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Plasmonic Coupling of a Gold Colloid and a Gold Film

Albert T. Chang

Abstract

Engineering o f  plasmon resonances is important for a variety o f  applications, including 

but not limited to surface enhanced Raman spectroscopy (SERS) and near field scanning 

optical microscopy (NSOM ). O f special interest are systems where the plasmon is 

coupled between a nanoparticle and a thin gold film. This coupling allows for a greater 

degree o f  control o f  the plasmon resonance o f  the system, as w ell as a strong, localized, 

enhancement o f  the incident electric field. W e demonstrate that this coupling, and the 

resulting enhancement, can be used for SERS applications, and explore its impact on 

potential N SO M  applications.
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Chapter 1 

Introduction

1.1 Near Field Scanning Optical Microscopy

Many scanning probe microscopy techniques exist which provide a great deal o f  

nanoscale topographical and electrical information, most com m only scanning tunneling 

m icroscopy and various forms o f  atomic force microscopy. These techniques, however, 

provide only limited, if  any, chemical information about the sample o f  interest. Standard 

optical techniques, such as confocal microscopy or spectroscopies o f  various sorts, 

provide a wealth o f  chemical information but lack the nanoscale resolution o f  scanning 

probe m icroscopies. With the proposal o f  Synge in 1928, and the experimental 

realization o f  this idea by Pohl, et. al., in 1984, near field scanning optical microscopy, or 

NSO M , provides the bridge between these two worlds. Near field scanning, as a 

technique, provides a resolution closer to the realm o f its other scanning probe 

counterparts, while as an optical technique, allows for the collection o f  optical, and thus 

chem ical, information about the sample o f  interest. Utilizing subwavelength interaction 

to illuminate a sample, one can achieve nanometer scale resolution while obtaining 

optical information by collecting information from scattered evanescent fields which  

contain all o f  the sub-diffraction limit information about a sample.

1.2 Raman Spectroscopy

N SO M  is a powerful technique. W hile som e chemical information is obtainable 

through the scattering measurements that NSO M  at its most basic is designed for, the
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ability to gather even more chemical information about a sample, to the point where one 

can identify a sample's constituents with no foreknowledge o f  the sample's com position, 

is desirable. To this end, surface enhanced Raman spectroscopy, or SERS, may provide a 

powerful and practical way to gather this information. Raman spectroscopy has a great 

deal o f  chemical specificity because different materials will scatter light with different 

Raman shifts as incoming photons lose energy to the material depending on the material's 

polarizability and vibrational modes. The cross section for this scattering, however, is 

quite low. Because o f  this low  scattering cross section, some source o f  enhancement is 

generally necessary, usually generated from the sample surface itself. W hile som e results 

exist that couple SERS with NSO M  to collect detailed chemical information about the 

sample, or even moving the source o f  enhancement from the surface to the N SO M  probe 

itself, a technique known as tip enhanced Raman spectroscopy, or TERS, to generate 

enough o f  a Raman signal to derive chemical information about the sample, there remains 

som e room for improvement in this already powerful technique.

Thus far a w ell repeatable and generally applicable TERS technique has not been 

discovered, but such a technique would represent a large leap in the scanning probe 

world. The ability to reliably obtain chemical information on the nanoscale would  

enhance our knowledge o f  many different systems o f  interest, for instance mixed  

molecular system s, as w ell as open many new doors toward advancement within the field  

o f  nanotechnology.
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1.3 Outline

The second chapter o f  the thesis w ill discuss Raman spectroscopy and SERS in 

detail to provide the necessary background and motivation and Chapter 3 w ill cover the 

background and advances already made in the field o f  NSOM . The fourth chapter will 

focus on a tip-sample geometry o f  particular interest, namely colloid over film s, and will 

cover the work done on characterizing this geometry. Chapter 5 will then cover the work 

w e have done on creating TERS probes, and the final chapter will detail the work that 

remains to be done.

3
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Chapter 2 

Raman Spectroscopy and Surface Enhancement

2.1 History

First discovered in 1928 by Sir Chandrasekhara Venkata Raman, Raman 

spectroscopy was somewhat limited in its earlier years by the lack o f  radiation intense 

enough to generate a strong enough Raman signature from samples being studied [1], 

With the advent o f  lasers, however, Raman spectroscopy attained a much higher level o f  

usefulness. Lasers provided a sufficiently powerful source o f  a single wavelength, 

making it possible to accurately obtain and interpret Raman scattered spectra. Lasers also 

made it possible to create new Raman-based techniques, such as Coherent Anti-Stokes 

Raman Scattering [1], Since then, a variety o f  substrates have been studied, including 

superconductors, semiconductors, biological materials, polymers, and many other 

materials o f  scientific interest [2]. Until the 1970s, however, studies were m ostly limited 

to bulk system s and materials with a large Raman scattering cross section, because even  

with the arrival o f  the laser, the Raman scattering cross section, in general, was still small 

enough to pose problems for more general usage. In the 1970s, the surface enhancement 

effect was discovered by van Duyne [3], through which even sub-monolayer amounts o f  

m olecules deposited onto certain metallic surfaces could generate a strong Raman signal. 

The discovery o f  surface enhancement opened up a new world o f  samples that could be 

analyzed, a world where the sensitivity o f  Raman spectroscopy is much greater and the 

potential for analyzing almost any system o f  interest is opened. The progress made 

studying the mechanisms controlling the surface enhancement o f  Raman scattering as

4
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w ell as the engineering o f  substrates to optimize this effect have even lead to the 

possibility o f  optical information at the nanoscale and realization o f  high resolution 

Raman spectroscopy - for instance the work performed by Novotny, et. al., on carbon 

nanotubes [4-5]. This powerful analysis technique holds much promise for further 

bridging the gap between optical and scanning probe microscopies, and as a result has 

garnered much interest.

2.2 Theory of Raman Scattering

Raman scattering, at a very basic level, is an inelastic scattering phenomenon by 

which a photon loses, or more rarely gains energy, by interacting with vibrational modes 

o f  the object it is scattered from. That is to say, an incoming photon with initial energy h 

co„ collides with some m olecule at an initial energy El; and after the collision, the same 

photon leaves with a final energy h<Bf w hile the m olecule has its energy changed to Ef [1], 

A schematic detailing this process is shown in Figure 1 below.

Figure 1: Stokes (left) and Anti-Stokes (right) Raman Scattering Diagrams
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W hile this process generally occurs with the photon losing energy and the 

m olecule gaining energy (hcof < hcOj and E, > Ef), this is not always the case. In the 

case o f  Stokes scattering, the photon loses energy to the molecule during the scattering 

process. When anti-Stokes scattering occurs, if  the photon scatters o ff  o f  a m olecule that 

is already in an excited state, the photon actually gains energy from the m olecule during 

the scattering. Therefore, in the case o f  Stokes scattering, the transfer o f  energy goes as 

[1]:

h(Oi + M (Ei) —> hoif + M (E f) where h(C0j - COf) = Ef - E (  > 0 

And naturally, in the case o f  anti-Stokes scattering, the inequality switches such that:

h((Of - C0i) =  E, -  Ef >  0 

It is important to note that excited energy level reached after the photon and 

m olecule initiate scattering does not have to be an actual eigenstate o f  the m olecule, 

rather, it is merely a virtual state formed by the photon-molecule system [1], In the case 

where this virtual level coincides with a real state o f  the molecule, however, resonance 

Raman scattering occurs [1] and there can be some enhancement o f  the Raman signal 

from that effect, although this enhancement is much smaller than one typically sees from 

SERS.

A classical description o f  vibrational Raman scattering [1] starts from the 

equation:

p =  p 0 +  a E

where p is the dipole moment o f  the m olecule, po represents any permanent dipole 

moment, and E = E 0 cos cot is the incident wave. The aE is the induced dipole moment,

6
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where the quantity a is the polarizabiIity tensor, generally o f  rank two [1J. If w e assume 

that the system is o ff  resonance, Taylor expand the dipole moment and polarizabi 1 ity in 

the normal coordinates o f  the nuclear displacements, and also assume small vibrational 

amplitudes, w e obtain, for the total dipole moment [1 ]:

P=̂ o+Z ( H r \ )  Qnocos{wnt) + alj{0)E0cos{(vt) n=i \og„) o
1 V ( d a )

tf/J c o s ( m  +  a )J /+ c o s (< o - t o J f ]
n - \  g n )  0

Where Q =  3N -6 for the number o f  vibrational modes for N  nuclei, CCij(O) is the 

polarizability at equilibrium, which is the q„ = 0 state. From this derivation four distinct 

terms appear. The first term, po, is any permanent dipole moment, as stated above. The 

second term,

„= i \oq„) o 
describes the infrared spectrum, the third term,

a y(0 )£ ’0co s(to /)

represents the Rayleigh scattered, or elastically scattered, light, and the fourth term,

] - ( d a )
?„0[cos(a> +  a>II) /+ c o s ( c o - c o J f ]

n ~  1 [ Ot f r t J  0

describes the Raman scattered light, where (to +  (0n) and (co - (0„) terms represent the anti- 

Stokes and Stokes scattered light, respectively. Although this classical description is 

useful for predicting the spectral location o f  the Raman peaks, one must incorporate 

quantum mechanics to predict relative intensities o f  these peaks.

7
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When quantum mechanics is incorporated, the expectation value o f  the 

polarizability tensor, after approximating the molecular potential by a harmonic potential, 

neglecting coupling between vibrational modes, and using an orthogonality relation [1], 

is given by:

Q (Qcx)
K>«A = K)o+2](7^\) J W n ^ n ’ V a ) (l „ W ^ n ’ V b ) d ^ n

n =  I \ ° H n i  0

where the first term leads to Rayleigh scattering, and from the second term falls out the 

basic intensity parameter o f  Raman spectroscopy, which is the derivative term within the 

summation [1], For a more detailed look at the intensity expected at each Raman peak, 

one must use the relation [1]:

I = N , ( E , ) a R( i ^ f ) I L 

which states that the intensity o f  the particular line, Is, is equal to the product o f  the 

population density o f  the initial molecular state, Ni(E,), the scattering cross section, o R(i 

—» f), and the intensity o f  the incoming laser light, IL. From the matrix elem ents o f  the 

polarizability tensor, the follow ing relation for the scattering cross section falls out:

_  /.• , v , ( <«, , ) «/ . <«, /  )<?,)

(9 h e )  j ( t 0 , - W j - i Y j )  ( W j f - u j - i y j )

From this relation, it becom es clear that vibrational modes not accessible by infrared 

spectroscopy are accessible by Raman spectroscopy. Also, although exact calculation o f  

the scattering cross section can be difficult because o f  the need to know the molecular 

w ave functions, the resonance Raman effect - w here the Raman signal is enhanced by 

just exciting with an energy that matches a molecular level transition - is clearly evident 

from the equation above. Although this source o f  enhancement can be significant, w e are

8
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more interested in the phenomenon o f  SERS, where enhancements can reach enormous 

proportions.

2.3 Surface Enhanced Raman Spectroscopy

SERS was first discovered by van Duyne in the 1970s using system s o f  organic 

m olecules on silver nanoparticles [3], Studying this system, he found that the metal 

surface enhanced his Raman signal by a factor on the order o f  106, spawning a new  

avenue o f  research for this powerful chemical analysis procedure. SERS generally 

involves a metal, because o f  the plasmon resonances inherent in metals, to enhance the 

signal. Copper, gold, and silver are among the most com m only used metals when  

fabricating particles or surfaces for SERS usage, although there is interest in many other 

metals, for instance platinum and aluminum [3], This enhancement can arise from two 

mechanisms, the electromagnetic mechanism and the chemical mechanism. The 

chemical enhancement factor involves enhancing the polarizability o f  the m olecule due to 

interactions with the surface, for instance a charge-transfer mechanism. The 

electromagnetic mechanism, which is more pertinent to this document, relies on exciting  

the plasmon resonance o f  the surface used for enhancement.

A plasmon is a collective oscillation o f  an electron cloud. In the system s o f  

interest, this represents the electron cloud o f  a metal particle or surface oscillating in a 

coherent fashion. As would be expected, the geometry and com position o f  the particle or 

surface, and as a result the geometry o f  the electron cloud, play a crucial role in 

determining at what frequency the collective oscillation occurs, that is to say, the shape o f

9
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the particle or surface, as w ell as the metal itself, determine the plasmon resonances 

occur. W hile for a bulk metal the plasmon frequency is merely the plasma frequency, the 

situation changes markedly when changing the structure from a bulk slab o f  metal to 

various nanoparticle geometries, or even m oving from a bulk metal to a thin film o f  the 

same metal [6], More specifically, the bulk plasmon frequency o f  a particular metal in 

air is equal to its plasma frequency, (0P. If w e take the same metal, but instead make a 

thin film, the plasmon frequency changes to cop/V2, and if w e make a small spherical 

particle instead o f  a thin film, the plasmon resonance changes to copA/3 [6]. To 

distinguish between the plasmons o f  a bulk metal and the plasmons o f  nanostructures, the 

bulk material's plasmon is often referred to as a bulk plasmon while the nanostructure 

plasmons are typically called surface plasmons. This difference in term inology is not 

purely cosm etic, as bulk plasmon modes are not restricted by any boundary conditions 

while surface plasmons, by the very nature o f  the geometries they arise from, must 

conform to the boundaries with which they are restricted.

The plasmon resonances o f  many nanoparticle and surface geom etries have been 

previouly studied. To illustrate just how shape can change the plasmon resonance o f  a 

nanoparticle, three nanoparticles that have received a fair amount o f  study, namely gold  

colloid, gold nanorods, and gold nanoshells, will be examined in detail. Gold colloid, as 

the name suggests, are simply nanospheres o f  gold, with sizes on the order o f  tens o f  

nanometers. As described above, w e would expect the plasmon o f  these particles to lie at 

around cop/V3. This simplified expression assumes that the dielectric constant o f  the 

material stays exactly the same with the size o f  the particle. In actuality, the plasmon

10
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frequency depends on the size o f  the particle, because the condition used to find the 

plasmon frequency, namely the frequency at which £ = -2em, becom es the frequency at

12 2
which e = —( 2 + ( — )x  ) em , where x  is the size o f  the particle and em is the dielectric

constant o f  the embedding medium, after retaining more terms in the series expansions 

used to obtain this condition. For gold colloid, this translates to a plasmon frequency 

ranging from about 500 nm to 600 nm, with the plasmon frequency increasing with 

increasing particle size [7]. While this has proven useful, other geom etries, such as 

nanorods and nanoshells, show more w ide-scale applicability.

Gold nanorods, or nanoscale cylinders o f  gold, show two distinct, and tunable, 

plasmon resonances [8-10]. This phenomenon arises out o f  the fact that there are two 

plasmon modes that can exist with a particle o f  this geometry - the transverse and 

longitudinal plasmon modes. The longitudinal mode corresponds to the plasmon along 

the length o f  the cylinder, w hile the transverse mode is perpendicular to the longitudinal 

mode and runs along the width o f  the cylinder. The location o f  the transverse mode 

absorption peak lies in a similar range to that found for gold colloid, w hile the 

longitudinal peak occurs in the long wavelength visible or near infrared range, depending 

on the aspect ratio o f  the particular nanorod [9]. Nanorods show promise for SERS 

applications because the tunability o f  the longitudinal plasmon allows for engineering 

substrates to exhibit SERS at a specific desired wavelength. W hile nanorods are 

desirable because o f  their tunability and polarization-specific interaction with incident 

radiation, a property that arises from the fact that nanorods are not spherically symmetric,

11
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another fam ily o f  nanoparticles, the nanoshell, exhibits a much wider range o f  tunability.

Nanoshells consist o f  a spherical dielectric core, usually com posed of, but not 

limited to, silica, coated with a metal shell, in this case gold. The plasmon resonance o f  

these particles depends on the core-shell thickness ratio, and are w idely tunable, ranging 

from the visible to fairly deep into the infrared [11-13]. Increasing the thickness o f  the 

shell produces a plasmon peak that is further toward the blue end o f  the spectrum, and 

approaches the limit o f  a gold colloid plasmon peak at the extreme [13]. Toward the 

other limit, that o f  an extremely small metallic shell around the dielectric core, the peak 

can shift out to the one micron range or even longer [13]. This tunability arises because 

the system can be modeled as two distinct plasmons, a sphere plasmon and a cavity 

plasmon, interacting with each other to produce the overall system plasmon. The 

thickness o f  the shell relative to the core, in this model, controls the degree to which these 

two plasmons interact with each other, and thus controls exactly where the peak w ill lie. 

N anoshells are an extremely attractive plasmonic particle option, precisely because o f  

this very wide range o f  tunability.

As mentioned before, the plasmon resonances o f  the surface is the cause o f  the 

electromagnetic mechanism behind SERS. This arises because the excitation o f  the 

plasmon also generates a large increase in the local electric field, and since the 

enhancement factor can be simply expressed as:

£ = | ( £ M ) | 2| ( £ ( t o ' ) ) f  

where E is the enhancement factor, E((0) is the local electric field enhancement at the 

incident frequency, and E(co’) is the field enhancement at the Stokes shifted frequency

12
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[3], This often leads to an enhancement on the order o f  E4 since the width o f  the plasmon 

peak is generally greater than the Stokes shift, although one must be careful when  

calculating exact enhancement factors since this is not always the case [3]. Another 

factor to be aware o f  is the fact that the maximum electric field enhancement is not 

generally evenly distributed about the entire surface o f  the nanoparticle and depends 

strongly on nanoparticle or surface geometry and the polarization o f  the incident 

radiation. Therefore, when calculating expected enhancements, one must take into 

account the location o f  the enhancement and the expected incident polarization. In light 

o f  these factors, however, the desirability o f  controllably tunable plasm onic substrates 

becom es clear. Since attempting to control the wavelength o f  the incident radiation can 

be a prohibitively expensive process, having the ability to tailor a substrate to the 

available lasers at hand becom es an extremely useful tool. A lso, being able to control 

geometries such that the sample o f  interest lies within the region o f  maximum  

enhancement is also a key to tailoring plasmonic substrates to better fulfill SERS 

demands.

A variety o f  substrates have been used in SERS applications. Roughened gold  

and silver film s [14-17] rely on generating the appropriate plasmon resonance through 

random chance, since given random roughening some “hot spots,” regions o f  large field  

enhancement, are likely to appear. Gold and silver colloid, described above, have also 

been used with some success in SERS applications [18-20], where they utilize the well 

characterized colloid resonance or the junction plasmon resonance, which is the plasmon 

resonance that arises from the coupling o f  nearby spherical plasmons. Substrates

13
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fabricated using nanoscale lithography, a process which generates triangular gold islands 

on a surface by first evaporating through a monolayer o f  polystyrene spheres and then 

removing the spheres, has also found some success in this field [21-23], Gold nanoshells, 

also described above, have also had great success in SERS applications [24-26], Many 

other substrate architectures have found use as well [2], showing that this is a rich field  

that requires more research and attention.

14
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Chapter 3 

Near Field Scanning Optical Microscopy

3.1 History and Early Developments

Traditional optical microscopy reveals a wealth o f  chemical information through a 

variety o f  techniques, for instance Raman spectroscopy or fluorescence microscopy, but 

resolution has always been too poor for analysis o f  samples at the nanoscale level. The 

fundamental limit which prohibits better resolution is known as the diffraction limit. In 

1928, Synge proposed that illuminating a sample with a point source that is smaller than 

the wavelength o f  the incident radiation, bringing this source close to the sample, and 

scanning the light source along the desired area could result in subwavelength resolution 

[27]. Synge also proposed that this point source could be rastered piezoelectrically [28], 

The two major experimental challenges that stood in the way o f  the implementation o f  

this idea, however, were generating an appropriate source with the necessary power for 

imaging and maintaining a sufficiently small source-sample separation distance. The first 

experimental realization o f  subwavelength imaging happened in 1972, when Ash, et. al., 

used three centimeter microwave radiation [29], For optical wavelengths, however, the 

first experimental implementation o f  this imaging technique was performed by Rohner, 

et. al., in the 1980s, by using a metal coated optical fiber where they ground the apex o f  

the probe until they could see som e transmission o f  the incident radiation [30], Many 

improvements have occurred since this time, for instance alternative light paths and such, 

but N SO M  has proven to be a powerful technique for obtaining optical information at the 

nanoscale.
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3.2 Basic Theory and Concepts of NSOM

The physics from which the diffraction limit arises essentially limits the resolution 

o f  any traditional optical technique to X/2,  where X is the wavelength o f  the incident 

radiation. This limit com es into existence because for structures with a period smaller 

than X/2, the light scattered o f f  o f  the structure, which is the light collected by the 

objective to generate an image, scatters at nearly grazing angles, making it im possible for 

traditional optics to collect this light [31]. It is important to note that this does not imply 

that the information about structures smaller than the diffraction limit com pletely  

disappears, merely that it cannot be collected through traditional optical means. In fact, 

this information is preserved in what are known as evanescent w aves, waves which  

propagate essentially along the surface o f  the sample, but decay exponentially away from 

the surface [31]. Because these waves decay exponentially, however, one must enter the 

near field, or the region where the evanescent waves contribute significantly to the field, 

in order to image with them. A general rule o f  thumb is that the tip-surface separation, 

where the tip is the near field probe o f  som e sort, must be within d/2n  o f  the sample, 

where d is the desired resolution [31].

A s mentioned earlier, there were two major experimental challenges that first had 

to be overcom e before NSO M  could com e into existence. The point source was realized 

by creating an optical fiber where the only part o f  the optical fiber that is left uncoated is 

a small, subwavelength, aperture. The solution to the second problem came about with 

the developm ent o f  scanning tunneling microscopy (STM ) and atomic force microscopy  

(AFM ), both scanning probe techniques that required extremely small, usually angstrom
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level, sample-probe separations for imaging. Therefore, by using coated optical fibers as 

the illumination source and AFM and STM style feedback to keep the source close  

enough to the sample to perform near field measurements, NSOM  was born.

Although the first NSO M s used an architecture that illuminated the sample with 

near field evanescent waves and collected the waves scattered by the sample with a far 

field objective, some alternative architectures have been developed that can also produce 

subwavelength optical data. This first setup is often known as illumination mode, since 

the subwavelength light source is illuminating the sample to produce the high resolution 

optical image. Another NSO M  setup, collection mode, illuminates the sample with a far 

field light source [31]. The scattered evanescent waves from the sample are then 

collected through the subwavelength aperture and sent to the detector, which is where the 

name from this design arises. A third arrangement, known as apertureless NSO M , 

appears to be somewhat more exotic at first because there is no subwavelength aperture 

utilized. The sample is illuminated in the far field, and the sharpened metal tip acts as a 

scattering center which scatters the evanescent waves from the surface o f  the sample into 

the far field, where it is then collected and sent to a detector. The tip itself also acts as a 

source o f  an evanescent field as w ell, and the sample also scatters this evanescent 

illumination. Thus, in apertureless NSO M , the source o f  illumination is twofold, but both 

the incoming illumination and the detection are performed in the far field, with the aid o f  

a sharpened tip to build the bridge between the far and near fields [31]. These three 

setups are shown in Figure 2.
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Figure 2: N SO M  setups, Illumination (left), Collection (middle), and Apertureless
(right) M odes

What all three have in common are the creation o f  evanescent w aves, a scattering 

mechanism for these evanescent w aves, and a way to collect the signal from a local 

source. In illumination mode, the source o f  the evanescent waves is from the aperture o f  

the probe itself. The sample scatters the incoming evanescent waves into the far field, 

and this signal is then collected and forms an image. For collection mode, the far field  

illumination generates evanescent waves from the sample, some o f  which is scattered into 

the far field by the sample itself. The scattered evanescent waves are only collected from 

a small portion o f  the sample, the exact size o f  which is determined by the size o f  the 

aperture. Thus in this setup the probe acts as the signal collector. In the apertureless 

setup, evanescent waves generated by the far field illumination are scattered both by the 

sample and the tip, and this signal is collected in the far field as w ell. The tip also acts as 

a source o f  the evanescent waves because o f  the localization o f  an electric field at the 

apex o f  a pointed conductor. Therefore, in som e respects, the apertureless technique 

incorporates aspects o f  both illumination and collection mode, a point source o f

18

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



evanescent w aves, in this case the apex o f  the probe, is involved in the process but the 

scattering o f  evanescent waves from the sample itself, the collection o f  which is localized  

by the presence o f  the metallic probe, is similar to collection mode. In all three 

variations, the role o f  evanescent waves and localized illumination or detection is 

paramount to the success o f  these setups.

Any discussion o f  the capabilities o f  a scanning probe technique would be 

incomplete without a discussion o f  the imaging artifacts that can often arise because o f  

various subtleties involved with the system. For example, in STM and AFM, 

interpretation o f  an image becom es more difficult when artifacts such as multiple tip 

effects and changes in tip state appear in an image. NSOM , much like its scanning probe 

cousins, is not immune to the effect o f  instrumental artifacts. One com mon artifact is the 

coupling between the topographic and optical signals [32], Typically seen when the 

feedback mechanism is used to maintain a constant gap between the sample and the 

probe, the end result can result in anything from an optical image that looks identical to 

the topographic image to even contrast reversal, where areas that should appear bright are 

instead darker and vice versa [32-33], M ost NSO M s operate in a mode where the 

feedback maintains a constant separation between the probe and the surface. This artifact 

disappears, however, when the feedback is changed to maintain the probe at a constant 

height instead [32]. This arises because when the optical signal reaching the detector is 

decom posed into its components, a component with a dependence on the feedback signal 

sent to the piezoelectric component o f  the apparatus appears [32], For a good optical 

image, this component should be trivial when compared to the purely optical
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components, but when this is not the case, the topography coupling artifact arises. One 

condition that leads to an exaggeration o f  this coupling component is the case where the 

probe is not placed exactly at the focus o f  the laser spot, thus weakening the pure optical 

signal and increasing the relative strength o f  the coupling term [34], To ensure that an 

image is not affected by this sort o f  artifact, one can obtain the same image with a 

different feedback mode, obtain topographic and optical images that are highly  

uncorrelated, displaced optical and topographic images, or obtain images with clearly 

different resolutions [32], Other artifacts and sources o f  artifacts have been observed as 

w ell, for instance interference patterns o ff  o f  certain surfaces [35] and tip heating [36], 

but the major source o f  artifacts remains improper feedback conditions.

3.3 NSOM, SERS, and Tip Enhanced Raman Spectroscopy

Many efforts have been made to perform SERS experiments with an N SO M  

system. Some success has been achieved in performing NSO M  measurements on 

standard SERS substrates, for instance gold colloidal films [37] and silver island films 

[38-39], used for confocal SERS measurements. Others have taken measurements on 

bulk substrates known to have a strong Raman signal, such as silicon dioxide squares 

[40] and diamond [41]. W hile there has been some documented success in using 

apertured N SO M  probes for near field spectroscopy measurements, this technique suffers 

from experimental challenges. First o f  all, because the cross section for Raman scattering 

is very low, it requires a significant amount o f  incident radiation. Even with surface 

enhancement, the fact that apertured probes severely restrict the amount o f  light either
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illuminating or collected from the sample makes this measurement extrem ely difficult. 

This results in integration times that often make imaging impractical or im possible. A lso, 

more widespread utility is desired, and if  one must use SERS substrates or restrict 

measurements to samples which have a known, strong, Raman signature, then the number 

o f  samples that can be readily analyzed is quite limited. Because o f  the greatly reduced 

signal and limited number o f  potential targets for study, much more progress has been 

made in the area o f  apertureless probes when attempting to collect near field  

spectroscopic information.

In the realm o f  apertureless tip enhanced spectroscopy, much work has taken 

place on the Raman imaging o f  carbon nanotubes [4, 5, 42-44]. These experiments 

utilized sharpened silver or gold tips, sharpened using electrochemical etching and 

focused ion beam milling, as the probes, and w hile these probes were not designed to be 

plasm onically active at the frequency o f  the incident laser, the “lightning rod” effect, 

where electric fields are extremely intense at sharp points o f  a conductor, provided the 

necessary electric field, and thus signal, enhancement. The illumination also occurs on 

axis with the tip and the backscattered light is collected by the same objective that is used 

to focus the laser onto the tip. Images were generated by simply observing the strength 

o f  the g-band peak at each pixel o f  the image. Although these experiments focused on a 

sample known to exhibit strong Raman scattering - carbon nanotubes - this was a clear 

indication that Raman imaging utilizing a tip enhancement mechanism was not only a 

possibility, but a reality. W hile these studies represent a giant leap in the frontier o f  

optical imaging on the nanoscale, even with this there are some challenges to overcome.
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Generating repeatable enhancements from tips produced with focused ion beam milling 

has proven difficult, and without specifically engineering the tip to have the appropriate 

plasmon resonance in order to prove maximum enhancement o f  the incident electric field, 

it may prove to be difficult to analyze samples with a weaker Raman signature. Even 

though som e improvements can be made, such as more precisely engineering the near 

field probes, this study on carbon nanotubes represents a huge leap forward in the realm 

o f  near field Raman spectroscopy and near field spectroscopic imaging that can be 

performed on a reasonable time scale.

Efforts towards realizing tip enhanced near field spectroscopy have not been 

limited to just carbon nanotubes. U tilizing a similar sharpened gold tip system as 

described above, work has been done on various dye molecules [45]. Work has also been 

performed on polymer systems [46], where a gold coated silicon AFM tip was used 

instead. Som e work has also been performed using more exotic system s, for instance 

using STM style feedback instead o f  AFM style feedback to keep the probe close to the 

surface, as was done on cyanide ions on a bulk, single crystalline, gold surface [47] and 

benzenethiol on single crystal gold and platinum surfaces [48], There has even been 

som e progress made in trying to use thin gold film s to enhance the Raman signal, as has 

been used with a gold tip on the dye malachite green [49]. Much progress, and many 

innovations, have been made in attempting to realize versatile and universal imaging o f  

molecular system s with an apertureless N SO M  system, but there is still som e room for 

improvement with this system.
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Chapter 4 

Plasmon Coupling Between a Gold Colloid and Thin Gold Film

4.1 Motivation

As has been mentioned before, Raman information at a nanoscale level would  

represent a huge leap forward in the imaging and nanoscale chemical analysis o f  various 

samples. Other scanning probe techniques, such as AFM and STM, provide topographic 

or electronic information. Standard optical microscopy, even with a confocal setup, only  

provides information with a resolution o f  a few  hundred nanometers, depending on the 

incident wavelength used. Even standard N SO M  techniques, which provide optical 

information with roughly the desired resolution, only provide limited optical information 

without any enhancement o f  the resulting signal. W hile N SO M , and especially  

apertureless NSO M , shows great promise in obtaining detailed optical information on the 

nanoscale, specifically from Raman scattering, some modifications and improvements 

must be made before this is a widespread reality.

Many efforts towards realizing the collection o f  detailed optical information at the 

nanoscale have taken place. Precise plasmonic engineering would provide a great deal o f  

progress toward realizing the goal o f  nanoscale chemical information collection, but thus 

far this area has somewhat lagged behind. To this end, a better understanding o f  tip 

plasmons, as w ell as the interaction between tip and sample surface plasmons, would  

greatly enhance the understanding and ability to engineer such near field probes.

To enhance the understanding o f  the interplay between near field tip and surface 

plasmons, w e have performed a collection o f  experiments on gold colloid over thin gold
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film samples. This architecture has shown a great deal o f  theoretical promise, and 

experimental promise in the macroscopic regime, in having the ability to greatly enhance 

signals at incident wavelengths o f  Raman interest, mainly in the infrared range to avoid 

exciting the fluorescence o f  any samples being studied [50-51]. This enhancement, 

which occurs at a lower energy than the isolated colloid plasmon, is also expected to 

remain localized to the junction between the colloid and thin gold film , as is shown in 

Figure 3 [51]. W e have performed confocal Raman studies on this gold colloid  over thin 

gold film samples in the hopes o f  better understanding the system for future incorporation 

into N SO M  Raman imaging instrumentation.

Figure 3: Calculations performed on the gold colloid over gold film geometry, 
4 nm film and 4 nm separation (left), 4 nm film and 8 nm separation (middle), 

8 nm film and 4 nm separation (right) [51 ]

4.2 Instrumentation

All experiments were performed on a commercial W iTec NSO M  system. This 

system is desirable because o f  its supreme flexibility, as it incorporates confocal
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microcopy, AFM, and NSO M  capabilities. Because o f  its flexibility, it is quite easy to 

perform an AFM analysis o f  the sample and then probe the same area with a confocal 

setup to obtain closely correlated optical information o f  the same area. The laser used 

was a com mercially available 785 nm near infrared laser, which would avoid exciting any 

native colloid plasmon resonance, because gold colloid has a plasmon resonance between 

500 nm and 600 nm, therefore any signal produced can be attributed to either colloid- 

colloid junction hot spots or colloid-film  interactions. The laser is focused on the sample 

and the back reflected signal is collected using a 100 times, 0.9 N A  objective available 

from N ikon. The signal is then coupled into a fiber and sent to a spectrometer purchased 

with the system from Andor. The sample is raster scanned by m oving the sample base 

and using piezoelectric components. The beam path is shown in Figure 4 below. At first 

glance it would appear that the direction o f  the incoming laser beam would serve to be a 

problem, since the laser is perpendicular with respect to the sample, leading to an electric 

field that is polarized in som e w ay in the plane o f  the sample. To properly excite the 

junction plasmon, some component o f  the electric field must be oriented perpendicularly 

to the sample as w ell. This problem is somewhat alleviated by the fact that tightly 

focused Gaussian beams, because o f  the tight focusing, can generate som e com ponent o f  

the electric field in the proper direction [4], Although this is still not ideal, and could be 

improved with an annular illumination system [52], and although the signal is expected to 

be weaker than would be expected with a laser incident from the side at som e angle, it is 

still strong enough to give us a signal o f f  o f  the sample being studied.
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Figure 4: Beam Path for Colloid on Film Experiments

4.3 Experimental Details

A s described above, all o f  the samples analyzed involve deposition o f  gold colloid  

over a thin gold film, with a small dielectric spacer layer to prevent actual contact 

between the surface and the colloid, because the region where the greatest enhancement 

is expected is the space between the colloid and the surface. The gold film s were 

prepared by e-beam evaporation in a Sharon e-beam evaporator after cleaning the glass 

slides by either soaking in base bath or rinsing in ethanol. As shown in Figure 5, both o f  

these methods seem to generate gold film s that are smooth enough for use.
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Figure 5: AFM and Cross Sections o f  gold film s prepared using base bath cleaned and 
rinsed glass slides. Top Left: AFM  image o f  20 nm gold film on base bath cleaned glass. 

Top Right: Typical cross section o f  the film on base bath cleaned glass. Bottom Left: 
AFM image o f  20 nm gold film  on rinsed glass slide. Bottom Right: Typical cross

section o f  the film on rinsed glass

Both film s show a roughness o f  between about -1 and 1 nm, up to a maximum o f  

2 nm, and w hile a smaller roughness would be ideal, this small o f  a variation should not 

interfere with the study o f  these samples. After ascertaining that the film s were smooth 

enough, the film s were then dipped into a 1% by weight solution o f  poly-4-vinylpyridine 

in ethanol.
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Poly-4-vinyIpyridine has been shown to be a useful polymer in im m obilizing  

colloid  on any surface [53], Although the thickness o f  this layer is somewhat unknown, 

it has been previously reported that it forms a layer o f  about 5 nm thick [50]. The 

purpose o f  this layer in this experiment is twofold. First o f  all, in order to perform AFM  

studies on colloidal samples, some immobilization mechanism is required to prevent the 

colloid from moving with the AFM tip as the tip passes by the particle. The free electron 

group on the nitrogen atom o f  this polymer is especially adept at binding to gold, and it is 

through this free electron group that the gold colloid is held strongly enough for AFM  

scans to occur without disturbing the sample. The poly-4-vinylpyridine layer also 

provides the thin dielectric layer needed to create the nanometer level separation between 

the gold colloid and the thin gold film . In this manner, the poly-4-vinylpyridine layer's 

purpose is twofold, immobilization and separation.

The poly-4-vinylpyridine is deposited onto the gold film s by dipping the gold  

film s into the solution o f  poly-4-vinylpyridine for one and a half to two hours. After the 

dip, the film s are removed from the solution and thoroughly rinsed to remove any 

macroscopic aggregation o f  the polymer on the surface o f  the film. The polymer was 

then allowed to sit overnight to solidify the underlying structure and prevent the colloid  

from sinking into the film to a great degree. After allowing the film to cure overnight, a 

mixed solution o f  dilute nanoshells, gold colloid o f  the desired size, and 100 pm para- 

mercaptoaniline was deposited onto the film. The nanoshells serve as convenient 

markers for preliminary aligning o f  AFM and confocal microscopy images, and so were 

added in a very dilute concentration to ease the task o f  locating the same area for optical
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study after scanning with an AFM. The para-mercaptoaniline is the analyte m olecule that 

will produce a distinct Raman signature that w ill indicate enhancement from this 

structure. After allowing this solution to dry overnight, it was then rinsed to remove as 

much excess nanoshells, colloid, or para-mercaptoaniline, as possible and then studied in 

the instrument.

Para-mercaptoaniline is a w ell studied, Raman active m olecule [12, 13, 24], Its 

structure is shown in Figure 6 below. It is a convenient analyte to use because it binds 

well to gold because the mercapto group is known to se lf assemble onto gold. In 

addition, because it has been studied extensively, the Raman peaks for this m olecule are 

known to occur at 1,590; 1,180; 1,077; 1,003; and 390 relative inverse cm. The

conjugated ring core is also known to produce a larger than normal Raman scattering 

cross section. These factors led to para-mercaptoaniline being a natural choice for these 

experiments.

Figure 6: Chemical Structure o f  para-mercaptoaniline; blue represents nitrogen, cyan 
represents sulfur, black represents carbon, and gray represents hydrogen
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All o f  the nanoshells used in this experiment were prepared by the Halas group at 

Rice University and all o f  the gold colloid used was purchased from Ted Pella. The gold  

shot used to prepare the gold film s in the e-beam evaporator were purchased from Kamis 

and are guaranteed to have 99.999%  purity. The para-mercaptoaniline is obtained in a 

solid form from Sigma-Aldrich.

4.4 Experimental Results

Initial experiments with the gold colloid over gold film sample did not incorporate 

nanoshells for location purposes. Rough positioning was performed by attempting to 

center the AFM cantilever and the laser at the same point relative to a convenient marker 

point, but this alignment procedures suffers from some deficiencies. More specifically, 

the centers for the AFM  objective and the lOOx Nikon objective do not precisely line up, 

leading to some undetermined offset. While the lack o f  position correlation does limit 

the amount o f  useful information from these systems, these samples still show some 

interesting trends.

Shown in Figure 7 are AFM images o f  80 nm and 50 nm gold colloid on a gold  

film o f  34 nm thickness. In Figure 8, Raman images o f  these same samples are shown. 

All AFM  images are 10 by 10 microns in size. All Raman images shown are 5 by 5 

microns in size with an integration time o f  10 seconds at each pixel. The images shown  

are all o f  the 1077 peak, which is generated by integrating from 1050 rel. 1/cm to 1100 

rel. 1/cm. There appear to be regions o f  intense brightness in both the 40 nm colloid  

image and the 15 nm colloid image, but in both cases, these peaks are generated by
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cosm ic rays. Even in the 50 nm colloid image, only the top left and bottom center bright 

spots correspond to enhanced Raman spectra. An interesting trend that arises from this 

data is that there appear to be distinct regions o f  enhancement from the 80 nm colloid, 

regions o f  weaker enhancement from the 50 nm colloid, and no apparent enhancement 

from the 40 nm colloid and 15 nm colloid, the latter two not shown. Although this data is 

purely preliminary because o f  the lack o f  position correlation, it shows som e initial 

promise because there is a clear decrease in signal strength with a change in colloid size. 

W hile the source o f  the enhancement in these systems is not com pletely clear, these 

results form a useful starting point.

Figure 7: AFM images o f  80 nm (left) and 50 nm (right) gold colloid on a 34 nm gold
film
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Figure 8: Raman images o f  80 nm (top) and 50 nm (bottom) gold colloid on a 34 nm
gold film

In Figure 9, the AFM images for the 80 nm and 50 nm gold colloid  on a gold film  

o f  20 nm thickness are shown, and in Figure 10 the Raman images o f  these samples are 

shown. Like before, all AFM images are 10 by 10 microns in size, and all Raman images 

shown are 5 by 5 microns in size with an integration time o f  10 seconds at each pixel. 

A lso like Figure 8, all images are o f  the 1077 peak, which is generated by integrating 

from 1050 rel. 1/cm to 1100 rel. 1/cm. Again, all o f  the bright areas shown in the 40 nm 

colloid  and 15 nm colloid Raman images are generated by cosm ic rays. The 

enhancement strength appears to fo llow  the same trend as they do on the 34 nm film,
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strongest for the 80 nm colloid sample, weaker for the 50 nm colloid  sample, and 

nonexistent for the 40 nm and 15 nm colloid  samples. Although there appears to be little 

variation in signal strength with different gold film thicknesses, the initial results 

appeared somewhat promising, as changing colloid size had a definite impact on Raman 

enhancement. A s will be discussed later, the source o f  this enhancement is most likely 

coupling between two or more nearby colloid; however, these initial experiments lead to 

focusing on samples created with 80 nm and 50 nm gold colloid. Although it is 

somewhat intriguing that the samples with higher coverage, the 40 nm and 15 nm 

samples, show no such “hot spots,” the need for precise position correlation made itself 

evident in the course o f  these scans, as without position correlation it is im possible to 

precisely determine the source o f  enhancement. For this purpose, nanoshells were added 

to future solutions to aid in the correlation between AFM and optical images.

Figure 9: AFM images o f  80 nm (left) and 50 nm (right) gold colloid on a 34 nm gold
film
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Figure 10: Raman images o f  80 nm (top) and 50 nm (bottom) gold colloid  on a 20 nm
gold fdm

With no gold film, there is no Raman signal from the surface, as is expected. 

W hile the AFM images in Figure 11 clearly show that the surface has a high enough  

coverage that w e would expect a signal from the area were there any enhancement, no 

such signal appears, as shown in Figure 12. As such, it is reasonable to conclude that the 

gold colloid without the presence o f  a thin gold film, at 785 nm, will not produce a 

Raman signal.
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Figure 11: AFM images o f  gold colloid on glass. Left: 50 nm colloid. Right: 80 nm
colloid

Figure 12: Raman images o f  colloid on glass. Top Left: Raman image o f  50 nm colloid  
on 20 nm film . Top Right: Sample spectrum from image 50 nm colloid  on 20 nm film. 

Bottom Left: Raman image o f  80 nm colloid on 20 nm film. Bottom Right: Sample 
spectrum from 80 nm colloid on 20 nm film

The spectrum from the 50 nm colloid on 20 nm film exhibits a large shoulder at 

the lower wavenumber shifts, however, there is no evidence o f  the expected Raman
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peaks. If there were indeed any enhancement, w e would expect to see som e sort o f  signal 

on the time scale o f  each o f  these images, which were all obtained at 10 seconds per 

pixel. In this case, it is likely that the shoulder is just caused by exciting a fluorescent 

mode o f  the gold nanoparticle, and not attributable to any sort o f  Raman enhancement. 

Thus, both sizes o f  colloid on a glass slide exhibit no sign o f  Raman enhancement.

When the gold film is added to the sample, an interesting phenomenon arises. 

Shown in Figure 13 are the AFM images for the 50 nm and 80 nm colloid on 20 nm film  

samples. The larger objects are nanoshells, which as mentioned before, were added to 

the mix to make area correlation between the AFM and the confocal setup easier, since 

these nanoshells were designed to absorb strongly in the 785 nm range, the incident 

wavelength o f  our laser.

Figure 13: AFM images o f  colloid on film samples. Left: 80 nm colloid on 20 nm film.
Right: 50 nm colloid on 20 nm film.

Both o f  these AFM images show that the coverage is low enough that we should 

be able to obtain signal from just a single colloid, if  enhancement does indeed occur and 

there is a signal to be collected. The samples were aligned with the confocal setup by
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first obtaining a regular confocal microscopy image, by which the nanoshells could be 

seen and alignment is possible. An example o f  this is shown in Figure 14, where a series 

o f  AFM images and a confocal image are shown to illustrate how this is made possible.

Figure 14: Two AFM images (left) and confocal image (right) illustrating correlation, 
boxes added to show correlation, the bottom box corresponds to the bottom AFM  image 

and the top box corresponds to the top AFM image

In the figure above, each o f  the AFM  images is a 10 by 10 micron square and the 

confocal image is a 30 by 30 micron image. The nanoshells clearly aid in alignment, as 

one can observe the large clump o f  nanoshells in the middle o f  the confocal image and 

line it up with the large clump seen in the AFM images, in this case between the top and 

m iddle im age. After checking a few  m ore landmarks, this clearly lines up properly. In 

the confocal image, especially near clumps o f  nanoshells, regions o f  high reflectivity 

appear. This is most likely due to the junction plasmon o f  the nanoshells increasing the

37

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



scattering o f  the incoming laser radiation, thus increasing the signal reflected o f f  o f  the 

surface. There are also a series o f  slightly dark regions that do not match with any 

nanoshells in the AFM scan. These regions, however, do correlate strongly with 

aggregates o f  gold colloid, probably due to the fact that the junction plasmon o f  these 

colloid is causing additional absorption o f  the incoming laser. Again an interesting 

phenomenon, but something that does not affect our ability to align areas in this manner. 

Using a combination o f  nanoshells and confocal microscopy, it is possible to easily and 

repeatably ensure that the same area probed by AFM is indeed being probed by the 

confocal Raman scans which w ill be discussed below.

W hen analyzing the 50 nm colloid on 20 nm film sample, there appears to be 

little, if  any, enhancement from the coupling o f  the colloid and fdm plasmons. In Figure 

15, w hile the nanoshells exhibit strong Raman scattering in the confocal Raman scans, all 

o f  the colloid  in the area show no para-mercaptoaniline Raman signature. The integration 

time used w as 3 seconds per pixel, so if  enhancement were indeed occurring w e would  

expect to see some trace o f  this. W hile the exact laser power has not been quantified, as 

will be made clear in a later section, it is more than sufficient to generate Raman 

scattering from this sort o f  system on these time scales if enhancement o f  the Raman 

signal were occurring.
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Figure 15: AFM (left) and Confocal Raman (right) images o f  50 nm colloid on 20 nm
film

The regions o f  large signal seen in the top left and bottom right corners o f  the 

confocal Raman image correspond to the two nanoshells seen in the AFM image. The 

source o f  the secondary bright spot seen in both images is unclear, but it clearly does not 

correlate to any o f  the colloid visible in the AFM scans. The Raman image was 

generated by obtaining a complete spectrum at each pixel with an integration time o f  

three seconds, and using the intensity o f  the 1077 peak, integrated from 1050 rel. 1/cm to 

1100 rel. 1/cm., o f  para-mercaptoaniline to generate a Raman intensity at each pixel.

W hile the nanoshells show the enhancement expected from isolated nanoshells, 

none o f  the colloid that appear in the AFM image show any Raman signal at all, 

indicating no, or extremely weak, enhancement o f  the incident electric field. It should be 

noted that the nanoshells show good enhancement at the wavelength expected for isolated 

nanoshells because, even though the plasmon o f  the thin gold film and the plasmon o f  the
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nanoshell probably couple to some extent, this coupling does not cause the disappearance 

o f  the isolated nanoshell plasmon, but merely generates a hybrid peak at lower energies

[50], The 50 nm colloid on the 20 nm film  exhibits little to no enhancement o f  the 

Raman scattering o f  para-mercaptoaniline.

The picture changes drastically when 80 nm colloid is used instead o f  the 50 nm 

colloid. A s is clear in Figure 16, a Raman signal is obtainable from each individual 

colloid. Although the signal is still perhaps too weak for widescale imaging in this sort 

o f  setup, there are various solutions which can be implemented, which w ill be discussed  

in a later section. The important observation is that a strong enhancement o f  the Raman 

signal o f  the para-mercaptoaniline is visible on a three second time scale when 80 nm 

colloid is deposited over a 20 nm thin gold film.

Figure 16: AFM (left) and Raman (right) images o f  80 nm colloid over 20 nm film, 
shapes added to illustrate correlation.
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The bright spot in the bottom left com er is clearly correlated with a nanoshell, and 

the lower o f  the two center bright spots is generated by a small aggregate o f  colloid, 

however, the rest o f  the signals seen in the Raman image all correlate to single, isolated, 

colloid. There is a small offset as the alignment procedure does suffer from som e small 

inaccuracies, which explains why the bright area does not correlate to any single colloid  

in the AFM image in Figure 16, which is most likely another single gold colloid when the 

Raman image is compared with the top AFM image o f  Figure 14, but the correlation 

between the AFM image and the confocal Raman image should be clear. The image was 

generated in the same manner as the Raman image for 50 nm colloid over 20 nm film, 

that is the full spectrum was collected, but only the 1077 peak was used in generating the 

image. The integration time and laser power were also the same. The integration time is 

set on the instrument while the laser power was adjusted by observing the strength o f  the 

Rayleigh, the elastic scattering, peak in the spectrometer because o f  the lack o f  a power 

meter for the laser. Because both samples have a background with the same reflectivity, 

the thin gold film, the strength o f  the Rayleigh peak should provide a good judge o f  

relative laser strength, as Rayleigh scattering is directly proportional to the incident 

intensity. When the colloid used is changed from 50 nm to 80 nm, the Raman signal 

strength increases greatly and Raman imaging becom es a possibility.

An interesting phenomenon that arises is the fact that some colloid exhibit a clear 

Raman signal, for instance the pentagon and hexagon in Figure 16, while other colloid  

are alm ost devoid o f  any signal, for example the cross in Figure 16. W hile the exact 

cause o f  this large variation in Raman signal is unclear, some factors that may contribute
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to this mismatch are variations in film thickness, variations in PMA coverage o f  the 

colloid or variations in the amount o f  PMA present in the junction between the colloid  

and the gold film, and random fluctuations in SERS signal.

4.5 Discussion

Enhancement from a colloid on film system is clearly demonstrated above, 

however, som e questions still remain. First o f  all, the enhancement is much weaker than 

expected, and is in fact nonexistent for 50 nm colloid on 20 nm film. W hile the location 

o f  the coupling peak depends on the size o f  the colloid as w ell as the thickness o f  the 

film , theoretical calculations and previous experiments [50] indicate that there should be 

some enhancement at an incident wavelength o f  785 nm on a 50 nm colloid  and 20 nm 

film sample. There are a variety o f  reasons w hy these limitations have appeared.

First o f  all, as noted earlier, perpendicular incidence o f  the laser is not the ideal 

way to excite a sample with this geometry. W hile there is a component o f  the incident 

electric field perpendicular to the sample surface generated by focusing the laser, ideally 

the majority, or all, o f  the power would be polarized in this direction. Therefore, 

changing the direction o f  incidence from perpendicular to the sample to a grazing 

incidence should increase the signal strength. This idea is supported by previous 

experiments [50] where the strength o f  the junction plasmon increases with a lower angle 

o f  incidence. There are improvements in other areas that may lead to the signal strength 

w e w ould expect for a sample o f  this geometry.

Another factor that may be inhibiting signal strength is the thickness o f  the
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underlying spacer layer, the poly-4-vinylpyridine layer. While previous literature reports 

that the thickness o f  this layer is around 5 nm [50], it has been observed that this layer is 

not quite as predictable as is ideal. I f  the deposition process used in the creation o f  these 

samples produces layers thicker than this, it would reduce the coupling between the 

colloid and the thin gold film, leading to a weaker than expected junction plasmon 

reaction, thus leading to a weaker signal strength. For this reason, attempting these 

experiments with poly-diallylammoniumchloride is attractive because this polymer is 

known to form a thin layer, and i f  this is really the case, then it would further increase the 

observed signal strength and push enhancements up to the range that is expected.

Although these two factors, nonideal direction o f  laser incidence and varying film  

thickness, have stood in the way o f  obtaining perfect results, these results are nonetheless 

still promising. Enhancement is clearly observed for 80 nm colloid over 20 nm film  

w hile it is com pletely absent for 50 nm colloid  over 20 nm film. This dependence o f  

enhancement on colloid size, as w ell as the theoretical prediction that the enhancement 

also depends on the thickness o f  the gold film , allows for precise engineering o f  surface- 

probe geometries for use in improving current implementations o f  N SO M  spectroscopy 

and making imaging a wide range o f  samples a distinct possibility.
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Chapter 5 

Mounting Nanoparticles on NSOM and AFM Cantilevers

5.1 Motivation

The obvious impetus behind studying the colloid on film samples above is to 

eventually replicate this system with an N SO M  system and perform near field  

spectroscopy and spectroscopic imaging with this engineered probe. This geometry 

would provide great control over the plasmon resonance o f  the system, allowing for 

precise excitation o f  this junction plasmon. Another benefit o f  this geometry is that it 

also allows for much greater enhancements, since the enhancement resulting from this 

coupled plasmon is localized to the junction itself. Because o f  the promise this sort o f  

geometry holds for near field spectroscopy, steps should be taken to ensure that it is 

properly studied.

A logical first step in this process is to mount the nanoparticles onto the 

cantilevers, because without this ahility, these colloid over film geometry cannot be 

created in a near field setup. The ability to create AFM or NSO M  cantilevers with  

nanoparticles mounted at the ends would make near field experiments utilizing this 

geometry possible. Once the nanoparticles are mounted on the tip, the system would use 

whatever feedback it was designed to use, be it AFM  style or STM style feedback, to 

ensure that the nanoparticles are in close proximity to the film, generating the 

enhancement desired for near field experiments. For this reason, understanding and 

learning how to mount nanoparticles in a controlled fashion is very desirable.

With this goal in mind, efforts have been made to mount nanoparticles on
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standard NSO M  and AFM cantilevers, with the hope o f  eventually using these 

functionalized cantilevers for enhanced near field spectroscopy and imaging. W hile these 

results are still preliminary, they show great promise in eventually fulfilling our needs.

5.2 Experimental Details

Two different types o f  cantilevers were used in this series o f  experiments, “hollow  

pyramid” NSO M  cantilevers com mercially available from W iTec, and specialized  

Advanced-TEC (ATEC) tips available from Nanosensors. The W iTec cantilevers are 

essentially large AFM cantilevers, with a small, subwavelength, hole, generally less than 

lOOnm in size, going through the cantilever. These cantilevers have had success in 

performing near field imaging, and seem ed like a logical place to start. ATEC tips, on 

the other hand, are regular AFM  tips, except the tip lays at an angle relative to the 

perpendicular to the cantilever itself. This allows for direct viewing, and for experiments 

o f  pertinence, direct laser excitation o f  the tip apex. Success has been achieved in 

mounting nanoparticles on both o f  these types o f  scanning probes, however, the ATEC  

tips, for reasons that will be discussed later, appear to be the more promising o f  the two 

cantilever styles.

In order to mount nanoparticles, in this case gold nanoshells, onto the W iTec 

N SO M  cantilevers, about 60pE o f  nanoshell solution was dropped onto the top side o f  

the cantilever. From there, the drop was merely allowed to drop down o ff  the bottom o f  

the cantilever and dry on its own. The cantilever was then rinsed by dropping another 60 

jaL o f  ethanol on the top o f  the cantilever. W hile this procedure may seem somewhat

45

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



haphazard, it appears to be successful in mounting a nanoshell at the aperture o f  the 

NSO M  cantilever.

For mounting gold colloid on ATEC tips, however, a different procedure was 

used. Depositing drops on the back o f  the cantilever would more than likely result in 

damage to the tip. Unlike the W iTec N SO M  cantilevers or standard AFM  cantilevers, the 

tip is intentionally exposed from the top side. Therefore, it is highly probable that 

dropping a solution onto the back o f  the cantilever would damage the imaging center, or 

the apex o f  the tip, itself, and is not a practical method for nanoparticle deposition in this 

case. With this in mind, the tips were first dipped into a 1 mM solution o f  

aminopropyltriethoxysilane (APTES) in ethanol. APTES is a m olecule w hose functional 

groups o f  interest are a silane group on one end and an amine group on the other end. 

The silane group is well known to se lf assemble onto silicon and silicon dioxide, which is 

the material with which the ATEC tips are made. The amine group is well understood to 

se lf assemble onto gold. After allowing the tip to sit in this APTES solution for about 

two hours, the tip was then dipped into a solution o f  gold colloid for about two hours. 

During this dip into the gold colloid solution, the free amine groups o f  the APTES will 

bind to gold colloid that com es into contact with the probe, thus allowing the colloid to 

bind to the probe. With this procedure, w e have had success mounting nanoparticles onto 

ATEC style AFM tips, although more care needs to be taken with positioning o f  the 

colloid.

All SEM images were obtained in an FEI Environmental SEM. The APTES was 

purchased from Sigma Aldrich and the gold colloid was purchased from Ted Pella. As
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mentioned before, all ATEC tips were purchased from Nanosensors and all W iTec 

N SO M  probes were purchased directly from W iTec.

5.3 Results

Shown in Figure 17 are the SEM images o f  the W iTec NSO M  tips with gold  

nanoshells at the apertures. The haphazard nature o f  the procedure makes the fact that a 

nanoshell landed at the apex somewhat o f  a surprise, however, this success is probably 

attributable to the combination o f  the probe size and the drop drying mechanism o f  the 

nanoshell solution. As the drops dry, it is likely that some nanoshells are pulled back up 

toward the cantilever, and during this process, because the area o f  the aperture is 

relatively large, though still smaller than the size o f  the nanoshells, it is likely that a 

single nanoshell w ill com e to rest at the apex. W hile this is only a tentative mechanism, 

the process itself appears to show som e promise.

Figure 17: SEM images o f  a bare NSO M  cantilever (left) and a nanoshell at the aperture 
o f  an NSO M  cantilever (middle and right)
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Some imaging and near field spectroscopy has been attempted with this 

cantilever, however, all attempts have thus far been unsuccessful. All spectra, even on a 

ten minute time scale, exhibit no Raman signal and show nothing but noise. Even 

obtaining regular transmission N SO M  images with these probes proved extremely 

difficult. A more detailed discussion o f  these difficulties is reserved for the follow ing  

section, however, the two main reasons behind this failure are transmission and 

polarization issues. These difficulties aside, however, w e have shown successful 

deposition o f  a nanoshell at the aperture o f  an N SO M  probe.

As previously mentioned, ATEC AFM cantilevers are especially interesting 

because o f  the direct view ing o f  the apex o f  the aperture o f  the tip. This allow s for more 

precise alignment o f  the AFM  cantilever in the laser beam, and even in an on-axis 

illumination scheme, w ill result in a much higher signal by removing the aperture, which  

restricts light transmission, from the system. The results involving the ATEC tips are a 

little more random, which is probably caused by the fact that the motion o f  colloid within 

a fluid is more or less randomized. Bare ATEC AFM tips are shown in Figure 18. W hile 

more precise positioning o f  the colloid at the apex o f  the tip is desirable, since that is 

where the junction will occur, the fact that w e are able to mount colloid on an ATEC tip 

is still a sign o f  progress. With a little more effort, creating probes for near field  

spectroscopy using ATEC tips should be a reality.
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Figure 18: Untouched ATEC AFM tips, bottom view  (left) and side v iew  (right, from
Nanosensors brochure)

W e have had success in mounting nanoparticles on NSO M  and AFM cantilevers. 

Although there remains some work to be done, this represents a promising initial step 

toward the near field implementation o f  a nanoparticle over film system.

5.4 Discussion

The first step toward utilizing the colloid over film geom etry for near field  

spectroscopy, the mounting o f  nanoparticles onto near field probes, has been realized. 

Some challenges, however, still remain before this system is fully usable. The first is 

finding a suitable instrumental setup that w ill provide the results w e desire, which is why 

the nanoshells on the W iTec NSO M  tips prove to be impractical.

One o f  the issues surrounding the difficulties in using an apertured probe for near 

field spectroscopy is simply the reduced transmission o f  the incident laser through the 

subwavelength aperture. Raman scattering, as described above, is a scattering process
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with a very small scattering cross section, so large amounts o f  incident radiation is 

required to generate a suitably strong signal. W hile the initial laser intensity is more than 

enough for generating Raman spectra, once attempts at passing this laser through the 

subwavelength aperture are made, a vast majority o f  the laser light is lost. As a result, it 

is difficult to pass enough intensity through the aperture for the collection o f  Raman 

spectra without significant enhancement. For transmission measurements, the presence 

o f  the nanoshell also creates further experimental difficulties related to the lack o f  laser 

transmission. Because the nanoshells are designed to have a plasmon resonance at the 

frequency o f  the incident laser radiation, the amount o f  light that is transmitted is much 

lower than would be transmitted were the nanoshell absent. Since so little light is 

transmitted, properly aligning the collection objective with this laser spot becom es near 

im possible, as there is no visible spot with which to align. In this way transmission 

issues when using an apertured probe are twofold, the incident laser com ing through the 

aperture is much weaker than one would like for Raman spectroscopy, and alignment 

becom es much more difficult because o f  the plasmonically active nanoparticle at the 

aperture.

Another pressing issue is the polarization o f  the incident radiation. In order to 

properly excite the junction plasmon, or to have the location o f  the enhancement in the 

proper direction even with the lack o f  a junction, as is the case with a bare nanoparticle, 

som e component o f  the electric field must lie perpendicular to the sample surface. The 

direction o f  laser incidence is perpendicular to the sample surface, so there is no native 

component o f  the electric field in the desired direction. W hile, as described in the

50

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



previous chapter, tightly focusing the laser beam can alleviate this problem to some 

degree and generate a component in the appropriate direction, this technique does not 

generate as much o f  a properly oriented electric field as altering the direction o f  incidence 

would. A s such, the direction o f  polarization for an apertured system is still not 

optimally oriented relative to the sample surface. Because the electric field is polarized 

parallel to the sample in some fashion, all o f  the electric field enhancement, what little 

there may be because o f  the aforementioned transmission issues, is localized to the sides 

o f  the nanoparticle. In order to properly interrogate the sample, this enhancement must 

occur at the bottom o f  the nanoparticle, because the sample is directly below  the 

nanoparticle; as such, no enhancement o f  the Raman signal from the sample occurs. The 

fact that the objective cannot tightly focus the incoming laser beam to a sufficient degree 

poses the second o f  the significant challenges when attempting to adopt an apertured 

setup for near field Raman spectroscopy, and for this reason, an apertureless setup, 

utilizing ATEC tips and gold colloid, appears to be the more promising route.

The work concerning ATEC tips and the mounting o f  colloid onto such tips still 

suffers from some inadequacies as w ell. Because the part o f  the tip that com es into close  

proximity to the surface is the apex o f  the tip, the colloid must be positioned at the apex 

for the desired effect to occur. This deposition process, on the other hand, appears to 

randomly deposit colloid on the surface o f  the cantilever. W hile, through random chance, 

a nanoparticle may end up positioned at the apex o f  the cantilever, a more repeatable 

process is required for widespread usage o f  this technique. This probably entails a 

modification o f  the deposition process itself, as simply dipping into a solution appears to
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be deficient in the amount o f  controllability in colloid positioning. Therefore, while this 

process shows some promise, more effort needs to be expended in positioning the colloid  

in the proper position.

W hile the same objective, the one that cannot focus the laser as tightly as needed, 

would normally be used to illuminate the ATEC tips in the W iTec NSO M , a slight 

modification o f  the setup would allow  for a more powerful objective to be used. This 

setup probably w ill not aid in the apertured setup because o f  the transmission issues the 

apertured setup also suffers from, however, these transmission issues are absent in the 

case o f  the ATEC apertureless probes. This on-axis illumination setup has already shown 

som e success when the focusing is tight enough [4, 5, 42-44], and with the change in the 

illumination objective, a similar sort o f  effect should be realizable with the ATEC probes 

as w ell. This new setup opens up exciting new avenues for use with this machine, and 

should aid in the goal o f  achieving near field spectroscopy with a plasm onically 

engineered system.

Although the challenges and immediate future work may seem imposing, the 

foundation for the rest o f  this process has been laid. Nanoparticles have been 

successfully mounted onto probes, and w hile this process is not perfect, it shows much 

potential in this avenue o f  research. Slight modifications to processes and setups should 

allow  this avenue to com e to fruition, and there has already been som e progress made in 

this area.
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Chapter 6 

Future Work

On both fronts there remains a good deal o f  work to be done in the immediate 

future. The confocal experiments on the colloid on film data requires further 

quantification and more tests with different colloid sizes and film thicknesses. The 

nanoparticle mounting experiments suffer from the lack o f  precision in positioning the 

nanoparticles at the apex o f  the probe. W hile both o f  these avenues show a great deal o f  

potential, som e work must be performed in the near future to realize this potential.

For immediate work, the colloid on film data requires better knowledge o f  the 

film thickness. Although the thickness o f  the poly-4-vinylpyridine layer has been 

previously reported, it is possible that this polymer does not form a single monolayer, and 

thus, is open to variability in thickness depending on exact solution concentration, 

deposition method, and deposition time. Switching to polydiallylammoniumchloride 

would alleviate this problem because it appears to form a single monolayer, thus the layer 

thickness is identical and w ell defined regardless o f  deposition method. The switch to the 

new spacer layer may provide the thickness data required for more quantitative analysis.

The colloid on film work could also use a different illumination schem e in an 

attempt to increase signal strength. Illumination at a grazing incidence would generate a 

more significant component o f  the electric field in the proper direction, allowing for 

larger electric fields in the junction and thus increasing Raman signal strength. This 

would potentially allow  for signal from even the samples that should show weaker 

enhancement, and allow for the fitting o f  data to the theoretical calculations already
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performed on this geometry. In this way, a grazing incidence illumination would further 

aid in the proper quantification o f  this data.

For the nanoparticle mounting project, modifications to the deposition process to 

aid in the more precise positioning o f  the nanoparticle is needed in the near future. The 

functionalization, that is the APTES self-assem bled monolayer, appears to work as we 

require it to, although dipping into a solution o f  colloid does not seem to produce the 

location specificity w e need. On this front, perhaps using the APTES as a sort o f  glue to 

pick up a nanoparticle from a sample that has had gold colloid deposited onto it, and 

performing AFM  scans on this sample until a nanoparticle becom es stuck to this 

molecular glue, may provide the location specificity required. In any case, precise 

positioning o f  the nanoparticles is required before further progress is made on this front.

These issues pose the most immediate roadblock to further progress. After 

measures are taken to better quantify the colloid over film experiments, as w ell as fit 

them to theoretical predictions, by more precise control over the spacer layer and 

increasing signal strength, the colloid over film results should becom e more readily 

applicable to tip enhanced near field spectroscopy. The control over colloid position on 

the near field probe would make the near field implementation o f  this geometry a 

possibility.

After solving the more immediate hurdles, the direction that needs to be taken is 

clearly the use o f  the nanoparticle over film geometry in near field studies. A lso, the 

exploration o f  other geometries remains an option, as the colloid over film geometry may 

not be the most ideal. Even in these alternate setups, however, the foundation for further
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research w ill have been laid by these studies, and the implementation o f  plasm onically 

engineered near field probes for nanoscale spectroscopy studies can becom e a reality.
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