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ABSTRACT
KRISTEN DELANE ALEXANDER: Fundamentals and Technology of
Surface-enhanced Raman Spectroscopy Through the Fabrication and
Manipulation of Plasmonic Gold Metal Nanoparticle Dimers.
(Under the direction of Dr. Rene Lopez.)

Surface enhanced Raman spectroscopy (SERS) was originally discovered in the 1970s
with the observation that organic molecules adsorbed onto a metal surface exhibit greatly
enhanced Raman scattered light intensities when illuminated with a laser source. En-
hancements of ~ 10° over regular Raman scattering have been commonly observed and
proposed applications of SERS-active sensors exist over a wide range of fields, includ-
ing chemical analysis, healthcare, food safety and national security, spurring an intense
scientific interest in the area. More recently, observations of single-molecule SERS have
demonstrated enhancement factors greater than 10'3 at random ‘hot spots’, but so far,
these enhancement factors are poorly understood due to lack of reproducibility and lack
of methodical characterization of such spots. Theoretical calculations have shown that
the dominant field enhancements are specifically localized in the crevices between metal
nanoparticles and are strongly dependent on particle morphology, excitation wavelength
and, perhaps above all, particle-particle coupling. The focus of this thesis is to ad-
dress experimentally theoretical predictions by fabricating SERS configurations and to
make definitive measurements of the SERS magnitude at interparticle hot spots. In this
work, metal nanoparticles have been directed to form ordered arrays exclusively of metal
nanoparticle dimers with control over orientation, size and interparticle spacing. In or-

der to achieve unprecedented control of the material and geometric variables, elastomeric
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substrates were used to change particle-particle distance while holding all other physical
parameters constant. This fundamental new approach to hot spot creation has opened
doors to a new family of SERS substrates, where the turning on/off of a hot spot is
as easy as flipping a switch. Most recently, I have demonstrated the feasibility of this
approach with long nanorods that show an outstanding theoretical SERS match with the
characteristic polarization dependence expected of such nanostructures. Additionally,
this thesis demonstrates the feasibility of creating SERS-active dimers over a large area
using a capillary force deposition technique which has further been used to compare the
SERS enhancement factors derived from dimers to those of longer linear nanoparticle
chains, ultimately demonstrating the practicality of the dimer configuration over more

complex nanostructures.
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There is a theory which states that if ever anybody discovers exactly what the Universe
is for and why it is here, it will instantly disappear and be replaced by something even
more bizarre and inexplicable. There is another theory which states that this has already

happened.

-Douglas Adams

English humorist € science fiction novelist (1952 - 2001)
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Chapter 1

Introduction

I was born not knowing and have had only a little time to change that here and there.

-Richard P. Feynman

1.1 Overview

The integration of surface-enhanced sensing techniques into various chemical sensing
technologies is a matter of increasing scientific as well as societal interest. The application
of surface-enhanced Raman spectroscopy (SERS) to chemical sensors with the ability to
detect substances at the single molecule level [33, 51, 86] stands to benefit a broad range
of fields and is currently receiving a great deal of attention from researchers. Specifically,
SERS can potentially provide a means of unambiguously identifying target substances
at the trace level - an ability that, if correctly developed and applied, could dramatically
improve the function of chemical sensors used in a gamut of settings.

However, the development of such technologies necessitates a thorough understanding

of the SERS effect, including the mechanisms from which the SERS enhancement arises as



well as logistical barriers and short-comings of current fabrication techniques that stand
in the way of the development of highly-efficient SERS-active sensors. A great deal of
progress has been made, especially on the theoretical front, since its discovery in 1977 [25].
However, the experimental testing of these theories has been severely hampered by low-
throughput fabrication techniques and enhancement factor reproducibility issues. This
dissertation presents efforts towards solving these problems in form of novel experimental
approaches to both the fabrication of SERS-active substrates and the measurement of

the SERS enhancement factor.

1.2 Raman Spectroscopy

1.2.1 Introduction

Originally observed in 1921 by its namesake, Sir Chandrasekhara Venkata Raman [63]
(who subsequently won the 1930 Nobel prize in physics for this discovery), Raman scat-
tering is a two-photon inelastic scattering process that can be used to identify symmetric
modes in a system. When monochromatic light impinges on a molecule, most of the light
is elastically (Rayleigh) scattered. However, a small number of photons interact with
the electron cloud and the molecular bonds, thereby raising the molecule to an excited
virtual state. When the molecule drops back down to a lower vibrational state, it emits a
photon of a different energy than that of the source beam. The difference between these
two energies is known as the Raman shift and is written as AEr = Fy, — Es where Ey, and

Eg are energies of the source (usually a laser) and the scattered photons, respectively.



These differences in energy correspond to the intrinsic vibrational modes in molecules,
forming the basis for the Raman spectrum which helps to identify the atomic orientation

and bonding within a system.

Raman
&
I ——————
virtual state
E R Ez=E - fa

Figure 1.1: Simplified schematic Jablonski diagram illustrating the Raman processes. If
the emitted photon is less energetic than the source beam (indicating that some of its
initial energy was “left behind” as vibrational energy in the molecule), the photon is said
to be Stokes scattered. Conversely, if the photon interacts with a molecule that is already
in an excited virtual state, it is possible for the scattered photon to emerge with more
energy than the incident beam. This case is called Anti-Stokes scattering [37].

Raman spectroscopy finds itself in the company of a wide variety of optical spectro-
scopies. However, the technique to which it is constantly being compared is fluorescence
spectroscopy. Fluorescence spectroscopy is primarily concerned with the electronic and
vibrational energy states in molecules. Specifically, the molecule of interest is excited
from one electronic energy state to another. It then relaxes through the various vibra-
tional states until it reaches the bottom of the excited state, where it then returns to the
ground state and emits a photon. Because the photon may travel through any number
of vibrational states on its path back to the ground state, photons that are emitted show

a wide range of frequencies, which is often used to determine the structure of vibra-

tional states in molecules. While fluorescence spectroscopy has the advantage of a large



cross-section, it suffers from photobleaching and, perhaps more importantly, the broad
absorption peaks which make identification of unknown substances more difficult when
compared to the narrow-peaked, fingerprint-like Raman spectra (a topic that will be dis-
cussed further in the following sections). It is in these areas that Raman spectroscopy
offers a viable alternative to such well established techniques.

Finally, it is important to note that when Chandrasekhara Raman made the first
Raman measurement, he used only color-filtered sunlight as his source and his eyes as
his detector. Due to the rudimentary nature of optical setups at the time, practical
applications of Raman spectroscopy in common lab settings were uncommon and ad-
vances in the technique languished for many years. Fortunately, the advent of laser and
advanced photon detection technologies has renewed interested in Raman spectroscopy
as a practical optical spectroscopic technique. As a testament to this renewed interest,
in a recent paper published by W. Kiefer [32] over 300 references of key developments
published in the Journal of Raman Spectroscopy alone over the past few years are listed.
These advances exist in a broad range of fields, including but not limited to art and
archaeology, forensic science, solid state physics and the biosciences, demonstrating the
increasing relevance of Raman spectroscopy as a useful investigative tool in science and

the clear benefits of continued advancements in its application to practical problems.



1.2.2 Formal Definition of the Raman process
Quantum Theory

The fully classical approach to Raman scattering (which will be described in detail in
the next subsection) is sufficient in most cases, providing a means of explaining the link
between polarizability and molecular vibrational modes and their connection to symme-
tries and selection rules. However, for the sake of completeness, the Raman process relies
heavily on quantum mechanics to quantitatively link the Raman polarizability to the
microscopic properties of the molecule. Thus, a quantum mechanical approach is needed
to: (a) fully justify the classical approach and, (b) provide a means of dealing with the
few situations in which the classical approach fails. Specifically, processes such as spon-
taneous Stokes scattering and the zero-point amplitudes of molecular modal oscillations
complete the link between the Raman cross-section and the microscopic properties of
normal modes - a link that is of critical importance for the understanding of resonant
Raman scattering as well as the correct interpretation of the results of Raman Density
Functional Theory (DFT) calculations [37]. However, the classical approach in terms
of the ability to describe the Raman polarizability is all that is needed to develop the
argument in the case of surface-enhanced Raman spectroscopy (SERS), precluding the

need for a detailed description of the quantum approach here.

Classical Theory

Raman scattering occurs as a result of oscillations of the induced electronic dipole

moment when a molecule is exposed to an oscillating electric field. This dipole moment



forms the basis for calculating other aspects of Raman radiation, including the power
emitted per unit solid angle (i.e. the radiation profile) and the Raman cross-section. For
a dipole p(w) = pe, sinwt embedded in a medium with index of refraction ny; = 1 the
radiation profile is given as [23]:

dPRad w4

—o9(Q) = oo |pl*sin? (1.1)

32m2¢qc3

Where w, €, ¢, and €2 are the frequency of the incident radiation, the permittivity of free
space, the speed of light and the solid angle, respectively. Here, it is important to note
that because most dipoles encountered in common experimental settings are not in a
perfect vacuum and the detecting optics do not detect radiation emitted from all angles,
the total power radiated should be obtained by integrating over a solid angle accurately
reflecting the geometry of the sample and detection setup.

Here, it is important to highlight the fact that the process that couples photons to the
vibrational modes of a molecule is inherently governed by quantum mechanics. However,
this process can be reduced to a classical approach where the Raman polarizability car-
ries the quantum mechanical information that ultimately relates wr, and wgr. Using the
classical description, we begin with the excitation source, a monochromatic light beam

oscillating at angular frequency wy, with wavevector ky:

E(r,t) = E(kp,wr) cos(ky, - r — wit) (1.2)

For a specific vibrational mode of energy hw,, the Raman scattered radiation is at a



frequency wgr = wr, — w,. The sinusoidal oscillation of the incident radiation induces a
Raman dipole, pr(wr) which must therefore oscillate at frequency wg. This allows us to

represent the Raman polarizability tensor, dr(wr,wy) for a given vibrational mode as:

Pr(wr) = dr(wr,wy) - E(wr) (1.3)

where &g (wr,,wy) is of critical importance as it helps to define the relationship between
p and E (See appendix A for a detailed explanation of the Raman polarizability tensor).

Here, it is important to point out that the macroscopic electromagnetic fields (i.e. the
fields averaged over a small volume) and the microscopic fields (i.e. the fields localized at
the molecular or atomic level) are two different entities. Microscopic fields are often more
complicated in nature than macroscopic fields and, as they are what is predominantly
felt by the molecule of interest, they are what should be used to describe the Raman
dipole.

The difference between macroscopic and microscopic fields is addressed using the local
field correction, Ly;. Here, the microscopic electric field is related to the macroscopic

electric field using the following relation:

EMicro = (LM)1/4EMacr0 (14)

where (Ly)'/* is expressed as:

ny+2  en+2

L 1/4 _
(apttt = T t2_ o

(1.5)




and nyr and €y are the index of refraction and the permittivity of the embedding medium,
respectively (see Appendix B for a more detailed definition of the origin of Ly;). Com-
bining this with the Raman polarizability tensor, the local field corrected relationship

between p and E can be defined as follows:

pR(wR) = (LM)1/4CA¥R(WL,WV) . E(wL) (16)

This can now be substituted into equation 1.1 to give a differential scattered power in
the 90° configuration (i.e. in the commonly used back-scattering configuration where the

incident and detected beams are along the same direction) as:

dP Rad
ds2

wﬁnM
327m2¢eqc3

(0 =90°) = L2 Eppe? (1.7)

which can be integrated over the relevant solid angle to give the power radiated by the

Raman dipole.

1.3 Introduction to plasmonics

The formal definition of a plasmon is given as “a quantum quasi-particle represent-
ing the elementary excitations, or modes, of the charge density of a plasma” [58]. In
short, this refers to the fact that metals possess a sea of free electrons that are highly
mobile and can, consequently, be driven at a resonance frequency to support highly en-
hanced electromagnetic fields which form the rock upon which surface-enhanced Raman

spectroscopy is based.



A range of plasmons have been identified, corresponding to the multitude of different
media that support them. In the case a perfect infinite thin metallic film, electronic
oscillations can propagate forever across the surface, giving rise to the surface plasmon
polariton (SPP). However, in the case of the nanoparticles used in this thesis, their
small size gives these ripples in the electronic media nowhere to travel. In this particu-
lar situation, small nanoparticles exhibit localized surface plasmon resonances (LSPRs),
corresponding to the oscillatory displacement of the electrons in a metallic nanoparticle
from the heavier ionic core.

The long-wave approximation presents a simple solution that retains key features
of localized plasmon excitations in metal nanoparticles. For example, let us consider a
metallic sphere much smaller than the wavelength of the incident beam and embedded
in a dielectric medium of permittivity ey and solve the problem using the electrostatic
approximation (see section 1.4.3). The complex electric field inside the sphere can be
shown to be constant and proportional to:

3em

Eyn=———EFL 1.
" ew) 4+ 2e " (18)

The important part of this expression is the denominator which, if it were 0, would
result in a divergence in the internal electric field. This is not possible for standard
dielectrics, for which €y is typically between 1 and ~ 10. However, in metals, this
condition can nearly be met if the absorption is small Im(e(w)) < —2 at a wavelength
where Re(e(w)) ~ —2ey. This reduces the problem to a simple assessment of which laser

lines and metals are appropriate for the given measurements, bringing us to the question



of “which metals are good for plasmonics and SERS?”. This can be answered simply
by looking closely at equation 1.8, from which the following conditions are derived: (1)
Re(e) must be negative in the wavelength of interest and (2) Im(e) must simultaneously
be small in the same wavelength range. Taking this information into consideration, this

narrows the number of a truly useful metals for SERS significantly.

0=
P 10 :
— =20 %
2 a
= =
I E Al
40t c
I L I L 01 N
200 400 600 800 1000 1200 200 800
Wavelength [nm] Wavelength [nm]
e ] .
/_'f/A = ___};:: — & Ag (silver)

®— Al (aluminum)
—&— Au (gold)
—¥— Cu (copper)
—— Li {lithiumn)
—C— Pd (palladium)
—— Pt (platinum)

600 800 1000 1200
Wavelength [nm]

Figure 1.2: Overview of the optical properties of a selection of metals in the (extended)
visible range. The real (top) and imaginary (bottom) parts of € are plotted against
wavelength on the left. Also shown (top-right) is the predicted approximate quality
factor @ of the localized surface plasmon resonances for a metal/air nano-particle. The
shaded area is the area of interest to many plasmonic applications. [37]

From the examples in Fig. 1.2, it is clear that Al, Pt and Pd exhibit too much
absorption in the visible range while Al would only be of use in the ultraviolet spectral

region. Au an Cu are seem to exhibit the necessary properties, but only at the higher

10



end of the visible spectrum (~600 nm) while Ag performs best at wavelengths around
~400 nm. Li also exhibits suitable properties, but only in the far infrared region.

In experimental settings, it is clearly necessary to take into account factors such as
cost, durability, toxicity, availability and ease of integration into experiments. For these
reasons, Au and Ag are the most commonly used metals for SERS applications - Au
because it does not readily tarnish or oxidize under normal laboratory conditions and
Ag because of its ability to produce the highest enhancement factors. Due to the fact
that the tarnishing of a Ag substrate [44] would adversely affect the outcome of the
experiments performed in this project, Au was the metal of choice for all experiments
described in this dissertation.

Finally, it is of critical importance to describe the plasmonic interaction that occurs
when two nanoparticles are brought very close together (typically, within the range of
1-5 nm). This effect, termed the gap surface plasmon polariton, is the result of the
interaction of the localized surface plasmon modes of two distinct nanoparticles. This
interaction produces hybridized modes and can create large local enhancements in the
few nanometers of volume between the two nanostructures. This effect, which forms the
basis for SERS in closely spaced nanoparticle pairs, is of critical importance in explaining

the dimer enhancement, which will be described in detail in section 1.5.
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1.4 Introduction to Surface-enhanced Raman Spec-

troscopy (SERS)

Raman scattering is, by nature, an extremely weak process (e.g. only about 1 photon
out of every 107 incident photons is Raman scattered) [37]. However, Raman spectra
typically have narrow, well defined peaks, giving them a “fingerprint-like” quality that
is extremely useful for unambiguously identifying molecules. This, coupled with the fact
that Raman scattering, unlike commonly used fluorescence spectroscopy techniques, is
resistant to photobleaching, renders its continued investigation and application-based
improvement a topic of intense interest.

In 1977, Richard Van Duyne and David Jeanmaire discovered that they could achieve
enormous enhancements of the Raman signal when the target molecules were brought
within the vicinity of an electrochemically roughened silver substrate [25]. This approach,
eventually termed surface-enhanced Raman scattering (SERS), arises from a mutual res-
onance between the locally large Raman electromagnetic fields and a molecule/molecules
brought into close proximity of this enhanced area and has been found to produce en-
hancement factors anywhere from 10° to 10'° — 10!, depending on the experimental
conditions.

In essence, the success of this particular experiment was auspicious. The SERS en-
hancement, which will be described in detail in the following subsection, is sensitive to a
gamut of electromagnetic, chemical and morphological factors which must be considered

in future experiments if the effect is to be well understood, controlled, and effectively
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used in practical applications.

1.4.1 Definition of the SERS enhancement factors

In order to adequately preface the definition of the SERS enhancements factors (EFs),
it is necessary to state the factors currently known to have a significant effect on the
strength of the total enhancement. The SERS process (and, therefore, the enhancement

factor) depends on the ability to control specific factors, including:

e Characteristics of the laser excitation. In particular, this includes the wavelength,
intensity, angle of incidence and polarization of the incident beam with respect to

the substrate.

e Detection setup. Specifically, this refers to the scattering configuration (e.g. backscat-

tering geometry), solid angle for collection and polarized /unpolarized detection.

e SERS substrate. Of importance here is the material used, the refractive index, nyy,
of the medium in which it is embedded, the orientation of the substrate with respect
to the polarization of incident light, and whether the substrate is a planar surface

(2-D) or in solution (3-D).

e [ntrinsic properties of the analyte. Specifically, the Raman cross-section (i.e. the

ability to inelastically scatter photons) of the molecule to be probed.

o Analyte adsorption properties, in particular, the ability of a large quantity of the

target molecule to be brought into close proximity of the enhanced area of the
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substrate will invariably increase the Raman signal for a given experiment. The
orientation of the molecules with respect to the surface is also important, as the
tendency towards fixed or random orientations influences surface selection rules that
can drastically modify the total Raman enhancement. Finally, if the molecule is
capable of being chemically adsorbed, the subsequent modification of the molecule
forms the basis for the chemical contribution to the enhancement (described in

detail in section 1.4.5).

Clearly, it is not possible to meet or control all of these criteria simultaneously in
an experimental setting nor it is always necessary to do so. It is important, however,
to note that the sheer sensitivity of the SERS EF to the parameters listed above make
the local field enhancement strongly dependent on the exact position of the molecule
with respect to the surface. As a result, the SERS EF for typical SERS substrates are
highly non-uniform. Thus, it is necessary to be careful in the crafting as well as the
application of a mathematical definition of the SERS EF to experiments conducted in
the lab. For this reason, two types of SERS enhancement factors have been defined,
each of which is specifically designed to adequately assess the two main EF's of current
scientific interest: the surface-averaged EF of a substrate and the single-molecule EF at
a specific position on a substrate. All experimental assessments of the SERS EF in the
experiments described in this dissertation fall into the category of “surface-averaged”, so
a formal definition of the surface-averaged SERS EF (SSEF) is provided in the following

sections.
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The chemical enhancement

Although it is generally believed that electromagnetic effects are responsible for the
bulk of the enhancements in SERS, the existence of an additional mechanism termed
the ‘chemical enhancement’ is also believed to play a role in boosting the Raman signal.
Unfortunately, the exact definition of what the chemical enhancement is exactly has long
been a matter of debate. Not only has it proven difficult to measure experimentally but
also:

“... the magnitude of this effect rarely exceeds a factor or ~10, and is best thought to
arise from the modification of the Raman polarizability tensor of the adsorbate, resulting
from the formation of a complex between the adsorbate and the metal. Rather than an
enhancement mechanism, the chemical effect is more logically to be regarded as a change
in the nature and identity of the adsorbate.” [46]

Taking this view, one arrives at the position that the ‘chemical enhancement’ corre-
sponds to the modification of the Raman polarizability of a molecule when it is adsorbed
onto a metallic surface. A detailed discussion of this effect can be found in Ref [46].
However, since the effect is generally very small, only a short overview of the charge
transfer mechanism - the most studied mechanism for the chemical enhancement - will
be included here.

The charge transfer mechanism, in short, is based on the idea that the interaction
between metallic surfaces and the electrons in molecules can force the molecules into a
state that has a higher Raman cross section. There are two main ways this is believed

to occur [55, 73]:
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e Situation 1 describes the most simple of situations in which the molecule does
not bond covalently with the metallic surface. In this case, the proximity of the
metal serves to perturb the electronic structure of the molecule, thereby modifying
the polarizability in a way that could potentially increase the Raman efficiency
of a particular mode. It is important to note here, however, that this effect does
not always improve the Raman signal. As it merely interferes with the natural
electronic structure of the molecule, it has just as much potential to quench the

signal as it does to enhance it.

e Situation 2 involves the covalent bonding of the analyte to the surface of the metal.
The binding of the molecule to the metal has a direct and often significant effect on
the intrinsic polarizability of the molecule. Polarizability depends explicitly on the
availability of certain optical transitions which can be provided (indirectly) by the
overlapping of molecular orbitals. Furthermore, it is also possible that the surface
complex can create a new electronic state that is close to or actually in resonance
with excitation source. In the latter case, the chemical enhancement is actually a

resonant-Raman enhancement.

In essence, while there is little debate that the chemical enhancement plays a role
in total SERS enhancement, the effect is still poorly understood and its contributions
are, thus, difficult to determine. Furthermore, because it has been well established that
the electromagnetic enhancement is the dominant portion of the total SERS enhance-
ment factor, this will become the effect focused on in all experiments described in this

dissertation.
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Surface-averaged SERS Enhancement Factor (SSEF)

For large areas involving a large number of molecules adsorbed to the substrate, it
makes sense to define an average SERS EF (also known as the SERS substrate enhance-
ment factor or SSEF) for the entire area measured. For this, this following relation can

be used:

Isgrs/ Nt

SSEF =
[RS/NVOI

(1.9)

where Ny, = crsV is the average number of molecules in the scattering volume, V', for
analyte concentration cgrg in the Raman (not SERS) measurement, producing Raman
signal intensity Irs. Nswr is the average number of adsorbed molecules in an identical
scattering volume for SERS experiments, producing Raman signal intensity Isgrs. In
essence, this ratio is simply an average over all possible molecular orientations, providing
a means of circumventing the non-uniformity problem for SERS measurements of an
analyte monolayer. This expression has been well established [6] and is usually considered

to be the best estimate of the average SERS EF over the surface of a given substrate.

1.4.2 Overview of the main EM effects in SERS
Local field enhancement

As mentioned back in section 1.2.2 in the explanation of the classical approach to
the Raman process, the macro- and microscopic electromagnetic fields are not usually

the same. In the case of SERS, the electromagnetic fields are strongly modified in the
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vicinity of metallic objects. Effectively, this means that the local electric field (Ep,.) at
a molecule can be completely different in strength as well as orientation to that of the
incident beam (Ep,.). This is relevant to SERS in the sense that |Ep..| on a metallic
surface can be much larger than |Ep,.|, especially in specific localized positions referred
to as ‘hot spots’. The local field induces a Raman dipole pr = arEpoc(wr,) which is
subsequently enhanced by a factor of |Epee(wr)|/|Eme|. If this induced Raman dipole
were to radiate in free space, the amount of energy radiated would be enhanced by a
factor of:
_ ’ELOC(WL)P

Mpoc(wr,) = W (1.10)

which is referred to as the local field intensity enhancement factor.

Radiation enhancement

In a typical SERS configuration, the Raman dipole radiates in close proximity to
a metal. These radiated fields are strongly affected by the metal in a manner almost
identical to that of the excitation field. The substrate onto which the molecule is absorbed

affects the total power radiated predominantly in the two following ways:

e Clearly, the presence of the substrate affects the radiation pattern of the power
emitted into the far field (i.e. dPgraq/dS2) through the simple act of “being in the
way” . For example, the presence of a flat metallic surface close to a radiating dipole
has the capacity to block half of the power that would otherwise be emitted into

the far field by a dipole in free space.
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e The total radiated power (i.e Praq) by a dipole can be largely quenched or, equiv-
alently, boosted compared to that of the same dipole in free space, F,, as a result
of the presence of the metallic substrate. Specifically, this means that, for a given
fixed oscillating dipole of amplitude F,, more or less energy will be extracted from
this dipole depending on the electromagnetic environment. Here, it is important
to make note of two important points: (1) This effect is the result of the emission
process itself being directly affected by the metallic environment. More impor-
tantly, it does not mean (and it is wrong to think) that the molecule is radiating
into free space and the emitted field is subsequently being enhanced by the local
electromagnetic environment, as the origin of SERS is so often simplified. (2) This
process does not contradict energy conservation since an external source of energy

(i.e. the laser beam) is present to maintain the amplitude of the dipole.

Taking the aforementioned information into consideration, the radiation enhancement

factor can therefore be defined as Mga.q = Praa/Fo-

1.4.3 The common |E|!-approximation to SERS enhancements

In the event that only two main mechanisms of enhancement (namely, the local and
radiative field enhancements) are considered, the SERS EF can be simplified to the
following expression:

- ’ELOC(WL”2 ’ELOC(WR”2

EFsprs ~ B2 | Enc]? (1.11)
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This expression provides and fairly simple way estimating the SERS EF if the local
field and Raman frequencies are known. Moreover, in many cases, the Raman shift is
small, allowing for the further approximation that wg ~ wy,. This produces the famous

zero-Stokes shift |E|*-approzimation, which is expressed as:

|ELoc(wL)|4

1.12
|EInc|4 ( )

EFsprs =

The above equation is commonly considered to be one of the more important equations
in SERS research and is the approximation that is applied to all experimental sections

of this dissertation.

Calculation of the SERS EF under typical experimental conditions

One of the problems that has plagued the advancement of SERS-related research
on the experimental front is the gulf that exists between theoretical models and actual
samples created in the laboratory. The SERS EF, as will be explained in greater detail in
the following sections of this dissertation, is very sensitive to minute morphological factors
at hot spots. This leads to highly non-uniform results and, perhaps more importantly,
irreproducible EFs across the area of a single sample. Consequently, it is important to
realize that although the formal description of the SERS EF is entirely consistent, it does
not account for small irregularities in substrate shape, roughness, molecular orientation,
packing density, etc. that are responsible for wide variations in the enhancement. For this
reason, one must be careful when applying these equations in the calculation of ‘real life’

SERS EFs. Not only must researchers be cognizant of what these equations represent,
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they must also be aware of the limitations of their knowledge regarding their sample. As
such, if a uniform enhancement is desired over a large-area sample , the researcher must
devise a way to control all parameters to which the SERS EF is sensitive (a feat that
has yet to be realized due to the limitations of current fabrication techniques). Likewise,
if the dependence of the SERS EF on a specific parameter is desired, the researcher
must devise a way to hold all other parameters (save the one to be measured) constant.
With regard to the dependence of the SERS EF on interparticle distance, this has been
accomplished for metal nanoparticle dimers and a full description of this experiment is

provided in chapter 5.

1.5 Metallic colloids and dimers

As previously mentioned, the surface roughness of the substrate plays a key factor
in the ability to create ‘hot spots’ with large SERS EFs. Although researchers have
discovered many nanoscale textured metallic surfaces capable of producing strong elec-
tromagnetic fields that give rise to SERS enhancements, metallic colloids and aggregates
of such materials to some degree spell out the future of the development of many surface-
enhanced techniques. Specifically, metallic colloids have provided an effective means of
measuring the SERS EF of analytes in solution and, perhaps more importantly, 2-D
aggregates of these colloids on the surface of a substrate have produced hot spots (irre-
producibly, of course) exhibiting enhancement factors of 10'° or more, as quoted in the

literature [43].
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As mentioned in section 1.3, Au and Ag are the most commonly used metals in SERS
experiments. Aside from beneficial properties of the bulk material from which they are
made (see section 1.3), gold and silver colloids are also easily produced by well established
reduction reactions. Gold colloids, in particular, are easily stabilized over a long period
of time and the chemistry of molecular binding to gold (using thiol groups, for example)
is well understood, lending to their widespread commercial availability and use. Citrate

reduced colloids remain among the most widely used and are produced using the following

method [50].

e 240 mg of HAuCly is dissolved in 500 mL of distilled H,O and brought to a boil.

e A solution of 1% sodium citrate (50 mL) is added during the boiling,.

e The solution is left to boil for ~ 1 h (with reflux), and subsequently cooled to room

temperature.

Although aggregates of random numbers, sizes [35] and shapes|20] of nanoparticles have
been studied and large enhancement factors reported [33, 86, 51], the dimer has persis-
tently been shown to be an efficient SERS configuration. Along with the added benefit
of being the most simple of all nanocluster configurations, it is this morphology upon
which all of the experiments described in this dissertation are based.

Spherical nanoparticle dimers, in particular, possess a geometry that is particularly
easy to theoretically model using the Generalized Mie theory (GMT) technique and the
hottest ‘hot spots’ are always located in the interstices found directly between nanopar-

ticle pairs. This fact, coupled with the ease at which these dimers can be experimentally
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fabricated make the dimer a promising and potentially useful means of exploring the
SERS phenomenon. For these reasons, the metal nanoparticle dimer has been the struc-

ture of choice for all experiments described henceforth.

23



Chapter 2

Experimental Techniques

There are children playing in the streets who could solve some of my top problems in

physics, because they have modes of sensory perception that I lost long ago.
-J. Robert Oppenheimer

The purpose of this section is to provide an overview of all of the experimental tech-
niques used in the work described in chapters 3-5 and is targeted at the reader who may
be unfamiliar with some or all of these tools. For this expert reader, this chapter can be

skipped altogether or simply referred back to on an as-needed basis.

2.1 Focused ion beam patterning

The focused ion beam (FIB), is an instrument commonly used in fields that require
site-specific ablation and deposition at the micro- and nano- scale. Essentially, the FIB
is a milling machine capable of ultra-fine precision, with many of the current models
being capable of writing/milling features 15 nm or below. Most FIBs rely on a liquid-

metal ion source (LMIS), generally gallium, which is placed onto a tungsten needle and



heated to its melting point. When the Ga melts, it wets the tungsten needle, creating
an enormous electric field that both ionizes and accelerates the Ga ions away from the
source. The ions are then accelerated through a potential difference of approximately
5-50 keV and focused into a beam by electrostatic lenses. When applied to a substrate,
these high momentum ions literally knock atoms out of the substrate, enabling the precise
patterning of substrates various made from a range of materials [34].

Most modern FIB systems also employ gas assisted etching through the chemisorption
of reactive gasses on the substrate. One gas commonly used for this purpose is carbon
tetrafluoride (CFy). It is injected very near the area being sputtered and adsorbs onto
atoms to be removed. This process of adsorption makes the substrate atoms volatile and

force them to evaporate from the surface in a controlled manner.

2.2 High-throughput templating using PRINT

2.2.1 Nanoimprint Lithography (NIL)

Although many methods to recreate nanopatterns have surfaced over the years nanoim-
print lithography (NIL) is special in is ability to rapidly create patterns over large surface
areas in a reproducible fashion for a wide variety of materials. Generally, this technique
is characterized by the use of a soft, elastomeric mold, typically poly(dimethylsiloxane)
(PDMS), to either emboss or extrude structures on the nanometer or micrometer length
scale [14, 77, 80, 79]. The relief pattern in the mold is generated by depositing a thin

film of uncured PDMS onto a pre-patterned master (typically a silicon wafer), curing the
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sputtering momentum Ga ions
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Figure 2.1: Schematic diagram of the FIB etching process. Inset: Example of the UNC
logo etched into an SiO, substrate. Scale bar is 2 pm.
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PDMS, then removing it to form a solid mold (Fig. 2.2). This mold is then brought
into contact with the material to be patterned (e.g. photoresist, thermoplastic polymer,
reactive monomer, etc.) and pressure is applied followed by the appropriate cure step.
PDMS is a commonly used mold material based on its relatively low modulus and low
surface energy which allow for a conformal contact and relatively easy release from the
surface of the master and the patterned material. Furthermore, PDMS is transparent to

UV light, making photocuring possible, if so desired /needed.

a b

. . : Oxide and silanize surface
l fabricate and silanize master Fluoroalkylsilane layer l of PDMS mold

f

S %SIOZ,Sia N,,metals,
X photoreS|sts, or wax Place mold on hotplate /
mel

Place mold on hotplate
(120 °C), cast melted polymer
at the end, apply vacuum

(120 °C), cast melted polymer
on the top, apply pressure

e

(0 TM™) (Vacuum-MIMIC)
Cure (200 °C), cool, and peel
Preceramic polymer | off or dissolve PDMS with TBAF

Pyrolyze at 1050 °C
under argon

e

\ pour PDMS prepolymer over master

l cure, peel off PDMS

PDMS [ SiBNC micmslmclurel

h
~ e Hdi= e m =

Figure 2.2: Schematic illustration of (a) the procedure for casting PDMS molds from a
master having relief structures on its surface[80] and (b) procedures for fabrication of
replica patterns using PDMS molds [89]

2.2.2 Pattern Replication in Non-wetting Templates (PRINT)

As mentioned above, PDMS has traditionally been used as a mold material for soft
lithography. However, other elastomers have also been employed. Omne very special

variety of elastomer that is used is perfluoropolyether (PFPE) and involves a technique
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termed Pattern Replication in Non-wetting Template (PRINT). Developments involving
this technique have been successful across a broad range of applications as it enables the
fabrication of monodisperse particles and arrays of particles with simultaneous control
over shape, size, composition and function [9, 42, 66, 17].

In Fig. 2.3, the capability of the PRINT process to create both isolated features as
well as embossed films is illustrated. PFPEs belong to a versatile class of fluorinated
polymers that have a number of advantageous properties: i) the PFPE liquid precursor
has a very low interfacial tension, allowing features in a master too small to be replicated
with a PDMS mold to be replicated.; ii) the PFPE precursor can be photochemically
cured at room temperature to make a mold of the surface it has spread across; iii) once
cured, the cross-linked, elastomeric PFPE material has a very low surface energy (8 -
10 dynes/cm) so can it be removed from the surface of the master without fouling it
(a common problem with PDMS molds which limits the lifetime of expensive silicon
masters). Furthermore, this technique can be expanded to large scale rollers, conveyer
belt technology, or rapid stamping that allows for surface replication on the industrial

scale.

2.3 Capillary force deposition

Capillary force deposition is a powerful technique that utilizes the forces associated
with the meniscus of a solvent to assemble particles on a surface. Although many vari-

ants of this technique have been developed and successfully applied to problems in self-
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Isolated Features Embossed Film

Figure 2.3: Schematic diagram of both isolated feature creation and film embossing. To
create isolated features, a PFPE mold (b) is made of the features in a hard master (a).
The polymer to be patterned is inserted into the mold (c¢;) and a backing is applied (d;)
to support the particles. After curing, the mold is then peeled of yield a large-area array
of identical polymer features. To create an embossed film, the polymer to be pattered
in spread onto a support substrate (cg). The PFPE mold is then applied to the surface,
causing the polymer to wick up into the patterned area (dz). After curing, the PFPE
mold is peeled off, leaving an embossed film on a thin layer of residual polymer (“scum”)
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Figure 2.4: Schematic illustration of the mechanism of colloidal self-assembly in the
vertical deposition technique in the case of 2D single layer colloidal arrays [8].

assembly [67, 7, 88, 81], the technique used in the experiments described in this disserta-
tion involve an aqueous colloid suspended on a vertically oriented substrate. Deposition
of the particles is a two part process. First, particles suspended in the colloid are di-
rected to the three-phase contact line (i.e. the spot where the meniscus is pinned to the
substrate) through a process termed particle convective flow. Particle convective flow is
a process that occurs as a result of drag forces of the solvent moving in to replace the
solvent that evaporated at the three-phase contact line and, most importantly, results in
the flocculation of particles at this point. When the fluid level around the particle be-
comes comparable to the nanoparticle height, the solvent surface begins to deform. This
deformation in conjunction with the natural surface tension of the liquid form the basis

for the attractive interaction (i.e. the lateral capillary force) which ultimately draws the
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nanoparticles together [49, 8.

In the most simple application of this technique, capillary force deposition can be
used to deposit close-packed mono- and multilayers of particles onto a surface. However,
if specific particle position is desired, this technique can be used on lithographically
patterned templates which serve to control both the spacing and shape of the resultant
nanoparticle aggregates. This technique was pioneered by Younan Xia [81, 88] who
deposited sub-micron polystyrene beads into lithographically patterned glass (Fig. 2.5).
This technique was later extended down to sub-100 nm nanostructures by Yi Cui et al.
[7] who succeeded in patterning defect-free 50 nm and 60 nm metal nanoparticles on

areas over 1000 pm?.

Figure 2.5: SEM micrographs of several typical examples of the self-assembled clusters:
Single-layered units that include a) dimers; b) trimers; ¢) squares; and d) pentagons [88].
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Here, it is important to point out that both Xia and Cui recognized the importance
of the smoothness and wettability of substrate. In the case of thin film deposition, the
a roughened and/or dirty surface interferes with the pinning of the meniscus. This fact
becomes even more important when a lithographically patterned template is used in
conjunction with small (e.g. < 60 nm particles). In this case, the capillary force F.
needs point in a specific angle to effectively direct the nanoparticles into the holes. In
the experiments conducted by Cui et al., it was discovered that optimum results could be
achieved if the contact angle the solvent made with the substrate was between 10-30° [7].
These conditions can be achieved through the selection of compatible solvent /substrate

material pairs, silane monolayer deposition, and keeping the substrate clean.

Evaporation

t

+

Figure 2.6: Schematic illustrating the capillary force (F:.) assembly mechanism at the
vapor-suspension-substrate three-phase contact line (inset) Movement of the three-phase
contact line is driven by evaporation by heating the solution to ~ 60° C [7]
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2.4 Reporter molecule functionalization of gold nanopar-

ticles

2.4.1 Benzenethiol

In the testing of SERS-active structures, it is common practice to attach a probe/reporter
molecule to the area of interest in order to gauge the strength of the enhancement factor.
Usually, the molecules used for this purpose have high Raman cross-sections as it eases
difficulties in achieving Raman signals with a high signal-to-noise ratio. Benzenethiol
(also known as thiophenol or CgH5SH) is an organosulfur compound that is commonly
used for this purpose. Thiophenol is the simplest of all of the aromatic thiols, which are

characterized by sulthydryl (-SH) end group and an aromatic ring.

SH

J

Figure 2.7: Two commonly used schematic representations of the benzenethiol molecule.
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2.4.2 Solution-based functionalization of Au surfaces through
capping agent-displacement

The benzenethiol molecule has a high affinity for gold due to the presence of sulfur
in its end group. As such, it tends to displace other capping agents when it is adsorbed
onto a gold surface and, afterwards, is not easily removed. This allows for the formation
of self-assembled molecular monolayers of the reporter molecule that are both robust and
in close contact with the gold surface (all important properties for creating large Raman
signals as described in section 1.4.1).

Benzenethiol can be applied to a gold surface using either vapor or solution-based
techniques. In all experiments performed in this research, a solution-based deposition
was performed on account of the volatility and high toxicity of the thiol class of molecules.

Solution-based depositions were carried out as follows.

e A dilute (01.-1 mM) ethanolic solution of benzenethiol was prepared by pipetting
99% pure benzenethiol (Acros Organics) into pure ethanol (Fisher Scientific) in
a fume hood. The solution was agitated by hand for 60 seconds to ensure good

mixing.

e Gold substrates to be functionalized were cleaned by rinsing in ethanol for 60

seconds and then blown dry with Ns.

e Gold substrates were immersed in the prepared benzenethiol solution. The con-

tainer was immediately sealed and left at room temperature for 12-24 hours.
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e After functionalization, excess benzenethiol was removed by rinsing the substrate
with ethanol for 60 seconds followed by deionized water for 60 seconds. The sub-

strate was then blown dry with No.

Here, it is important to note that the nanoparticles used in the experiments described
in this dissertation ranged from 50-200 nm in diameter and the capping agent to be
removed was always trisodium citrate (NagCgH;O7). In case of smaller/larger nanopar-
ticles and/or the presence of a different capping agent, the time and concentration of the

thiophenol solution would have to be adjusted accordingly.

2.5 Electrochemical fabrication of nanorods

All Au-Ag-Au heterogeneous nanorods used in the experiments described in this dis-
sertation were grown using a templated nanowire deposition. Briefly, this technique
involves the use of a sacrificial anodic aluminum oxide (AAO) template to confine one di-
mension of the nanorods (the diameter) while the other dimension (the length) is variable

and determined by the nanorod growth/electrochemical deposition time [52, 70].

2.5.1 DMaterials and instrumentation

A commercial potentiostat (PST050, Radiometer Analytical) was used to chemically
migrate metal ions into a template with a Pt counter electrode and a Ag/AgCl reference
electrode. Au plating solution (Orotemp 24) and Ag plating solution (Silver 1025) were

obtained from Technic, Inc. NaOH, ethanol, HNOj3 and high purity aluminum foil were
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all obtained from Fisher Scientific. 200 nm anodic alumina oxide (AAO) membranes

were obtained from Whatman, Inc.

2.5.2 Method

The preparation of the AAO templates used for the electrochemical deposition of
metals begins with the thermal evaporation of a ~ 500 nm-thick Ag layer on one side
of the template. This layer has two purposes: (1) to physically seal up the pores to
prevent the plating solution from leaking through the templates during electrochemical
deposition and, (2) to provide a means of electrical contact between the template and
the electrode when it is placed in the electrochemical cell. For the templates used in this
research, a special metal holder with holes slightly larger than the templates themselves
(13 nm diameter) except for a small segment at the bottom with dimensions 12 nm in
diameter was used to suspend the templates in the evaporation chamber. This holder
was then suspended at an angle (to ensure that the pores were completely sealed). Ag
was then evaporated at a rate of 5-50 nm/s until a thickness of 500 nm was reached.
After removal from the evaporation chamber, the templates were used within a few days,
as the tarnishing of Ag interferes with the electrodeposition process.

Here it is important to note that the Ag layer on all templates used in these experi-
ments was evaporated onto the “shiny” side of the template. This side is referred to as
the “branched” side due to the fact that the pores here do not typically run parallel to
one another, but rather diverge like the branches of a tree. By evaporating Ag onto this

side, the electrochemical deposition of metals is facilitated as it avoids the necessity of
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accounting for branching during the process.

The prepared AAO templates were then placed into an electrochemical cell with the
thermally-evaporated layer facing the working electrode. The cell was then assembled and
filled with Ag plating solution. The Ag layer deposited here is used as a sacrificial layer
because the bottoms of the AAO pores are not parallel and exhibit significant branching.
Deposition was performed using the chrono coulometry method in the Voltlab software.
The initial deposition was performed at —1 V and was allowed to proceed until —2 C
of charge was passed through the cell based on the integration of current versus time
(automatically performed by the software). This step is typically completed within 10
minutes, after which the cell is rinsed with distilled water 3 times before depositing the
next layer of metal using the same method with the number of coulombs deposited being
modified as needed to produce the desired segment length.

Upon completion of the nanowire deposition, the Ag deposited in and on the AAQO is
removed by submerging the AAO into a diluted solution of nitric acid in order to remove
the thermally-evaporated and electrochemically-deposited Ag, and is then rinsed with
distilled water to stop the etching process. The nanowires are then released from their
template by immersing the AAO in a 0.05 M solution of NaOH and are left overnight
until the AAQO is completely dissolved, producing free nanowires. Particulate matter
resulting from the dissolution of the AAO was removed by washing the nanowires 3

times in ethanol via centrifugation for 20 seconds at 8000 rpm.
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2.6 Numerical techniques

One of the main goals of this dissertation is to address the difficulty in reconciling
experimental results with theoretical predictions. As such, all of the experimental results
presented in the following chapters are compared with numerical simulations based on
classical electromagnetic theory. The following is a brief overview of the three distinct

numerical techniques used for data analysis.

2.6.1 Mie theory and Generalized Mie theory (GMT)

As described in the overview of the SERS enhancement, the electromagnetic enhance-
ment provides, by far, the greatest contribution to the effect. Furthermore, classical
theory provides a quantitative understanding of most characteristics of SERS, including
variation with respect to enhancement wavelength, polarization, nanostructure morphol-
ogy and the type of metal the SERS-active substrate is made from. Unfortunately,
realistic estimates of SERS EFs arising from a nanoparticle of arbitrary shape are, in
general, not straightforward and invariably require approximations. However, in the case
of spherical nanoparticles, the Mie approach utilizes the fact that the field equations can
be expressed analytically as infinite sums of vector spherical harmonics [45]. Although
these analytical expressions are very complicated, they provide an exact solution for the
near fields at the surface of the particle which then be used to solve for quantities such
as extinction cross-sections and enhancement factors. Although mathematically compli-
cated, Mie theory is widely accepted as a powerful technique that can be used to model

fields in and around nanospheres as well as to check the validity of approximations made
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in simulations using other numerical techniques.

Generalized Mie theory (GMT) is the natural extension of Mie theory to an arbi-
trary number of spheres. Because the largest local field enhancements in nanoparticle
aggregates typically arise from gap-plasmon resonances, GMT provides a means of ac-
curately estimating SERS EFs in a more complicated system. Because it is so complex,
the application of GMT to problems in SERS has been limited. Nevertheless, it has
played an important role in understanding the SERS enhancement that occurs at the
interparticle gap between two closely spaced nanospheres (i.e. the nanosphere dimer)
[15, 86, 38, 87, 28]. The GMT code used for all calculations described in this disser-
tation was written by Hongxing Xu of the Chinese Academy of Sciences in Beijing and
carried out by students in his research group. A detailed description of this equations

and implementation of this code can be found in reference [83].

2.6.2 The Finite-difference Time-domain (FDTD) method

In the FDTD approach, space and time are divided discretely. The volume making
up the object of interest is segmented into cubical cells that are smaller than the wave-
length of the excitation source. These segments, called “Yee cells”, contain the relevant
electromagnetic fields (Fig. 2.8). Time is quantized into small steps which, for each
segment, represent the time required for the field to travel across a single cell. Because
magnetic and electric fields are spatially offset, they are calculated using what is termed
a “leapfrog” scheme where the two fields are alternately calculated as the field moves

from one Yee cell to the next. In essence, the idea behind FDTD is to create the closest
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morphological approximation as possible to the object of interest using boxes, then solve
Maxwell’s equations inside each box to deduce the fields everywhere. It is this simplicity
that defines FDTD’s appeal - it is intuitive and simple enough even to be used in a

spreadsheet editor such as Microsoft Excel.

Figure 2.8: The Yee cell with labeled field components.

While the application of FDTD is fairly straightforward in the case of rectangular
geometries, modeling the curved surface of spheres requires more careful consideration.
Because an array of cubes can only approrimate a curved surface, it is important that
the size of the boxes (i.e. “mesh” size) be small enough to obtain results that converge.
However, because the time it takes to run a simulation scales with the cube of the number
of cells, one cannot refine a mesh indiscriminately. In case of curved surfaces (as with
the dimers studied in this research), factors such as placing mesh override regions in
key areas were key to obtaining converging solutions in a timely manner [36, 90, 37]. All
FDTD results that appear in this dissertation were carried out using the FDTD Solutions

software package (Lumerical Solutions, Inc.)
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2.6.3 The Finite Element Method (FEM)

The mathematics of the Finite Element Method (FEM) approach are more compli-
cated than they are for FDTD but, in essence, FEM is used to find approzimate solutions
to partial differential equations and integral equations that describe a specific process.
This is done by creating equations that approximate the equations to be studied (in this
case, Maxwell’s equations) in such a way that is numerically stable (i.e. the results of
intermediate calculations don’t generate large numbers of errors that would affect the
validity of the resulting output) [27].

The meshing techniques for FEM are different from FDTD’s in that a “web” of
tetrahedrons is used to simulate an object’s volume. This approach is much more versatile
than the the cubic volume approach and was implemented for experiments involving
non-spherical dimers in this dissertation. All FEM simulations were performed using the

COMSOL Multiphysics RF module.
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Chapter 3

High-throughput Gold Dimer
Fabrication Using Capillary Force
Deposition

We are at the very beginning of time for the human race. It is not unreasonable that
we grapple with problems. But there are tens of thousands of years in the future. Our
responsibility is to do what we can, learn what we can, improve the solutions, and pass

them on.

-Richard P. Feynman

3.1 Introduction

As discussed in detail in the introductory section, the discovery of SERS provided an
avenue around the intrinsic signal strength problems associated with Raman spectroscopy
and has prompted a renewed interest in the technique for a broad range of applications,
especially in the area of trace-level analyte detection. However, irreproducible EF's arising

from the extreme sensitivity of the SERS process to nanocluster morphology, wavelength



and polarization of excitation source, and, perhaps above all, the interparticle spacing
and resultant plasmon coupling [26, 20, 31, 72, 13, 11, 18, 85, 19, 62] has severely
limited progress towards Raman detection of very dilute analytes. Although theoretical
studies have been carried in attempt to understand these effects, here have been few
successful attempts to tease out these behaviors from real nanoscopic features since a
reliable method for the timely fabrication and systematic testing of these features remains
elusive. Advances in electron and ion beam lithography have made it possible to control
the morphology and location of particles down to a few nanometers, but such precision
is still insufficient to test these effects. On the other hand, other groups have succeeded
in linking gold nanoparticles in a controlled manner to create small clusters with known
interparticle spacing [68, 5] but the process is low throughput and, more importantly,
produces random cluster orientations that obscure the results of the characterization.
In this portion of this dissertation, theoretical predictions regarding the SERS en-
hancement are addressed experimentally by making measurements of the enhancement
factors produced by clusters of a specific size and morphology. Recognizing that the key
to characterization of this effect lies in the ability to produce large quantities of nearly
identical clusters, this problem was approached using a technique that deftly exploits
the advantages of parallel fabrication. Metal nanoparticles were directed to form large,
ordered arrays of only dimers with controlled size, orientation, and placement with re-
spect to fiducial patterns. Here, the degree of dependence of the SERS enhancement
factor on different parameters was possible. Specifically, a 10° enhancement factor was

measured for two closely spaced 60-nm gold nanospheres with a marked sensitivity to
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the polarization angle with respect to the dimer axis.

3.2 Methodology

3.2.1 Generalized Mie theory simulations

A strong polarization dependence is the clearest indication of an active hot spot.
This is rooted in the fact that when metal nanoparticles are brought close together and
illuminated with light of the correct wavelength, the resulting plasmon dipole modes can
couple via near-field interaction. This coupling gives rise to SERS enhancements which
peak in the hot spot when the excitation source is polarized parallel to the dimer axis
and, likewise, reach a minimum when the polarization is rotated 90°. To illustrate this,
generalized Mie theory simulations [39, 82, 65] were carried out using a program devel-
oped by Hongxing Xu [83] for the electromagnetic enhancement in the area immediately
around two gold nanoparticles. As mentioned in section 1.3.3, the Raman enhancement
can rigorously be shown to be proportional to the product of the squares of the field
enhancement factors at the incident and Raman frequencies G = | f(wr,)|?|f(wr)|?. Pro-
vided that |wg — wy| is smaller than the spectral response of the metal nanostructure,
the Raman scattering enhancement scales roughly with the fourth power of the electric

field enhancement:

Gr) o e (3.1)
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Since the molecular species to be detected could be located anywhere close to the metal

surface, the Raman enhancement factor must be averaged over the entire cluster surface:

1 2
(G(r)) = ST Z / G(r)do (3.2)

where R is the metal nanoparticle radius and the sum is carried out to two to account
for the individual spheres that make up the dimer.

Our simulation comprises two nanospheres 60 nm in diameter separated by an in-
terstitial gap ranging from 0.75 to 4 nm. In the case of parallel polarization, the total
Raman enhancement is shown to be strongly dependent on the separation of the particles
and the excitation wavelength (Fig. 3.1(a)): enhancements blue shift and decrease at a
staggering rate of approximately one order of magnitude per nanometer of separation.
Conversely, the total Raman enhancement factor is shown to drop off dramatically as
the polarization angle with the dimer axis increases, bottoming out at levels analogous
to that of an uncoupled nanoparticle (Fig. 3.1(b)). For the dimer, this polarization
sensitivity is a crucial characteristic of the hot spot since this relationship weakens with

increasing interparticle gap.

3.2.2 Array fabrication

A combination of chemical and physical methods to control different length scales has
enabled us to experimentally confront the simulation predictions. Nanolithography tools

are used to make a template to control scales in the 100-nm range, while molecular spacers
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Figure 3.1: (a) Results of GMT simulations of the surface-averaged Raman enhancement
over the surface of two 60-nm gold spheres over a range of spacings. Projected Raman
enhancement would go roughly as the square of the field intensity. (b) Raman enhance-
ment factor as a function of incident polarization for two 60-nm gold spheres separated
by 1.5 nm and illuminated with light of wavelength A = 632.8 nm. The refractive index
for the surrounding medium in both calculations is set at n = 1.5.

are used to modify and hold the spacing between nanoparticles. The process presented

here serves to create localized dimers as well as place them in large-scale arrays.

Template fabrication using PRINT

Large-scale nanoparticle placement is facilitated by the use of a grid of nanoholes in
a silicon substrate. This structure is fabricated by applying current advances in low-
cost/large-area PRINT technique described in section 3.2. To create the templates used
in this experiment, a silicon wafer with a 300 nm-thick film of SiOy was used. A 100-
nm thick film of poly(lactic-co-glycolic acid) (PLGA) was deposited on the wafer by
spincasting a 2 wt % solution of PLGA in acetone at 2000 rpm for 60 sec. A liquid

PFPE precursor solution comprising 4.0 kg/mol PFPE «,Q-functionalized dimethacrylate
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and the photoinitiator 2,2-diethoxyacetophenone (0.1 weight %) was poured over a 200
nm by 600 nm cylindrically patterned master template. The liquid precursor was then
crosslinked using UV photoirradiation (A = 365 nm) for 3 min under a constant nitrogen
purge. The fully cured PFPE-DMA elastomeric mold was then released from the master
template. A hot plate was set to 90°C and the Si wafer with PLGA film was heated for 1
min before use. The PFPE mold was then thermally laminated to the PLGA-coated Si
wafer using a heated laminator set at 19 V for heat and 9.5 V for speed. The lamination
step was repeated two more times, without removing the mold from the Si wafer, to
ensure efficient pattern transfer. After cooling to room temperature, the PFPE mold
was rapidly but steadily peeled away from the Si wafer, leaving a patterned array of
PLGA posts on the surface (Fig. 3.2(a)).

The wafer was then placed in a reactive ion etcher and directionally etched for 45
s to remove the flash layer. Next, 20 nm of Cr was deposited on the posts by electron
beam evaporation. After the Cr deposition was complete, the sample was sonicated in
acetone for 60 min to remove the PLGA posts and expose the SiO, originally masked by
the polymer, creating an array of circles masked by Cr. The sample was then placed in
the reactive ion etcher and etched for 90 s to create 100-nm deep pits in the unmasked
SiO5. Once the dry etch is complete, the Cr mask was removed using CR-14 chrome etch
(Transene) and then rinsed in a 2% sulfuric acid solution to remove precipitates from
the chrome etchant (Fig. 3.2(b)). Atomic force microscope measurements confirm the
final product as an array of 120-nm wide by 100-nm deep holes with a center-to-center

spacing of 350 nm (Fig. 3.2(c)).
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Figure 3.2: SEM micrograph of (a) embossed PLGA posts using a 200 x 600 nm PFPE
mold and (b) Cr etch mask after sonication to remove the PLGA posts. (¢) AFM data
of the final SERS template.

Dimer formation through capillary force deposition

The nanoparticles are positioned in the hole arrays by a capillary force deposition
method.[7] To achieve this, a 1 cm? piece of nanopatterned substrate is subjected an O,
plasma treatment for 15 minutes on high to make the SiOs surface hydrophilic. The
sample is then immediately immersed vertically in a 1 mL sample vial (Eppendorf) filled
with an aqueous gold nanoparticle colloid of 60 nm citrate-capped nanospheres (Ted
Pella). The solution is left to evaporate in a a vibration-free environment in an oven set
to 60°C for 12 hours. As the meniscus slowly recedes across the substrate, nanoparticles
concentrate at the three-phase contact line. Because the 120-nm diameter holes can hold
only two nanoparticles, several large areas of the substrate contain mostly dimers when
the process is complete. Finally, individual dimers were identified on the silicon substrate
via electron microscope imaging (Fig. 3.3(a)). Note that the dimers in Fig. 3.3(b) are
randomly oriented within the wells (the original master was composed of circular cylinders
and was not intended for this application). Dimer orientation cannot be determined

optically for this particular sample, making it difficult to verify the accuracy of on- and

48



off-axis polarization measurements. In order to more precisely position nanoparticle pairs,
focused ion beam (FIB) milling was used to fabricate a master template of rectangular
wells tailored to the dimensions of the dimers (Fig. 3.3(b)). These wells provide greater

spatial constraint for the nanoparticles, which forces the dimers into a definite orientation.

Figure 3.3: (a) gold dimer array fabricated by a combination of pattern replication,
wafer processing techniques, and solvent evaporation, (b) gold dimer array fabricated by
focused ion beam milling and solvent evaporation.

Benzenethiol functionalization and dimer spacing

When nanoparticles are initially deposited from the gold colloid, they are encased in a
monolayer of sodium citrate. In solution, the citrate molecule acts a surfactant, keeping
the nanoparticles from aggregating. When they are deposited in the wells, however,
the citrate molecules act as spacers, preventing the gold surfaces from touching each
other. In order to both control and modify the spacing between nanoparticles, the citrate
molecule must be replaced with another rigid molecule. Benzenethiol (C¢gHsSH) was
chosen because the high gold affinity of the SH end-groups allows the molecule to easily
displace the citrate. Additionally, benezenethiol contains a benzene ring which has a
large Raman cross section, making it easy to detect in low concentrations, and its length

(~ 4.6A, estimated using ChemDraw) is slightly less than that of a citrate molecule
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(~ 7.2121), making its placement between two closely spaced nanospheres plausible.

The arrays were immersed in a 0.1 mM ethanolic solution of benzenethiol for 24 h in
order to form a monolayer on the gold surface. When the substrate was removed and
allowed to dry, the effects of the evaporation pull the nanoparticles together, presumably
leaving many dimers with several benezenethiol molecules serving as spacing agents in

the interstitial gap.

3.2.3 Microscope setup and SERS measurements

Direct measurement via electron imaging of this spacing was intentionally avoided to
prevent potentially deleterious effects on the integrity of the sample. The presence of the
bezenethiol molecule in the hot spot was confirmed, however, by subsequent Raman mea-
surements and demonstration of polarization dependence. Raman spectra of individual
dimers were taken using a modified confocal microscope outfitted with a flat scanning
stage (Nanonics) and connected to a linearly polarized 500:1(632.8 nm) continuous wave
(cw) HeNe laser via a polarization preserving, single-mode fiber optic cable. In the mi-
croscope, the beam undergoes a collimated path and passes through a high-quality line
filter and a \/2 wave plate which is used to rotate the beam polarization. The laser is
directed to the 150 x microscope objective by a beam-splitting cube which also redirects
the collected Raman signal to pass a Raman edge filter prior to being collected by a
100-pgm multimode fiber and transmitted to a spectrometer equipped with a low-noise
charge-coupled device (CCD) detector (Fig. 3.4). All optics, including the beamsplitting

cube, collimators, fiber optics, line and edge filters, and lenses inside the microscope are
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nonpolarizing. Power delivered to the sample across all polarizations was confirmed to
be uniform within a 3% margin. A diffraction-limited 300-nm laser spot size was veri-
fied by imaging calibration grids of feature size above, below, and at the 300-nm limit.
Preliminary tests indicated that, without sufficient filtering, persistent exposure to the
laser beam caused the benzenethiol monolayer, and consequently the Raman signal, to
rapidly degrade. To avoid thermal ablation of the monolayer over the several measure-
ments taken of each dimer to confirm the polarization dependence, the stability of the
Raman signal was monitored over a range of beam powers and exposure times. These
tests determined that the combination of a 65-uW laser power delivered on the sample

with a 5-min acquisition time yielded sufficiently clear and stable spectra.

3.3 Results and discussion

Raman spectra of gold dimers were taken while varying the polarization of the incident
beam through a range of 90° relative to the dimer axis. Because the orientation of the
dimers was predetermined, measurements through this full range were performed only
for a small number of clusters. Most of the dimers were measured within a 10° range
around the two dimer axes.

In this study it was found that peaks measured when the incident beam was polarized
in the parallel orientation were nearly 2 orders of magnitude taller than those peaks
measured when the beam was polarized in the perpendicular orientation in the best

cases (Fig. 3.5 (top)). Here, it is important to note that from the large number of dimers
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Figure 3.4: Schematic diagram of the Raman microscope setup used in this experiment.
The collimator and the line filter are fiberoptically connected, as are the edge filter and
the diffraction grating.
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measured (50) the mode value of the polarization contrast was approximately a factor
of 15 (see inset, Fig. 3.5 (top)). This was attributed to small variations of the dimer
alignment in the wells, variations in nanoparticle size and morphology, and possibly the
actual size of the interstitial gap, all of which, according to previous studies [26, 20, 31,
72, 13, 11, 18, 62], have strong effects on the enhancement factor. In particular, the
possibility that the benzenethiol molecules do not form a perfect monolayer on the gold
surface in the vicinity of the hot spot should be noted. If too few or too many molecules
assemble in the area, the interparticle spacing can be altered, drastically affecting the
size of the enhancement factor. Nevertheless, the polarization contrast supports that hot
spots do exist between these nanoparticles.

Additionally, the peak heights in the cross-polarization measurements were within a
factor of 2 of the peak heights for isolated nanoparticles. This confirms, along with polar-
ization contrast data, that most of the enhanced Raman signal comes from a small and
highly localized area. By calculating the size of this small area and attributing the dif-
ference in Raman signal between the two polarization states to the few molecules located
there, it was possible for the enhancement factor for the hot spot to be estimated. Specif-
ically, the Raman signal from bulk benzenethiol was measured in a solution of known
concentration and compared the per-molecule signal strength with the per-molecule sig-
nal strength at the hot spot. The enhanced signal was assumed to arise entirely from
an area spanning ) = 2.4 x 1072 steradian spherical cap (a cone with 10° planar pro-
jection determined from simulation data) on each of the two nanoparticles. The surface

enhancement factor (G) is defined as the ratio of the per-molecule enhancement from
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Figure 3.5: Benzenethiol Raman lines measured from a single gold dimer with incident
light polarizations (a), (c) parallel and (b), (d) perpendicular to the dimer axis. Traces
(a) and (b) in the upper plot are representative of the largest enhancements achieved in
this experiment. The inset in this plot is a histogram showing the relative distribution
of enhancement ratios between parallel and cross-axial polarization measurements, the
largest of which was 79. Traces (c) and (d) in the lower plot are examples of what was
typically measured in the polarization studies. The inset shows how the Raman intensity
of an individual dimer varies as a function of polarization.
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this spherical cap to the per-molecule enhancement from bulk benzenethiol. Thus:

_ Isgrs/Nswt

G = 3.3
Irs/Nvol (3:3)

where Nguf is equal to the number of molecules occupying the area subtended by 2
multiplied by the molecule surface packing density and N (Avogadro’s number). In this

2

calculation, a value of 1.1 nmol cm™ was used, the largest packing density currently

reported in the literature [76]. Ny, is defined as follows:

Nvyor = mr?heNy (3.4)

where r is the radius of the laser spot (150 nm), ¢ is the molar concentration of pure
benzenethiol (9.77 x 1073 mol em?), and h is the effective focal depth of the objective
(I & determined by moving the objective above and below the focal point until the
Raman signal disappears). Using this formula, the number of benzenethiol molecules in
the probe volume was estimated to be Nk = 4.16 x 108.

The ratio of Isgrs/Irs was taken on the 1575 cm™! band. After removing the counts
from the cross-polarization measurement to approximately separate the central hot spot
Raman signal, the ratio was 1397 in the best sample and ~200 in more typical cases. Both
of these values were used to calculate SERS enhancement factors. Ultimately, a range in
value of 10%-10° was arrived at for the enhancement factor relative to the signal from bulk
benzenethiol. For cross-polarization measurements, the enhancement factor resulted in

103 - 10* and was calculated in the same way but under the assumption that all the
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benzenethiol molecules coating the dimer surface contribute in equal proportion to the
Raman signal. These measurements compare well with those of single gold nanoparticles
26, 20, 31, 72, 13, 11, 18, 62], and confirm that the multiparticle enhancement is not
simply the sum of individual particle contributions.

Finally, it should be noted that this technique lends an enormous amount of versatility
to this study. Gold nanoparticles can be removed from substrates by treatment with aqua
regia (a 1:4 mixture of HCl and HNQOj3), so a single sample can be reused repeatedly.
Moreover, while benzenethiol was used in this experiment, molecular linkers of different
sizes would add a greater degree of certainty to the gap size and could be used to achieve
a wide range of interparticle spacings. Finally, features of virtually any size and shape
down to 80 nm can be patterned into these substrates, allowing the fabrication of more
complex clusters and arrays. Simulations performed in a recent study indicate that chains
of several nanospheres can produce enhancement factors greater than those observed from
dimers [74]. In the following chapter, the experimental testing of this theory utilizing the

capillary force deposition technique to create nanochains of nomimal length is described.
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Chapter 4

Investigation of the Relationship
Between Nanoparticle Chain Length
and SERS Enhancement Factor
Strength

It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are. If

it doesn’t agree with experiment, it’s wrong

-Richard P. Feynman

4.1 Introduction

In section 1.5, the topic of aggregates of metallic nanoparticles being used as efficient
and effective SERS-active materials with the spherical nanoparticle dimers being among
the most simple (and consequently, one of the most popular) choice of configuration. In
a recent study, the question has been posed as to whether a two-particle linear aggregate
is, indeed, the optimal configuration for generating SERS enhancements, prompting re-

searchers to consider other morphologies [74]. One such configuration is closely spaced



metal nanoparticles (a natural extension of the dimer configuration) arranged end to end
to form a chain. This structure was theoretically investigated by Wang et al. [74], who
carried out finite integral technique (FIT) simulations on gold and silver nanoparticle
chains comprised of even numbers of nanoparticles ranging in length from 2 nanopar-
ticles to infinity. The results of these simulations indicate that the field enhancement
at gap between the two centermost particles (Wang refers to this as the “c-point”)can
reach a maximum at a number larger than two, suggesting that the dimer might not
always be the ideal configuration for achieving maximum field enhancement. In contrast
to these predictions, however, recent theoretical and experimental results by Wustholz
et al. [78] suggest that, in most realistic experiments, the signal from the hottest hot
spot in a cluster is often extremely dominant and, thus, renders irrelevant any possible
enhancement due to near-field coupling along the chain as a whole. In this report, the
main aim is to test these conclusions on precisely designed nanoparticle chains. Through
the combination of capillary force deposition [7] and template fabrication via FIB milling,
closely spaced linear nanoclusters were fabricated. The SERS enhancement arising from
these structures were measured and subsequently compared with theoretically predicted

values.
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4.2 Numerical simulations

4.2.1 Generalized Mie theory simulations

Because it was not possible for us to measure the SERS EF directly at the c-point, we
have carried out generalized Mie theory (GMT) [45, 82, 84, 39] simulations to map the
electromagnetic field strength over the entire surface of gold nanosphere chains ranging
in length from 1 to 9 nanoparticles with interparticle separations of 1 and 1.5 nm (these
separations still yield reliable results in the frame of classical electromagnetic theory).
Fields were calculated at a distance of 0.5 nm from the metal surface which, based on
the estimated thickness of the benzenethiol monolayer (the reporter molecule used in the
experimental part of this study), is the most likely location of the reporter molecule. The
Raman enhancement is proportional to the product of the squares of the field enhance-
ment factors at the incident and Raman frequencies. Here, it is important to clarify that
this method was designed to produce results that could be compared with experimental
measurements of the SERS EF in an attempt to see if larger enhancements could be
obtained experimentally and/or theoretically using the surface averaged approach. As
a result, our computational approach does not directly mirror the FIT calculations per-
formed by Wang et al. and is not intended to prove or disprove the validity of those
results.

As with the calculations performed in section 4.2.1 the |E|* (i.e. zero-Stokes shift)
approximation is used and the Raman enhancement factor is averaged over the entire

chain surface at a distance of 0.5 nm from the surface of the metal (where the molecule
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of interest is most likely to be located). Although the length of the molecule and bond
length for benzenethiol adsorbed on gold are well known, the interparticle distance for
the structures fabricated in this experiment cannot be known exactly. Similarly, the
index of refraction of liquid benzenethiol is different from that of monolayer surrounding
the nanospheres. To account for this range in gap size and the effective refractive index
of the surrounding medium, n.g , the surface-averaged enhancement was calculated for
a gap of 1 nm and nes = 1.0 (Fig.4.1(a)) as well as for a gap of 1.5 nm and nez = 1.5
(Fig. 4.1(b)). Significantly, a peak is apparent in the Raman enhancement at a chain
length of 3 nanoparticles for the 1 nm gap (n.g = 1.0) and 2 nanoparticles for the 1.5
nm gap (neg = 1.5). It is well known that the aggregation of nanoparticles causes the
plasmon resonance frequency to shift to longer wavelengths. Thus, it is presumed that

these enhancement peaks correspond to the resonance peak crossing the laser line.

4.2.2 Finite Difference Time Domain (FDTD) simulations

To exemplify the link between nanoparticle chain length and the location of the
Raman enhancement peak, the extinction spectra for linear chains was calculated using
the finite distance time domain (FDTD) method (Lumerical Solutions, Inc). Results
from these simulations are shown in Fig. 4.2. First, the redshift of the extinction peak
with respect to the increased particle number is apparent, indicating as expected, the
tight correlation between the optical response and the morphology of the scatterer. Most
importantly, however, location of the highest peak of the extinction along the x-axis

coincides with the location of the SERS EF peak in Fig 4.1. This provides a strong
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Figure 4.1: Calculated SERS EFs for Au nanoparticle chains using generalized Mie the-
ory. The EF spectra have been calculated for chains ranging 1-9 nanoparticles in length
with excitation source parallel to the long axis of the chain for an interparticle gap of
1 nm and n.s = 1.0 (a) and an interparticle gap of 1.5 nm and neg = 1.5 (b). The
EF for the 632.8 nm excitation source for (a) and (b) are shown respectively in (c) and
(d). Angular momentum contributions up to the 37th order were included in the GMT
calculations. The integral was taken at a distance of 0.5 nm from the particle surface for
(a) and 0.75 nm from the particle surface for (b). The two enhancement peaks for the
N=5 chain are identified as II and I, respectively, in (b).
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indication that the localized surface plasmon resonance (LSPR) peak of the structure
(defined by the geometry of the chain as well as the physical properties of the metal the
nanostructure is composed of) is in resonance with the laser. Thus, in this particular
case involving 60 nm gold nanoparticles, it can be assumed that the ideal chain length

producing the largest SERS response can, indeed, be longer than a dimer under certain

conditions.
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Figure 4.2: FDTD calculations of the extinction spectra for 60 nm Au nanoparticle chains
1-9 nanoparticles in length. Nanochains in (a) have a 1 nm interparticle separation and
are embedded in a medium with refractive index n.gs = 1. Nanochains in (b) have a

1.5 nm interparticle separation and are embedded in a medium with refractive index
Neff = 1.5

4.2.3 Substrate fabrication

To experimentally test the simulation results, a templating method was employed to
create nanoparticle chains of specific lengths and orientations. FIB milling was used to
create trenches in SiOy which were approximately 80 nm in width, 70 nm in depth and

ranging from 80 to 560 nm in length. Gold nanospheres (Ted Pella) with a diameter of
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60 nm were placed into these trenches using the same capillary force deposition method

employed in section 3.2.2 (Fig. 4.3).

Figure 4.3: (a) Silicon substrate immediately after FIB milling of SiO, layer. (b) Illus-
tration of three-phase contact line dragging nanoparticles across the substrate surface.
(c) Close-up illustration of particles pushed into milled trenches via the capillary force.
(d) Array of nanosphere trimers after deposition is complete.

As mentioned previously, because the trenches are designed to host only a specific
number and configuration of particles, this process creates arrays of nanoparticle chains of
predetermined lengths. Scanning electron micrographs of the substrates were then taken
(Fig. 4.4) to identify satisfactory chains. To remove the carbonaceous contamination
that often accompanies SEM imaging, substrates were subsequently cleaned with piranha
solution and treated with Oy plasma for 10 minutes to remove any unwanted material

that the electron beam might have deposited (preliminary tests where a follow-up image

was taken demonstrated that the cleaning process did not dislodge or drastically move
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any of the particles in the chain). Finally, nanochains were functionalized with a SERS-
active reporter molecule, benzenethiol. The substrates were immersed in 10 mM ethanolic
solution of benzenethiol overnight, removed, rinsed for 60 seconds in ethanol to remove

excess benzenethiol, and then blown dry with Nj.

4.2.4 Raman measurements
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Figure 4.4: Schematic diagram of the Renishaw Invia microscope used in this
experiment.[10]

Raman spectra of individual chains were obtained using a Leica microscope equipped
with a confocal Raman spectroscopic system (Renishaw InVia) and a 30 mW 632.8 nm
laser excitation source (Fig 4.4). All spectra were measured using a 50x objective with a
numerical aperture of 0.75. The Raman signal was collected by a TE air-cooled 576 x 400
CCD array preceded by two notch filters (OD > 12) to block the laser line. Preliminary

tests concluded that, without sufficient filtering, persistent exposure to the laser beam
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causes the benzenethiol monolayer to degrade. To avoid photodegradation of the mono-
layer, the stability of the Raman signal was monitored over a range of beam powers and
exposure times. These tests determined that the combination of a 100 W laser beam
power (spot size diameter ~2 pm) delivered on the sample with a 30 second acquisition
time yielded sufficiently clear and stable spectra. To account for the possibility that the
laser spot was not perfectly aligned over the chain and/or not perfectly uniform, a flat
scanning stage was used to raster over the structure. From these several measurements,
the strongest, most well-defined spectrum from each of the structures was selected for
data analysis. A typical spectrum for a nanoparticle heptamer is shown in Fig. 4.5. The
most pronounced peaks appear at 1000 cm™! (ring out-of-plane deformation and C-H
out-of-plane bending),1080 cm™! (C-C symmetric stretching and C-S stretching), and
1577 cm™! (C-C symmetric stretching) [21]. Time-stability tests were performed in order
to select the most stable Raman peak for comparison in these tests. All the peaks were
clear and steady, but the 1080 cm™' peak was found to show the best signal to noise

ratio and was, thus, used for all data analyses performed in this dissertation.

4.3 Results and discussion

Experimental results are plotted over GMT results for a 1.5 nm interparticle gap
in Fig. 4.6. Results from two data sets are shown to delineate the range of outcomes
for this particular experiment. Specifically, the largest measured enhancements for each

chain length (red trace) are provided to represent the most ideal results obtained in this
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Figure 4.5: (a) Scanning electron micrograph of gold nanochains ranging 1-9 particles
in length. Scale bar is 200 nm. (b) SERS spectrum of benzenethiol on a nanochain
comprised of 60 nm gold nanospheres. Measurements were taken with a 632.8 nm laser
source polarized parallel to the nanochain axis. The red box in (a) denotes the heptamer
from which this measurement was taken.

66



study while a set of results falling within one standard deviation of the data set average
(blue trace) is provided to represent results most typically obtained in this experiment
(taken from a pool of 30 sample areas for each chain length). While both the ideal
and typical results demonstrate the significant increase in the enhancement of the dimer
over the monomer predicted by the GMT simulations, the typical results (blue trace)
deviate from theory at longer chain lengths, reaching a plateau of enhancement rather
than decreasing for larger particle numbers. The large enhancement ratio between the
monomer and the dimer is unsurprising, as it is well known the tiny gaps formed by
closely spaced nanoparticles are the source of large electric fields which give rise to large
SERS enhancement factors. This situation becomes more complex, however, when the
number of gaps in the chain is increased through the addition of nanoparticles. It has
been shown that the SERS EF is extremely sensitive to interparticle separation, falling
off at the rate of approximately one order of magnitude per nanometer of separation[1].
For longer nanochains, a mixture of coupled and decoupled neighboring particles might
coexist. Moreover, the extreme sensitivity of the SERS enhancement to a gamut of
factors, including nanoparticle size [35], shape [20], crystal face [30], surface roughness
[40], and particle-particle spacing [72, 26, 18, 24, 64] is well documented and is known
to account for significant variations in EFs arising from seemingly-identical nanoparticle
clusters. Taking these two items into consideration, it is unlikely that the enhancement
that would arise from a perfectly coupled nanochain of a specific length is being observed.
Moreover, it is quite likely that a single dominant hot spot is accounting for the majority

of the enhancement observed for all chain lengths > 1. Significantly, these results explain
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the plateau of the EF in Fig. 4.6 as well as emphasize the importance of making hot
spots through gap formation over additional enhancements achieved through resonances

in complex geometries, thereby supporting the Wustholz et al. [78] conclusion.
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Figure 4.6: Black trace: Generalized Mie theory calculations for the SERS EF for 60 nm
diameter Au nanochains with a 1.5 nm interparticle separation, embedded in a medium
with refractive index n.g = 1.5. Blue trace: Experimental SERS EF measurements for
60 nm diameter Au nanochains lying within one standard deviation from the average
measured EF value for each chain length (i.e. “typical” results). Red trace: Largest
values for the SERS EF for each chain length measured in this experiment (i.e “ideal”
results). “Typical” results (blue trace) are normalized against the values for the “ideal”
results (red trace) to illustrate the difference in magnitude between the two experimental
data sets.

At the other end of the spectrum, the ideal results do show a qualitative agreement

with theory. While it would be impossible to accurately determine whether the peak
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at a chain length of 3 nanoparticles arises from perfect interparticle coupling along the
entire length of the chain, it is certainly relevant to include a discussion of this ideal
situation. Referring back to Fig. 4.1, despite a small redshift, the maximum Raman
enhancement for the monomers depicted in 4.1(a) and 4.1(b) are located around 525
nm and 570 nm, respectively, corresponding to the far-field LSPR peak. For aggregates
consisting of more than two spheres, the hybridized plasmon modes appear as a result of
the interaction of primary plasmons in nearby spheres [53, 59]. Obviously, this coupling
dramatically enhances the local electric field, creating a SERS enhancement that is an
order of magnitude larger than that of a single sphere. In addition to lowering the bonding
mode, hybridized plasmon modes of higher angular momentum are also excited by the
wave polarized parallel to the long axis of the chain. As the chain length is increased,
both EF peaks experience a redshift. Surface charge distributions at the EF peaks (660
nm and 890 nm) of the five sphere chain are shown in Fig 4.7. These chains demonstrate
a sufficiently strong dipole moment and are, thus, able to couple to far field radiation
efficiently, thereby creating the peaks in the EF most certainly observed in both the
simulation and experimental data [3].

In summary, GMT and FDTD simulations were performed to model the surface-
averaged electromagnetic field enhancements arising from plasmonic coupling in closely
spaced noble metal nanoparticle chains. The simulations suggest that there exists an
“ideal” chain length capable of producing modest improvements on the typical dimer en-
hancement factor. To experimentally test the model, chains of 60 nm gold nanospheres

were fabricated using a capillary force deposition technique. Subsequent Raman measure-
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Figure 4.7: Charge plot for identical Au NPs (60 nm in diameter). Gap distances were
1.5 nm and the refractive index of the embedding medium was n.s = 1.5. The highest
order of angular momentum included was 37 in the GMT calculations. The bonding and
higher-order modes are identified as IT and I, respectively.
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ments made from these structures showed modest agreement with the GMT simulations
in some cases and complete lack of agreement in others. From these results, it was con-
cluded that it is unlikely that the individual nanoparticles comprising the chains made
using the capillary force deposition technique are consistently able to couple completely
along the entire structure, thereby departing from the ideal situation modeled in the
calculations performed in this study. However, comparison of experimental and theo-
retical results also show that the formation of dimers provides a large improvement in
signal strength over the monomer enhancement. While perfect plasmonic coupling of the
ideal number of nanoparticles can provide improvement over the dimer enhancement, it
is marginal under the best of circumstances and often introduces more difficulties in the

fabrication process than is justifiable by the small boost in signal.
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Chapter 5

Tunable SERS in Gold Nanorod
Dimers Through Strain Control on
an Elastomeric Substrate

Any intelligent fool can make things bigger and more complex... It takes a touch of

genius - and a lot of courage to move in the opposite direction.

-Albert Einstein

5.1 Introduction

As mentioned previously, theoretical and experimental studies have shown that small
variations in a multitude of parameters have a profound impact on particle-particle plas-
monic coupling in nanoparticle dimers and the resulting strength of the SERS enhance-
ment. Although this has been a figurative ‘thorn in the side’ for those who wish to make
large-areas SERS-active substrates, it also presents the possibility of creating structures
that are infinitely tunable, provided the techniques for fabricating the desired structures.

We have already stated that theoretical studies have shown that variations in particle-



particle spacing have a particularly strong effect on the strength of the “gap plasmons”
between highly resonant (<100 nm) particles, with changes in the spacing as small as 1
nm causing the SERS signal to rise or fall by amounts as large as an order of magnitude.
For larger particles this effect is less dramatic [57] but nevertheless, the distance depen-
dence of the SERS enhancement has been limited by experimental variation of multiple
parameters. In past experiments, researchers have examined collections of seemingly-
identical particle pairs with nominally-controlled spacings [72, 18, 64, 48, 61], but which
surely possess large variations in the crucial parameters listed above. Even Raman-active
molecule coverage cannot be warranted to be identical, thus geometrically similar clusters
often present very different SERS effects. While there has been some success produc-
ing reliable surface-averaged enhancement factors over large areas [16, 41] the ability to
probe specific parametric dependences of the SERS effect itself is inextricably dependent
on the ability to make repeated measurements on truly identical individual nanostruc-
tures. Therefore, a technique that provides the ability to vary a single parameter (e.g.,
particle-particle spacing) while holding all the other morphological aspects constant is
both desirable and necessary.

In this experiment, a simple method by which the spacing between two adjacent
nanorods can be changed by varying the strain applied to an elastomeric silicone rubber
substrate is described. The deposition of nanorod dimers on a stretchable substrate per-
mits the coupling of macroscopic changes in substrate length to nanometer-sized move-
ments between particles, resulting in a tunable interparticle gap size. Applying this

technique, the interparticle distance dependence of the SERS enhancement of individual
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pairs of gold nanorods is verified, the first time that such a feat has been realized. This
technique provides several significant benefits: (a) the controlled strain provides access to
small interparticle spacings that would otherwise be impossible to achieve with current
lithographic methods, (b) particle separation can be optimized, thereby creating maxi-
mum SERS signal strength, and (c) the process is completely reversible and repeatable for
a given set of dimers. Additionally, this technique relies on basic wet chemical processing
techniques and can be easily adapted to a wide range of particle sizes, shapes, and com-
positions, providing a promising alternative for studies involving the precise placement

of nanoparticle structures.

5.2 Methodology

5.2.1 Finite element method (FEM) simulations

Recently, there has been a great deal of interest in extending spectroscopic capabilities
to nanogap structures with larger segment lengths. Larger structures provide the option
of being addressed electrically and can more easily be identified and tracked using optical
microscopy, an important factor in the approach adopted in this study. In contrast to
their smaller counterparts, nanostructures several hundred nanometers in length support
multipolar resonances [75] that are periodic in nature, providing large enhancements at
specific lengths and producing almost no signal at others for a given excitation source
frequency [61, 60]. For these experiments, nanorod segments 1 pm in length were chosen,

which were expected to present resonant behavior when illuminated with a 785 nm source
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according to the relation [40]:

L=""2) (5.1)

where L, A\, and n are the segment length, the surface plasmon polariton wavelength,
and the order of the multipole, respectively.

In order to determine the gap dependence of the enhancement factor at the interpar-
ticle junction, full-wave electromagnetic calculations based on the finite element method
(FEM, COMSOL Multiphysics) were performed. The rod dimer configuration simulated
in this study consisted of two cylindrical segments ranging from 200 to 320 nm in diameter
and 1 pm in length, consistent with the size of the nanorods produced in this experiment.
Incident plane wave radiation impinged normally on the dimer, with the electric field po-
larized parallel to the dimer axis. Optical constants of gold (ex,) = —23.02 4 1.4367 at
the vacuum wavelength of 785 nm were taken from Johnson and Christy [29]. In order
to compare the simulation results with the SERS enhancement factor (EF) obtained ex-
perimentally from an adsorbed monolayer, the surface-averaged SERS EF was estimated

using the relation [54]

fgdS

G:
T ds

(5.2)

where g = % denotes the localized SERS EF and FEp,., Er and Ej, are the
incident, enhanced Raman and enhanced incident electric fields, respectively and the

integral was taken over a cross-section in the gap region 1 nm away from the metal
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surface. Because the absorption peaks for these rods are broad and the wavelengths of
the enhanced excitation and Raman radiation are close enough to fall under the umbrella
of this peak, the approximation |Ey|?|Egr|* ~ |EL|* was used. The SERS enhancement
factor (EF) was evaluated at a distance of 1 nm from the metal surface to avoid breakdown
of the classical approach and numerical instabilities at the particle surface as well as to
coincide with the distance at which an adsorbed reporter molecule (benzenethiol was
used in this study) would likely be located.

The calculated relations between the SERS EF and particle-particle spacing for gold
rod pairs 200-320 nm in diameter are shown in Fig. 5.1(a). The results of these sim-
ulations reveal optimal gap sizes for these particular rod pairs below approximately 20
nm, indicating the target range for the experimental particle-particle separation studies.
Within this range, the dimer is expected to create a surface averaged SERS EF on the
order of ~ 10° when excited at its resonance frequency. Here it is important to note that
multiple maxima appear at these small interparticle distances, arising from the plasmon
resonances of the gold dimer. As the diameter of the nanorod segment increases, these
resonances tend to shift to larger gap separations. Large local electric fields are generated
by the electric field enhancements in the gap, which will serve to enhance the Raman
excitation of the reporter molecule. The distributions of the F, component of the local
electric field for different resonance peaks are shown in Fig. 5.1(b), each corresponding
to one peak in the EF-distance relation shown in Fig. 5.1(a). The rod diameters in (i-iii)
are 320 nm and 200 nm in (vi). The gap distances are 5 nm, 9 nm, 15 nm, and 20 nm

in (i-vi), respectively. It should be noted that in order to evaluate these resonances for
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SERS enhancement, the integral over the absorbing surface is critical due to the spatial
distribution of the enhanced electric fields. This differs from calculations involving small
nanoparticle dimers where the EF from a single position (e.g. the center of the gap) gives

a result similar to the surface averaged enhancement factor.
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Figure 5.1: (a) FEM calculated surface-averaged SERS enhancement factor (EF) as a
function of gap distance for gold rod dimers of different sizes (D = 200 nm to D = 320
nm from top to bottom in increments of 20 nm). (b) Calculated |Ey| distribution in the
vertical plane at the center of the gap (indicated in the inset) for modes i to iv

5.2.2 Electrochemical fabrication of gold gapped nanorods

To experimentally realize the dimer configuration described above, nanorod dimers
were fabricated using a modified version of on-wire lithography (OWL) [56]. Nanorod

dimers were created using a combination of electrodeposition and wet chemical etching.
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Au-Ag-Au nanorods were grown via DC electrochemical deposition in 200 nm-diameter
anodic alumina oxide (AAQO) templates (Whatman). For this experiment, two Au cylin-
ders (1 pm in length) were separated by a Ag segment (~ 80 nm in length) designed to
serve as a sacrificial spacer layer. Immediately following the electroplating, the templates
were placed in a 3 M NaOH solution for 60 minutes to dissolve the alumina and, after-
wards, were washed in ethanol and suspended in a 20:80 mixture of ethanol and water
to prevent aggregation. A typical nanorod dimer pair is shown in the inset of Fig. 5.5.
SEM imaging provided information about the dimensions of the nanorods constituting
a typical dimer pair. The diameters of the resulting nanorods are defined by the pores
in the host AAO template (nominal values ranging from 200-320 nm). Nanorods were
then dropcast on a pre-strained silicone rubber film and blown dry with Ny (Fig. 5.2a).
The use of heterogeneous nanorods as a precursor structure provides several technical ad-
vantages over randomly-deposited nanostructures previously used in SERS experiments
[48, 51, 21]. One of the most significant advantages is customizable gap sizes designed into
the resulting nanorod dimer pair after etching of the sacrificial layer. Other researchers
used an oxide backbone to fix the particle interspacing [61]. However, in the approach
used here this distance is not critical and in fact it just needs to be in the desired range
since it will be tuned via the elastomeric substrate. Next, the film was immersed in a 6
M aqueous solution of HCI and water for 10 minutes at room temperature to etch away
the Ag spacer (Fig. 5.2b). The substrate was then removed from the HCI solution and
rinsed in deionized water for two minutes to remove excess HCI. Finally, the completed

dimers were immersed in a 1 mM ethanolic solution of benzenethiol (BT) for 24 hours at
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room temperature to ensure thorough functionalization of the nanorods with the reporter

molecule (Fig. 5.2¢).
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Figure 5.2: A schematic illustration of the dimer fabrication process. (a) Heterogenenous
nanorods are deposited on a pre-strained silicone rubber film. (b) An aqueous solution
of hydrochloric acid is used to etch away the silver spacer layer. (c¢) The entire substrate
is immersed in a 1 mM ethanolic solution of thiophenol to functionalize the dimer. (d)
Substrate strain is varied to move the nanorod segments relative to each other.

5.2.3 Stretching stage fabrication

5.2.4 Gap control through strain varation

Control of the interparticle gap was achieved by modulating the strain of the elas-
tomer substrate using a hysteresis-free translation stage outfitted with a fine micrometer
(Fig. 5.2 and 5.3). Strain measurements at the macro- and microscopic levels are known
to be linearly proportional and this was verified for the specific case of the samples used
in this study by observing changes in separation between nanoparticle pairs in response

to substrate deformation. This test was extended to the 300 nm particle-particle length
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Figure 5.3: Schematic of strain stage: a) aluminum base, b) steel support rail, c) finely
threaded thumb-screw, d) steel translation stage mounted on support rails, e) elastomeric
substrate, f) counter-spring, g) steel pressure plate (designed to secure elastomer to the
stage) h) flathead screw (secures pressure plate over elastomer)

scale, the smallest distances that can reliably be measured with a confocal microscope.
Preliminary stretching experiments on 1 pum polystyrene beads deposited on the elas-
tomer reveal a linear relationship between the strain measured at both the macroscopic
(i.e. total change in length of the elastomer film) and the microscopic (i.e. change in
distance between individual nanoparticles determined through confocal imaging) levels
which is presumed to extend down to the molecular scale (see appendix C.2 for a detailed
description of this preliminary test).

Unlike isotropic point-like nanoparticles which should, under ideal conditions, only
be in contact with the substrate at a single point, the elongated nanorod geometry
necessitates the calculation of customized strain-distance scaling factors for each dimer
pair. The elongated shaft of the nanorod provides a large area that can potentially be
in contact with the substrate when the nanorod is initially deposited on the substrate.

When the elastomer is deformed, the rigid nanorod resists deformation and subsequently
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detaches from the substrate at all but a single point. The distance between these two
points of attachment for each dimer pair determines the linear scaling factor that governs
the relationship between the strain applied to the substrate and the actual distance the
nanorods move relative to each other. For instance, if two ideal 1 ym cylindrical nanorods
aligned end-to-end were both connected to the substrate at the center of their long axes,
then the distance between these points of attachment for touching rods would be exactly
1 pm. To open a 5 nm gap between the rods, the distance between these two points would
need to be increased to 1005 nm, necessitating a 0.5% strain applied to the substrate. If
the length of the elastomeric substrate is 1 cm, this length would need to be increased by
50 pm, a movement that is easily achieved with a micrometer stage. Likewise, to open
a clearly visible gap, say 500 nm, the substrate would need to be stretched to 1.5 cm
in length, highlighting the necessity of a substrate material with sufficient recoverable
strain.

To obtain the customized scaling factors used in these experiments, unetched nanorods
were deposited on an elastomeric substrate under sufficient strain to bring individual
segments into head-to-head contact upon etching and relaxation of the film. Next, the
substrate was immersed in a 6 M aqueous solution of HCI for approximately 10 minutes to
dissolve the silver spacer layer and substrate strain was subsequently reduced to bring the
particles into physical contact. The substrate was then strained again to create a large
(approximately 1000 nm) gap between the nanorods which could be measured optically.
This measured distance was then correlated with the change in length of the substrate

(measured with the stage micrometer) from which the nanoscopic movements between
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the particles could be deduced. Here, it is important to emphasize that because the
distance between the points of contact to the substrate are different for every nanorod

pair, it was necessary to perform this correlation for every dimer used in this study.

5.2.5 Raman measurements

SERS signal measurements from individual dimers were obtained using The same
instrumentation and experimental techniques described in section 4.2.4. The dimers
were illuminated by centering the laser spot (diameter ~ 2 pum) over the central gap
and spectra were subsequently collected with an integration time of 60 s. Exposure to
intense laser radiation can degrade the reporter molecule over time so stability tests were
performed to determine a laser power that would allow the signal to remain stable. It
was determined that 100 4W measured at the sample surface provided a signal that
was sufficiently stable and strong. The dependence of the SERS signal strength on the
interparticle spacing was tracked by measuring the Raman signal from an individual
nanorod pair repeatedly as the substrate strain was varied with the micrometer in small
increments. In order to ensure reproducibility of these experimental results and to further
rule out the possibility of data being skewed by laser-induced degradation of the reporter
molecule, all measurements were performed over three stretching cycles for each dimer
considered here. The results of a typical spectrum for a particle-particle separation of
~ 10 nm is shown in Fig. 5.4. The most pronounced peaks appear at 1000 cm™! (Ring
out-of-plane deformation and C-H out-of-plane bending), 1080 cm™! (C-C symmetric

stretching and C-S stretching), and 1577 ecm ™! (C-C symmetric stretching) [21].
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Figure 5.4: (a) A spectrum of a 320 nm diameter nanorod pair functionalized with
benzenethiol (approximately 10 nm separation) taken with 785 nm laser light polarized
along the dimer axis. (b) A spectrum of the same dimer with light polarized perpendicular
to the dimer axis. (c¢) A spectrum of the same nanorod pair at a separation of 300 nm.
Traces are artificially offset for clarity.
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5.3 Results and discussion

Normalized data depicting the dependences of the intensity of the Raman band at
1080 cm™! to the dimer gap separation presented in Fig. 5.5 and are in good agreement
with theoretical predictions. Here, it should be noted that because the length, width and
gap roughness of the dimers used in this study were not identical, the data presented in
Fig. 5.5 are only representative of a single dimer. However, data taken from two other
dimers displayed trends matching the ones shown here and were in general agreement
with the results of the FEM simulations in the sense that they showed enhanced Raman
signals at gap distances under 20 nm. Furthermore, to strengthen the argument that
the origin of the strong variation in the Raman enhancement is indeed the dispersion
of the dimer modes, the extinction spectra were calculated for the nanorod dimer pairs.
These results illustrate the tight link between the strength of the enhanced Raman signal
and the absorption peaks, which strengthens this claim [2] (see appendix C.1 for further
details on the C.3 for measurements of additional nanorod pairs). Finally, it is important
to note that one of the limiting factors in this experiment was to find SERS-active
nanorod pairs that were aligned with the translational stage axis. Optical tracking of
individual structures reveals that dimers not aligned along the direction of applied strain
tend to move at some angle to, rather than along, the dimer axis when strain is varied.
This changes the morphology of the gap and inhibits accurate assessments of changes in
interparticle spacing. For this reason, care was taken to conduct measurements only on
nanorod pairs aligned directly along the axis of strain.

Gap estimate error was calculated from the diffraction-limited measurement of the
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Figure 5.5: Red and blue traces show the calculated values of the surface averaged SERS
enhancement factor for polarization parallel and perpendicular to the dimer axis, respec-
tively. Red circles denote the experimental values for the SERS enhancement factor for
parallel-to-axis illumination. Blue circles denote experimental values for perpendicular-
to-axis illumination. Inset: A SEM image of a typical nanorod pair used in these ex-
periments. Y-error bars calculated from observed dispersion in EF data. X-error bars
calculated as described previously. Inset: SEM image of a typical nanorod dimer pair.
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relative position of the particles as there is a A\/2 error determining the distance between
them. This measurement was made at the maximum separation of 1000 nm between the
rods and, assuming that 400 nm light gives the sharpest image, this yields an uncertainty
in the relative position of 20% that carries out to all deduced separation values. Signifi-
cantly, the largest enhancement observed in the experimental measurements occurs at an
interparticle separation of approximately 15 nm, in close agreement with the simulated
EF. While the small number of measured points in the data set does not exactly repro-
duce the simulated EF values, it is nonetheless a strong indication that the true position
of the peak is in the vicinity of this particular gap size. This is particularly obvious
in the measurements taken from other dimers in this study where the exact height and
locations of the peaks are not commensurate with those predicted by FEM. Furthermore,
it is also important to note that the dimers in this model are perfect cylinders which do
not include surface imperfections, the polycrystalline nature of the segments, or the in-
herent roughness of the interparticle gap, which would account for the observable SERS
signal for perpendicular excitation which was is not predicted by FEM calculations. In a
recent study on the structural effects of gap roughness on the SERS enhancement, it was
demonstrated that roughened gapped rod pairs exhibited significant resonance broaden-
ing from plasmon dephasing that occurs due to protrusions that cause irregularities in
interparticle spacing (and, thus, interaction) between segments [57]. As the nanorods
used in this study are inherently rough at the interparticle interface, it is very likely that
the peak would be smeared across a certain range of interparticle separations.

We have also extended this investigation to include the situation in which the incident

86



electric field is oriented both parallel and perpendicular to the dimer axis. Previous
studies have demonstrated that the sensitivity of the SERS signal to the polarization of
the incident radiation was most pronounced at small separations (i.e. when the resultant
SERS signal is large) and gradually wanes as particle-particle separation is increased
[4, 69]. This is largely due to the fact that, at larger separation distances, the dipole
coupling weakens, leaving higher-order resonances which are not necessarily strongly
polarization dependent to contribute to the bulk of the measured signal strength. Both
the simulation results as well as the experimental findings show a large contrast between
polarizations at separations less than 15 nm with this difference becoming smaller at
larger interparticle distances, consistent with previous reports.

In conclusion, a facile method to control SERS-active dimer spacing through the
fabrication of nanorod heterostructures on elastomeric substrates was developed. Sub-
sequent measurements of the SERS enhancement factor over a range of interparticle
separations yielded a trend consistent with what was predicted by FEM simulations for
primary mode resonances. This method improves upon methods proposed in recent pub-
lications [22] because the ideal interstitial spacing can effectively be designed into the
nanorod growth process, eliminating the need for excessive tuning to bring the dimer
into resonance. This is an important advantage for potential scientific and commercial
applications of this technique, as it reduces the need for excessive particle movement to
produce large SERS enhancement factors. Furthermore, since every heterostructure can
be made into a nanorod dimer, this technique provides a high-throughput, consistent and

tunable means by which SERS-active structures can be created. This technique can be
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extended to probe more complex structures such as nanoparticle chains and plasmonic

coupling between nanoparticles of different materials.
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Chapter 6

Conclusions

In this dissertation, I have sought to build an understanding of the roles metal
nanoparticle dimers play in SERS research. The desire to build ultra-sensitive chem-
ical sensors for trace analyte detection drives the current interest in the development
of SERS-active substrates. However, lack of reproducibility of enhancement factors, the
limitations of current lithographic equipment, and difficulties in devising experiments to
further our understanding of the SERS process have greatly inhibited the development
of a SERS substrate capable of truly large EFs. While advancements are being made
in the field, a thorough understanding of the SERS enhancement mechanism for specific
geometries achieved by both theoretical and experimental means is necessary to proceed
in the most efficient and practical manner possible.

I have focused on the experimental verification of theoretical predictions regarding
the behavior of SERS hot spots in metal nanoparticle dimers. Hot spots in gaps between
closely spaced nanoparticles of various sizes and shapes have consistently been identified
as the configuration most likely to yield EFs large enough to detect analytes on the single

molecule level. However, the sensitivity of the SERS EF to a long list of parameters



coupled with the minute volume of hot spots places these small nanoparticle clusters
among the most unpredictable SERS-active structures with respect to EF reproducibility.
This fact alone highlights the need experimental analysis of dimers that is complementary
to the surfeit of theoretical results already present in the literature.

In the first experimental section of this dissertation, I described the combined use of
a soft-lithography-based templating method combined with a capillary force deposition
technique to produce nanosphere clusters of various shapes and sizes in a high-throughput
manner. Reproducible template patterning was confirmed over areas as large as a 6” sil-
icon wafer and dimer patterning was deemed successful over a 30 x 30 pum area. The
most significant advantage of this technique is the ability to create large numbers evenly-
spaced morphologically-similar clusters which can then be used to investigate hot spot
behavior. In the experiments conducted in this first experimental section, the ability
to create large numbers of hot spots exhibiting EFs as large as 10° through observation
of the polarization dependence of the interparticle coupling of nanoparticle LSPRs and
the resulting gap plasmon was confirmed. In addition, the attempt was made to control
interparticle spacing through displacement of the sodium citrate capping agent with a
molecule of known molecular and bonding length (benzenethiol). Although this did afford
closely-spaced nanoparticle dimers with the reporter molecule located in the hot spot,
the fact that parameters such as molecular coverage and the fact that the dimers were
not actually linked means that the true interparticle separation for each individual dimer
can only be speculated. If spacing is to truly be known, an approach to particle spacing

similar to the one implemented by Moskovits et al. [47] is necessary. In this approach,
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Moskovits exposes silver nanoparticles immobilized on a silicon substrate to a dilute so-
lution of 1-4, benzenedithiol. Following the ligand functionalization, a solution of silver
nanoparticle colloid is washed over the particles in a concentration low enough to create
dimers connected by a single thiol molecule. Knowing the bond length and the molecule
size, this method enables one to ascertain the interparticle distance, at least to a greater
degree than can be achieved than by relying on the capillary force alone. If monodis-
perse nanoparticle “dumbbells” could be created in large quantities, molecular linkers
could presumably be used to enhance the results of this particular experiment. However,
recent reports on progress in molecularly linked nanoparticle clusters cite problems with
monodispersity which, to date, have yet to be solved.

In the second experimental section, I extended the application of the capillary force
deposition technique to longer nanoparticle chains in an attempt reconcile conflicting the-
oretical and experimental results related to enhancement factors - specifically, to answer
the question of whether the use of longer chain-lengths could possibly provide enhance-
ment factors that significantly exceed that of the dimer. After taking an in-depth look
at the SERS EFs arising from nanoparticle chains ranging 1-9 nanoparticles in length,
it was concluded that, although larger enhancement arising from plasmon coupling be-
tween multiple particles could, in fact, yield larger surface-averaged SERS EFs than the
dimer, these enhancements were not sufficiently larger to merit the extra effort required
for making a more complex nanostructure.

Although this is a negative result, this experiment succeeds in making a valid com-

parison between theoretical and experimental results and demonstrates that these two
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entities don’t necessarily have to agree. Numerical simulations are, and will continue
to be, a valid tool for predicting the outcome of experimental setups before the actual
experiments have been performed. As such, these simulations can serve as a useful
guide in tailoring experiments and, perhaps most importantly, avoiding wasted time on
approaches that are not theoretically viable. However, it is important to note that a
simulation is only as accurate as its ability to imitate the thing that it is modeling and,
in many cases, the real-life scenario is significantly more complex than what can be ac-
counted for in a computer model. This is of most relevance in the case of SERS hot
spots, where it is presently neither possible nor practical to computationally account for
every morphological variation, even in a structure as simple as the dimer.

In the final experimental section, I address the possibility of creating an environment
in which the SERS response can be manually controlled. Specifically, the particle-particle
separation in gold nanorod dimers was varied on the nanoscale using an elastomeric sub-
strate. Because several gap sizes could be created for a single particle pair, the dependence
of the SERS EF on interparticle separation could be studied without having to be con-
cerned with the many parameters to which the EF is sensitive. This is an incredibly useful
tool, as it provides a means of precisely tuning nanoparticle morphology as well as a way
to push past inter-feature separation barriers imposed by the limitations of current litho-
graphic equipment. Another interesting aspect of this technique is the fact that it can be
applied to 2-D manipulation of particles. Depending on how the substrate is deformed,
it is possible to rotate as well as change the spacing between asymmetric nanoparticles

such as nanorods. Ideally, this could be implemented in experiments where the plasmonic
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coupling between nanoparticles changes with relative contact angle or, more broadly, as
a means of fine-tuning the placement of particles that are “almost” in the right position.
One particular case where this would be very relevant is in the work done by Funston et
al. where the plasmonic coupling between closely-spaced gold nanorods is measured for
several different geometries.[12] In this experiment, the researchers search for particles in
a desired orientation from among a jumble of randomly dispersed nanoparticles. Clearly,
the ability to “nudge” particles into a specific position would have greatly facilitated the

location clusters suitable for their experiments.
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Appendix A

The Raman polarizability tensor and
the radiation profile

The Raman polarizability, &, is a second rank tensor with the important role of
defining the linear relationship between p and E. In Cartesian coordinates, & can be

expressed as a 3x3 matrix as follows:

pX aXX aXy aXZ EX
oy | = (La)"* Oyx Oy Oy, £y (A1)
Dz Qlyx azy gy EZ

The purpose for tensorial expression of & arises from the fact that the induced dipole
might not be in the same direction as the electric field which is a direct result of the
morphology of the analyte molecule and, as a result, each of the nine components are
deemed necessary to define the differences in the polarizability direction and strength in
different directions. There are special cases, however, in which the Raman polarizability
tensor can be simplified. For instance, if E is applied along a direction of might molecular
symmetry, the induced dipole will generally usually point in approximately the same
direction. If this is, in fact, the case, then a new set of axes (2/,%/,2’) can be defined,

which allows & to be diagonalized as follows:

94



Dx oy 0 0 Ey

pe | =@ 0 apy 0 || By (A2)

Dz 0 0  ayy E,
Here, it is important to note that the dipole induced by E depends not just on the polar-
izability inherent to the analyte of interest, but also on the orientation of the molecule
with respect to the excitation source. As a result, the orientation of the excitation source
with respect to the molecule of interest plays a critical role with respect to how strong
the resulting Raman signal will be. As such, there are three important special cases that
merit a brief overview, as most approaches to defining the power radiated per unit solid

angle can be classified into one of them.

A.1 Isotropic polarizability tensor

Here we begin with the most simple of all situations - the case in which the Raman
tensor is isotropic (i.e. it does not depend on the orientation of the molecule with
respect to the incident beam Ep,.). Although this is relatively uncommon, there are a
few molecules for which this example applies (e.g. the CCly molecule). Under these
conditions, the lack of dependence on the incident beam direction allows the Raman
polarizability tensor & to be expressed as a constant, «, and subsequently, for the induced
Raman dipole to be expressed as pr = (Ly)"*aEmp.. As a result, the radiation profile

can be reduced to the following expression:
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where the signal is collected in the commonly used 90° back-scattering configuration.

A.2 Fixed-orientation

In the case where a molecule whose orientation is fixed, & cannot be reduced to
a constant and the directions of the incident beam and the orientation of a polarizer
(if present) play significant roles in how much Raman signal is detected. Under these
circumstances, the induced Raman dipole is expressed as pgr = (Ly)Y*aEm. and ep,e.
Now, if ep denote the unit vectors along the directions of polarization of the incident

beam and the polarizer, respectively, the radiation profile can be expressed as:

P, Rad
dS)

4
(6 =90°) = R

= ?)QTGOC?)LM|GP “Q- eInC‘2|EInC’2 (A4)

where the signal is, again, assumed to be detected using the 90° back-scattering config-

uration.

A.3 Orientation-averaging

In experiments involving large numbers of randomly oriented molecules, it statisti-
cally probable that the Raman signal measured is an average over all possible molecular

orientations. In this situation, it makes sense to apply a method of averaging to the
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polarizability tensor in order to reflect this. Depending on the choice of polarization for
the incident beam and the relative polarization of the detection setup, the results can be
quite different thus a brief explanation of the radiation profiles for detection parallel and
perpendicular to Ep,. are included here.

Consider an incident excitation along e, with Er,. having polarization er,. = e,. The

radiation profile is given as:

l 4
dPg.q4 _ WRNM

0=90°) = ————L 2 0,2 Enel? A5
Tk (0= 90%) = B (e, - e B (A.5)

Similarly, for the case where the incident polarization is perpendicular to the detection
polarization (i.e. ep. = ey, we have:
l
dPRad

4
T had (g _ gge) — M

70 = WLMU% -G e, ) Eppe|® (A.6)

where (...) denotes the averaging over the random orientation of the molecules.

Now, it is easy to assume that the information provided by the polarizability tensor
would be averaged out by this process. However, e, and e, remain dependent on the
intrinsic symmetry invariants of &. When the averages are carried out, we have:

(les - & e |?) = (450* + 477) /45
(A.7)

(ley - 6 - e,|?) = 37%/45

where,
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- 1
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which are termed the ‘reduced trace’ and the ‘anisotropy’ of the tensor, respectively.
These quantities can be substituted into A.7 and then used to solve for A.5 and A.6 as

needed.
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Appendix B

Formal definition of the local field
correction Ly

As mentioned in section 1.2.2, the electromagnetic response of the medium the analyte
is embedded in/near results in the microscopic fields immediately at the molecule to vary
distinctly from the average macroscopic field in the area around it. In order to correct
for this in calculations of the Raman polarizability, it is necessary to introduce a local
field correction factor, Ly;. This is of particular importance for Raman measurements
taken in liquids, due to the presence of surrounding solvent. However, this correction
also plays an important role in SERS, where the presence of a molecular monolayer over
a metallic surface can also alter the microscopic fields. The derivation of this factor is
discussed in detail in reference [23], but a brief sketch is provided here.

The field felt by the analyte from the medium arises from the contributions of: (1)
the field from external charges, Eqy and, (2) from the internal charges in the medium
E;:. In order to obtain the microscopic field, E.o, it is necessary to subtract the
macroscopic internal contribution E;,; and substitute the microscopic field arising from
the local environment, Egs(i.e. the few molecules/atoms immediate vicinity of the

analyte):

Emicro =E - Eint + Eclose (Bl)
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where E is the macroscopic field derived from Maxwell’s equations. E;, can thus be
described as coming from the fields created by the macroscopic polarization of the em-
bedding medium immediately around the analyte:

1

E.,,=—"DP B.2
’ 360 ( )

E.ose 18, by no means, easy to estimate, as it is completely dependent on local symmetries
in the environment and the analyte molecule itself. In a highly symmetric environment
like the cubic lattice in a crystal, E¢s vanishes completely. Similarly, in a completely
random environment as in the case of a liquid embedding medium, Egqs ~ 0.

Next, combining the well established relation P = €y(ey — 1) and substituting it into

equation B.2, we arrive at:

ev + 2

Emicro =
3

E (B.3)

which links the microscopic electric field that is felt by the analyte to the macroscopic
electric field we are familiar with from Maxwell’s equations. Now, referring back to

equation 1.4 in in chapter 1, we know that:

Emicro = (LM)1/4Emacro (B4)

with the power of 1/4 originating from the expression of the Raman cross-section [71].
Applying equation B.3 to equation B.4 gives us the expression already stated in section

1.2.2, namely:
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Appendix C

Supplementary information for
interparticle gap tuning

C.1 Extinction spectrum simulations for gold nanorod

dimers

In Fig. C.1 we have calculated the extinction, scattering and absorption spectra for
gold nanorod dimers of diameter 320 nm, comprised of segments 400, 600 and 800 nm
in length and with gap sizes 9, 12, and 15 nm wide. Our results indicate that the scat-
tering from these large nanoparticles presents a broad, almost featureless spectrum due
to the excitation of higher order modes. The computer model also allows us to compare
the scattering magnitude with that of the absorption. Here, our results suggest that
the enhancement factor is exclusively dependent on the absorption part of the nanorod
extinction spectrum, rather than the scattering which is the bulk contributor to the

nanorod extinction.

C.2 Correlation between macro- and microscopic strain

We performed strain measurements on 1 pm diameter polystyrene beads to test the

validity of the strain-scaling technique used in these experiments. Specifically, we aimed
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Figure C.1: Scattering (top), absorption (middle) and Raman enhancement factor EF
(bottom) for Au rod dimers, (a) for different gap distances: 15 nm (black), 12 nm (red)
and 9 nm (blue) and, (b) for different segment length: 400 nm (black), 600 nm (red)
and 800 nm (blue). The Raman enhancement peaks always correspond to the absorption
peaks, but not necessarily the scattering peak. The segment length L = 1 ym in (a) were

unchanged, and the gap in (b) were kept at 15 nm. Diameters of rods were 320 nm in

both (a) and (b).
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to check if the Strain = % relation breaks down for any reason (e.g. substrate failure,
particle delamination, etc.) above the length scale relevant for our dimer stretching ex-
periments. The polystyrene beads were applied to the substrate which was subsequently
imaged in dark field (scattering) mode with a 150x objective. Bead pairs that were
located along the same line of strain were identified and imaged with a high resolution
camera as the applied strain was varied. Images of the displaced bead pairs were pro-
cessed in ImageJ to measure the change in distance resulting from each level of applied
strain. These measurements we repeated three times and the results were averaged. This
experimentally measured “microscopic” strain was plotted against the strain extrapo-
lated from the measured change in length of the substrate as measured by a micrometer

(Fig. C.2). Our results yielded a nearly 1:1 correlation, suggesting that the relation

remains valid in the vicinity of the length scale of interest.

C.3 Additional SERS experimental results and com-

parison with simulations

In Fig C.3 we present additional examples of gap size vs EF measurements taken
from other nanorod pairs in this study. All calculated data was taken from Fig. 5.1 in
the main text. Of particular interest here is the SERS enhancement peak in Fig C.3a
which is noticeably different from the simulated results. As we have already shown in
our simulations, the location of the maximum SERS enhancement is sensitive to nanorod

diameter (Fig. 5.1a in main text) and it possible that a difference in size could have
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Figure C.2: The trace is this figure depicts the correlation between the macroscopic strain
applied to the elastomer substrate (measured with a micrometer) and the microscopic

strain measured between polystyrene beads (deduced through digital image analysis).
Error bars were calculated from standard error

contributed to this discrepancy. However, there are other features of the geometry of
the nanorods used in this experiment that are not accounted for (gap roughness, for
instance), so further investigation would be necessary to provide confirmation of this.
Finally, figure C.4 shows EF measurements where very large gap sizes have been
taken into account. This figure illustrates that when the two nanorods are separated by
a distance greater than 30 nm, the magnitude of the EF drops to and remains at approx-
imately zero. This finding agrees well with electromagnetic theory which suggests that
the largest SERS enhancements for a nanoparticle dimer system like the one presented
here occurs when the two nanoparticles are close enough to couple through near-field

interactions.
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Figure C.3: Figures (a) and (b) show experimental data (red and blue circles denoting
measurements made parallel and perpendicular to the dimer axis, respectively) taken
from two dimer pairs with segments approximately 320 nm in diameter, plotted against
the results from FEM simulations (red and blue traces denoting results from parallel and
perpendicularly polarized illumination, respectively). Error bars were calculated from
the dispersion of the data observed during measurements.
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Figure C.4: Experimental measurements of the surface averaged SERS EF (normalized)
plotted against interparticle separation with additional measurements of the EF taken at
separations ranging from 30-300 nm to demonstrate that the value remains stable around
zero for separations larger than approximately 30 nm.
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