.  The output of the compressor was centered at 805 nm with a spectral bandwidth of 

22 nm and pulse duration of 90 fs at 1 kHz.  A tunable near-IR fundamental beam was generated 

with a laboratory-built optical parametric amplifier (OPA) pumped by 650 μJ/pulse of the 

amplified Ti:Sapphire laser beam.  The total near-IR output of the OPA was 50 μJ/pulse (signal 

+ idler).  A polarizer separated the signal and idler pulses.  The duration and bandwidth of the 

signal pulse is 125 fs and 430 cm-1 (at 1.3 μm).  Pulse energy was controlled with neutral density 

filters. 

The SHG experimental configuration is shown in Figure 4.5.  The fundamental was 

focused to 125 μm (~100,000 particles) with a +20 cm focal length CaF2 lens at incident angles 

of 10° and 45°.  Polarization was varied with an achromatic (1000 – 1600 nm) λ/2 waveplate.  

The SHG signal was collected with a +10 cm focal length lens, and then passed through a thin 

film polarizer and a short-pass color filter (Schott KG-3 or Corning 1-69) before being focused 

into a spectrometer (SpectraPro 2300i, Roper Scientific) coupled with a liquid nitrogen-cooled 

charge-coupled device (CCD) camera (Spec-10:400LN, Roper Scientific).  Apertures were used 

to prove that the output SHG signal was in a coherent beam. 
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Figure 4.5 Configuration used for SHG measurements.  A coordinate system is also defined.  

Symbols represent the incidence angle (θ), Ag nanoparticle arrays (NP), Ag film reference (R), 

polarizer (P), and translational stage (T).  Polarization notation as s:s or p:p is used to refer to 

input/output polarization. 
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Both p-polarized and s-polarized emissions were recorded while the fundamental beam 

was tuned from 1.16 μm to 1.52 μm.  The fundamental beam was focused to four spots on the 

sample by translating the sample stage.  The sample stage was oriented to translate parallel to the 

sample plane, so the detection alignment was equivalent for all positions on the sample.  Two of 

the four spots were on the nanoparticle array, while the other two were on the smooth film.  This 

procedure was designed to minimize changes in detection alignment between the nanoparticle 

array and silver film reference. 

4.2.5 Theoretical Calculations 

The discrete dipole approximation (DDA) method57,217,218 was utilized to model the in-

plane and out-of-plane mode of Ag nanoparticles.  The nanoparticle shape is assumed to be a 

truncated tetrahedron.  Following parameters are used to perform the calculation; a = 118 and 

137 nm (in-plane perpendicular bisector), dm = 30, 40, 50, and 60 nm (out-of-plane height), and 

DDA grid spacing = 2 nm.  The in-plane perpendicular bisectors of 118 and 137 nm can be 

achieved when the diameter of sphere mask that is used in NSL fabrication is 510 and 590 nm, 

respectively.  The effect of the glass on the LSPR was treated using the effective medium 

theory.219  Incident fields with in-plane and out-of-plane polarization are tested. 

4.3 Results and Discussion 

4.3.1 Extinction Measurements 

Typical polarization and orientation dependent extinction measurements are shown in 

Figure 4.6.  Spectra recorded at normal, 45° and 70° incidence are shown, but absolute 

magnitude comparisons are only approximate.  Each preparation leads to slightly different results 

in shape and peak location as a function of angle, and different spots in the same sample are not 

exactly identical.  The angle tuning changes the sample area illuminated, so we expect some 
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Figure 4.6 Polarization and orientation dependent extinction spectra.  The magnitudes are 

approximate. 
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spectral variation as a function of angle.  The spectra in Fig 4.6 show no large changes in 

resonance wavelength, which is of interest for later discussion.  The dominant feature at 630 nm 

in Figure 4.6 is assigned to an in-plane dipolar mode.  An out-of-plane dipolar mode is not 

observed because of its week extinction. 

Figure 4.7 and Figure 4.8 shows the measured and calculated LSPR λmax as a function of 

nanoparticle height (dm).  Extinction was measured for D = 390, 510, and 590 nm samples, and 

DDA calculation was performed for D = 510 and 590 nm samples.  All the measurements and 

calculations were performed with normal incident beam condition.  Both measurement and 

calculation show that for the same in-plane dimension, the λmax blue-shifts as dm is increased and 

for the same dm, the λmax red-shifts as in-plane dimension increases, which is consistent with 

previous reports.146,147  However, there is significant difference between measured and calculated 

λmax.  In the case of D = 590 nm (Figure 4.7C and 4.8B), the difference ranges up to 150 nm, and 

in all cases, the experimental data shows larger λmax than the calculation.  A water layer 

formation on nanoparticle arrays during the experiment can be a plausible explanation for the 

red-shifted λmax in the experimental observation compared to the calculation.  If the water layer is 

formed on nanoparticles the refractive index of nanoparticle surrounding increases, which leads 

to the red-shift of the LSPR. 

4.3.2 Nanoparticle Annealing 

Noble metal nanoparticles can be annealed with a high power laser beam,220-223 so 

measurements were made to ensure that the fluence used for studying SHG was not within this 

regime.  A 300 μm pinhole was placed over a sample and extinction spectra were measured 

before and after irradiation with a near-IR beam (λ = 1300 nm).  A fraction (45 or 65 %) of the 

near-IR beam was allowed to pass through the pinhole.  No change in the spectrum was observed  
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Figure 4.7 Experimentally obtained LSPR λmax versus nanoparticle height (dm).  Nanosphere 

diameter D was (A) 390 nm, (B) 510 nm, and (C) 590 nm.  
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Figure 4.8 LSPR λmax calculated by DDA method versus nanoparticle height (dm).  

Nanosphere diameter D was (A) 510 nm and (B) 590 nm.  
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at fluences below 4.4 mJ cm-2, which corresponds to a power of 300 μW for our SHG 

experimental setup (beam spot size of 125 μm FWHM at the focus and 1 kHz repetition rate).  

However, the extinction peak blue shifted by ~20 nm after irradiation at a fluence of 7.00 mJ cm-

2, corresponding to a power of 750 μW.  SHG intensity versus incident power was also directly 

tested, and a logarithmic plot deviated from linearity after ~ 400 μW.  Both results assure that the 

sample is safe until 300 μW with a power threshold of about 400 μW. The power used for SHG 

measurements in following section was ~100 μW (pulse energy of 100 nJ), corresponding to a 

fluence of 1.46 mJ cm-2 through the central 25 % area of the focus spot. 

4.3.3 SHG Excitation Spectra 

We begin this section by briefly reviewing the resonance structure of the second-order 

response.  The second-order susceptibility can be stated as a product of linear susceptibilities73,75 

[ ]2)1()1(
32

)2( )()2(),;2( ωχωχωωωχ jjiiijj eN
mb

−=        (4.1) 

where m is the electron mass, b is a nonlinear coefficient, N is the plasma electron density, and e 

is a unit charge.  The linear susceptibilities, )()1( ωχ jj , are written in tensor form with indices ij that 

represent electric field polarizations and frequency arguments that represent the fundamental (ω) 

and emitted waves (2ω).  The frequency dependence of SHG enhancement can be predicted by 

Equation 4.1.  In the absence of centrosymmetric SHG cancellation, the resonance enhancement 

in our case should result from the )2()1( ωχ ii  factor since the fundamental frequency is far from 

any linear resonance; the SHG excitation profiles should exhibit maxima at the peak positions 

seen in the linear extinction spectra. 

SHG excitation profiles measured for p:p (fundamental/SH emission) polarization 

conditions at incidence angle of 45º and 10º for D = 510 nm and dm = 50 nm sample are shown 
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in Figure 4.9A,B.  Extinction spectra of the sample obtained by polarized beam with normal 

incidence are shown together.  The SHG enhancement is plotted versus SH wavelength.  The 

enhancement factor is the ratio of the SH signal from the nanoparticle array divided by SH from 

the silver film and is not normalized for the reduced particle area (~9.3 % coverage of the film).  

The measurements with 45º and 10º incidence angle shows similar profile, but the absolute 

signals (not shown) were 7-15 times stronger for 45º incidence angle measurement, although 

alignment variations made accurate quantification difficult.  The SHG enhancement of 10º 

incidence angle is higher than 45º even though absolute SHG signal is small, because, when the 

incidence angle is varied from 45º to 10º, decrease in absolute SHG signal in film is larger than 

in nanoparticle arrays. 

A peak in the p:p SHG efficiency was found for D = 510 nm and 590 nm samples (Figure 

4.9).  The extinction maxima are located at longer wavelengths than the laser tuning range (SH 

of 1.16 – 1.52 μm) or at red end of the range.  The peak was blue-shifted with respect to the 

extinction peak.  D = 390 nm samples have the extinction maxima within laser tuning range, 

however no distinct peak was found and overall SHG efficiency was small compared to D = 510 

nm and 590 nm samples (Figure 4.10).  Figure 4.9A,B show that both 45 and 10º angles of 

incidence give similar SH profiles for the p:p experiment.  There is greater opportunity at 10º 

than at 45º to excite in-plane dipole components, but the similar resonance behavior supports the 

hypothesis that this resonance is dominated by an out-of-plane transition. 

Figure 4.11A,B shows the SHG enhancement profile versus nanoparticle height (dm) for 

D = 510 nm and 590 nm, respectively.  The wavelength, where the SHG enhancement maximum 

is observed, increases as the dm increases for both nanoparticle sizes, which is opposite of the 
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Figure 4.9 The extinction spectra (black line) and the SHG enhancement profiles (red square 

plots) for D = 510 nm and 590 nm samples.  (A) D = 510 nm, dm = 40 nm, incidence angle θ = 

45°, (B) D = 510 nm, dm = 40 nm, θ = 10°, (C) D = 590 nm, dm = 40 nm, θ = 45°, and (D) D = 

590 nm, dm = 60 nm, θ = 45°. 
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Figure 4.10 The extinction spectra (black line) and the SHG enhancement profile (red plots) 

for D = 390 nm samples.  (A) dm = 35 nm and (B) dm = 60 nm.  θ = 45° for all measurements. 
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Figure 4.11 SHG enhancement maxima versus nanoparticle height (dm).  Nanosphere diameter 

D was (A) 510 nm and (B) 590 nm. 

 

 



 

 

116
behavior of the extinction maxima.  This observation also suggests that the in-plane dipole mode 

is not the main contribution to the observed SHG enhancement 

The p:p SH emission was ~10 times more intense than s:s emission.  There was a sample 

dependent spectral response of the s:s signals.  The usual case was a weak signal, but some 

samples showed weak signals with different profiles suggesting that these polarizations probe 

small differences in sample preparation. 

A general consideration of SHG enhancement mechanisms provides physical insight for 

the present work.  Three radiation-matter interactions occur for second-order processes.  Local 

interactions occur by electric dipole (E1) coupling, whereas the electric quadrupole (E2) and 

magnetic dipole (M1) modes are the leading nonlocal contributions.  All possible permutations 

of interaction mechanisms are allowed for noncentrosymmetric array of particles.  However, 

electric dipole terms should dominate the response, so as a first approximation, paths that involve 

more than one nonlocal interaction are neglected, leaving a total of five distinguishable 

mechanisms for SHG.  These five mechanisms can be represented as E1 + E1 → E1, E1 + E2 → 

E1, E1 + M1 → E1, E1 + E1 → E2, and E1 + E1 → M1.  The E1 + E1 → E1 contribution 

should vanish when a sufficient number of randomly oriented particles are illuminated or for 

arrays made with centrosymmetric orientation.111 

The truncated tetrahedral particles shown in Figure 4.2 comprise a lattice in which 

centrosymmetry of in-plane dipoles should result in cancellation of SHG when a sufficient 

number of particles are contained within the spot of the laser beam.  The array can be considered 

to be made of particle pairs that have inversion symmetry, whereas individual particles do not 

have inversion symmetry.  The symmetric character of the array, therefore, suppresses resonance 

enhancement from the in-plane dipolar mode, and no peak in the SHG efficiency is observed at 
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the extinction maximum in Figure 4.9 and 4.10.  We might expect the E1 + E2 → E1 (E1 + E1 

→ E2) mechanism to contribute if input (or output) frequencies were in resonance with 

quadrupolar modes.  However, the observations strongly suggest that the in-plane mode is not 

the main contribution to the observed SHG enhancement, so we do not assign the observed SHG 

enhancement to an in-plane quadrupole resonance.  The polarization, orientation, and frequency 

dependence of the SHG enhancement is consistent with a weak out-of-plane dipolar resonance, 

which contributes through the E1 + E1 → E1 mechanism. 

If the SHG enhancement is from the out-of-plane dipole mode, the position of this 

resonance should be sensitive to the particle height.  The out-of-plane dipole mode is calculated 

by the DDA method and its resonant wavelength versus dm is plotted in Figure 4.12 for D = 510 

nm and 590 nm samples.  The resonant wavelength of the out-of-plane dipole mode red-shifts as 

dm increases, and this trend is consistent with the dm dependence of the SHG enhancement 

maximum that is shown in Figure 4.11.  However, there is a large difference in their resonance 

wavelength.  The SHG enhancement maximum is shown at a longer wavelength than the 

resonance of the out-of-plane dipole mode.  The red-shift of the experimental observation from 

the theoretical calculation was also observed for in-plane dipole extinction measurements, so the 

water layer formation can be an explanation here, again. 

4.3.4 Polarization Dependent SHG 

Polarized measurements made at a fixed input frequency were used to compare the 

tensorial response of the films to the nanoparticle arrays.  Silver films of 50 nm height with no 

resonances at either the fundamental or SH frequencies and nanoparticle arrays of D = 390 nm 

dm = 50 nm were studied.  Typical polarization and orientation dependent results for both a film 

and an nanoparticle array are presented in Figure 4.13.  The wavelength of the fundamental beam 
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Figure 4.12 Out-of-plane dipole resonance calculated by DDA method versus nanoparticle 

height (dm).  Nanosphere diameter D was (A) 510 nm and (B) 590 nm. 
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Figure 4.13 Normalized SHG intensity detected in p polarization at (A) 10 and (B) 45° 

incidence for both the nanoparticle arrays (red triangles) and smooth film (black squares). 
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was 1300 nm and the peak extinction for this array was ~ 650 nm; however, similar results were 

found with the same fundamental beam and a LSPR wavelength of 750 nm.  The input 

polarization of the fundamental was varied from p to s with p-polarized SH detection.  Results 

for s-polarized emission are too weak for peak integration, particularly in the case of the film.  

SHG from the silver film is highly sensitive to the out-of plane electric-field component of the 

fundamental beam, which is most easily seen for larger angles of incidence when the difference 

between p and s is most significant.  In Figure 4.13, we see that at 45° the film shows a sharp 

decrease in p-polarized output when the input polarization varies from p to s, whereas at 10° the 

trend is the same but the variation is less severe.  In contrast, SHG from the nanoparticle array is 

less sensitive to variation of the incidence angle and input polarization with the effect being most 

obvious at 45°. 

The data can be interpreted with a model that was successfully applied to the magneto-

optical Kerr effect.207,208  This model provides a qualitative picture in which tensor elements are 

considered in terms of in-plane and out-of-plane matrix elements.  We first write the i-polarized 

component SHG intensity as the square of the second-order polarization 

2)2( )2();2( ωωω ii PI
r

≈ .         (4.2) 

The polarization, )2()2( ωiP
r

, can be expressed in terms of the second-order susceptibility tensor, 

);2()2( ωωχ ijk , and the fundamental local electric fields, )()( ωω kj EE
rr

, as 
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The second-order susceptibility is written in a discrete basis truncated to include only conducting 

electrons208 
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where )2,( ωωabcF contains transmission and reflection coefficients as well as all energetic 

parameters and iê  is an electric field component.  Restriction of the sum over states to the 

conduction band is valid when the fundamental frequency is less than the difference between the 

Fermi energy and the d-band (~ 4 eV for silver).  Predictions are intuitive in a tight-binding basis 

of atomic orbitals.  The following rules may be applied to matrix elements for the film 

(coordinate system of Figure 4.5): 

0ˆ ≠bea z  and 0ˆˆ == beabea yx .       (4.5) 

These rules hold for all crystalline faces of silver and for an amorphous surface. 

The dominance of out-of-plane emission for the film is consistent with predictions of the 

model, and this result is general for smooth noble metal surfaces.  Results for the nanoparticle 

array reveal the sensitivity of SHG to the properties of individual particles even when the SHG is 

not resonant.  The excitation profiles discussed in the previous section showed that the SHG 

resonance enhancement is related to an out-of-plane component, but Figure 4.13 suggests that 

the absolute emission intensity for the nanoparticle array possesses significant in-plane 

contributions as well.  The rules outlined in Equation 4.5 cannot be applied to the nanoparticle 

array due to its finite nanoparticle height and spatial extent, a conclusion supported by these 

polarization measurements.  This type of data would be especially useful for testing theoretical 

models when the orientations of individual particles have simpler symmetry and are uniform 

over the focus area.  The nanoparticle arrays that are tested in this work have more complicated 

symmetry, and include defects that prevent azimuthal studies. 

4.4 Conclusion 

Frequency-scanned excitation profiles of coherent SHG were measured for silver 

nanoparticle arrays prepared by nanosphere lithography.  The maxima in the p:p SHG 
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efficiencies were observed in D = 510 nm and 590 nm samples and they were blue-shifted from 

the peak of the in-plane dipolar LSPR.  The SGH efficiency maxima red-shifted as the particle 

height increased, whereas the extinction maxima for normal incident beam blue-shifted.  Those 

behaviors are consistent with the nanoparticle height dependent in-plane and out-of-plane dipolar 

LSPR that is calculated by DDA method.  The discrepancy in measurement and calculation is 

explained by the water layer formation on the nanoparticle arrays.  The data were interpreted by 

assuming that the purely in-plane dipolar emission mechanism is suppressed due to averaging 

over a centrosymmetric distribution of nanoparticles.  Polarization and orientation dependent 

measurements suggest that the SHG is enhanced by a LSPR mode polarized out-of-plane, which 

was not observed in the linear spectrum due to its weak extinction.  This is the first clear 

identification of such a resonance by nonlinear spectroscopy for shaped nanoparticles, and was 

only possible due to cancellation of in-plane dipolar emission.  Unlike silver films, 

measurements of single-wavelength and polarization-controlled SHG intensity from nanoparticle 

arrays when the SHG was not resonant showed a moderate in-plane component from the 

nanoparticle array where this is forbidden.  The experimental identification of out-of-plane 

dipolar LSPR will provide a key test of theoretical models for nanoparticle optical properties.  

Future work will probe quadrupole resonances to provide a full test of nanoparticle response 

theory for non-spherical nanoparticles. 
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Chapter 5 

 

Stability of Silver Nanoparticles Fabricated by Nanosphere Lithography and Atomic Layer 

Deposition to Femtosecond Laser Excitation 
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5.1 Introduction 

Noble metal nanoparticles have optical properties that are different from those of bulk.  

These properties originate from the localized surface plasmon resonance (LSPR), which is a 

collective oscillation of the conduction electrons that occurs when light impinges on a 

nanoparticle at a specific wavelength.  The remarkable consequences of this optical phenomenon 

are enhanced light scattering and absorption and large local field enhancement near the 

nanoparticle surface at the resonant condition.  The LSPR can be controlled by changing the size, 

shape, and composition of the nanoparticle4,21,147 as well as the dielectric environment.134,141  

These features of LSPR have enabled the noble metal nanoparticles to be applied for a variety of 

applications, including  bio/chemosensors,114-117 optical filters,118,119 plasmonic waveguides,23,120-

122 and surface-enhanced spectroscopy.5,123,124 

Surface-enhanced Raman scattering (SERS) is one of the most studied surface-enhanced 

spectroscopic techniques to date.2,5,39,41  Local field enhancements by the LSPR have been 

determined as the origin of the huge enhancement of Raman scattering from the molecules 

adsorbed on the noble metal nanoparticles or nanostructures.  Recently, surface-enhanced 

nonlinear spectroscopic studies of molecules adsorbed on noble metal nanoparticles or 

nanostructures have also been reported including second harmonic generation,48,49,224 sum 

frequency generation,88,225,226 coherent anti-Stokes Raman scattering,227-230 hyper-Raman 

scattering,43 and two-photon absorption.50 

Noble metal nanoparticles or nanostructures have been shown to be excellent substrates 

for surface-enhanced laser spectroscopy, and it is important to characterize the interaction 

between a laser pulse and the metal nanoparticles.  There have been studies to explore the 

relaxation dynamics of noble metal nanoparticles that are excited by femtosecond laser pulses.  
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Electron-electron, electron-phonon, and phonon-phonon relaxation in gold and silver 

nanoparticles with various sizes and shapes have been studied by time-resolved pump-probe 

spectroscopy.231  Coherent vibrational oscillation of the noble metal nanoparticles induced by 

femtosecond excitation also has been monitored by pump-probe transient spectroscopy.  

Hartland group and El-Sayed group monitored the transient absorption signal versus the delay 

time of the probe beam for colloidal gold nanoparticles232-234 and gold nanoparticle arrays235 

fabricated by nanosphere lithography (NSL).4  They monitored the oscillation of transient 

absorption signals with various probe beam wavelengths, and the oscillations that are monitored 

at blue and red side of the extinction maximum wavelength of the nanoparticle showed a 180° 

phase difference. 

For nonlinear laser spectroscopies, sometimes, high laser intensity is required to obtain 

reasonable signal level.  However, metal nanoparticles are susceptible to melting or 

deformation236-238 by the heat induced through the relaxation process of hot electrons excited by 

high power ultrashort laser pulses that are used for nonlinear spectroscopic techniques.  

Furthermore, lowered melting temperature of the nanoparticle compared to bulk metal can 

accelerate the melting and deformation of the nanoparticles.221-223,239-241 

Recently, Van Duyne and coworkers242 demonstrated that the Al2O3 film deposited on 

silver nanoparticle arrays by atomic layer deposition (ALD) can protect the nanoparticles from 

thermal deformation.  They suggested the possibility of using the Al2O3 coated silver 

nanoparticles as a substrate for operando SERS studies which require high temperatures and 

pressures employed in industrial catalytic reactions.242,243  In this work, we present studies on the 

femtosecond laser power stability of NSL fabricated silver nanoparticles on glass substrates.  

Bare silver nanoparticles and nanoparticles coated with Al2O3 film deposited by ALD were 
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irradiated by the femtosecond laser, and their LSPR shift was monitored by white light extinction 

measurement.  The laser wavelengths were either resonant or off-resonant to the LSPR of the 

silver nanoparticles.  Al2O3 coated silver nanoparticles showed enhanced stability against the 

laser exposure, and it is proposed that Al2O3 coated nanoparticles can be used as a stable 

platform for surface-enhanced laser spectroscopy including nonlinear spectroscopy. 

5.2 Experimental Methods 

5.2.1 Materials 

Silver pellets (99.99%) were purchased from the Kurt J. Lesker Company (Pittsburgh, 

PA).  Glass substrates (no. 2, 18 mm diameter cover slips) were purchased from Fisher Scientific 

(Hampton, NH).  Surfactant free, white carboxyl-substituted polystyrene latex nanospheres with 

diameter (D) = 390 nm were received as a suspension in water from Duke Scientific (Palo Alto, 

CA).  Absolute ethanol was purchased from Pharmco (Brookfield, CT).  Trimethylaluminum 

(TMA) for the fabrication of Al2O3 atomic layers was purchased from Sigma Aldrich 

(Milwaukee, WI). 

5.2.2 Preparation of Silver Nanoparticle Samples 

Glass substrates were cleaned by immersion in a boiling piranha solution (3:1 

concentrated H2SO4: 30% H2O2) for 30 min.  (CAUTION: Piranha reacts violently with organic 

compounds and should be handled with great care.)  After cooling, the substrates were 

thoroughly rinsed repeatedly with 18.2 MΩ cm-1 Millipore water (Marlborough, MA).  The 

substrates were then sonicated for 1 h in 5:1:1 H2O:NH4OH:30%H2O2.  Following sonication, 

the substrates were rinsed with copious amounts of Millipore water. 

Single-layer, monodispersed silver nanoparticles were prepared with the NSL 

technique.3,4  A suspension of nanospheres spontaneously self-assembled into hexagonally 
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closed-packed two dimensional arrays after being coated on a clean glass substrate.  Silver was 

deposited at a rate of 0.1 nm s-1 with a Kurt J. Lesker Axxis electron beam deposition system 

(Pittsburgh, PA) with a base pressure of 10-6 Torr.  The deposited height (dm) was monitored 

with a Sigma Instruments 6 MHz gold plated quartz crystal microbalance (Fort Collins, CO).  

The nanosphere masks were removed from the substrate by sonication in absolute ethanol for 

approximately 5 min. 

Al2O3 films were grown on NSL silver nanoparticles by ALD.  The reactor utilized in 

these experiments is similar to one described in previous publications.244  Trimethylaluminum 

(TMA) and deionized H2O vapors were alternately dosed over the substrates in a nitrogen carrier 

stream at a mass flow rate of 360 sccm and a pressure of ~1 Torr, using a growth temperature of 

50 °C.  Al2O3 ALD proceeds according to the following pair of self-limiting reactions, where the 

asterisks (*) denote the surface species:245 

(A) Al-OH* + Al(CH3)3 → Al-O-Al(CH3)2* + CH4 

(B) Al-CH3* + H2O → Al-OH* + CH4 

One complete ALD cycle consists of four steps:  (1) TMA reactant exposure time, 2 s; (2) 

N2 purge following TMA exposure, 10 s; (3) H2O reactant exposure time, 2.5 s; (4) N2 purge 

following H2O exposure, 30 s.  Long purge times are necessary at low temperatures to prevent 

chemical vapor deposition of Al2O3.246  In a previous study, Al2O3 growth on silver surfaces by 

ALD was shown to proceed with an average growth rate of ~1 Å/cycle.247 

For our experiments, 4 or 10 atomic layers of Al2O3 that correspond to 0.4 nm and 1.0 nm 

layer thickness were deposited on silver nanoparticles. 

5.2.3 Measurement of the Stability of Silver Nanoparticles upon Laser Exposure 
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Experiments were carried out with an amplified Ti:Sapphire laser system described in 

prior publications.137,213  The output of the compressor is centered at 805 nm with a spectral 

bandwidth of 22 nm and pulse duration of 90 fs at 1 kHz.  A tunable near-IR fundamental beam 

was generated with a laboratory-built optical parametric amplifier (OPA) pumped by 650 

μJ/pulse of the amplified Ti:Sapphire laser beam.  The total near-IR output of the OPA was 50 

μJ/pulse (signal + idler).  A polarizer separated the signal and idler pulses.  The duration and 

bandwidth of the signal pulse are 125 fs and 430 cm-1 (at 1.3 μm), respectively. 

The laser irradiation on the sample and the extinction measurements were performed 

using a laboratory-built microscope setup.  Figure 5.1 shows the schematic diagram of the setup.  

The variable signal output of the OPA (tunable range of 1.16 – 1.52 μm) was doubled by a 0.6 

mm thickness type I β-barium borate (BBO) crystal and the fundamental near-IR beam was 

blocked by a short-pass color filter (Schott KG-3).  The resulting visible beam was focused onto 

the sample by a +80 mm focal length CaF2 lens with a 45° incidence angle.  Two different laser 

wavelengths were used for the laser power stability measurements of NSL-fabricated silver 

nanoparticles; one was the wavelength that corresponds to the LSPR wavelength maximum 

(LSPR λmax) of the nanoparticles, which will be called the resonant condition, and the other was 

the wavelength that is ~100 nm red from the LSPR λmax, which will be called the off-resonant 

condition.  The laser wavelengths tested were 630 nm and 730 nm for bare nanoparticles and 610 

nm and 710 nm for nanoparticles coated with 0.4 nm and 1.0 nm of Al2O3.  The spot size of the 

beam at the focus was 25.2 μm at full width at half-maximum (FWHM) along the long axis.  The 

beam intensity was controlled with a round continuously variable neutral density filter. 

Extinction spectra were collected on an Ocean Optics USB2000 fiber-coupled 

spectrometer.  White light from a tungsten-halogen lamp was fiber-coupled with a 100 μm fiber 
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Figure 5.1 Experimental setup used for laser irradiation and extinction measurements.  

Symbols represent L1: +80 mm CaF2 lens, L2: +40 mm achromatic lens, L3: +12.7 mm 

achromatic lens, L4 and L5: +200 mm achromatic lens (tube lens), L6: +30 mm achromatic lens, 

P: Glan-Taylor calcite polarizer, X: 0.6 mm type I BBO crystal, CF: short pass color filter, and 

ND: round continuously variable neutral density filter. 
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to a +40 mm focal length achromatic collimating lens.  The collimated beam was then polarized 

by a Glan-Taylor calcite polarizer with 5 mm aperture and focused onto the sample by a +12.7 

mm focal length achromatic lens with the optic axis normal to the sample surface.  The beam 

was carefully aligned to monitor the spot of laser focus.  The white light spot size on the sample 

was 20 μm diameter at FWHM.  Transmitted light was collected by an infinity-corrected 10×  

Nikon microscope objective (NA = 0.30) at a working distance of 16.0 mm and directed to the 

spectrometer or an eyepiece by the choice of the mirror mounted after the objective.  When the 

extinction was measured, the beam was focused into a 600 μm fiber that couples into the 

spectrometer. 

The extinction of NSL-fabricated silver nanoparticles sample was monitored during the 

laser irradiation.  The extinction spectra were obtained before laser irradiation and at 30 sec 

intervals of laser exposure.  While the extinction spectra were recorded, the laser beam was 

blocked in order to prevent the scattered laser light from entering the spectrometer. 

5.3 Results and Discussion 

5.3.1 Laser Induced LSPR Change of the Bare Silver Nanoparticles 

The LSPR of the NSL-fabricated silver nanoparticles is very sensitive to the particle size 

and tip sharpness.4,248  For the NSL-fabricated silver nanoparticles, a blue shift of the LSPR 

wavelength maximum (LSPR λmax) has been observed when the tip of the nanoparticle is 

rounded by a solvent,248 heat,146,242 and electrochemical oxidation.249  The same effect is 

predicted theoretically for the triangular nanoprisms.134  Therefore any shape change in the 

nanoparticles from the laser irradiation can be monitored by the LSPR band shift. 

Figure 5.2 shows the LSPR spectra of bare silver nanoparticles before and after laser 

exposure with different laser pulse intensities and exposure times.  The NSL-fabricated 
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Figure 5.2 LSPR change after the laser exposure to the bare silver nanoparticles (dm = 30 

nm).  Wavelength of incident laser was 630 nm.  The laser pulse intensity was (A) 0.035 mJ cm-2, 

(B) 0.162 mJ cm-2, and (C) 0.405 mJ cm-2. 
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nanoparticles with D = 390 nm and dm = 30 nm have an LSPR λmax at ~ 630 nm, and the 

wavelength of laser was tuned to 630 nm.  After laser exposure, the LSPR blue shifted.  The 

same measurements with the 730 nm wavelength laser beam which is about 100 nm off-resonant 

from the LSPR λmax are shown in Figure 5.3.  Again a blue-shift of the LSPR after laser exposure 

was observed.  The LSPR shift versus laser exposure time is plotted in Figure 5.4.  For both the 

resonant condition and off-resonant condition, the majority of the shift is observed with the first 

30 sec laser exposure, and then the LSPR shift gradually saturates.  The LSPR shift increased as 

the laser pulse intensity increased.  The laser pulse intensity was calculated from the area within 

the radius of standard deviation of the Gaussian laser intensity profile.  The standard deviation 

was 10.7μm for the long axis of the beam spot and 68% of the total beam intensity is focused in 

the area. 

The reshaping of the NSL-fabricated gold nanoparticles by a femtosecond laser pulse has 

been reported by El-Sayed and coworkers.222,223  They excited gold nanoparticles with a 400 nm, 

800 nm, and 700 nm laser that corresponded to interband/in-plane quadrupolar transition, dipolar 

transition, and both quadrupolar/dipolar transition, respectively.  The LSPR and shape change of 

the gold nanoparticles were monitored by extinction spectra measurement and scanning electron 

microscopy (SEM).  When dipolar transition was excited, which is the case for our experiments, 

a blue shift of the LSPR band was observed, which agrees with our results despite differences in 

detailed spectral features.  El-Sayed and coworkers observed rounding of the tips for gold 

nanoparticles with 3.0 mJ cm-2 laser pulse intensity and the displacement or removal of the 

nanoparticles from the substrate with greater than 5.0 mJ cm-2 pulse intensities.222,223  The 

rounded tips were explained by photothermal heating and the displacement of the nanoparticles 

for high power laser irradiation was explained by the flying of the nanoparticle of which kinetic 
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Figure 5.3 LSPR change after the laser exposure to the bare silver nanoparticles (D = 390 nm, 

dm = 30 nm).  Wavelength of incident laser was 730 nm.  The laser pulse intensity was (A) 0.046 

mJ cm-2, (B) 0.092 mJ cm-2, and (C) 0.146 mJ cm-2. 
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Figure 5.4 LSPR shift versus laser exposure time for bare nanoparticles (D = 390 nm, dm = 

30 nm).  Wavelength of incident laser was (A) 630 nm and (B) 730 nm. 
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energy was obtained by gold atom sublimation.222,223  In our experiments, laser pulse intensities 

were lower than 1 mJ cm-2, therefore displacement or removal of the nanoparticles is not 

expected. 

When the conduction electrons in noble metal nanoparticle are excited by a femtosecond 

laser pulse, excited electrons undergo relaxation processes through electron-electron, electron-

phonon, and phonon-phonon coupling.231  Through the electron-phonon coupling, the energy is 

exchanged between the electrons and the lattice231, which results in lattice heating.  The heat is 

dissipated through the phonon-phonon coupling between the nanoparticles and surrounding 

media.  The time constant of the electron-electron relaxation is on the order of several hundred 

femtoseconds250,251 and the electron-phonon relaxation is on the order of several picoseconds252 

which has a particle size dependence.  The phonon-phonon relaxation is on the order of several 

hundred picoseconds,231,253,254 revealing that the heat conductivity of the surrounding media is an 

important factor.  In our experiment, the glass substrate serves as an energy sink.  Once the 

nanoparticles are excited by a femtosecond pulse, all the relaxation processes are completed 

before the next laser pulse excites the nanoparticles again, since all the relaxation processes are 

faster than the 1 kHz of the laser repetition rate that was used for our experiment.  Therefore, we 

can estimate the temperature of the silver nanoparticles right after exposure to the laser pulse. 

In the case of the exposure to the 630 nm wavelength laser pulse, the energy absorbed by 

each nanoparticle is approximately 6.83×10-15 J, 3.15×10-14 J, and 7.88×10-14 J for a laser pulse 

intensity of 0.035 mJ cm-2, 0.162 mJ cm-2, and 0.405 mJ cm-2, respectively.  The extinction of 

silver nanoparticles at 630 nm is approximated to be 0.2 (transmittance = 0.63) and according to 

the electrodynamics calculation of a silver nanoparticle with similar shape and size, the 

contribution of the absorption and scattering to the extinction is about 80 % and 20 %, 
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respectively.  The calculated temperature of the silver nanoparticle based on energy absorbed is 

308 K, 364 K and 467 K, respectively.  25.35 J M-1 K-1 of silver heat capacity is used for the 

estimation, which is the value at 298.15 K.  The heat capacity of silver varies less than 7 % until 

600 K,255 and therefore the estimation can be justified.  The melting temperature of bulk silver is 

1234.93 K.  However the nanoparticle shows a large depression in the melting temperature with 

decreasing size, or radius, which is caused by the high surface tension of the 

nanoparticle.239,240,256  Even though the melting temperature of our nanoparticle is close to that of 

the bulk, because of the large curvature at the tip area, the sharp tips can show low enough 

melting point to be melted by the energy provided by the laser pulse.  The NSL silver 

nanoparticles fabricated using a sphere diameter less than 264 nm have been reported to undergo 

surface melting even at room temperature.188  The rounded tip results in a blue shift of the LSPR 

band of the silver nanoparticles.  SEM images were obtained for the nanoparticles with and 

without laser exposure, but no differences were observed within our resolution (data not shown).  

The LSPR of the nanoparticle array is very sensitive to the change of the tip geometry, therefore 

even a slight tip rounding that cannot be detected by SEM can cause a LSPR λmax shift of ~ 25 

nm which was the maximum shift within our laser intensity. 

In the case of the exposure to the 730 nm wavelength laser pulse, the energy absorbed by 

single nanoparticle is less than the case of the 630 nm because it corresponds to the tail of the 

LSPR band where the absorption is smaller.  Therefore tip melting is not efficient at this 

condition, which leads to a smaller blue-shift than 630 nm laser pulse with similar laser pulse 

energy. 

5.3.2 Laser Induced LSPR Change of ALD Al2O3 Coated Nanoparticles 
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The LSPR changes induced by the laser pulse are monitored for the silver nanoparticles 

fabricated by NSL (D = 390 nm and dm = 50 nm) and coated with 0.4 nm and 1.0 nm of Al2O3 

layers.  Both samples show the LSPR λmax at ~ 610 nm, and the wavelength of the laser was 

tuned to 610 nm and 710 nm to test the laser power stability of the samples for the resonant and 

off-resonant conditions.  Figure 5.5 and 5.6 show the LSPR shift versus laser exposure time for 

nanoparticles coated with 0.4 nm and 1.0 nm of Al2O3, respectively.  For both the resonant 

condition and off-resonant condition, the majority of shift is observed with the first 30 sec laser 

exposure, and is then followed by a gradual saturation of the LSPR shift.  This is similar to what 

was observed for the bare nanoparticles.  The LSPR shift is larger for the 610 nm laser 

wavelength than the 710 nm laser wavelength with similar pulse intensities, and is also observed 

for the bare nanoparticles.  However the absolute amount of the LSPR shift of the bare 

nanoparticle, nanoparticles with 0.4 nm of Al2O3, and nanoparticles with 1.0 nm of Al2O3 for 

similar laser pulse intensities varies with respect to each other.  Figure 5.7 shows the LSPR shift 

of bare nanoparticles (black squares) and nanoparticles with 0.4 nm (red circles) and 1.0 nm 

Al2O3 (green triangles) after 120 sec laser exposure versus laser pulse intensity.  The resonant 

condition is plotted with solid marks and the off-resonant condition is plotted with open marks.  

All the plots show the increase in LSPR shift as the laser pulse intensity increases.  For the same 

laser pulse intensity, the bare nanoparticles undergo the largest LSPR shift and the nanoparticles 

with 1.0 nm of Al2O3 shows the smallest shift against the laser exposure.  The laser pulse energy 

of 1.77 mJ cm-2 that led to ~15 nm LSPR shift of the sample with 1.0 nm of Al2O3 in resonant 

condition can heat the nanoparticles up to 748 K.  The LSPR shift is similar to the shift in bare 

nanoparticles induced by the pulse energy of 0.162 mJ cm-2 which can heat the nanoparticles 

only up to 422 K. 



 

 

138
 

 

 

 

 

Figure 5.5 LSPR shift versus laser exposure time for nanoparticles (D = 390 nm, dm = 50 

nm) coated with 0.4 nm of Al2O3 layer.  Wavelength of incident laser was (A) 610 nm and (B) 

710 nm. 
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Figure 5.6 LSPR shift versus laser exposure time for nanoparticles (D = 390 nm, dm = 50 

nm) coated with 1.0 nm of Al2O3 layer.  Wavelength of incident laser was (A) 610 nm and (B) 

710 nm. 
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Figure 5.7 LSPR shift after 120 sec laser exposure versus laser pulse intensity.  The resonant 

condition is plotted with solid marks and the off-resonant condition is plotted with open marks.  

Linear fitting for the resonant condition is shown with solid black line, red dashed line, and green 

dotted line for bare particles, nanoparticles coated with 0.4 nm Al2O3, and 1.0 nm Al2O3, 

respectively.  Slopes for each sample are -73.8 nm mJ-1 cm2, -37.5 nm mJ-1 cm2, and -7.6 nm mJ-

1 cm2 for resonant condition, and -50.8 nm mJ-1 cm2, -12.6 nm mJ-1 cm2, and -4.0 nm mJ-1 cm2 

for off-resonant condition. 
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The LSPR λmax shift shows an approximately linear relation to the laser pulse intensity 

within our intensity range.  In the case of the resonant condition the slope is –73.8, –37.5, and –

7.6 nm mJ-1 cm2 for bare, nanoparticles with 0.4 nm of Al2O3, and 1.0 nm of Al2O3, respectively 

as shown in Figure 5.7.  This means that if the nanoparticles coated with 1.0 nm of Al2O3 are 

used as a substrate for laser spectroscopy, 10 times higher laser pulse intensity can be used 

compared to when the bare nanoparticles are used as substrates.  In the case of off-resonant 

condition the slope is -50.8, -12.6, and -4.0 nm mJ-1 cm2, respectively. 

As a mechanism of the protection from the laser deformation of Al2O3 coated silver 

nanoparticles, it might be suggested that the Al2O3 layers serve as an additional heat sink.  In 

such a case, the suppression of the surface melting by the Al2O3 layers can be explained by the 

increased electron-phonon and phonon-phonon relaxation time, which leads to the efficient 

cooling of the hot nanoparticles.  Also it has been reported that molecules adsorbed on gold 

nanoshells can introduce an additional hot electron decay channel, which leads to a decreased 

relaxation time.257  However, Whitney et. al. reported that Al2O3 layers protect the silver 

nanoparticles from thermally induced deformation at the thermal equilibrium condition.242  They 

compared the LSPR shift of bare silver nanoparticles and nanoparticles coated with Al2O3 after 

heating at 100 – 500 °C for several hours and observed that the Al2O3 coated nanoparticles 

showed greatly reduced LSPR shifts compared to the bare nanoparticles.242  This was also 

verified by SEM imaging.242  Their work implies that the increased relaxation rate is not the 

major factor in the protection of the silver nanoparticles from the laser induced surface melting 

for nanoparticles with Al2O3 coating. 

The surface melting in nanocrystals has been discussed by Shi239 using the Lindemann 

criterion.258  According to the Lindemann criterion, a crystal melts when the root mean-square 
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displacement of the atoms in the crystal exceeds a certain fraction of the interatomic distance.239  

The melting temperature for a nanocrystal is given by239 

]/)1(exp[
0

vs nn
T
T

−−= α          (5.1) 

where T is melting temperature of nanocrystal, T0 is melting temperature of bulk, and ns and nv 

are the number of surface atoms and the number of atoms located within the particle, 

respectively. The ratio ns / nv implies the particle size dependence of the melting temperature.  As 

the particle size reduces, ns / nv increases.  α  is given by vs σσ /  where sσ  and vσ are mean-

square displacements of the atoms located on surface and within the particle, respectively.  In 

most cases vs σσ > , i.e. 1>α  because surface atoms are loosely bound compared to the bulk 

atoms.  Therefore, as the particle size decreases, i.e. vs nn / increases, T decreases.  As the α  

approaches the value of 1, the particle size sensitivity of the melting temperature decreases, i.e. 

the melting temperature of the nanoparticle approaches that of bulk.  In the case of the silver 

nanoparticles coated with Al2O3, the Al2O3 layers serve as a rigid frame for the silver 

nanoparticles and suppress the thermal vibration of the surface atoms of the nanoparticles.  As a 

result, sσ , therefore α  of the Al2O3 coated nanoparticles decreases compared to that of bare 

nanoparticles, which leads to the increased melting temperature of the Al2O3 coated 

nanoparticles compared to the bare nanoparticles.  This model provides a clear explanation for 

how the Al2O3 layers protect the silver nanoparticles from the surface melting. 

5.3.3 Change in LSPR Bandwidth after the Laser Exposure 

After laser exposure, in addition to the LSPR shift, a corresponding change in the LSPR 

bandwidth was observed.  For both the resonant and off-resonant condition, the LSPR λmax blue 
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shifted after laser exposure.  However the LSPR bandwidth increased for the resonant condition 

and it decreased for the off-resonant condition, which is shown in the Figure 5.2C and 5.3C. 

In Figure 5.8, the percent change in LSPR bandwidth after 120 sec laser exposure is 

plotted versus laser pulse energy for the (A) resonant condition and (B) off-resonant condition.  

The percent change is defined as following: 

(%) 100  changepercent 
0

0 ×
−

=
w

ww L         (5.2) 

where w0 is the FWHM of the LSPR band before laser exposure and wL is after the 120 sec laser 

exposure.  Both bandwidths are measured in energy units.  As shown in Figure 5.8A, when the 

laser wavelength was close to the LSPR λmax and the laser pulse intensity was larger than 0.09 

mJ cm-2, the LSPR bandwidth increased.  However a slight decrease in bandwidth was observed 

when the laser pulse intensity was less than 0.09 mJ cm-2 for both bare and Al2O3 coated 

nanoparticles.  The percent change increases as the laser pulse intensity increases.  The percent 

change in LSPR bandwidth when the laser wavelength was 100 nm apart from the LSPR λmax is 

plotted in Figure 5.8B.  The LSPR bandwidth was slightly decreased after laser exposure. 

About 5,000 silver nanoparticles are within the region that is probed by the white light.  

The nanoparticle size shows a Gaussian distribution and its standard deviation is expected to be 

similar to the size distribution of the nanoparticles (standard deviation ~ 5 nm) that are used for 

NSL.188  When the wavelength of the laser is longer than the LSPR λmax by 100 nm (off-resonant 

condition), the nanoparticles cannot be heated efficiently by the laser, but the larger 

nanoparticles within the Gaussian distribution can be heated more efficiently than smaller 

nanoparticles because they have a longer LSPR wavelength.  The LSPR of the redder particles 

blue-shifts while the bluer particles are unchanged, which leads to the blue shift and bandwidth 

narrowing of the overall LSPR band. 
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Figure 5.8 Percent change in LSPR bandwidth after 120 sec laser exposure versus laser pulse 

intensity.  (A) Resonant condition and (B) off-resonant condition. 
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In the case of the resonant condition, however, all the nanoparticles can be heated 

efficiently; therefore the bandwidth broadening after laser exposure cannot be explained by the 

argument above.  When the laser is focused on the sample, the laser intensity shows a Gaussian 

profile, therefore the nanoparticles are heated inhomogeneously.  Because the LSPR of the 

nanoparticles is monitored by white light having a spot size similar to the laser spot size, the 

resulting spectra is the average of all the nanoparticles with different amounts of shape 

deformation, which leads to the broadened overall LSPR band. 

5.4 Conclusion 

The laser induced LSPR change was monitored for NSL fabricated silver nanoparticles 

and silver nanoparticles coated with 0.4 nm and 1.0 nm of Al2O3.  A blue shift of the LSPR band 

was observed after laser exposure, and this blue shift was explained by the rounded tips of the 

nanoparticles induced by laser heating.  The blue shift of the LSPR became larger as the laser 

pulse energy increased both for the resonant and off-resonant conditions.  The resonant condition 

showed a larger blue shift than the off-resonant condition for the same laser pulse energy 

because the laser energy can be more efficiently absorbed by the nanoparticles if the laser is 

resonant with the LSPR.  The LSPR change after laser exposure was reduced when the silver 

nanoparticles were coated with ALD Al2O3 layers, and coating with 1.0 nm of Al2O3 showed 

enhanced protection compared with nanoparticles coated with 0.4 nm of Al2O3.  The decreased 

LSPR shift of the nanoparticles coated with Al2O3 compared to the bare nanoparticle was 

explained by increased surface melting temperature which results from the decreased mean-

square displacement of the atoms located on the nanoparticle surface.  The LSPR bandwidth was 

broadened for the resonant condition, while a slight narrowing of the LSPR band was observed 

for the off-resonant condition.  The bandwidth broadening for the resonant condition was 
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explained by inhomogeneous sample heating caused by the Gaussian beam intensity profile.  In 

the case of the off-resonant condition, more efficient heating for the redder sample led to 

bandwidth narrowing. 

It is demonstrated that the ALD Al2O3 layers provide enhanced stability of silver 

nanoparticles against the femtosecond laser exposure, and therefore the Al2O3 coated 

nanoparticles can serve as a stable platform for surface-enhanced laser spectroscopy, including 

nonlinear spectroscopy.  In the case of silver nanoparticles coated with 10 atomic layers of Al2O3, 

10 times higher laser pulse intensity can be used compared to when the bare nanoparticles are 

used as substrates.  However there is a trade off, because the local field enhancement by the 

nanoparticles drops quickly as the distance from the nanoparticle surface increases.210  Therefore 

the thickness of the Al2O3 layer should be carefully designed for the application as a substrate for 

laser spectroscopy.  The work presented in this paper will provide criteria for selection of 

nanoparticle substrate and laser pulse intensity for various femtosecond laser spectroscopies. 

Future work will be focused on testing the laser power stability of pre-annealed 

nanoparticles and such particles with Al2O3 layers.  The pre-annealing can be performed by 

moderate thermal heating242 or incubation in organic solvents such as methanol,248 and it is 

expected to reduce the sensitivity of the nanoparticle LSPR to laser exposure. 
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Absorption Measurement of Dyes Adsorbed on Silver Film 
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A1.1 Introduction 

When organic chromophores are adsorbed on a metal surface, their electronic levels 

couple to the metal conduction level, therefore the optical property of the molecule adsorbed on 

metal is altered from that of isolated or solvated molecule.  There have been attempts to 

introduce organic molecules to electronic, optoelectronic and photovoltaic devices.259-261  The 

electronic coupling in molecule-metal junction plays a key role in the electrical conductance;261-

263 therefore, understanding the electronic structure of the molecules in contact with the metal is 

essential for development of such devices.  There have been several approaches to investigate the 

molecular electronic structure adsorbed on metal.  From scanning tunneling microscope (STM) 

experiments, conductivity information can be obtained.264  Two-photon photoemission (2PPE) 

spectroscopy is a strong tool for quantitative determination of the electronic structure, such as the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of adsorbate-substrate system.265,266  Electronic excitations of the molecules adsorbed 

on metal surfaces have been studied by electron energy loss spectroscopy (EELS) also.  Netzer et 

al. studied the electronic excitation of benzene and pyridine on Ir(111) surface by EELS 

method.267  Avouris et al. studied benzene, pyridine, and pyrazine adsorbed on Ag(111) surface 

by the same method,268 and they reported the 0.1 – 0.2 eV shift of molecular electronic excitation 

energy upon adsorption on the silver surface.  Absorbance measurements on surface adsorbed 

molecules have been performed by several methods.  Harris and coworkers reported the 

absorbance spectra of the aromatic hydrocarbons, such as pyrazine, pyridine, benzene and 

naphthalene adsorbed on Ni(111) surface obtained by UV-vis spectroscopic ellipsometry.269,270   

McFarland et al. obtained the absorbance spectra of merbromin adsorbed on gold film by an 

integrating sphere.259 
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The coupling between the dye resonance and metal surface plasmon has also been studied.  

Glass et al.271  reported that when dye molecules are adsorbed on a silver island film, their 

electronic resonance couples strongly with the plasmon resonance of the metal.  When a 

rhodamine B ethanol solution was spin-coated on a silver island film, the plasmon resonance of 

the film showed a large shift even though the absorption of the dye alone was quite weak.  

Recently, Van Duyne and coworkers272,273 fabricated silver nanoparticle arrays with various 

localized surface plasmon resonance (LSPR) position by nanosphere lithography (NSL),4 and 

plotted the LSPR shift before and after dye adsorption versus the LSPR of the bare nanoparticle 

array.  Rhodamine 6G, [2,3,7,8,12,13,17,18-Octakis-(propyl)porphyrazinato]magnesium(II), and 

iron(II) tris-2,2′-bipyridine were tested in their study.  They reported that the LSPR shift of the 

silver nanoparticle array after the dye adsorption is extremely sensitive to the molecular 

resonance of the dye molecule.272,273  They tried to explain the observed derivative-like behavior 

of the LSPR shift by several approaches, including Kramers-Kronig analysis.  The real part of 

the refractive index of the dye layer is calculated from the Kramers-Kronig transformation of the 

imaginary counter part derived from absorption measurement, and it is compared with the LSPR 

shift profile.  Absorption spectrum of the dye adsorbed on silver nanoparticle is different from 

that of a hydrated dye; therefore obtaining the spectrum of the dye on the silver surface is 

essential for the precise analysis of the data.  In their study, the absorption spectra of a dye 

adsorbed on a silver film was measured by an integrating sphere.  Ideally, the absorbance of dye 

adsorbed on the silver nanoparticle array should be measured, however, the silver film was used 

as a substrate because the LSPR of the nanoparticle array interferes with the absorption 

measurement.273 
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This chapter will focus on describing the absorption measurement procedure using an 

integrating sphere.  An integrating sphere consists of a hollow sphere of which interior is coated 

with a diffuse reflective material with high reflectance.  There are small holes which act as input 

and output ports.  Inside the integrating sphere, the fraction of radiant flux received by a certain 

area is the same for any radiating point on the sphere surface and fraction of radiant flux received 

by the certain area from a radiating point is the fractional surface area of the certain area 

consumes within a sphere.274  It is the key feature of the integrating sphere.  The integrating 

sphere is used for various optical, radiometry, and photometry measurements, such as reflectance 

measurement on a surface, transmittance measurement for a turbid sample, measurement of total 

geometric luminous flux from electric lamps, and laser power measurement.274,275 

The basic theory and geometry of the integrating sphere is introduced in the following 

section.  Sample preparation and the modified integrating sphere setup for fiber optic coupling 

are presented in section A1.3, and results and conclusion are provided in section A1.4 and A1.5 

respectively. 

A1.2 Integrating Sphere Theory 

A1.2.1 Radiance Equation 

Inside the integrating sphere, the radiance increases due to multiple reflections of the 

incident light.274  When the integrating sphere is illuminated by an input flux iΦ , the input flux 

is perfectly diffused by the initial reflection.  The amount of flux incident on the entire sphere 

surface for this initial reflection is274 
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where ρ  is the reflectance of the surface, As, Ai, and Ae are the area of the entire integrating 

sphere, input port, and output port, respectively.  f is the port fraction given by sei AAAf /)( += .  

If there are more ports other than the input and output ports, they also need be considered.  After 

the infinite number of reflections the total flux incident over the entire integrating sphere surface 

becomes274 

)1(1
)1(

f
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−−
−Φ

=Φ
ρ
ρ ,          (A1.2) 

and it indicates that after multiple reflections, the total flux incident on the sphere surface (Φ ) is 

higher than the input flux ( iΦ ).  The sphere surface radiance is given by274 
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ρ
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where Ω  is the total projected solid angle from the surface.  The second part of the Equation 

A1.3 is a unitless quantity that is defined as the sphere multiplier, M.274   
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=
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The sphere multiplier accounts for the increase in radiance within the sphere due to multiple 

reflections, and it is sensitive to the port fraction, f, and the sphere surface reflectance, ρ .  If the 

reflectance of the integrating sphere is not homogeneous, the above equations need to be 

modified.  A general expression for M is274,276 
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where 0ρ  is the initial reflectance for incident flux, wρ  is the reflectance of the sphere wall, iρ  

is the reflectance of port opening i, and fi is the fractional port area of the port opening i.  ρ  is 

the average reflectance given by ∑∑ +⎟
⎠

⎞
⎜
⎝

⎛
−=

i
ii

i
iw ff ρρρ 1 . 

A1.2.2 Reflectance Measurement – Substitution and Comparison Methods 

The reflectance of a sample can be obtained by measuring the flux in the sphere with the 

sample mounted on the sample port and comparing it with the measurement with the standard 

material.  There are two reflectance measurement methods; substitution method and comparison 

method.  Figure A1.1 shows the measurement by the substitution method.  The radiance is 

measured with a reference and sample separately.  From the Equation A1.3 and A1.5,  the ratio 

of the radiance with the sample to the reference is274 
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where sρ  is average wall reflectance with the sample and rρ  is average reflectance with the 

reference.  sL  and rL  are experimentally measurable parameters and rρ and rρ  are known 

properties.  However, sρ  is dependent on sρ  which is the parameter that we want to obtain 

through this measurement, so it cannot be easily determined.  Therefore the substitution method 

results in inherent error. 

The comparison method mounts both the sample and reference simultaneously to the 

ports in the integrating spheres (Figure A1.2).274  The average wall reflectance is the same for 

both rL  and sL measurement, i.e. sr ρρ = , therefore Equation A1.6 becomes 

r
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Figure A1.1 Substitution method.  Reflectance measurement of (A) reference and (B) sample. 



 

 

168
 

 

 

 

 

 

 

Figure A1.2 Comparison method.  Reflectance measurement of (A) reference and (B) sample. 
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sρ  can be obtained by Equation A1.7 with measured and known parameters. 

A1.2.3 Reflectance Measurement Geometry 

In the reflectance measurement discussed in the previous section, the sample or the 

reference is illuminated by normal incident directional flux.  After the interaction with the 

sample or reference, hemispherical collection is subjected (Figure A1.3A).  Such geometry is 

represented by 0°/d or 0°/hemispherical.  0° refers to the normal incidence and d refers to diffuse 

collection.  On the other hand, a reciprocal geometry can be used.  Here, the sample is 

illuminated by diffuse flux of light and the only directional output flux from the sample is 

collected (Figure A1.3B,C).  The collection direction can be normal to the sample (Figure A1.3B) 

or at some angle such as 8° (Figure A1.3C).  The former is represented by d/0° or 

hemispherical/0° and the latter is represented by d/8° or hemispherical/8°.  The advantage of the 

d/0° geometry compared to the 0°/d geometry is that the incident flux is greater for d/0° since 

integrating spheres provide total light collection, which leads to the increased signal-to-noise 

ratio.274  The advantage of the 0°/d geometry is reduced sample heating that can cause 

thermochromic effect.274 

The integrating sphere model RSA-HP-84 (labsphere) that is used for our measurement 

provides d/0° and d/8° geometry.  The d/8° geometry is used for reflectance measurement with 

specular reflectance included.  If the reflectance is measured with d/0° geometry (Figure A1.3B), 

specular reflectance is excluded.  In the case of d/0° geometry, in order to form a specular 

reflection toward the exit port, there should be a normal component in the incident beam to the 

sample.  However, there cannot be a normal component because exit port is located normal to the 

sample, from where no beam can enter.  Therefore the specular reflectance is excluded in the 

d/0° geometry. 
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Figure A1.3 Measurement geometry.  (A) 0°/d, (B) d/0°, and (C)d/8°. 
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A1.3 Experimental Methods 

A1.3.1 Sample Preparation 

Fisher brand no. 1, 25 mm diameter glass coverslips (Fisher Scientific, Fairlawn, VA) 

were cleaned by immersion in a boiling piranha solution (3:1 concentrated H2SO4: 30% H2O2) 

for 30 min.  After cooling, the substrates were thoroughly rinsed repeatedly with 19.2 MΩ cm-1 

Millipore water (Marlborough, MA).  Silver film of 200 nm or 270 nm height was deposited at a 

rate of 0.1 – 0.3 nm s-1 with a Kurt J. Lesker Axxis electron beam deposition system (Pittsburg, 

PA) or Consolidated Vacuum Corporation (Rochester, NY) deposition system with a base 

pressure of 10-6 torr.  The deposition height and deposition rate were monitored with a quartz 

crystal microbalance. 

2′,7′-Dibromo-5′-(hydroxymercurio)fluorescein disodium salt (merbromin), rhodamine 

6G (R6G), and tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate (Ru(bpy)3
2+) were 

purchased from Sigma Aldrich (St. Louise, MO).  [2,3,7,8,12,13,17,18-Octakis-

(propyl)porphyrazinato]magnesium(II) (MgPz) was received from Brian Hoffman’s group 

(Northwestern University).  Absolute ethanol was purchased from Pharmco (Brookfield, CT). 

5 mM merbromin aqueous solution, 0.1 mM R6G ethanol solution, 50 μM MgPz ethanol 

solution, and 2 mM Ru(bpy)3
2+ ethanol solution were prepared.  Dye molecules were adsorbed 

on a silver film by incubating the film in each solution at room temperature.  Incubation time was 

30 min for Ru(bpy)3
2+ solution and 12 h for the other solutions.  All the films were rinsed 

thoroughly with the corresponding solvent after the incubation and dried under gentle nitrogen 

flow. 

A1.3.2 Geometry of Integrating Sphere 
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UV-vis surface absorption spectra of merbromin, R6G, Ru(bpy)3

2+, and MgPz adsorbed 

on silver film were collected by an integrating sphere model RSA-HP-84 (labsphere).  The 

geometry of the integrating sphere is illustrated in Figure A1.4.  The surface of the integrating 

sphere is coated with a diffuse reflective material, Spectralon.  There are three port openings 

labeled as reflectance sample port, transmittance port, and dummy port.  Transfer optics consists 

of two mirrors and a lens assembly in order to direct the beam towards the detector.  A lamp is 

installed on top of the sphere, and a baffle is placed in order to prevent direct illumination of the 

sample. 

The integrating sphere provides d/0° and d/8° geometry and the geometry can be selected 

by mounting an appropriate sample holder on the reflectance sample port.  All the reflectance 

measurements were performed with d/8° geometry as shown in Figure A1.4 in order to include 

specular reflectance factors. 

The integrating sphere also provides the selection between substitution and comparison 

method.  For the substitution method, a diffuse reflectance standard material is mounted on the 

dummy port and the reflectance of the reference and sample are measured by mounting them on 

the reflectance sample port  as shown in Figure A1.1.  For the comparison method, one of the 

reference and sample of which reflectance will be measured is mounted on the reflectance 

sample port and the other is mounted on the dummy port as shown in Figure A1.2.  In our 

measurements, the substitution method was used instead of the comparison method.  The 

substitution method causes inherent error, called substitution error, because the average 

reflectance with reference ( rρ ) and with sample ( sρ ) are different each other as discussed in 

section A.2.2.  However, the reflectance of our sample and reference are similar as can be seen in 

the results section.  If we assume that the sample absorbance is 0.01 and the port opening is 2.5 
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Figure A1.4 Integrating sphere model RSA-HP-84 (labsphere). 
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% of the integrating sphere surface area, then the substitution error is ~0.06 %.  Therefore in our 

system, sr ρρ ~ , and it can be assumed that 

r

s

r

s

L
L

ρ
ρ

~ .           (A1.8) 

A1.3.3 Collection Optics Alignment 

The integrating sphere model RSA-HP-84 is designed as an accessory for the Hewlett-

Packard HP8452A diode-array spectrophotometer.  However in our measurements, fiber optic 

coupled spectrometer (USB2000, Ocean Optics) with a charge-coupled device (CCD) detector 

was used instead of the spectrophotometer.  In order to couple the integrating sphere output to 

the 400 μm fiber, additional collection optics were required.  Figure A1.5 shows the alignment of 

collection optics.  For the reflectance measurements, the signal that comes only from the 

reflectance sample port should be collected and as much of that signal should be collected for a 

high signal level.  With a lens combination, the image of the reflectance sample port can be 

formed on an image plane.  The goal of this alignment is to reduce the image size in order to 

achieve maximum signal coupling into the optical fiber.  If the reflectance sample port is opened, 

at the image plane, the image of the port appears as a dark spot with bright background that 

comes from the inner wall of the integrating sphere near the port (see blue box in Figure A1.5).  

About 2 mm diameter of the port image could be achieved with a +76.2 mm achromatic lens and 

a 10×  microscope objective at ~10 mm downstream of the microscope objective as shown in 

Figure A1.5.  However, the image diameter was 5 times larger than the diameter of optical fiber; 

therefore collection efficiency was still very low.  If an achromatic lens with shorter focal length 

is used, a reduced image spot size is expected, which will lead to an increase in signal level. 

A shutter before the detector view port (Figure A1.4) was fixed with a piece of adhesive 

tape to open in order not to block the beam path. 
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Figure A1.5 Collection optics alignment.  The image of reflectance sample port is formed ~10 

mm downstream of the 10×  objective as shown in the box. 
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A1.3.4 Surface Absorption Measurement 

Standard procedure of the comparison method for d/8° reflectance factor measurement as 

described in the RSA-HP-84 instruction manual was followed for the surface reflectance 

measurement.  An 8° sample holder was attached to the reflectance sample port and a 0° sample 

holder was attached to the dummy port as shown in Figure A1.4.  An SRS-99-010 diffuse 

reflectance standard was mounted on the dummy port for all measurements.  The room was 

maintained dark. 

A blank scan was performed with the reflectance sample port open, and the signal was 

stored as “dark”.  Bright beam came out from the port during this measurement, and care was 

taken to prevent any scattered light from the beam entering back into the integrating sphere.  

After the blank scan, the reference (bare silver film) was mounted to the reflectance sample port 

and the signal was saved as “reference”.  A similar measurement was performed for the sample 

(dye adsorbed silver film), and it was saved as “sample”.  The surface absorption spectrum (Asurf) 

was obtained as follows: 

darkreference
darksampleAsurf −

−
−= 10log .        (A1.9) 

The program OOIBase32 that was provided with Ocean Optics spectrometer supports the 

function of storing dark and reference to display absorbance directly after the sample 

measurement.  However, it is recommended to save the sample and reference data separately 

rather than saving only “absorbance”.  When the absorbance is saved by the OOIBase32 program 

(version 2.0.1.4), it is rounded to three decimal places.  Surface absorbance in our experiment 

was mostly less than 0.01; therefore saved absorbance spectra by the program cannot retain 

detailed spectral features. 

A1.3.5 Solution Absorption Measurement 
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Absorption spectra of each dye solution are obtained by an Ocean Optics USB2000 or 

SD2000 fiber optic coupled spectrometer with a CCD detector. 

A1.4 Results 

A1.4.1 2′,7′-Dibromo-5′-(hydroxymercurio)fluorescein disodium salt (merbromin) 

Figure A1.6A shows the molecular structure of merbromin and Figure A1.6B shows the 

absorption spectra of merbromin aqueous solution (red plot), merbromin adsorbed on 200 nm 

silver film (black plot), and on 50 nm gold film (green plot).  In solution, a main peak is 

observed at 505 nm and a small shoulder is at high energy side.  However, in surface adsorbed 

merbromin absorption spectra, two bands with comparable intensity are observed and they are 

red-shifted from the solution peak.  The peak positions are 542 nm and 524 nm on gold and 538 

nm and 506 nm on silver.  The surface absorption spectra are broader than the solvent spectrum 

and the merbromin adsorbed on silver film shows the most broadened feature.  This observation 

is similar to previous absorption measurements done on gold and SnO2 surfaces.259,277  Both our 

measurement and previously reported spectra show a broadened absorption peak for surface 

adsorbed merbromin, but the peak position is slightly different from each other. 

A1.4.2 Rhodamine 6G (R6G) 

Figure A1.7A shows the molecular structure of R6G and Figure A1.7B shows the 

absorption spectra of R6G ethanol solution (red plot) and R6G adsorbed on 200 nm silver film 

(black plot).  In the ethanol solution, a main peak originated from S0-S1 electronic transition is 

shown at 530 nm.  A shoulder at 495 nm is the vibronic S0-S1 transition band.  The spectrum of 

R6G adsorbed on silver shows a red-shifted and broadened feature.  Zhao et al.273 deconvoluted 

this band into three Gaussian bands centered at 502 nm, 539 nm, and 572 nm.  Each band was 

assigned as H-dimer, monomer, and J-dimer band, respectively. 
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Figure A1.6 (A) Molecular structure of merbromin.  (B) Absorption spectra of merbromin 

aqueous solution (red plot), merbromin adsorbed on 200 nm Ag film (black plot), and merbromin 

adsorbed on 50 nm Au film (green plot).  The solution spectrum is arbitrarily scaled. 
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Figure A1.7 (A) Molecular structure of R6G.  (B) Absorption spectra of R6G ethanol solution 

(red plot) and R6G adsorbed on 200 nm Ag film (black plot).  The solution spectrum is 

arbitrarily scaled. 
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A1.4.3 [2,3,7,8,12,13,17,18-Octakis-(propyl)porphyrazinato]magnesium(II) (MgPz) 

Figure A1.8A shows the molecular structure of MgPz.  This molecule has D4h symmetry 

and adsorbs to a silver surface with an orientation parallel to the surface.272  The red plot in 

Figure A1.8B is the absorption spectrum of MgPz ethanol solution.  The spectrum contains two 

features; a strong low-energy transition at 598 nm and a weak high-energy transition at 548 nm.  

Haes et al. assigned these peaks as a split Q-band (π –π* transition).272  The black plot in Figure 

A1.8B is the absorption spectrum of MgPz adsorbed on 200 nm silver film.  The peak is slightly 

red-shifted (λmax = 601 nm) and band width is slightly broadened compared to the solution 

spectrum. 

A1.4.4 Tris(2,2′-bipyridyl)dichlororuthenium(II) Hexahydrate (Ru(bpy)3
2+) 

Figure A1.9A shows the molecular structure of Ru(bpy)3
2+.  This molecule has D3d 

symmetry.  The red plot in figure A1.9B shows the absorption spectra of Ru(bpy)3
2+ aqueous 

solution.  A strong transition is shown at 456 nm and a shoulder is at the high energy side of the 

peak.  Ru(bpy)3
2+ adsorbed on 270 nm silver film is shown with black plot.  It is clear that the 

band is broadened compared to the solution spectrum; however the band location is not well 

resolved because of low signal-to-noise ratio.  The intensity of the light source installed in the 

integrating sphere drops quickly below 500 nm, therefore it was difficult to obtain low intensity 

spectral features below 500 nm wavelength with the integrating sphere. 

A1.5 Conclusion 

The absorption spectra of various dyes adsorbed on a silver film were obtained by an 

integrating sphere.  The substitution method with d/8° geometry was used.  The surface spectra 

were compared with the solution spectra.  Surface absorption spectra of merbromin, R6G, and 

MgPz were obtained successfully.  All the spectra showed red-shifted and broadened feature 
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Figure A1.8 (A) Molecular structure of MgPz.  (B) Absorption spectra of MgPz ethanol 

solution (red plot) and MgPz adsorbed on 200 nm Ag film (black plot).  The two spectra are 

arbitrarily scaled. 
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Figure A1.9 (A) Molecular structure of Ru(bpy)3
2+.  (B) Absorption spectra of Ru(bpy)3

2+ 

aqueous solution (red plot) and Ru(bpy)3
2+ adsorbed on 270 nm Ag film (black plot).  The 

solution spectrum is arbitrarily scaled. 
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compared to the corresponding solution spectra.  However, the surface absorption spectra of 

Ru(bpy)3
2+ could not be taken with reasonable signal-to-noise ratio.  In aqueous solution the 

vibronic transition of Ru(bpy)3
2+ is located at 456 nm and below, and the low intensity of 

integrating sphere light source in the wavelength region limited the absorption measurement with 

the instrument.  This limitation might be improved by increasing collection efficiency.  In section 

A3.3, it was discussed that the signal coupling to the fiber optic probe was not efficient.  Another 

option could be using a photodiode array detector instead of a CCD detector in order to reduce 

shot noise.  An improved signal collection scheme is required to obtain surface absorption 

spectra with the current integrating sphere setup, especially for a dye with a vibronic transition 

wavelength shorter than 500 nm. 
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Appendix 2 

 

Plasmon Coupling in Finite Two-Dimensional Arrays of Cylindrical Silver Nanoparticles – 

Effect of Number of Interacting Nanoparticles 
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A2.1 Introduction 

The optical properties of nanofabricated noble metal nanoparticles have drawn particular 

interest because of their importance in applications including bio/chemosensors,114-117 optical 

filters,118,119 plasmonic waveguides,23,120-122 and substrates for surface-enhanced 

spectroscopy.5,123,124  The unique optical properties of the nanoparticles that are distinguished 

from those of bulk originate from the localized surface plasmon resonance (LSPR), which is a 

collective oscillation of the conduction electrons that occurs when light impinges on a 

nanoparticle at a specific wavelength.  The LSPR can be controlled by changing the size, shape, 

composition,4,21,147 and the dielectric environment of the nanoparticle.134,141  In the case of 

nanoparticle clusters and nanoparticle arrays, electromagnetic coupling between nanoparticles is 

also an important factor that determines the overall plasmon resonance of the system. 

Two adjacent nanoparticles with various particle spacing have been fabricated by 

electron beam lithography (EBL) and their optical properties have been explored by various 

research groups.34,52-55  They monitored the resonance wavelength of the system while the 

particle spacing was tuned and they observed that for the incident beam polarization parallel to 

the array axis (longitudinal excitation), the resonance of the system red-shifts as particles get 

closer, and for the incident beam polarization perpendicular to the array axis (transverse 

excitation), the resonance blue-shifts as particles get closer.  Those observations also have been 

explained by various theoretical models.34,278-280  A molecular ruler utilizing this sensitivity of 

resonance to the particle spacing has been demonstrated by Alivisatos and coworkers.59,60 

The optical properties of more extended systems, such as one-dimensional (1D)14,56,281 

and two-dimensional (2D)32,33,132,180 semi-infinite arrays, have been studied experimentally and 

their observations were rationalized by theoretical studies.11,12,51,69,282  Particle spacing and 
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incident beam polarization dependence was studied for various shapes of nanoparticles.  

Aussenegg and coworkers have studied grid spacing dependent extinction spectra and plasmon 

lifetime of 2D gold cylinder and nanorod arrays.33,132  Van Duyne and coworkers studied short 

range coupling effects in hexagonal and square arrays of triangular and cylinder gold and silver 

nanoparticles.32  Grid spacing dependent extinction spectra of 2D L-shaped nanoparticle arrays 

also studied by Spears and coworkers.180 

The effect of the number of nanoparticles on the plasmon resonance has been studied on 

a finite 1D chain with small numbers of nanoparticles.  Atwater and coworkers282 measured the 

far-field extinction spectra of a 1D chain of cylindrical gold nanoparticles with illumination for 

both longitudinal and transverse polarization.  The number of nanoparticles in single chain was 

varied from 3 to 80 particles and they observed that the plasmon resonance red-shifts 

monotonically for longitudinal excitation and blue-shifts for transverse excitation as the number 

of nanoparticles increases.  They also performed finite-difference time-domain (FDTD) 

simulations282 and three-dimensional full-field electromagnetic simulations281 for their system, 

and verified their results.  On the other hand, Zhang and coworkers studied a 1D chain of 1 – 6 

gold nanoparticles experimentally and theoretically, and they observed nonmonotonic behavior 

of the plasmon resonance shift for the condition where the phase retardation effect affects the 

resonance wavelength.283  Bouhelier et al. studied the effect of particle size, grid spacing and 

number of particles on the resonant wavelength and bandwidth of 1D chain of gold 

nanoparticles.130 

In the case of finite 2D arrays with a small number of nanoparticles, Ng and Liu284 

studied the optical properties of 2 ×  3 (6 particles arranged in 2 rows and 3 columns) cylindrical 

nanoparticles with fixed interparticle distance while the size of the particle was varied.  However, 
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there have been no systematic studies about the effect of number of nanoparticles on the optical 

properties of finite 2D arrays , other than our work on 2D L-shaped nanoparticles for one particle 

size and grid spacing.180  In order to develop miniaturized LSPR biosensor chip, it is important to 

know how many particles/pixel is required to get narrow LSPR bandwidth and desired LSPR 

wavelength.  Therefore, the systematic study is essential for designing biosensor chip with 

minimum pixel size. 

In this work, we extend our previous study to arrays of two different particle sizes.  Finite 

2D arrays of cylinders (diameter = 339 nm and 163 nm) with various numbers of nanoparticles 

were fabricated by EBL, and their optical properties were obtained by far-field extinction 

measurements.  Grid spacing was 400 nm and 450 nm for large cylinders and 450 nm for small 

cylinders.  The optical properties of finite 2D arrays were compared with that of isolated 

nanoparticles and semi-infinite 2D nanoparticle arrays. 

A2.2 Experimental Methods 

A2.2.1 Sample Fabrication and Structural Characterization 

The nanoparticle arrays were fabricated on an indium-tin oxide (ITO) conducting layer of 

40 nm on 750 μm thick glass substrate.  Each sample was fabricated over the area of 100 ×  100 

μm2 and they were separated by 1 or 2 mm.  As a guidance for finding sample, 50 ×  50 μm2 and 

500 ×  500 μm2 silver films were fabricated as markers within each sample and at the beginning 

and ending of each row of samples, respectively. Samples were fabricated at the Michigan 

Nanofabrication Facility (MNF) which is part of the National Nanotechnology Infrastructure 

Network (NNIN). 

Exposure of the patterns was done in a two step process.  The markers were fabricated on 

the substrate using photolithography.  The substrate was prebaked at 130 °C for 10 min to 
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remove any excess moisture on the surface.  S1813 (Microchem) was then spun on the surface at 

4000 rpm for 30 sec.  A post spin bake at 115 °C for 60 min was then performed.  The mask was 

then exposed for 6 sec in a MA-6 aligner.  The pattern was developed in MIF 319 (Microchem) 

for 30 sec and rinsed in water and dried in nitrogen.  The substrate was then mounted in a Cooke 

evaporator and 30 nm of silver was deposited.  Excess resist was removed via an overnight soak 

in acetone.  Subsequent preparation of the nanoparticle arrays was performed using EBL.  A 

RAITH 150, employing an accelerating voltage of 20 kV, aperture of 20 μm, and a working 

distance of 7 mm was used.  950k PMMA A4 (Microchem) was spun onto of the existing pattern 

at 4000 rpm for 45 sec.  The substrate was then soft baked at 170 °C overnight.  After exposure, 

the patterns were then developed in for 2 min in a 3:1 mixture of isopropyl alcohol (IPA) and 

metyl isobutyl ketone (MIBK).  30 nm of silver was then deposited (Cooke evaporator) over both 

the pattern and resist and subsequently removed, leaving patterned nanoparticles behind.  This 

was accomplished by slightly over-developing the resist. 

Scanning electron microscopic (SEM) images of the nanoparticle shape and array 

structure are shown in Figure A2.1.  SEM Imaging was performed in the EPIC center at 

Northwestern University with a Hitachi 4500.  The diameter (d) of nanoparticle is 339 ± 6 nm for 

large cylinder (Figure A2.1A) and 163 ± 4 nm for small cylinder (Figure A2.1B).  The height of 

cylinders is 30 nm.  Two different types of arrays were fabricated for both large and small 

cylinders; one is semi-infinite arrays and the other is gap arrays.  In the case of semi-infinite 

arrays, continuous square arrays of nanoparticles were fabricated within 100 ×  100 μm2 area 

with various grid spacings (D).  Table A2.1 summarizes all the semi-infinite arrays fabricated for 

this study.  Nanoparticle arrays with 5 μm grid spacing were also fabricated in order to obtain 

optical properties of “isolated” nanoparticles.  At this grid spacing, dipole interaction between 
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Figure A2.1 SEM images of two-dimensional square arrays of cylindrical nanoparticles.  (A) d 

= 339 nm nanoparticles. (B) d = 163 nm nanoparticles.  (C) Gap array of d = 339 nm 

nanoparticles (16 particles per block edge and gap of 2 particles).  (D) Diagram of gap arrays 

with 3 ×  3 blocks and gap size of 2.  Gray particles in the diagram stand for vacant sites. 
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diameter (nm) grid spacing (nm) 

339a 400, 450, 475, 500, 525, 550, 600, 650, 700, 800, 900, 5000 

163b 450, 475, 500, 525, 550, 600, 800, 900 
a Error is ± 6 nm 
b Error is ± 4 nm 
 
Table A2.1 Characteristics of semi-infinite square arrays 
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nanoparticles is negligible.  In the case of the gap array, vacant sites were introduced within 100 

×  100 μm2 square array of the nanoparticles as shown in Figure A2.1C.  In the gap arrays, each 

unit block consists of certain number of nanoparticles with fixed grid spacing, and they are 

separated by a certain gap dimension.  Figure A2.1D shows the diagram of gap arrays with 3 ×  3 

blocks (3 particles per block edge) and gap size of 2.  Gray particles in the diagram stand for 

vacant sites.  For the large cylinder, gap arrays of 400 nm and 450 nm grid spacing were 

fabricated (gap array 1) and for the small cylinder, gap arrays of 450 nm grid spacing were 

fabricated (gap array 2).  Various numbers of particles in single block and various gap sizes were 

fabricated for both large and small cylinders.  All the gap arrays reported in this paper are 

summarized in Table A2.2. 

A2.2.2 Extinction Measurements 

Extinction spectra were collected on an Ocean Optics USB2000 fiber-coupled 

spectrometer for the 400 – 1000 nm region and a fiber-coupled near-IR spectrometer (NIR 128L-

1.7T1-USB, Control Development) for the 900 – 1700 nm region.  The spectra over this wide 

region have a slight mismatch near 900 nm, signifying where one spectrometer ends and the 

other begins.  The experimental setup for the extinction measurements is described in detail 

elsewhere.180  Briefly, white light from a tungsten-halogen lamp light source was fiber-coupled 

with a 100 μm fiber to a +40 mm focal length achromatic collimating lens.  The collimated beam 

was then polarized by a Glan-Taylor calcite polarizer with 5 mm aperture and focused onto the 

sample by a +12.7 mm focal length achromatic lens with the optic axis normal to the sample 

surface.  Transmitted light was collected by an infinity corrected 10 ×  Nikon microscope 

objective (NA = 0.30) at a working distance of 16.0 mm and focused into a 600 μm fiber that 

couples into the spectrometer.  The white light spot size on the sample was scanned with a 
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diameter (nm) grid spacing (nm) block sizea gap sizea 

339b 400, 450 2×2, 3×3, 4×4 1, 2 

339b 400, 450 8×8, 16×16, 24×24 1, 2, 8 

339b 400, 450 40×40 1 

339b 5000 1×1 N/A 

339b 400 / 450 semi-infinite 
(250×250 / 222×222) 0 

163c 450 2×2, 3×3, 4×4 1, 2 

163c 450 8×8, 16×16, 24×24 1, 2, 8 

163c 450 40×40 1 

163c 450 semi-infinite 
(222×222) 0 

a Number of particles 
b Error is ± 6 nm, gap array 1 
c Error is ± 4 nm, gap array 2 
 
Table A2.2 Characteristics of gap arrays 
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straight edge and was close to Gaussian with a 20 μm diameter at full width at half-maximum 

(FWHM). 

The sample was mounted on two computer-controlled microtranslational stages (M-

111.1DG, Physik Instrumente) to form an x–y system with a 50 nm step size.  The x–y stage 

system is fixed on the manual vertical linear stage (MVN50, Newport Corp.) and manual 

rotational stage (M-UTR120A, Newport Corp.).  All the samples were studied under a stream of 

dry nitrogen.  The reference measurement was obtained by scanning into a nearby region of the 

glass substrate. 

A2.3 Results and Discussion 

A2.3.1 Semi-Infinite Arrays 

The extinction spectra of semi-infinite 2D arrays of large cylinders (d = 339 nm) with 

various grid spacings are depicted in Figure A2.2.  The resonant wavelength and bandwidth of 

the arrays vary with grid spacing.  The resonant wavelength is plotted versus grid spacing in 

Figure A2.3A.  Multiple plots for each grid spacing are the data obtained from multiple pads that 

were fabricated with the same grid spacing.  The resonant wavelength red-shifts as the grid 

spacing increases until 700 nm where it shows maximum red shift.  This grid spacing will be 

called critical grid spacing (Dcrit).  After the Dcrit, the resonant wavelength blue-shifts and 

converges to that of isolated nanoparticle.  As shown in Figure A2.3A, the Dcrit is observed 

where the plot of resonant wavelength versus grid spacing intersects with the light line given by 

λ = Dnglass, where λ is wavelength and nglass is the refractive index of glass substrate (nglass = 1.5).  

The bandwidth of the plasmon resonance is plotted versus grid spacing in Figure A2.3B.  The 

minimum bandwidth of 806 cm-1 is shown at 650 nm grid spacing that is 50 nm apart from the 

Dcrit.  This bandwidth corresponds to a plasmon lifetime of 6.6 fs.  All these observations are 
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Figure A2.2 Nanoparticle area normalized extinction spectra of 2D square arrays of d = 339 

nm nanoparticles (large cylinders).  Grid spacing ranges from 400 nm to 5 μm from top to 

bottom.  All spectra are shown with an offset of 0.15 for clarity.  In the case of isolated particle 

(D = 5 μm), only the spectrum obtained by near-IR spectrometer is available. 
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Figure A2.3 (A) Resonant wavelength and (B) bandwidth versus grid spacing for 2D semi-

infinite arrays of d = 339 nm nanoparticles (large cylinders).  The light line λ = Dnglass is shown 

with a black solid line in panel A.  λ is wavelength, D is grid spacing and nglass is refractive index 

of glass (nglass = 1.5). 
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consistent with the previous reports for cylindrical nanoparticle arrays33 and L-shaped 

nanoparticle arrays.180  Aussenegg and coworkers33 explained the observation with the model 

proposed by Meier et al.69  The red shift of the plasmon resonance at the grid spacing slightly 

smaller than Dcrit was explained by the large local optical fields due to an almost in-phase 

addition of the scattered light fields of neighboring particles while the grating order is 

evanescent.33  At the Dcrit, the grating order changes from evanescent to radiating at grazing 

angle, where strong damping occurs, which broadens the bandwidth.33 

Some additional features are shown in the extinction spectra of Figure A2.2.  There is a 

small band at the 460 – 520 nm region, and it can be a quadrupole or higher order multipole band.  

At the closest grid spacing, the band red-shifts and intensity increases, which is consistent with 

the previous observation for L-shaped nanoparticle arrays.180  In the case of grid spacings smaller 

than 550 nm, a small additional band is observed at the 770 – 780 nm region, but the origin of 

this band is not clear. 

The resonant wavelength and bandwidth of the dipole band of small cylinder arrays (d = 

163 nm) are plotted versus grid spacing in Figure A2.4A and A2.4B, respectively.  In the case of 

small cylinders, Dcrit is about 475 – 500 nm and it is smaller than Dcrit of large cylinder arrays 

(700 nm); this shift is because the resonant wavelength of the small cylinder is shifted to the blue 

of the large cylinder.  The resonant wavelength of isolated nanoparticle is 985 nm for the large 

cylinder.  In the case of the small cylinder, an isolated nanoparticle array did not survive the 

fabrication process.  However, if we assume that the optical properties of a 900 nm grid spacing 

array approaches to that of isolated nanoparticle sufficiently, the resonant wavelength of the 

isolated particle is about 545 nm. 

A2.3.2 Gap Arrays 
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Figure A2.4 (A) Resonant wavelength and (B) bandwidth versus grid spacing for 2D semi-

infinite arrays of d = 163 nm nanoparticles (small cylinders).  The light line λ = Dnglass is shown 

with a black solid line in panel A.  λ is wavelength, D is grid spacing and nglass is refractive index 

of glass (nglass = 1.5). 
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In order to monitor how the number of interacting particles affects the optical properties 

of finite 2D arrays, we fabricated two different types of gap arrays.  One gap array consists of 

large cylinders with 400 and 450 nm grid spacing (gap array 1 in Table A2.2) and the other gap 

array consists of small cylinders with 400 nm grid spacing (gap array 2 in Table A2.2).  In the 

case of gap arrays 1, their grid spacing is much smaller than Dcrit of the semi-infinite array with 

same nanoparticle size as shown in Figure A2.3, where the Dcrit of the semi-infinite array is 700 

nm.  In the case of gap arrays 2, their grid spacing is still smaller than Dcrit of the semi-infinite 

array with the same nanoparticle size, but they are very close.  The Dcrit of the semi-infinite array 

is about 475 – 500 nm as shown in Figure A2.4.  Since the grid spacing is smaller than Dcrit for 

both arrays, their grating order is evanescent, i.e. the reciprocal lattice vector (2π/D) is larger 

than the wavevector of the resonant wavelength within a glass medium (2πnglass/λ).  However, in 

the case of the semi-infinite array of large cylinders with D = 400 nm and 450 nm, the resonant 

wavelength is blue-shifted from the corresponding isolated nanoparticle resonance (Figure 

A2.3A), whereas in the case of small cylinder arrays with D = 450 nm, the resonant wavelength 

is red-shifted from the corresponding isolated nanoparticle resonance (Figure A2.4A).  The latter 

effect appears to arise from the large local optical fields due to an almost in-phase addition of the 

scattered light fields of neighboring particles.  For the two different cases, we constructed 2D 

square arrays with finite nanoparticle number.  The numbers of nanoparticles were varied from 

an isolated nanoparticle (particle number = 1) to the semi-infinite arrays (particle number = 250 

×  250 for D = 400 nm, 222 ×  222 for D = 450 nm) as summarized in Table A2.2, and we 

monitored the modification of optical properties.  The data for an isolated nanoparticle for the 

small cylinder was not available, therefore the data of the semi-infinite array with D = 900 nm 

will approximate the isolated particle data in our discussion. 
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The extinction spectra of selected arrays from gap array 1 with large particles (d = 339 

nm) and D = 400 nm and D = 450 nm are depicted in Figure A2.5A and A2.5B, respectively.  

The extinction spectra of isolated particle, 2 ×  2, 3 ×  3, 8 ×  8, 16 ×  16 blocks with gap 

dimension of 1, and semi-infinite arrays are plotted with black, red, green, blue, cyan, and purple 

lines, respectively.  Each spectrum is normalized to the height of the extinction maximum.  The 

resonant wavelength blue-shifts as the number of nanoparticles in the block increases for both D 

= 400 nm and D = 450 nm arrays.  The resonant wavelengths of gap array 1 with D = 400 nm 

and D = 450 nm are shown in Figure A2.6A and A2.6C, respectively.  The resonant wavelength 

of the isolated nanoparticle is 955 – 965 nm and that of the semi-infinite array is 856 nm for D = 

400 nm and 874 – 884 nm for D = 450 nm.  The slight difference in resonance position with the 

data in Figure A2.4 might be because of the small difference in each sample that comes from the 

imperfection of the fabrication.  As the number of particles increases, the resonant wavelength 

blue-shifts and it approaches that of the semi-infinite array.  The formation of a 2 ×  2 block 

induces a large blue shift from the isolated nanoparticle resonance, ~ 60 nm for D = 400 nm and 

~ 40 nm for D = 450 nm, followed by a gradual blue shift approaching to the semi-infinite array 

resonance as the number of nanoparticles increases.  The resonance of 16 ×  16 nanoparticles 

approached that of semi-infinite array and there is almost no change in resonant wavelength for 

larger blocks.  However, the size of gap does not seem to play a significant role in the resonant 

wavelength.  Except for the 2 ×  2 block with D = 400 nm, the other blocks shows similar 

resonant wavelength for different gap dimensions. 

The extinction spectra of selected arrays from gap array 2 with smaller particles (d = 163 

nm) are depicted in Figure A2.7.  The extinction spectra of the isolated particle, 2 ×  2, 3 ×  3, 8 

×  8, 16 ×  16 blocks with gap dimension of 1, and semi-infinite arrays are plotted with black, red,  



 

 

200
 

 

 

 

 

 

 

Figure A2.5 Extinction spectra of gap array 1 (d = 339 nm) for (A) D = 400 mm and (B) D = 

450 nm.  Extinction spectra of isolated particle, 2 ×  2, 3 ×  3, 8 ×  8, 16 ×  16 blocks with gap 

dimension of 1, and semi-infinite arrays are plotted with black, red, green, blue, cyan, and purple 

lines, respectively.  Each spectrum is normalized to the height of the extinction maximum. 
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Figure A2.6 Resonant wavelength and band width of gap array 1 samples (d = 339 nm) versus 

the number of particles per block edge.  Panels A and B are for gap arrays with D = 400 nm and 

panels C and D are for gap arrays with D = 450 nm.  Data for semi-infinite particle arrays are 

plotted with black squares and data with gaps corresponding to 1, 2, and 8 particles are plotted 

with red circles, green triangles and blue inverted triangles, respectively.  Data for isolated 

particles are plotted with cyan diamonds. 
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Figure A2.7 Extinction spectra of gap array 2 (d = 163 nm).  Extinction spectra of isolated 

particle, 2 ×  2, 3 ×  3, 8 ×  8, 16 ×  16 blocks with gap dimension of 1, and semi-infinite arrays 

are plotted with black, red, green, blue, cyan, and purple lines, respectively.  Each spectrum is 

normalized to the height of the extinction maximum. 
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green, blue, cyan, and purple lines, respectively.  The resonant wavelength red-shifts as the 

number of nanoparticles in the block increases.  The resonant wavelengths of gap array 2 are 

plotted in Figure A2.8A.  The resonant wavelength of the approximately isolated nanoparticle is 

540 – 548 nm and that of semi-infinite array is 737 – 771 nm.  As the number of particles 

increases the resonant wavelength red-shifts and it approaches that of the semi-infinite array.  A 

red shift of 140 nm from the isolated nanoparticle resonance is observed with the formation of a 

2 ×  2 block, followed by a gradual red shift approaching the semi-infinite array resonance as the 

number of nanoparticles increases.  Here again, the resonance of 16 ×  16 nanoparticles 

approached that of semi-infinite array and the size of gap does not play a significant role in the 

resonant wavelength. 

The bandwidth of the gap array shows complicated behaviors.  The plasmon bandwidth 

of gap array 1 with D = 400 nm and D = 450 nm are shown in Figure A2.6B and A2.6D, 

respectively.  For a fixed gap dimension, the bandwidth increases as the number of nanoparticles 

increases until certain block dimension, and then it decreases and approaches that of semi-

infinite array; at no spacing is the bandwidth less than the semi-infinite array.  In the case of the 

D = 400 nm sample, the maximum bandwidth is observed at 4 ×  4, 8 ×  8, and 16 ×  16 blocks 

for gap dimension of 1, 2, and 8, respectively and in the case of D = 450 nm sample, the 

maximum bandwidth is observed at 3 ×  3 and 4 ×  4 blocks for gap dimension of 1 and 2, 

respectively.  For a fixed block dimension, a large gap results in broader bandwidth with some 

exceptions.  The blocks with gap dimension of 8 shows large bandwidth compared to those with 

gap dimension of 1 and 2 for both D = 400 nm and D = 450 nm.  They are fabricated on different 

substrates from the other gap arrays, therefore a slight variation of nanoparticles that came from 

the imperfection of the sample fabrication might cause the large deviation in bandwidth.  
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Figure A2.8 (A) Resonant wavelength and (B) band width of gap array 2 samples (d = 163 nm, 

D = 450 nm) versus the number of particles per block edge.  Data for semi-infinite particle arrays 

are plotted with black squares and data with gaps corresponding to 1, 2, and 8 particles are 

plotted with red circles, green triangles and blue inverted triangles, respectively.  Data for 

isolated particles are plotted with cyan diamonds. 
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Generally, for the samples prepared with identical geometric parameters, the bandwidth shows 

larger deviation than the resonance wavelength.  However, it is still possible that the observation 

is real, not an artifact.  For the large gap of 8, each block is isolated and there is no interaction 

between blocks.  On the other hand, in the case of small gap of 1 and 2, each block is quite close 

and the dipole interactions among those blocks are possible because of the high polarizability of 

the large nanoparticles, which narrows the bandwidth.  In order to verify this hypothesis, more 

samples with various gap dimensions between 2 and 8 should be tested. 

In the case of gap array 2, the sample with gap dimension of 8 is fabricated on a different 

substrate.  Semi-infinite arrays show large deviation in bandwidth; samples for ~ 2100 cm-1 

bandwidth is fabricated in same substrate with the other gap array 2 samples and sample for 

~790 cm-1 bandwidth is fabricated in the substrate for the semi-infinite arrays.  If we ignore the 

semi-infinite array sample with narrowest bandwidth, the bandwidth versus block dimension 

shows minimum for each gap dimension, 8 ×  8 for 1 gap and 16 ×  16 for 2 and 8 gaps.  

However gap array 2 samples showed large deviation in bandwidth between sample to sample 

and even within the same sample in different spot that is monitored with white light, so to 

confirm this observation is real, more experiments should be performed with new samples 

having fewer artifacts. 

Unlike the case of resonant wavelength, bandwidth data shows large noise both for gap 

array 1 and gap array 2, and there is difficulty in interpretation of the data, especially for gap 

array 2.  More experiments and theoretical modeling are required to explore the effect on the 

plasmon bandwidth more precisely. 

A2.4 Conclusion 
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We measured the optical properties of finite 2D arrays of silver cylindrical nanoparticles 

and studied the effect of the number of interacting nanoparticles.  In the case of gap array 1 of 

large diameter nanoparticles, where the near-field interaction is dominant, the resonant 

wavelength of the 2 ×  2 particles block blue-shifted from that of isolated particles, and as the 

block dimension increases, the resonant wavelength keeps blue-shifting and converges to that of 

semi-infinite array.  On the contrary, in the case of the gap array 2 of small diameter 

nanoparticles, where the far-field interaction is also important, the resonant wavelength of the 2 

×  2 particles block red-shifted from that of isolated particles, and as the block dimension 

increases, the resonant wavelength keeps red-shifting and converges to that of semi-infinite array.  

In both cases, the size of gap does not seem to play a significant role in the resonant wavelength, 

although the noise of the data might be obscuring trends.  In the case of gap array 1, as the 

number of nanoparticle in the block increases, the bandwidth of the block resonance increases 

until certain block dimension and then decreases to converge to the bandwidth of semi-infinite 

array resonance.  Larger gaps show larger bandwidth for the fixed block dimension, but more 

study is required to explore the effect of gap dimension on the bandwidth of the array resonance 

more in detail. 

This study is expected to provide better understanding of plasmon coupling in finite 2D 

arrays and also to present fundamental experimental data that is required for further theoretical 

study. 
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