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Abstract

In this thesis, we present the results of three experiments that combine techniques

from the fields of ultrafast nonlinear optics and plasmonics, with the aim of devel-

oping tools for improved surface-enhanced Raman spectroscopy and biological cell

transfection. We first describe the use of femtosecond laser pulses to generate large

areas of a nanostructured silicon surface which is used as a new type of substrate for

surface-enhanced Raman scattering (SERS). We perform spectroscopic characteriza-

tion of this substrate and find its Raman cross-section enhancement factor to be on

the order of 107. This large, spatially-uniform, and reproducible enhancement factor

is nearly constant across the near-infrared spectral region. In a second experiment,

we develop a technique to spatially isolate the “hot spots” on SERS substrates. This

technique leverages the plasmonic near field enhancement of metallic nanostructures

to preferentially expose a commercial photoresist using femtosecond laser pulses. By

isolating the hot spots, analyte molecules adsorb only to the regions of largest elec-

tromagnetic enhancement. Compared to an unprocessed substrate covered with a

sub-monolayer of benzenethiol molecules, a processed substrate shows a 27-fold im-

provement in its average Raman cross-section enhancement factor. Finally, we present

a proof-of-principle experiment which demonstrates high-throughput ultrafast laser

transfection of biological cells using large-area plasmonic substrates. Utilizing the

field localization properties of a substrate fabricated using photolithography, wet
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etching, and template stripping, we demonstrate the introduction of silence RNA

(siRNA) molecules into cells with an efficiency of approximately 50% after exposure

to femtosecond laser pulses.
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Chapter 1

Introduction

1.1 Organization of the thesis

This thesis is organized into five main sections. The first chapter introduces some

of the relevant subjects of the fields of plasmonics and ultrafast laser applications, as

they apply to the work presented in the later chapters. Chapter 2 covers the main

results of the theory describing the various physical phenomena discussed in Chapters

3, 4, and 5. This theoretical background section is presented such that reader can

understand the physical principles behind the results of the following experimental

sections. Finally, Chapter 6 will conclude the thesis, and present a summary of future

directions for the research.

1
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1.2 Scientific introduction

Despite the fact that the laser was invented 50 years ago [1], femtosecond laser

pulses were only first demonstrated in the mid-1970’s [2]. This significant develop-

ment and subsequent improvements on femtosecond modelocked lasers have enabled

revolutionary scientific achievements across the fields of chemistry, physics, and biol-

ogy. The incredible impact of these laser sources can be attributed to two distinct

and unique features of femtosecond optical pulses: short time duration and high peak

power. Since femtoseconds (10−15 sec.) represent a fundamental timescale in nature

of many atomic and electronic processes, these short laser pulses can be used as a

strobe to observe events such as chemical reaction dynamics [3], phase changes in

highly excited solid state materials [4], and electron dynamics in semiconductors [5].

In the case of chemical reaction dynamics, the advances made possible by the short

time duration of these pulses have been so revolutionary that a Nobel prize in chem-

istry was awarded in 1999 for the development of femtosecond laser techniques that

enabled an understanding of the fundamental processes and pathways that chemical

reactions take. The second unique feature of femtosecond laser pulses is their large ra-

tio of peak power to pulse energy. This ratio implies that the effect of sample heating

can effectively be avoided, enabling one to study the response of a system to a large

applied electric field. In fact, optical fields of magnitude significantly greater than

that of the atomic binding strength (approximately 1010 V/m) are generated rou-

tinely today using only nano-Joules of energy, using commercially-available tabletop

laser systems and focusing lenses. This aspect of femtosecond laser pulses allows us

to generate nonlinear optical effects in materials, without depositing a large amount
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of energy into the system. As a result of this, femtosecond laser pulses can be used

to evoke nonlinear effects in materials or systems that would ordinarily not be able

to withstand the thermal load of longer laser pulses of similar peak intensity. This

fact has enabled researchers to perform feats such as sub-cellular nanosurgery [6, 7]

or two-photon excitation fluorescence microscopy [8] on biological specimens, without

appreciable thermal damage.

The high peak power associated with femtosecond laser pulses is not the only

requirement for many nonlinear effects, such as harmonic generation, mutiphoton ab-

sorption, nonlinear pulse propagation, etc., to occur. Almost all nonlinear effect scale

proportionately with the optical intensity (or some higher power of the intensity).

Since an optical pulse’s power is related to its intensity by

P ∝ I · A (1.1)

where P is the peak power of the optical pulse, I is the spatially-averaged instan-

taneous intensity and A is the cross-sectional area of the pulse, the focusing of fem-

tosecond laser pulses is critical for generating nonlinear effects in materials. One

option to generate these high intensities is to use conventional refractive or reflective

focusing optics. Due to the diffraction limit, this type of focusing can confine light to

transverse dimensions of approximately

d ≈ λ

2 · NA
(1.2)

where d is the radius of the diffraction-limited spot, λ is the wavelength of the

light, and NA is the numerical aperture of the focusing lens or mirror. For visible

light, it is difficult to achieve d less than about 200 nm, even when using the highest-

NA microscope objective lenses available today. Since this fundamental diffraction
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limit is imposed on light focused to the far-field in free space, we must take advantage

of other physical mechanisms to reduce this spot size, and confine light further.

With the advent of modern nanofabrication tools and techniques, the ability to

fashion materials into precise features at the nanoscale has become progressively sim-

pler and more available to researchers. This has led to a great deal of research progress

in the field known as plasmonics [9]. Plasmonics is a subset of optical physics, in which

the collective charge oscillations in metals (plasmons) are utilized to manipulate light

on length scales much smaller than its free-space wavelength [10]. As we will show

in Chapter 2, the electric (and hence, magnetic) fields associated with these charge

oscillations can be confined to regions of subwavelength dimension. This confinement

generates field amplitudes enhanced relative to their unconfined free-space values by

potentially several orders of magnitude. Since this field confinement near metallic

nanostructures can enhance the local optical intensity, we should also expect an en-

hancement of intensity-dependent phenomena in this region as well. As we will show,

the use of femtosecond laser pulses in combination with plasmonic nanostructures rep-

resents an attractive opportunity to create highly confined optical fields of extreme

intensities for the manipulation of matter on nanometer length scales.

Chapter 3 discusses the fabrication and characterization of a nanostructured sur-

face used to enhance these local fields, within the context of surface-enhanced Raman

scattering. In Chapter 4, we use this nanostructured surface to explore the enhance-

ment of nonlinear absorption, with the end goal of improving surface-enhanced Raman

scattering from adsorbed molecules. Finally, in Chapter 5, we will explore the possi-

bility of using plasmon-enhanced nonlinear absorption to optically generate transient
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pores in biological cells, with the goal of developing a high-throughput method for

the introduction of silence ribonucleic acid molecules into cells.



Chapter 2

Theoretical background

2.1 Introduction

In preparation for discussion of the experiments presented later in this thesis, we

will first review some of the theory of the various physical phenomena that will be

encountered. First, we present some of the pertinent results from the electromag-

netic theory of scattering from a subwavelength-sized spherical particle. This result

describes some of the underlying physics of localized plasmon resonances, as well as

motivates the surface-enhanced phenomena that will be discussed throughout this

thesis. Next, we present a classical picture description of spontaneous Raman scat-

tering. We will then extend this discusion to the topic of surface-enhanced Raman

scattering (SERS), which will be the fundamental topic covered in Chapters 3 and 4.

Finally, we will cover the physics of multiphoton transitions, a central phenomenon

employed in the experiments described in Chapters 4 and 5. The aim of this theoret-

ical background section is to provide the reader with sufficient details to understand

6
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the experimental results presented in the later chapters of this thesis. For more ex-

tensive theoretical treatments of these topics, the author will suggest appropriate

external references within each section.

2.2 Localized surface plasmon resonance: fields scat-

tered by a subwavelength sphere

Plasmons are collective electron oscillations driven coherently by an oscillating

external electric field. While there are examples of both localized and propagating

plasmons, we will limit our theoretical discussion to localized plasmon resonances, as

they are relevant to the work presented later in this thesis. As we will show in this

section, these collective charge oscillations can enable a localized enhancement of the

electric field, as compared to the driving field. The region of enhanced electric field is

typically confined to a surface, with spatial extent much smaller than the wavelength

of the driving field. Because of this enhancement and its associated spatial confine-

ment to surfaces, certain linear and nonlinear light matter interactions (scattering,

absorption, emission, frequency conversion, etc.) can be enhanced relative to their

free-space interaction probability when occurring in close proximity to the surface of

structures that exhibit plasmon resonances. To examine this localized field enhance-

ment in a simple system, we will derive the electric potential and field scattered by a

spherical particle under plane wave illumination.

To calculate the electrodynamics of a monochromatic plane wave of electric field

amplitude E0 and frequency ω0 interacting with a polarizable spherical particle placed
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at the origin, we consider the situation shown in Figure 2.1. In the current example, we

will analyze the situation in which the sphere size is small compared to the wavelength

of the incident plane wave (rsphere < 0.05λ). This is a convenient example to choose

for two reasons. Firstly, this situation is relevant to most of the experimental work

described in Chapters 3 and 4, in which we will be discussing the interaction of laser

light with metallic nanoparticles. Secondly, the fact that the sphere is much smaller

than the wavelength of the plane wave, allows us to assume that the electric field is

homogeneous across the extent of the sphere. This will permit us to solve for the

potential and field around the sphere using the quasi-static approximation. We will

solve the associated electrostatic problem of a sphere in a homogeneous electric field,

and assume that the resulting scattered fields will oscillate with the same frequency

as the driving field, ω0. In practice, this approximation is usually valid for spheres

with radii smaller than 5% of the incident wavelength.

k

E
0
(ω

0
)ˆ

r
sphere

< 0.05λ

ε
2

ε
1

z

Figure 2.1: Subwavelength sphere irradiated by a plane wave at frequency ω0.

As shown in Figure 2.1, a plane wave propagating in the direction of its wavevector
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~k with its polarization in the ẑ direction is incident upon a sphere. Using the quasi-

static approximation, we can now assume that a static electric field of amplitude E0

is applied in the ẑ direction, such that ~E = E0ẑ. A schematic of this approximation

is shown in Figure 2.2.

ẑE
0

Figure 2.2: Sphere in a static, uniform electric field, illustrating the result of the
quasi-static approximation.

To solve for the static fields both inside and outside the sphere, we can analytically

solve for the scalar potential, Φ, using the Laplace equation [11],

∇2Φ = 0 (2.1)

in the absence of any free charges. To solve this equation, we must impose boundary

conditions at the surface of the sphere, such that the the tangential component of the

electric field is continuous across the boundary,

∂Φ1

∂θ
=
∂Φ2

∂θ
(2.2)

and the normal component of the electric displacement,

ε1
∂Φ1

∂r
= ε2

∂Φ2

∂r
(2.3)
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is continuous across the boundary at r = rsphere, where the subscripts 1 and 2 refer

to quantities inside and outside the sphere, respectively. We also require that in the

limit of r →∞, the potential outside the sphere, Φ2, is equal to the applied potential,

−E0z. From these boundary conditions, we can solve for the electrostatic potentials

inside and outside the sphere:

Φ1 = − 3ε2
ε1 + 2ε2

E0r cos θ (2.4)

Φ2 = −E0rcosθ +
ε1 − ε2
ε1 + 2ε2

r3sphereE0
cos θ

r2
. (2.5)

To calculate the corresponding electric fields, we take the negative gradient of the

potentials ( ~E = −∇Φ), to give

~E1 =
3ε2

ε1 + 2ε2
(r̂E0 cos θ − θ̂E0 sin θ) =

3ε2
ε1 + 2ε2

E0ẑ (2.6)

and

~E2 = r̂E0 cos θ − θ̂E0 sin θ +
ε1 − ε2
ε1 + 2ε2

r3sphere
r3

E0(r̂2 cos θ + θ̂ sin θ) (2.7)

= E0ẑ +
ε1 − ε2
ε1 + 2ε2

r3sphere
r3

E0(r̂2 cos θ + θ̂ sin θ). (2.8)

There are several things to note about this result. First, the field inside the sphere is

constant, and is polarized along the ẑ axis. Second, if we examine equation 2.8, we

can see that at the point on the ẑ axis where r = rsphere, the quantity E2 is related

to E0 by the factor ∣∣∣∣∣ ~E2

E0

∣∣∣∣∣ = 2
ε1 − ε2
ε1 + 2ε2

. (2.9)

If we set ε2 = 1, as in the case of air, we can see that the denominator will equal

zero if ε1 = −2. In this case, the denominator will vanish, giving rise to a pole
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in the dielectric function. At this condition, the scattered field will be optimally

enhanced relative to the driving field. We will briefly discuss the dielectric function

of metals in the following section, where we will state the conditions for this optimum

enhancement. Finally, the scattered field distribution has the same form as that of

an ideal electric dipole located at the center of the sphere with dipole moment

~p = α · ~E = 4πr3sphere
ε1 − ε2
ε1 + 2ε2

E0ẑ. (2.10)

In this case, the dipole polarizability, α has the form

α = 4πr3sphere
ε1 − ε2
ε1 + 2ε2

. (2.11)

This polarizability is important for describing surface-enhanced Raman scattering,

which will be discussed in section 2.4. For a more detailed description of scattering

of light by subwavelength particles, the author recommends reference [12].

2.2.1 Dielectric function result from the Drude model of elec-

trons in a metal

The response of metals to optical frequency electromagnetic fields in the linear

regime is often described by the somewhat simple, but useful Drude model. This

model approximates a metal as a collection of immobile ions, surrounded by a sea

of free, non-interacting electrons. These electrons are assumed be neutral particles

that scatter off of the ions with a probability per unit time, 1
τ
. This gives the average

time between electron-ion scattering events to be τ . For metals such as gold or

silver at room temperature, this characteristic time is on the order of 10−14 to 10−15

seconds [13]. This simple model can be used to approximate the dielectric function of
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metals such as silver and gold in the visible frequency range, which can be expressed

as

ε(ω) = ε′ + iε′′ (2.12)

where

ε′(ω) = 1−
ω2
p

ω2
(2.13)

and

ε′′(ω) =
ω2
pγ

ω3
. (2.14)

The plasma frequency ωp is expressed as

ω2
p =

4πne2

m
(2.15)

where the quantities n, e, and m correspond to the electron density, electronic charge,

and the effective mass of the electrons in the metal, respectively. In equation 2.14, γ

represents a non-zero damping constant associated with the electron motion. From

equation 2.13, we can see that when ω = ωp/
√

3, the field enhancement factor in

equation 2.9 is maximized. This field enhancement remains finite, however, due to

the non-vanishing imaginary component of the dielectric function, ε′′. This pole in

equation 2.8 and the corresponding peak in field enhancement corresponds to the

physical phenomenon of localized surface plasmon resonance, in which the displace-

ment of the sea of free electrons in the metal is 90◦ out of phase with the driving

field, and the amplitude of this displacement is maximized. For silver or gold metallic

nanoparticles, these resonances typically occur in the visible portion of the electro-

magnetic spectrum, and the peak field enhancements at the surface are typically on

the order of 5 or 10.
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2.3 Raman scattering

Raman scattering was discovered in 1928 [14] by Sir Chandrasekhara Venkata Ra-

man, for which he was awarded the Nobel prize in physics in 1930. In this section,

we will describe spontaneous Raman scattering: the inelastic photon-phonon scat-

tering process which enables the identification of vibrational modes of a molecule.

Because of its simpler mathematical description, here we present the mathematics

and physics of the Raman scattering process in a classical formulation, as opposed to

a quantum mechanical formulation. While there are several limitations of the classi-

cal description, it does give insight into the basic physics of the process, and is easier

incorporated with the theory from the previous section to describe surface-enhanced

Raman scattering, which will be the subject of section 2.4.

The derivation in this section is based on that contained in Ref. [15]. To analyze

the inelastic electromagnetic scattering from a molecule, we calculate the frequency-

dependent linear polarization, or electric dipole moment

~p = α · ~E (2.16)

where α is the molecular polarizability tensor, and ~E is the electric field vector of the

incident monochromatic electric field at frequency ω0. The polarizability tensor, in

general, is a function of the generalized nuclear normal coordinate Q, and thus is also

a function of the vibrational frequencies of the molecule. As the molecule vibrates,

the instantaneous polarizability will also change, due to the fluctuating internuclear

distances in the molecule. This yields the polarizability tensor a function of the

generalized coordinate Q. If we consider a single molecule, free to vibrate but not
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to rotate (the nuclei of the molecule are allowed to vibrate about their equilibrium

positions), we can express the variation of the molecular polarizability with respect

to the molecular vibration as a Taylor series in Q:

αρσ = (αρσ)0 +
∑
k

(
∂αρσ
∂Qk

)
0

Qk +
1

2

∑
k,l

(
∂2αρσ
∂Qk∂Ql

)
0

QkQl + . . . (2.17)

where (αρσ)0 is the polarizability tensor element at the molecule’s equilibrium con-

figuration, Qk, Ql are the normal coordinates associated with molecular vibrational

frequencies ωk, ωl, and the derivatives of the polarizability tensor elements are taken

at the equilibrium configurations. For this derivation, we need only keep the first

order term in Qk, and we can consider only one mode of vibration. The polarizability

tensor then becomes

(αρσ)k = (αρσ)0 + (α′ρσ)kQk (2.18)

where

(α′ρσ)k =

(
∂αρσ
∂Qk

)
0

(2.19)

where we can then simplify our notation, such that we generalize for all values of the

tensor

αk = α0 + α′kQk. (2.20)

Under a monochromatic plane wave driving field

E(t) = E0 cos(ω0t) (2.21)

the solution to the equation of motion for the generalized nuclear coordinate Qk is

given by

Qk = Qk0 cos(ωkt+ δk) (2.22)
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where Qk0 is the amplitude of the vibration, and δk is an additional phase term. We

can combine equations to yield the polarizability tensor for the kth vibrational normal

mode of the molecule

αk = α0 + α′kQk0 cos(ωkt+ δk). (2.23)

When substituted into the form of the induced linear electric dipole moment, we find

p = α0E0 cos(ω0t) + α′kE0Qk0 cos(ωkt+ δk) cos(ω0t). (2.24)

We use the trigonometric identity

cos(A)cos(B) =
1

2
{cos(A+B) + cos(A−B)} (2.25)

to rearrange the second term in the induced dipole moment expression to yield a

polarization in the frequency domain of the form

p(ω) = p(ω0) + p(ω0 − ωk) + p(ω0 + ωk) (2.26)

where the polarizations at the three different frequency components are

p(ω0) = α0E0cos(ω0t) (2.27)

p(ωo − ωk) =
1

2
α′kE0Qk0 cos[(ω0 − ωk)t− δk)] (2.28)

p(ω0 + ωk) =
1

2
α′kE0Qk0 cos[(ω0 + ωk)t+ δk)] (2.29)

Here we can see that the dipole moment now has frequency components other than

the frequency of the incident driving field, ω0. This polarization acts as a source term

in Ampere’s Law,

∇× ~H = ε0
∂ ~E

∂t
+
∂~p

∂t
(2.30)
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where H is the magnetic field. This polarization produces electromagnetic fields at

frequencies ω0, and ω0 ± ωk. The electromagnetic fields radiated at the frequencies

ω0, ω0−ωk, and ω0 +ωk are known as the Rayleigh, Stokes, and anti-Stokes scattered

field components, respectively. All three of these fields are proportional in amplitude

to the driving field amplitude, E0. This implies that the three scattering processes

are linear. Examining equation 2.27, we can write

p(ω0) = pRayleigh0 (ω0) = α0E0cos(ω0t) (2.31)

such that we can define the so-called Rayleigh polarizability as

αRayleigh = α0. (2.32)

We can also show

p(ω0 ± ωk) = pRamank0 cos[(ω0 ± ωk)t± δk] (2.33)

where the Raman polarization can be expressed as

pRamank0 = αRamank · E0 (2.34)

such that we can define the so-called Raman polarizability as

αRamank =
1

2
α′kQk. (2.35)

Thus, the so-called kth Raman polarizability, αRamank , is proportional to the derivative

of the kth polarizability with respect to the generalized nuclear coordinate, Qk. This

has implications that determine the Raman activity of certain vibrational modes in

molecules. The derivative of the molecular polarizability at the equilibrium position,

α′k =

(
∂αk
∂Qk

)
0

(2.36)
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must be nonzero for the kth vibrational mode to be “Raman active.” This, in a

sense, is the definition of the selection rule for the kth vibrational mode of a molecule

to participate in a Raman scattering event. As an a example, we will consider a

few simple cases of molecular vibrations to illustrate this point. In homonuclear

diatomic molecules, denoted by A2, there is only one mode of vibration. Due to the

charge distribution symmetry about the center of the molecule, there is no permanent

dipole moment associated with the molecule. The dipole moment is always zero

during small vibrations, and thus the derivative of the dipole moment with respect

to Qk is zero. However, the polarizability of an A2 molecule changes slightly with

a varying Qk, and the derivative of the polarizability is non-zero at the equilibrium

position. This means the A2 molecule has at least one Raman active mode, and it

will produce sidebands in its light scattering spectrum. In the diatomic molecule,

denoted by AB, there will always be a permanent dipole moment as it vibrates. In

addition, the molecule’s polarizability will vary with molecular vibration, yielding

it Raman active as well. These two cases differ with respect to infrared absorption

spectroscopy. Due to quantum mechanical selection rules imposed on infrared optical

transitions, a non-zero dipole moment is required for the molecule to be “infrared

active,” or absorb infrared light in a direct transition from its ground state to an

excited vibrational state. Classically, this means the derivative of the molecule’s

dipole moment with respect to Qk is non-zero. Thus we see that Raman scattering

is often a complementary process to infrared absorption spectroscopy for performing

vibrational spectroscopy. As an example of a vibrational mode that does not have a

non-zero Raman polarizability, we consider a linear ABA molecule. In the case shown
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in Figure 2.3 for a linear, antisymmetric stretching mode, the molecule does not have

a non-zero derived polarizability at its nuclear equilibrium position.

A B A

Figure 2.3: Example of a molecular vibrational mode which is not Raman active.

Different vibrational modes in a molecule will exhibit different Raman polarizabil-

ities, and thus, Raman intensities. For example, a C = C double bond has delocalized

electrons, due to the π-bond. This greatly increases the bond’s polarizability, which

yields a much larger Raman intensity. Compared to an A2 molecule with only one

s-bond, the C = C double bond vibrational mode will Raman scatter light much

more efficiently.

This classical analysis of an oscillating electric field interacting with a vibrating

molecule provides a simple argument to explain the sidebands exhibited in the light

scattering spectrum of molecules. While this classical analysis does not provide insight

into the relative amplitudes of the Stokes and anti-Stokes scattered fields or the ω4

scattered field intensity dependence on the frequency of the driving field, it does give

a simple argument that enables a physical understanding of the Raman scattering

process. Akin to amplitude modulation in RF electronics, Raman scattering is also a

frequency mixing process in a nonlinear system. However, by measuring the frequency

shift of these Raman sidebands from the driving field frequency ω0, the unique set of

vibrational frequencies ωk can be determined for a given molecule. In practice, these
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frequency shifts (measured in wavenumbers, with unit cm−1) are ususally calculated

from a measured wavelength shift, as described by equation 2.37.

∆ν(cm−1) =
1

λdriving
− 1

λscattered
(2.37)

An example of a typical Raman spectrum from a solid-state sample is shown in

Figure 2.4. By collecting and analyzing the Raman scattered light, the intensities

and frequencies of the various spectral sidebands give insight into the Raman active

vibrational modes of a molecule. Since each molecule has a unique set of vibrational

modes, the Raman spectrum can be used as a type of molecular fingerprint to identify

the scattering molecular species. In practice, this is often performed by exciting

the sample using a narrow-linewidth continuous wave laser source, typically in the

visible wavelength range. Light scattering from the sample is collected, and spectrally

dispersed by a monochromator. By analyzing the output of the monochromator with

a detector, these spectral sidebands can be observed.

For a more complete picture of Raman scattering, especially to include effects of

electronic resonances, a quantum mechanical description of the process is required.

However, for our purposes of providing a background to the experiments described

in this thesis, we only need results from the classical description. For a more thor-

ough description of the quantum mechanical picture of Raman scattering, the author

suggests reference [15].
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Figure 2.4: Typical Raman spectrum taken from a β-barium borate crystal, using
632.8 nm laser excitation. Zero wavenumbers corresponds to the driving field fre-
quency, and increasing Stokes shift (wavenumbers) corresponds to higher frequency
(energy) vibrational modes of the sample.

2.4 Surface-enhanced Raman scattering

Despite being a very convenient technique for analyzing the vibrational modes of

a sample, the Raman scattering process is extremely inefficient. The probability of a

molecule undergoing a Raman-scattering process (in a quantum mechanical picture

of the process) is described in terms of its Raman scattering cross-section, or σRaman.

Classically speaking, the Raman scattering process is always occurring, and the cross

section simply is a measure of the ratio of the Raman scattered light intensity to

the excitation light intensity. To give an example for comparison, the cross-section

of a typical organic fluorescent molecule, such as Rhodamine 6G, is on the order of

10−16cm2. However, the typical non-resonant Raman scattering cross section of that
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same molecule is on the order of 10−30cm2. This difference of 14 orders of magnitude

between typical fluorescence and Raman scattering cross-sections makes fluorescence

a much more sensitive detection technique than Raman scattering. However, for

applications in which information about a sample is desired, Raman scattering has

the significant advantage of providing a specific, unique spectroscopic fingerprint, as

opposed to a broad, ambiguous fluorescence emission spectrum. Because of the addi-

tional information provided by a Raman spectrum, there is great interest in finding

ways to improve effective Raman scattering cross sections. Since its discovery in the

1970’s [16, 17], the enhancement of Raman scattering cross sections of molecules ad-

sorbed to nanostructured metallic surfaces has been researched quite heavily. Here

we will discuss the electromagnetic enhancement mechanism of surface-enhanced Ra-

man scattering, and point out some of its important aspects, as it applies to the

experiments discussed in this thesis.

To increase the efficiency of the Raman scattering process, we must increase the

Raman cross section, or effective Raman cross section, of the molecules being probed.

Since the induced Raman polarization, and hence the Raman scattered field, scales

linearly with the incident electric field, the intensity of the scattered radiation will

be proportional to the intensity of the incident field. Due to this linearity, simply in-

creasing the irradiance on the molecule will not increase its effective cross section. An

alternative is to passively enhance the electric field intensity a molecule experiences,

by placing it in the near field of a metallic object (such as a metallic nanostructure)

that exhibits a surface plasmon resonance. This surface enhancement of the electric

field via surface plasmon excitation in the nanostructure will increase the intensity of
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the light scattered from the molecule via two processes: enhanced coupling of free-

space excitation fields to the molecule, and enhanced out-coupling of the scattered

field from molecule’s polarization at the Raman frequency. These enhancement pro-

cesses will increase the effective Raman cross section of the molecule non-linearly with

the surface electric field enhancement factor, as we show below.

A molecule placed at the ẑ-axis on the surface of the sphere shown in Figure 2.1

will experience an enhancement of its polarization (including its polarization at the

Raman frequency) relative to its free-space polarization, by an amount equal to the

electric field enhancement factor, when the sphere is irradiated by a field E0(ω0)ẑ.

As the Raman scattering process is linear, a polarization at the Raman frequency

is generated, enhanced by this same field enhancement factor relative to the free-

space situation. Since this molecular polarization is in close proximity to a sphere,

the sphere will become polarized at the Raman frequency, proportional to the sphere

polarizability, given by equation 2.11. This re-polarization of the sphere at the Raman

scattering frequency involves a few subtle details. As opposed to the case of the sphere

being polarized by a plane wave, we cannot treat the electromagnetic problem of a

polarized molecule located at the surface of a polarizable sphere in the quasi-static

limit. Thus, the polarized molecule can excite an infinite number of multipoles in the

sphere. This is due to the fact that the Raman scattered field emanating from the

polarized molecule, is not a plane wave in the near field (r � λRaman), and the sphere

does not experience a uniform electric field. However, due to the fact that the sphere

is significantly smaller than the wavelength of the Raman scattered light, only the

induced dipole polarization in the sphere will radiate [18]. These coupling processes
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combined yield a new effective Raman scattering cross section, or SERS cross section:

σSERS ≈ σRaman

∣∣∣∣ ε1(ω0)− ε2
ε1(ω0) + 2ε2

∣∣∣∣2 ∣∣∣∣ ε1(ωRaman)− ε2
ε1(ωRaman) + 2ε2

∣∣∣∣2( rsphere
rsphere + r

)12

. (2.38)

It is important to note that the first field enhancement factor (generating the enhanced

polarization of the molecule) occurs at the incident field frequency, while the second

factor (generating the polarization of the sphere after Raman scattering from the

molecule) occurs at the Raman frequency. These two frequencies, while typically

close (separated by the molecular vibrational frequencies, typically in the THz range),

are not equal to each other. Relative to the frequency of the incident field, ω0, this

difference is small, and can be ignored to yield

σSERS ≈ σRaman

∣∣∣∣ ε1(ω0)− ε2
ε1(ω0) + 2ε2

∣∣∣∣4( rsphere
rsphere + r

)12

. (2.39)

This is the classic “E4” SERS enhancement factor result. In approximation, the

SERS cross section of a molecule adsorbed to a metallic nanostructure is enhanced

by an amount that scales with the fourth power of the local field enhancement. In

practice, however, high-frequency Raman bands of molecules adsorbed to metallic

nanostructures often experience a lesser enhancement, as the nanostructure’s field

enhancement is not constant over an infinite bandwidth, and this E4 approximation

breaks down. The second factor in equation 2.39 is a consequence of the 1
r3

dependence

of the field enhancement outside the sphere, described in equation 2.8. Truly a surface

effect, the electromagnetic SERS enhancement decays drastically, with approximately

a 1
r12

dependence, as the molecule resides further from the metallic nanostructure

surface.

Molecules adsorbed to spherical nanoparticles of gold or silver should theoreti-

cally experience a peak SERS enhancement (due to electromagnetic effects) on the
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order of 103 or 104. In experiments with SERS, however, the situation of molecules

adsorbed to single spherical metallic nanostructures is not often encountered. When

two or more metallic nanoparticles reside close to each other, they can exhibit col-

lective plasmon resonances, in which the local electric fields can be much larger than

in the single particle case. For example, several theoretical and experimental studies

have shown that random aggregates of metallic nanoparticles or metal island films

can exhibit collective plasmon resonances that generate field enhancements at certain

points that can reach factors on the order of 103 [19–24]. These regions of extraordi-

nary enhancement in the interstices of multiple metallic nanostructures are known as

“hot spots.” It is these hot spots that will play an important role in the experiment

described in Chapter 4.

The author would like to acknowledge that the electromagnetic enhancement

mechanism is not the only effect responsible for the SERS enhancements observed

in experiments. The so-called chemical enhancement mechanism relies on the modi-

fied polarizability of a molecule adsorbed to a metallic surface [25]. This mechanism,

however, is somewhat specific to both the metal surface and the adsorbed molecule.

For the sake of designing a general SERS substrate useful for many molecules, the

experiments in this thesis ignore the chemical enhancement mechanism as a design

parameter.

2.5 Multiphoton transitions

In both Chapters 4 and 5, the experiments involve excitation of metallic nanostruc-

tures with near-infrared ultrafast laser pulses. Considering the intensities generated
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by the nanoscale field localization of laser pulses with peak power of order 107 W, the

probability that electrons in either the metal, surrounding material, or both, absorbs

more than one photon at a time becomes non-negligible. Two or more photons can

be absorbed by an electron simultaneously, exciting the material to an energetic state

with the difference between the final and ground state energies equal to the sum of

the photon energies. Simultaneous absorption of two or more photons is known as a

multiphoton transition, and the probability of this type of event occurring scales non-

linearly with the incident light intensity. We will discuss the physics and implications

of these transitions as they apply to the systems in Chapters 4 and 5.

If a beam of light comprised of photons with energy h̄ω is incident upon a material

of bandgap Eg, no photons will be absorbed (effectively) if the condition Eg > h̄ω is

met, as energy is not conserved. However, if Eg < nh̄ω, where n is an integer greater

than 1, an electron can be promoted to a higher-lying state in the material if the

intensity of the light is high enough. If we consider Fermi’s golden rule:

W =
2π

h̄

∑
f

|〈f |HED|i〉|2 δ(ωf − ωi) (2.40)

which describes the transition rate per unit time W between states |i〉 and |f〉 when

an oscillating electric field, or photon, is interacting with the system. The electric

dipole interaction hamiltonian HED = µ · ~E is the dot product of the dipole moment

operator µ with the electric field ~E. The delta function imposes energy conservation

in the transition. We can see that the direct transition rate between initial and final

states is proportional to | ~E|2, which is proportional to the field intensity, I. Thus,

the probability per unit time of a single photon transition scales linearly with optical

intensity. If we extend our derivation of Fermi’s golden rule to include second order
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processes, or “two-photon” transitions, we have [26]:

W =
2π

h̄

∑
f

∣∣∣∣∣〈f |HED|i〉+
1

h̄

∑
l

〈f |HED|l〉〈l|HED|i〉
ωi − ωl

∣∣∣∣∣
2

δ(ωf − ωi). (2.41)

where the intermediate state |l〉 does not necessarily have to be an eigenstate of the

system. The transition from state |i〉 to state |l〉 does not have to conserve energy;

only the overall transition from |i〉 to |f〉 must conserve energy. For example, if the

incident photon energy h̄ω is equal to h̄(
ωf−ωi

2
), the transition between |i〉 and |f〉

is not resonant with the incident photons, and the first term effectively vanishes.

The second term describes a transition requiring two photons, which occurs through

the intermediate state |l〉. If the energies of the states |i〉 and |l〉 are not equal, the

denominator of this term reduces its contribution to the overall transition rate. This

implies that the transition rate will be small if |l〉 is a virtual state separated from

the initial state |i〉 by the photon energy h̄ω. This term also has a numerator that is

proportional to | ~E|4, which is itself proportional to the square of the field intensity, I2.

From this analysis of transition rates, we can extract the notion that the probability

per unit time of a direct transition involving two photons is small, but is proportional

to the field intensity squared, as opposed to the intensity, as in the case of a single

photon transition. This analysis can be extended to higher order transitions, such

that we can arrive at the relationship

W (n) ∝ σnI
n (2.42)

where W (n) is the rate of n-photon transitions in a system per unit time under illu-

mination by a time-varying electric field, σn is the nth-order transition cross-section,

and In is the nth power of the intensity of the field. The transition cross-section,
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σn accounts for the various dipole matrix elements between the states involved in

the transition, such that we can simplify our analysis. Typically the higher order

cross sections for these multiphoton transitions decrease by several orders of mag-

nitude with each increase in transition order, and become increasingly unlikely to

occur. Equation 2.42 states that the probability of a nth-order transition occurring

is proportional to the field intensity to the nth power, which means for higher-order

transitions (n > 1), the intensity must be large for the transition rate to become

non-negligible.

The above analysis implies that for a multiphoton transition to occur in a system

without any resonances between the intermediate and initial or final states, we must

use large electric field intensities. In the work presented in this thesis, we make use of

femtosecond laser pulses. The average intensity of a laser pulse is given approximately

by

I ∝ E

τ · A
(2.43)

where E is the pulse energy, τ is the pulse duration, and A is the cross-sectional

area of the beam. In practice, since femtosecond laser pulses are typically on the

order of 10−13 seconds, even pulse energies in the nano-Joule range can create enor-

mous intensities (1012W/cm2) if they are focused to small areas. This large intensity

can generate multiphoton transitions in materials, as we will discuss in Chapters 4

and 5. In Chapter 4, a two-photon electronic interband transition in silver nanopar-

ticles results in multiphoton-induced luminescence [27], which is used to expose a

photoresist. In Chapter 5, a multiphoton absorption process is used to generate a

low-density plasma of free electrons in the membrane of biological cells, for the pur-
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pose of generating sub-micron sized membrane pores [6]. In both of these cases, a

metallic nanostructure is employed to increase the local electric field intensity of a

femtosecond laser pulse to further increase the probability of a multiphoton transition

occurring.



Chapter 3

Femtosecond laser-nanostructured

SERS substrates

3.1 Abstract

We present a new type of surface-enhanced Raman scattering (SERS) substrate

that exhibits extremely large and uniform cross-section enhancements over a macro-

scopic (greater than 25 mm2) area. The substrates are fabricated using a femtosecond

laser nanostructuring process, followed by thermal deposition of silver. SERS signals

from adsorbed molecules show a spatially uniform enhancement factor of approxi-

mately 107. We discuss the physical formation mechanisms of these substrates, and

describe the experimental techniques used to characterize their SERS enhancement

factor. Spectroscopic characterization of these substrates suggests their potential for

use in few or single-molecule Raman spectroscopy.

29
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3.2 Introduction

In this chapter, we present a new type of SERS substrate, based on a fabrication

technique that uses a femtosecond laser to generate large, uniform areas of nanostruc-

tures on a silicon wafer. We will cover the experimental aspects of this fabrication

process, and describe in detail, the techniques used to characterize the SERS per-

formance of this substrate. Additionally we will describe some of the experimental

instruments used to make these characterization measurements. Much of the text in

this chapter is adapted from [28].

Since its discovery in the 1970’s [16, 17, 29], SERS has provided a glimpse into

the future of high throughput single-molecule detection and analysis. The wealth of

vibrational spectroscopic information offered by Raman spectroscopy makes it ideal

for highly multiplexed bio-assays and label-free analyte detection schemes that are

not possible using the current state-of-the-art molecular dye and quantum dot based

fluorescence techniques. Ordinarily, the cross section for a molecular Raman tran-

sition is extremely small, but nanostructured SERS substrates can enhance Raman

signals to a level that is competitive with well-established fluorescence techniques.

For example, using nanoparticle-based SERS substrates, single-molecule detection

has been reported [21, 22]. Despite this achievement, the current dearth of reliable

and reproducible substrates with both large-scale uniformity and large enhancement

factors has severely limited the use of SERS in most applications. Metallic nanopar-

ticles, patterned on solid substrates or aggregated from colloidal solutions, exhibit

large SERS enhancement factors [20, 30, 31]. While nanoparticle-based systems are

often difficult to control in terms of signal homogeneity and particle stability, and
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are not typically appropriate for use in large area assays, they offer insight into the

requirements for a suitable SERS substrate. The giant signal enhancements observed

in these nanoparticle systems are typically dominated by the large electric fields gen-

erated in so-called ‘hot spots’ that exist in the regions between two (or more) adjacent

particles [32,33]. By optimizing the number, density, and field intensity enhancement

of these hot spots, SERS substrates can provide large, easily detectable signals for

trace detection and identification using Raman spectroscopy. To overcome the phys-

ical limitations inherent to nanoparticle-based SERS systems, attempts have been

made to use highly roughened substrates of bulk solid-state materials. For exam-

ple, metallized porous silicon exhibits SERS properties after proper chemical etching

treatment [34]. However, the practicality of these substrates is limited by the me-

chanical stability [35] of highly porous silicon, making them difficult to integrate into

higher-order structures, such as microfluidics-based analytical devices. Here, we re-

port a technique for fabrication of large area, planar silicon based SERS substrates

that overcomes these physical obstacles. Using a femtosecond laser to nanostructure

a silicon surface, we produce SERS substrates that exhibit reproducible and spatially

uniform enhancement factors of approximately 2×107 at an excitation wavelength of

632.8 nm. This enhancement decreases slowly with increasing excitation wavelengths,

maintaining significant enhancement (about 106) out to 900 nm. In addition to the

large enhancement factor, these substrates can easily be patterned in a variety of

form factors over large areas.
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3.3 Experimental details

3.3.1 SERS substrate fabrication

All substrates were fabricated from n-type, single crystal (100) silicon wafers (ρ =

0.005− 0.020Ω · cm) using a femtosecond laser structuring process. In this process, a

regeneratively-amplified titanium:sapphire laser is used to generate an 800-nm center

wavelength, 100-fs pulse train at a repetition rate of 1 kHz. This pulse train was

frequency-doubled to a center wavelength of 400 nm using a thin (0.5 mm) type-

1 critically phase-matched β-barium borate (BBO) crystal (NewLight Photonics).

A 2:1 Galilean down-collimating telescope is used to reduce the beam diameter to

approximately 5 mm before entering the BBO crystal. By optimizing the angle-

tuning of this crystal along with the 800-nm pulse compression, second harmonic

conversion efficiencies of approximately 28% can be achieved in this system. The

second harmonic pulse width exiting the crystal is less than 200 fs. The duration of

this pulse is determined by the thickness and group velocity dispersion of the BBO

crystal, as opposed to its phase-matching bandwidth, considering the input pulse

duration of 100 fs. Theoretically, we could compress these pulses to shorter durations

after the BBO crystal, but for their use in this experiment, the pulses only need be

in the sub-picosecond regime. The frequency-doubled laser pulses are loosely focused

with a plano-convex lens to achieve an average fluence of 10 kJ/m2 at the surface

of a silicon wafer fastened to the inside a 10-mm deep cuvette filled with deionized

water. The cuvette is mounted on a computer controlled two-axis translation stage

and raster-scanned at an appropriate speed such that each point on the silicon wafer
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is subjected to approximately 500 pulses. A basic schematic of this structuring setup

is shown in Figure 3.1.

silicon wafer

on x–y stage
2.5 mJ

BBO

Ti:sapphire
0.7 mJ

H
2
O

Figure 3.1: Schematic of the laser nano-structuring setup used to fabricate the silicon-
based SERS substrates

Additionally, we can use a galvonometric scan mirror system that is capable of

structuring silicon wafers in a similar fashion, although the experiments described

in this Chapter were performed using the setup shown in Figure 3.1. With the

scan mirror system, instead of moving the wafer back and forth with respect to a

fixed beam location, we can hold the wafer in a fixed position, and raster the beam,

nanostructuring the surface in the same fashion. This system enables us to scan areas

of the wafer at higher speeds than with the translation stage method, allowing us to

fabricate samples more quickly. It should also be noted that we can use a custom-

designed telecentric scan lens (anti-relfection coated at both 400 nm and 800 nm) with

the galvonometric scan mirror system, which is designed to keep the laser pulses at

perpendicular incidence relative to the sample. This is in contrast to an F-theta scan

lens, which has a flat focal plane, but does not preserve this perpendicular incidence

condition at the focus.

Once the silicon wafers have been structured using the laser process, they are

removed from the cuvette, and rinsed with deionized water. An example of a sample

generated using the translation stage system is shown in Figure 3.2, although samples
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generated using the galvanometric scan mirror system look identical.

Figure 3.2: Photograph of 1 cm2 sized areas of silicon, nanostructured in an aqueous
environment, using 400-nm femtosecond laser pulses.

The spot size of the laser is measured at the sample by placing a pickoff (held by a

flip mount) in the beam path after the focusing lens, and a CCD camera is placed in

this path. The CCD camera is positioned such that it and the sample are equidistant

from the pickoff. With knowledge of the laser spot size (full width at half maximum,

FWHM) at the sample, we can determine both the laser fluence at the sample, as

well as the step size for the raster pattern of the translation stages. Because of the

Gaussian nature of the laser beam, we typically set the raster pattern to step one

half of the spot size during each pass. When using the scan mirror system, better

sample uniformity results when we use a higher translation speed, and smaller step

size. We can express this speed difference in terms of a multiplicative factor. To

demonstrate the use of this multiplicative factor in calculating the scan speeds and

step sizes, we will consider an example set of fabrication parameters. For example, if
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our laser spot size at the sample is 100 µm, the repetition rate of the laser is 1 kHz,

and we wish to deliver 500 pulses to each area of the sample, we would normally use a

horizontal stage velocity of 200 µm · s−1, and a vertical step of 50 µm. Using the scan

mirror system to obtain better uniformity, we would use a multiplicative factor of 128

(this factor was chosen empirically, considering the minimum step size and maximum

linear velocity of the galvanometric scan mirror system). This multiplicative factor

means that we would use a horizontal velocity of 25.6 mm · s−1, and a step size of

0.391 µm. These values are obtained by multiplying the horizontal speed and dividing

the vertical step by the multiplicative factor. Due to the fact that the scan mirror

pattern is not phase-locked to the 1 kHz laser pulse train, this multipicative factor

approach to fabricating samples effectively is randomly irradiating the silicon wafer

with pulses such that each point on the surface is subjected to, on average, the same

amount of laser energy. The difference in spatial uniformity of the samples is clearly

evident when observing samples fabricated using different multiplicative factors under

an optical microscope in a reflective brightfield configuration.

To render these nanostructured surfaces SERS-active, we thermally evaporate

silver onto the structured silicon. Using a quartz crystal microbalance to measure

the thickness of a planar continuous film, we fabricated substrates with 10 nm, 30

nm, 60 nm, 80 nm, 100 nm and 200 nm of deposited silver. All films were thermally

evaporated at a rate of 0.15 nm per second, with no heating or cooling applied to

the substrate during deposition. Figure 3.3 shows scanning electron microscope and

helium ion microscope images of a substrate with 80 nm of silver deposited.
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500 nm

a

10 µm

b

Figure 3.3: Scanning electron microscope (a) and helium ion microscope (b) images
of the nanostructured substrate coated with 80 nm of silver. (a) Normal and (b)
side (45◦) views of the surface. Insets: (a) Fast Fourier transform (FFT) of the
normal image. The black ring indicates the peak position in the FFT intensity,
which corresponds to a spatial period of 505 nm. The author would like to note that
these samples exhibit high aspect ratio features, and the helium ion microscope is
a preferred tool, when compared with a standard scanning electron microscope, to
obtain high resolution images at high sample tilt angles.

3.3.2 Raman spectroscopy measurements

Characterization of the Raman cross section enhancement factor of SERS sub-

strates requires a careful quantification of several experimental factors. We are in-
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terested in obtaining the ratio of two optical signals, ISERS and IRaman, normalized

by the number of molecules contributing to each. The average Raman cross-section

enhancement factor will thus be defined as

EF =
ISERS
IRaman

NRaman

NSERS

(3.1)

where NSERS and NRaman are the number of molecules probed in the SERS and

reference samples, respectively. In order to quantify the number of molecules probed

in the SERS substrate case, we dose the laser-nanostructured substrates with a self-

assembled monolayer (SAM) of either benzenethiol or mercaptobenzoic acid. To apply

the SAMs, we submerge the silver-coated substrates in 4-mM solutions made with

ethanol for 1 hr and gently rinse them in neat ethanol for 1 min, finally drying them

under a stream of nitrogen. Reference samples of benzenethiol are made by placing a

drop (approximately 20 µL) of the neat liquid between a glass microscope slide and

a microscope coverslip. A 500-µm thick silicone spacer is used to separate the two

pieces of glass. Benzenethiol and mercaptobenzoic acid are chosen as analytes for

the experiments discussed here as they are non-resonant with the Raman excitation

sources used in this work, and readily form uniform self-assembled monlayers with

known packing densities on clean silver surfaces.

Multiple Raman setups were used to characterize the SERS properties of these sub-

strates in these experiments. Enhancement factor estimates as well as point-to-point

variations in intensity over the patterned area were measured on a micro-Raman appa-

ratus (upright optical microscope coupled to laser excitation sources and a dispersive

CCD-based spectrometer). Using a 5-mW, s-polarized 632.8-nm HeNe laser, spectra

were recorded through a 10× microscope objective (0.25 NA) and projected onto a
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thermo-electrically cooled CCD array using a 1200-gr/mm diffraction grating. Indi-

vidual spectra were recorded from both single spots (approximately 1.6-µm diameter)

on the substrate, and from a 500-µm thick cell of neat benzenethiol for normalization.

The same apparatus was used to measure the SERS uniformity over a 500 µm × 600

µm area from points on the substrate spaced 5 µm apart using a 0.5-s integration

time per spectrum. Raman spectra were also collected using a second micro-Raman

apparatus, which employed a 10-mW s-polarized 785-nm laser diode, 20× microscope

objective (0.40 NA), 1200-gr/mm diffraction grating, and thermo-electrically cooled

CCD array. Additionally, Raman excitation profiling was accomplished using a tun-

able continuous-wave titanium:sapphire laser in a backscattering configuration. The

incident beam was focused onto the sample through a 10-cm focal length lens to yield

a spot size of approximately 20 µm diameter. The incident laser wavelengths were

varied from 700 – 900 nm in 5-nm increments with the power held constant at 15

mW, as measured at the sample. The SERS signal was collected through a triple

monochromator and then recorded on a back illuminated, deep depletion CCD ar-

ray. The excitation profile intensities for the 1075 cm−1 mercaptobenzoic acid peak

were corrected for instrument response using the nearby 1105 cm−1 peak from the

normal (unenhanced) Raman spectrum of 4-acetamidophenol taken under identical

conditions.

3.4 Results

The laser-nanostructuring procedure results in a quasi-uniform distribution of

raised features on the silicon surface. Although the cones protrude above the surface
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of the silicon by as much as 1 µm, the underlying silicon wafer is left intact and

structurally unchanged [36]. After deposition of a silver thin film, the surface of the

substrate is covered with highly non-uniform silver nanoparticles, whose dimensions

are typically on the order of 50–100 nm, as observed in Figure 3.3(b). These silver

particles provide an appropriate surface on which to form a self-assembled monolayer

of either benzenethiol or mercaptobenzoic acid. We obtained the SERS spectra shown

in Figure 3.4 from a benzenethiol self-assembled monolayer on a substrate coated with

80 nm of silver at two different excitation wavelengths (632.8 nm and 785 nm).

Spectra recorded under identical conditions from a region of the silicon wafer that

was not laser structured (i.e. a flat silver substrate) result in no observable signal

(data not shown). The SERS signal shows no discernable dependence on the sample

orientation with respect to the excitation laser polarization. In both Figures 3.4(a)

and 3.4(b), the absence of Raman peaks at 917 cm−1 and 2567 cm−1 (S-H in-plane

bending and S-H stretching modes, respectively) indicates that a single monolayer

of benzenethiol is adsorbed on the surface [37]. For comparison, unenhanced Raman

spectra, obtained from a neat solution of benzenethiol in a glass cell, are also shown

in Figures 3.4(a) and 3.4(b). Based on these data the average SERS cross-section

enhancement factor for the 1572 cm−1 normal mode is approximately 2×107 and

1×106 for 632.8 nm and 785 nm excitation, respectively. The SERS intensity depends

on the amount of silver deposited on the structured silicon surface. Figure 3.5 shows

the integrated intensity of the 1572 ± 10 cm−1 (C=C stretch) Raman band from a

self-assembled monolayer of benzenethiol applied to different substrates with varying

silver thicknesses. Each data point shown is the average of 10 randomly sampled



Chapter 3: Femtosecond laser-nanostructured SERS substrates 40

Stokes shift (cm–1)

a

0 1000 2000 3000 4000

4000

3000

2000

1000

0

632.8 nm

benzenethiol SAM

neat benzenethiol

in
te

n
s
it
y
 (

c
o

u
n

ts
)

Stokes shift (cm–1)

0 1000 2000 3000 4000

1000

9000

6000

3000

0

b

785 nm

benzenethiol SAM

neat benzenethiol

in
te

n
s
it
y
 (

c
o
u
n

ts
)

Figure 3.4: Raman spectra of benzenethiol taken with (a) 5-mW 632.8-nm excitation,
and (b) 10-mW 785-nm excitation. The SERS spectra (black) in both (a) and (b)
were taken from a self assembled monolayer adsorbed on a substrate with an 80-
nm silver film applied. The corresponding unenhanced Raman spectra (red) of neat
benzenethiol are shown for comparison. All spectra were recorded with an integration
time of 1 second.

locations on each substrate. Under otherwise identical conditions, with 632.8 nm

excitation and a 10× (0.25 NA) microscope objective, the SERS intensity is greatest

for substrates with 80 nm of silver. The enhancement factor of the sample with an
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80-nm film is roughly a factor of 2 greater than that of the samples with 10 nm and

200 nm thick films.
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Figure 3.5: Dependence of the integrated intensity of the 1572 ± 10 cm−1 band of
benzenethiol on the deposited silver film thickness. The values shown are the average
of the integrated Raman intensity collected with 5-mW 632.8-nm excitation for 1
second from 10 randomly chosen locations on each 2 mm × 2 mm sample.

We measured the uniformity of the SERS intensity over a large area of the sub-

strate coated with 80 nm of silver using 632.8-nm excitation. We created a Raman

map (Figure 3.6(a)) using the integrated intensity of the 1572 ± 10 cm−1 Raman

band of benzenethiol. The greatest deviation from the point of maximum signal is

–4.3 dB, with a standard deviation of 0.125 (map intensity normalized to its mean).

This uniformity is reproducible from substrate-to-substrate, as demonstrated by the

SERS signal intensities from 42 different samples. Using the same experimental setup,

a single Raman spectrum was taken from a randomly chosen location on each 2 mm

× 2 mm sample. The integrated intensity of the 1572 ± 10 cm−1 band in these 42
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spectra has a standard deviation of 0.129 (distribution normalized to its mean). His-

tograms of the intensities of both the SERS map and the 42 individual samples are

shown in Figure 3.6(a) and 3.6(b). An F-test of the standard deviations of the two

distributions indicates that their difference is not statistically significant (p = 0.88).
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Figure 3.6: (a) Raman map of a 500 µm × 600 µm area of a substrate with an 80-nm
silver film. The map is obtained from the integrated intensity of the 1572 ± 10 cm−1

band of a benzenethiol self-assembled monolayer adsorbed on the substrate. Each
point in the map was taken using 5-mW 632.8-nm excitation with a 0.5 s integration
time. (b) Histogram of the intensity from the map shown in (a). (c) Histogram of
the SERS intensities recorded from randomly chosen locations on 42 different 2 mm
× 2 mm samples using 1 second integration times.

The SERS enhancement observed from these substrates is remarkably constant

with respect to excitation wavelength. Figure 3.7 shows the integrated intensity of

the 1075 cm−1 band of mercaptobenzoic acid over a range of excitation wavelengths

using a substrate with an 80-nm silver film. A fast Fourier transform filter removed
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high frequency noise and smoothed the data. Within the experimental excitation

wavelength range (700–900 nm), the maximum SERS enhancement occurs near 750

nm. However, the maximum is not exceptionally pronounced, as the signal at 750

nm is only 30% greater than the signal at 850 nm.
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Figure 3.7: Relative integrated intensity of the 1075 ± 10 cm−1 band of a mercap-
tobenzoic acid self-assembled monolayer deposited on a sample with an 80-nm silver
coating, as a function of excitation wavelength. Spectra taken at each wavelength
were collected with 15-mW excitation for an integration time of 2 min. The curve
shown is a FFT smoothing of the data.

3.5 Discussion

3.5.1 SERS substrate morphology

The Fourier transform of the image in Figure 3.3(a) shows a peak in the spatial

frequencies of the substrate, which corresponds to a period of 505 nm. The higher

frequency lobes in the FFT image correspond to the shapes of the cones themselves,
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as their angular postion in the FFT is dependent on the rotational orientation of the

sample. From this analysis, we deem these substrates a quasi-ordered array of cones

that cover the surface. This periodicity can be explained in terms of a capillary wave

resolidification process. Since the femtosecond laser pulse intensity at the silicon

surface is on the order of 1012 W/cm2, the interaction of the laser pulse with the

surface is highly modified compared to interactions involving lower intesities. At

these high intensities, the electron-hole plasma generated in the first few nanometers

by linear absorption of the leading portion of the laser pulse is so dense that it acts

as a reflecting surface to the trailing portion of the laser pulse [38]. Because the

200 fs pulse is significantly shorter than the electron-phonon thermalization time (on

the order of 1 ps) [39, 40], the plasma generated in this thin layer does not have a

chance to dissipate its energy into the silicon lattice before the transient laser pulse

is gone. This effect results in a plasma-induced melting of a surface layer thinner

than the skin depth of silicon at that wavelength (82 nm at λ =400 nm [41]) [42].

When the electrons do thermalize by coupling to phonons in the lattice, it results

in the rapid melting of only the thin layer, while the underlying silicon substrate

remains in the solid phase. Due to the picosecond timescale of this melting process,

the resulting thermal gradients are much larger than in the case of nanosecond laser

melting of silicon, for example. We can describe the heat flow from this molten silicon

layer to the surrounding environment using the differential form of Fourier’s 1-D heat

conduction equation,

~q = −kdT
dx

(3.2)
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where q is the heat flux in the x-direction, T is the temperature at a given position

x , and k is the thermal conductivity. We see that heat flux is proportional to both

the negative of the temperature gradient and the thermal conductivity. Since the

laser pulse energy is deposited completely within this thin molten silicon layer, the

boundary between liquid and solid silicon has an extreme temperature gradient, which

enables fast cooling and resolidification of the molten silicon. To further enhance the

cooling rate of the molten silicon layer, we perform the laser nanostructuring process

in a water environment, as water has a much higher thermal conductivity than most

gases [43].

In a thin liquid layer on top of a solid substrate, shallow capillary waves can be

excited. These waves are a result of fluctuations in the surface tension of the liquid,

which follow the dispersion relation [44]

τ 2liq.k
4 =

(2π)2ρ

σd
(3.3)

where τliq. is the lifetime of the molten layer, k is the wavevector (2π/λ) of the

capillary wave, ρ is the density of the molten silicon, σ is the surface tension of the

molten silicon, and d is the melt depth. By approximating the density and surface

tension of molten silicon using their literature values near the melting temperature of

silicon, and using melt depths in the range of 10-100nm and a capillary wavelength

of 505 nm, the lifetime of the molten silicon layer can be extracted to be on the

order of 5 to 10 ns. This result, although somewhat qualitatitve, follows in agreement

with lifetimes calculated from femtosecond laser structured surfaces fabricated in

gaseous environments. A gaseous environment provides a lower heat conductivity

than water, and correspondingly capillary wavelengths approximately an order of
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magnitude longer are observed [45]. Experiments using nanosecond laser pulses to

structure the surface of silicon wafers also exhibit even larger quasi-periodic features,

as a result of heat diffusion into the bulk during the laser pulse. This diffusion of heat

on nanosecond time scales creates a smaller thermal gradient than in the femtosecond

case, and thus a larger melt depth and longer capillary wavelengths [46].

It should be noted, that after several laser pulses, these quasi-periodic silicon sur-

faces, which have been frozen into place after each individual laser pulse, will affect

the distribution of optical energy at the surface during future pulses. These periodic

modulations in the surface height can cause non-uniform optical field distributions

through diffraction, refraction, and self-interference of the laser pulses, which gen-

erate non-homogenous heating of the surface. Additionally, laser ablation during

this process influences the final surface morphology, but we ignore this effect here

to focus on the origin of the surface periodicity. By no means is the model we have

described here complete; we have simply outlined the basic phenomenon by which

these quasi-periodic structures form under repeated femtosecond laser irradiation.

Previous measurements on these surfaces using X-ray photoelectron spectroscopy

reveals that the cones are covered by a thin layer of SiO2 [36]. This layer has roughness

on the order of tens of nanometers [36, 46] and enables a unique thin film deposition

process that is responsible for the SERS properties observed in these samples. The

rough surface acts as a physical catalyst for silver particle formation by enabling a re-

duction of the silver/SiO2 interfacial surface energy during the deposition process [47].

Instead of the smooth continuous film that results during metal film deposition on

flat surfaces, we observe discontinuous, particulate film deposition on the nanostruc-
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tured silicon substrates. As shown in Figure 3.3(b), the deposited silver does not form

a continuous film, but rather a collection of aggregated particles — an architecture

which is generally accepted to greatly enhance Raman signals from molecules nearby

or adsorbed to the surface [48–51].

3.5.2 Calculation of the SERS enhancement factor

The Raman scattering cross-section enhancement factor for the substrate is de-

termined from Equation 3.1, where ISERS and IRaman are the integrated intensities of

a specific Raman band, normalized to the incident laser photon flux for the cases of

the SERS substrate with the self-assembled monolayer applied and the neat molec-

ular dye, respectively. Additionally, the integration of these Raman intensities must

not include any background signals that may be present in the spectrum, due to

stray light, noise, or sample fluorescence (i.e. background correction is applied to

each spectrum before taking the integral of the Raman bands). Proper enhancement

factor calculations must also account for the number of probed molecules, NSERS

and NRaman, in each sample. For NSERS, the benzenethiol self-assembled monolayer

density (6.8×1014 cm–2) and the laser spot size give an estimate of the maximum

number of molecules on a planar surface that can contribute to the SERS signal [52].

However, the surface of the substrates is not planar, and the effective benzenethiol

SAM density must be adjusted by a surface area enhancement factor, which takes

into account the morphology of the substrates. The simplest geometric model of the

surface is to assume an array of silicon cones with an average period of about 500

nm, as shown in Figure 3.8.
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Figure 3.8: Cartoon schematic of the model used to estimate the surface area en-
hancement of the laser-nanostructured substrates.

The surface is modeled as a quasi-ordered array of cones [53] covered with a layer of

spherical silver particles, whose total cross-sectional area is equivalent to the surface

area of the cones. This geometrical model results in a surface area enhancement

of approximately 10. We have also made attempts to directly measure the surface

area enhancement of the substrate using several experimental techniques, such as

UV reflectance confocal microscopy and atomic force microscopy using special high

aspect ratio probes. Due to the high aspect ratio of the samples combined with their

nanoscale lateral dimensions, both of these techniques proves to be extremely difficult

and unreliable to obtain accurate results. This aspect of the project is still in need of

a good solution, such that a truly accurate measurement of the SERS enhancement

factor can be determined. The number of probed molecules in the un-enhanced

sample of neat benzenethiol, NRaman, is approximated using the molecular weight

and density of benzenethiol and the effective interaction volume of the Gaussian laser

beam with the neat benzenethiol sample. The confocal nature of the micro-Raman

spectrometer is incorporated in the determination of NRaman by accounting for the

axial collection efficiency of the microscope, which was rigorously measured using
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standard procedures [54,55]. We will outline the measurement procedure here, but the

author particularly recommends the supplemental information section in Ref. [54] as

a guide to characterizing a confocal Raman microscope for quantitative enhancement

factor measurements.

To summarize the results of Ref. [54], the effective scattering volume of the confo-

cal microscope must be obtained through experimental measurement of the coupled

spatial excitation and collection efficiencies. Since the focused Gaussian excitation

laser beam does not have constant excitation intensity or collection efficiency versus

the axial coordinate, z, or the radial coordinate, ρ, we must account for these non-

uniformities in terms of an effective scattering volume, in order to determine NRaman.

The signal measured using a confocal Raman microscope from a bulk reference sample

in space can be expressed as [54]:

Itotal = cNaσR

∫ ρ=∞

ρ=0

2πρ

∫ z=∞

z=−∞
I(ρ, z)η(ρ, z)dρdz (3.4)

where Itotal is the total Raman signal measured, c is the concentration of analyte

molecules in the sample, Na is Avagadro’s number, σR is the Raman cross section of

the analyte molecule. Without knowledge of these intensity and collection efficiency

functions I(ρ, z) and η(ρ, z) explicitly, we must experimentally determine the values

of these integrals. We can transform this integral into the product of the molecular

number density, Raman cross section, and effective scattering volume Veff (a prod-

uct of an effective height Heff and an effective area Aeff ) that has unity excitation

intentsity and collection efficiency functions across its entire extent:

Veff = HeffAeff =

∫ ρ=∞

ρ=0

2πρ

∫ z=∞

z=−∞

I(ρ, z)

I0

η(ρ, z)

η0
dρdz. (3.5)
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I0 and η0, in this case, are the maximum values of I(ρ, z) and η(ρ, z), such that

each efficiency function is normalized to a peak excitation and collection efficiency of

unity. A measurement of the radial intensity distribution can be used to determine

the effective excitation area, Aeff . From Gaussian beam theory [56], it can be shown

that this effective area can be expressed as the ratio of the beam’s average power to

its intensity at the origin:

Aeff =
P

I(0, 0)
=
πw2

0

2
(3.6)

where w0 is the beam waist at z = 0. This beam waist can be measured experimen-

tally, by scanning the Raman excitation laser over the edge of a cleaved silicon wafer.

By fitting data points from silicon’s 520 cm−1 Raman band intensity versus linear

position x to the function

I(x) = A+
Imax

2

[
1 + erf

(√
2(x0 − x)

w0

)]
, (3.7)

we can determine w0, where A is a constant offset, I(x) is the measured Raman signal

versus position, Imax is the peak signal measured, and erf(x) is the error function.

For example, data obtained from this measurement using 785-nm excitation and a

0.40 NA microscope objective is shown in Figure 3.9.

To calculate Heff , we can measure the axial collection efficiency, η(ρ, z), of the

microscope by measuring the Raman intensity of the 520 cm−1 band from a silicon

wafer as a function of the axial coordinate z. If the entrance slit to the spectrometer

is open wide enough to avoid any clipping of the imaged excitation area at all values

of z, the ρ dependence in η(ρ, z) can be ignored, and the collection efficiency becomes
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Figure 3.9: Experimental determination of the beam waist, ω0 using the knife-edge
method. The fit of this particular data yields a waist w0 of 2.55µm for 785-nm
excitation through a 0.40 NA microscope objective lens.

purely a function of z. The effective height of the scattering volume is defined as

Heff =

∫ z=∞

z=−∞

η(z)

η0
dz. (3.8)

Example data from this type of measurement of η(z) is shown in Figure 3.10. By

taking the integral of this function normalized to its peak value η0,we can find the

total effective scattering height.

When calculating the enhancement factor for these substrates, we assume that all

molecules on the surface Raman scatter with equal efficiency. However, nanoparticle

SERS studies have shown that the relatively few molecules residing in the hot spots

between particles contribute predominantly to the SERS signal [33,57]. This observa-

tion suggests that these nanostructured substrates exhibit small regions of enormous

Raman enhancement, with the average surface enhancement factor being on the or-

der of 107 (the focused 632.8-nm laser’s beam waist of approximately 1.6 µm is large
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Figure 3.10: Typical axial collection efficiency function of the confocal Raman micro-
scope using a 0.40 NA objective lens and 785-nm laser excitation.

enough to generate intense Raman scattering from many hot spots at once, consider-

ing the surface features’ size and spacing). This enhancement factor is believed to be

sufficient to observe single-molecule SERS using modern Raman spectrometers [54].

3.5.3 Silver deposition

Thin film deposition of silver on SiO2 substrates presents numerous opportuni-

ties from which to control the morphology of the resulting films, and by extension,

the resulting SERS activity. Deposition parameters such as substrate temperature,

deposition rate, and vacuum pressure can be used to alter a variety of thin film prop-

erties (i.e. thickness, grain size, and surface roughness). Keeping other parameters

constant, we optimized the signal from these nanostructured substrates by varying

the amount (thickness) of deposited silver. Silver is known to follow Volmer-Weber

growth processes on oxide surfaces resulting in small silver clusters that grow into
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islands on the surface [58]. The deposited film thickness determines the density and

size of the silver particles formed on the surface. It should be noted, no special deposi-

tion requirements are necessary to generate particles with SERS relevant dimensions

(50—100 nm) on the nanostructured substrates, even at film thicknesses that would

normally cross far above the percolation threshold to form a continuous silver film on

a planar SiO2 substrate [59]. As shown in Figure 3.5, an 80-nm film of silver creates

an optimal distribution of particles on the surface for 632.8-nm excitation. Plasmon

resonances of these particle aggregates result in large local field enhancements and

thus large SERS signals from adsorbed molecules. The dependence on silver thick-

ness can be explained based on the particulate nature of the silver films: too little

deposited silver results in a surface sparsely covered with isolated particles, and a cor-

responding decrease in SERS signal. Additionally, too much deposited silver forms

a near-continuous film on the surface, covering the nanoscale features of the silicon

substrate, leading to a decreased SERS signal.

3.5.4 Substrate uniformity

In addition to the large enhancement factors observed using these substrates, the

SERS signal measured over a large area of a single substrate (Figure 3.6(b)), as well as

the signal measured from substrate to substrate (Figure 3.6(c)) is extremely uniform.

Statistical analysis of these data indicates that large substrates can be reproducibly

fabricated in mass quantities. The uniformity of these substrates is largely a function

of the laser fabrication process used to produce the nanostructured surface. During

fabrication, the focused femtosecond laser beam (FWHM = 80 µm) used to structure



Chapter 3: Femtosecond laser-nanostructured SERS substrates 54

the silicon is rastered across the surface with enough overlap between subsequent

passes (40 µm) to create a uniformly patterned substrate with no unexposed silicon

surfaces, if raster scanning the sample with respect to the laser beam. If using the

galvanometric scan mirror system, the uniformity is further improved. The typical

spot sizes of the continuous wave lasers (632.8 nm and 785 nm) used to measure SERS

signals from these substrates are significantly smaller (< 5 µm) than the structuring

laser spot size. The uniform SERS intensities observed in this work using high spatial

resolution Raman microscopes implies that the SERS enhancement is free from any

spatial periodicity due to the finite size of the structuring laser’s beam. We expect

the SERS enhancement of these substrates to maintain this level of uniformity over

any macroscopic distance, assuming the structuring laser output and silver deposition

conditions are consistent across the entire structured area. In principle, these sub-

strates are limited only by the size of the silicon wafer, the travel of the translation

stages or size of the scan mirror system’s scan field, and the size of the evaporator

used to deposit the silver film.

3.5.5 Excitation profiling

The broad range of excitation wavelengths over which these nanostructured sub-

strates provide significant enhancement affords great flexibility for use with a wide

range of laser excitation sources for SERS or surface enhanced resonance Raman spec-

troscopy (SERRS). The position and width of the peak in the excitation profile shown

in Figure 3.7 indicates there is an optimal excitation wavelength within the probed

range. However, the relatively featureless nature of the excitation profile implies that
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the substrates may be suitable for operation over a much broader range of excitation

wavelengths than probed in this measurement. The enhancement factor at 632.8 nm

is more than an order of magnitude greater than the enhancement factor at 785 nm.

This difference illustrates that the maximum in the excitation profile is merely a local

maximum within the probed wavelength range. This maximum in the near infrared

portion of the spectrum is consistent with the typical spectral position of a surface

plasmon resonance of aggregated silver nanoparticles [19,52,60]. In general, aggrega-

tion of silver nanoparticles not only red shifts their surface plasmon resonance, but

also broadens this resonance over much of the visible range [61]. This broadening may

be responsible for the SERS enhancement observed over the wide range of excitation

energies used with these substrates. This broadband operation allows high-frequency

(greater than 3000 cm−1) Raman bands to be easily observed in SERS spectra with-

out the typical decrease in intensity seen in many SERS substrates [32] (e.g. Figure

3.4(a). In Figure 3.4(b), taken with 785-nm excitation, the measured intensity of the

Raman bands at frequencies greater than 3000 cm−1 are limited by the efficiency of

the silicon-based CCD detector).

3.5.6 Substrate temporal stability

The substrates are stable over long periods of time. We formed mercaptobenzoic

acid monolayers on pristine substrates 3 months after initial substrate fabrication, and

found no noticeable loss in SERS signal relative to mercaptobenzoic acid monolayers

formed on freshly fabricated substrates. Once formed, the monolayers are extremely

stable, as their SERS signals remain constant over a period of several months. The
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stability of the Raman signal is most likely a function of both the unique mechanical

stability innate to these nanostructured substrates as well as the molecular compo-

sition of the self-assembled monolayer itself. We chose benzenethiol and mercapto-

benzoic acid as SERS reporter molecules as they are known to effectively bind to the

silver substrate via thiol moieties [62]. The robust nature of these substrates makes

them well suited for integration with highly sensitive spectroscopic devices over long

periods of service with little degradation in performance.

3.6 Conclusion

In summary, we have presented a simple two-step process for fabricating silicon-

based SERS substrates. We described the basic physics and characteristics of the

physical formation mechanisms. We outlined the procedure for quantitatively deter-

mining the SERS enhancement factor, by characterizing the confocal Raman micro-

scope scattering volume. We have measured the SERS enhancement of these sub-

strates as a function of fabrication parameters, excitation wavelength, as well as the

spatial and sample-to-sample SERS signal uniformity. These substrates exhibit ex-

tremely large and uniform Raman scattering cross-section enhancement factors over

macroscopic areas. The enhancement factor of the substrates depends on the de-

posited silver film thickness; this parameter determines the spacing and density of

silver particles formed on the nanostructured silicon surface. The substrates have an

excitation wavelength dependence that is quite flat over the near-infrared range, mak-

ing them compatible with numerous laser excitation sources. The excellent spatial

uniformity, large SERS enhancement, structural stability, and simple fabrication make
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these substrates attractive candidates for use in large-area trace detection schemes

using Raman spectroscopy.
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Chapter 4

Isolating SERS hot spots using

multiphoton lithography

4.1 Abstract

In this chapter, we present a method for improving femtomole-level trace detec-

tion (109 molecules) using the large-area surface-enhanced Raman scattering (SERS)

substrates described in Chapter 3, although this process should be useful for most

all SERS substrates based on noble metals. Using multiphoton-induced exposure

of a commercial photoresist, we physically limit the available molecular adsorption

sites to only the electromagnetic ”hot spots” on the substrate. This process prevents

molecules from adsorbing to sites of weak SERS enhancement, while permitting ad-

sorption to sites of extraordinary Raman enhancement. For a randomly-adsorbed

sub-monolayer of benzenethiol molecules the average Raman scattering cross-section

of the processed sample is 27 times larger than that of an unprocessed SERS substrate.

58
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Much of the text in this Chapter is adopted from Ref. [63].

4.2 Introduction

Molecular adsorption sites on macroscopic SERS substrates exhibit a high vari-

ance in Raman enhancement factors [33]. As a direct consequence of this broad

distribution, molecules adsorbed to the extremely small fraction of sites of extraor-

dinary SERS enhancement (>109) contribute a large percentage of the total Raman

signal measured. Random site adsorption over this distribution poses a problem for

reliably measuring SERS signals from a number of molecules that form less than a

monolayer of surface coverage. In this Chapter, we present a method for isolating

hot spots on large area (>25 mm2) SERS substrates. We use multiphoton-induced

exposure of a commercial photoresist on the substrate to uncover only the electro-

magnetic hot spots. The electromagnetic enhancement at SERS hot spots and the

intensity-dependent nature of multiphoton absorption cause preferential isolated ex-

posure of the photoresist at the hot spots. Removal of the exposed photoresist then

yields a substrate for which only hot spots are available as adsorption sites. This

process does not require prior knowledge of the location or SERS enhancement of hot

spots. Compared to a randomly adsorbed sub-monolayer of analyte molecules on an

unprocessed SERS substrate, the same number of molecules adsorbed on isolated hot

spots exhibits a 27-fold improvement in average Raman scattering cross-section.



Chapter 4: Isolating SERS hot spots using multiphoton lithography 60

4.3 Experimental

The macroscopic SERS substrates used in this work are fabricated using a fem-

tosecond laser-nanostructuring process described in Chapter 3. The resulting sub-

strate surface is comprised of a quasi-ordered array of cones with an average period

of 500 nm, as shown on the left of Figure 4.1. The cones are covered with aggregates of

silver nanoparticles, formed by thermal deposition. These substrates offer a spatially

uniform and large (>106) average SERS enhancement factor over the visible and near

infrared spectral regions. The hot spot isolation (HSI) process is depicted on the

right in Figure 4.1. Positive-tone photoresist (Shipley S1805, MicroChem) is diluted

10:1 in resist thinner (Shipley Thinner-P, MicroChem) and spun onto the substrate at

3000 rpm for 1 minute. On a flat silver-coated silicon wafer, this spin speed yields a

30-nm thick layer after a soft bake (120 ◦C, 1 min). This layer of photoresist prevents

analyte molecules from adsorbing to the silver surface of the SERS substrate. We

use galvanometric scan mirrors to subject each point on the substrate to one hundred

pulses from a regeneratively-amplified titanium:sapphire femtosecond laser system (τ

= 60 fs, λcenter = 795 nm, 100-kHz repetition rate). The laser pulses are focused by a

single lens placed before the scan mirrors to achieve fluences at the substrate in the

range of 0-400 J/m2. After fs-laser exposure, a commercial aqueous alkaline developer

(Shipley CD-30, MicroChem) is used to remove the exposed photoresist covering the

hot spots.
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Figure 4.1: Helium ion microscope image (45◦) and schematic diagram of SERS
substrate (left). Hot spot isolation (HSI) process (right): (1) Diluted positive-tone
photoresist is spin-coated onto a SERS substrate to cover the surface. (2) A femtosec-
ond laser pulse train is scanned over the surface, selectively exposing the photoresist
covering electromagnetic hot spots. (3) The photoresist is developed and the SERS
hot spots are uncovered.

4.4 Results

To test the improvement of trace detection due to the HSI process, we dosed both

an unprocessed SERS substrate and HSI-processed substrates processed at various

exposure fluences with a sub-monolayer of benzenethiol molecules. We chose ben-

zenethiol as a test molecule because it has a large non-resonant Raman cross-section,

and a strong binding affinity to silver. To ensure sub-monolayer analyte coverage,

we incubated each of the substrates in 4 mL of a 1-pM concentration solution of

benzenethiol in ethanol (4 femtomoles of benzenethiol) for 24 hours. Considering

the dimensions of the substrate and the packing density of benzenethiol on a silver

surface [52], this dosage (2.4×109) represents a surface coverage of approximately

0.001% on the unprocessed sample. We performed micro-Raman spectroscopy on
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all substrates using 12 mW of 785-nm excitation through a 0.40-NA microscope ob-

jective with an integration time of 30 seconds. We measured the full width at half

maximum of the 785-nm laser spot to be 4.2 µm. For each sample we measured the

integrated signal-to-baseline intensity of the 998-cm−1 ring-breathing mode of ben-

zenethiol at 10 random locations. The average integrated intensity of the 998-cm−1

ring-breathing mode of benzenethiol from these spectra is shown in Figure 4.2. The

average and standard deviations of these values is also shown in 4.2. The unprocessed

sample’s average integrated intensity is plotted as a dashed line, with the gray area

representing the standard deviation of the distribution. We find that exposure of the

photoresist using a fluence of 200 J/m2 improves the signal intensity relative to the

unprocessed substrate by a factor of 27. To illustrate this improvement, averaged

spectra obtained from the sample processed at 200 J/m2 and the unprocessed sample

are shown in 4.3.

4.5 Discussion

Qualitatively, the trend of the data shown in 4.2 can be understood as follows.

A resist covered sample that has not been exposed to fs-laser pulses exhibits no

discernible benzenethiol SERS signal; the molecules are unable to adsorb to the sil-

ver surface covered by the photoresist. At low fluences, not enough hot spots are

uncovered to generate large signals. At intermediate fluences, we record large im-

provements in signal relative to the unprocessed sample. Finally, at high fluence

values, the photoresist covering areas of weaker enhancement is also exposed and the

signal improvement declines, with signal levels approaching those of the unprocessed
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Figure 4.2: SERS signal as a function of exposure fluence. The average signal from the
unprocessed sample is represented as the dashed line, with the standard deviations
represented by the gray area. Error bars for the first 3 samples are smaller than the
data marker. All data points are obtained by integrating the intensity of the 998 cm−1

Raman band of benzenethiol recorded at 10 random locations on each substrate. The
signal from the sample processed using an exposure fluence of 200 J/m2 is 27 times
larger than that of the unprocessed sample.

sample.

Given that our photoresist is optimized for G-line exposure (436 nm) and that

our exposure laser wavelength is 795 nm, we attribute the selective photoresist expo-

sure to multiphoton-induced luminescence from an interband electronic transition in

silver [27]. The overlap of the luminescence spectrum and the absorption band of the

photoresist enables its exposure. We rule out that harmonic generation at hot spots

plays a significant role in the HSI process as the spectrum of the scattered light in

our experiment shows that luminescence from the silver is orders of magnitude more

intense. The absorption spectrum of the photoresist and the multiphoton-induced lu-

minescence spectrum of the substrates is shown in Figure 4.4. Additionally, previous
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Figure 4.3: Comparison of Raman spectra from HSI-processed and unprocessed sam-
ples incubated with 4 femtomoles of benzenethiol. Each trace is the average of 10
spectra taken from the 200 J/m2 and unprocessed sample. No baseline correction
is applied to either spectrum; the background in the HSI spectrum is due to C-H
vibrations in the undeveloped photoresist.

studies of polymerization using ultrafast optical excitation of metallic nanoparticle

aggregates have ruled out field-enhanced multiphoton absorption in the photoresist

as a dominant exposure mechanism [64]. Finally, we conclude that this effect is both

intensity-dependent and non-thermal in nature, as no HSI is observed if the process

is performed using comparable continuous-wave excitation. For these reasons, we

attribute the selective exposure of the photoresist to multiphoton-induced lumines-

cence, which is expected to be greatest near hot spots, due to its intensity-dependent

nature.

Several factors influence the improvement obtained with the HSI process. Firstly,

the spatial distribution of hot spots in metallic nanoparticle aggregates depends

strongly on the excitation frequency [23,24]. Therefore, the Raman excitation wave-
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Figure 4.4: Multiphoton induced luminescence spectrum of the silver-coated SERS
substrates, and the absorption spectrum of un-exposed Shipley S1805 photoresist.
The significant overlap of the two spectra allows us to attribute the resist exposure
to the luminescent emission of silver.

length should be chosen to match the femtosecond exposure wavelength. In this work,

the femtosecond pulses are centered at 795 nm, with a full width at half maximum

of 30 nm. The Raman excitation wavelength of 785 nm is within this bandwidth, al-

lowing excitation of the same hot spots that were isolated by the femtosecond pulses.

Figure 4.5 shows the relative overlap of the femtosecond exposure and CW Raman

excitation laser spectra.

To confirm the need to match the Raman wavelength to the femtosecond ex-

posure wavelength, we probed the same HSI-processed and unprocessed substrates

using 632.8-nm excitation. At 632.8 nm, the maximum HSI improvement over the

unprocessed substrate is reduced to a factor of 4. Secondly, the finite resolution of

the photoresist influences the HSI performance. The most intense SERS hot spots

are often of single or sub-nanometer dimension [65], which is less than the current
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Figure 4.5: Spectra of both the 60-fs exposure laser pulses and the 785-nm continuous
wave (CW) Raman excitation laser. The relative overlap of these spectra is critical
to the performance of the HSI process.

resolution of most photoresists. This finite resolution causes regions of the surface

larger than the hot spots to be exposed during HSI, resulting in analyte adsorption

both in and around hot spots. This lack of localization of the analyte adsorption and

the range of enhancements associated with different hot spots [33] explain the large

variance in the data points in Figure 4.2 at intermediate exposure fluences. Thirdly,

the HSI process is useful only for sub-monolayer analyte coverages. Only when there

are too few molecules to cover all surface sites on a SERS substrate does the HSI pro-

cess provide an improvement over an unprocessed substrate. Finally, the thickness

of the resist layer covering the surface of the substrate is most likeley an important

parameter for obtaining the highest improvement factor in this process. If the resist

is too thick, higher fluences will be required to expose the resist to its surface. This

will result in reduced resolution of the hot spot isolation process, as the multiphoton
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induced luminescence is expected to be fairly isotropic [64]. This isotroptic emission

should cause large areas of the photoresist above the substrate surface to be exposed,

resulting in a significant portion of the substrate to become available as adsorption

sites after development. A diagram of this expected fluence trend is shown in Figure

4.6.
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Figure 4.6: Diagram illustrating the effect of increasing femtosecond laser fluence on
the region of resist exposed. At a certain point, the exposed region will reach the
surface of the resist layer, where it will be removed by the developer. If the fluence is
too high, regions of the resist covering areas of the surface besides the hot spots will
be exposed and developed away, such that molecules may adsorb to the cold spots
on the surface. This will reduce the improvent of the HSI process. Additionally, if
the resist layer is too thick, regions of the surface other than the hot spots will likely
be exposed after development, due to the near-isotropic nature of the multiphoton-
induced luminescence, which is expected to further reduce the improvement of the
HSI process.
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4.6 Conclusion

In conclusion, we have presented a method for physically isolating hot spots on

a macroscopic SERS substrate. We have demonstrated its effectiveness using one

type of substrate only, but the HSI process can be applied to other metallic SERS

substrates as well because most noble metals generate broad multiphoton lumines-

cence [66]. Theoretically, we predict even better hot spot isolation using photoresists

with absorption spectra that are confined to the ultraviolet spectral region. Such pho-

toresists would be exposed directly by surface-enhanced multiphoton absorption [67],

producing more anisotropic exposure at the hot spots and minimizing the surround-

ing area that is uncovered during the HSI process. The substrate employed in this

work has an optimal excitation wavelength of 632.8 nm, as discussed in Chapter 3, yet

we used a 795-nm center wavelength femtosecond exposure laser to perform the hot

spot isolation. The enhancement factor of these substrates using 795-nm excitation

is approximately 1 order of magnitude smaller than when using 632.8-nm excita-

tion [28,68]. To optimize the performance of the HSI process using these substrates,

the use of a 632.8-nm femtosecond laser would be ideal. However, given the dearth of

readily available, high energy femtosecond pulses at 632.8 nm, we were unable to per-

form this experiment at the current time. The use of an optical parametric amplifier

should enable this experiment, and future work in this area should perhaps focus on

this type of optimization. Additional studies of hot spot isolation using different re-

sist thicknesses should also elucidate the optimum conditions for this process. Finally,

the surface features of the substrate used in this work have very high aspect ratios.

Using a more planar SERS substrate, such as those described in [31, 69–71]could be
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advantageous for optimizing this process, as the spin-coating step should produce a

more uniform layer of photoresist on a planar surface, as compared to a rough sur-

face. Exposure of this uniform resist layer should improve the isolation process, as

more hot spots should be uniformly isolated across the substrate at a given exposure

laser fluence. Further optimization of the HSI process in this fashion could eventu-

ally lead to substrates where every available molecular adsorption site has sufficient

enhancement to generate single-molecule SERS.
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Chapter 5

Plasmon-enhanced ultrafast laser

cell transfection

5.1 Abstract

We present a proof-of-concept for transfecting biological cells using plasmon-

enhanced ultrafast near-infrared laser pulses. Instead of focusing these laser pulses

directly on the lipid membranes of individual biological cells using a high-numerical

aperture microscope objective [72, 73], we employ the field enhancement properties

of plasmonic nanostructures to generate the requisite optical intensity for producing

damage in the cytoplasmic membranes of adherent cells. Plasmonic nano-pyramidal

substrates are fabricated over an area greater than 10 cm2 by template stripping of

gold on KOH-etched silicon wafers, and are used as substrates for cell growth. Using

loosely-focused µJ-level femtosecond laser pulses combined with a motorized micro-

scope stage system, we optically perforate the lipid membrane of cells at a rate of

70
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approximately 103 ·s−1. Using this technique, we observe loading of human breast car-

cinoma cells with silence ribonucleic acid (siRNA) molecules. The particular siRNA

molecule used in this work is designed to knock down expression of green fluorescent

protein (GFP), expressed by these cells. Using image analysis, we observe a spatial

anticorrelation of GFP expression and siRNA transfection 24 hours after exposure

to plasmon-enhanced femtosecond laser pulses. This technique has potential to serve

as a high-throughput, physical method of delivering siRNA or other biomolecules to

cells without the use of traditional transfection reagents.

5.2 Introduction

The functional introduction of biomolecules into living biological cells is one of

the most widely used techniques in modern cell biology [74]. Known in the cell biol-

ogy community as “transfection,” the general process of introducing and integrating

molecules of DNA (deoxyribonucleic acid) or RNA (ribonucleic acid) into a cell such

that they modify its genetic composition or functionality is central to the field of

genetic engineering. There have been a variety of techniques developed to accomplish

this goal in many different cellular systems, but each is accompanied by specific and

unique limitations and drawbacks [75]. Typically, these techniques exhibit a signifi-

cant tradeoff between the efficiency of biomolecule delivery and either throughput or

cell toxicity. While techniques such as cell sorting using flow cytometry have been

developed to circumvent the efficiency limitations of modern transfection protocols,

improving the overall efficiency of transfection is important for biological applications

in which the number of cells available for experiments is small, such as in the case of
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embryonic stem cell research.

The first step towards developing a new transfection technique is finding a way

for molecules such as DNA and RNA to cross the cell’s external phospholipid bi-

layer membrane. Since healthy cells do not simply endocytose foreign DNA or RNA

molecules, something must be done to enable crossing of this barrier. In 1984 [76], an

ultraviolet frequency-tripled Nd:YAG laser emitting 5 ns pulses of 355 nm radiation

was used to create a sub-micron sized hole in the membrane of cells, such that ambi-

ent DNA could enter the cell through diffusion. While this result was very exciting

and promising at the time, the thermal stress placed on the cells combined with the

potentially harmful ionizing radiation of ultraviolet nanosecond laser pulses prevented

this technique from becoming widely applied in biological experiments. However, it

did lay the groundwork for other laser-based transfection techniques to be developed.

Recently, a similar type of laser transfection technique has been demonstrated using

femtosecond lasers [72]. Using multiphoton absorption of near-infrared laser pulses

to create sub-micron sized pores in the lipid membrane of mammalian cells, Tirlapur

et al. transfected chinese hamster ovarian cells with plasmid DNA vectors, causing

the cells to express GFP. In the same fashion as [76], the plasmid DNA diffuses into

the cytoplasm through these transient pores before they close. This introduction of

plasmid DNA into the cell enables incorporation of the DNA vector sequence into

the genome after entering the nucleus of the cell (it should be noted that it is not

clear at this time how naked DNA plasmids actually cross the nuclear membrane and

enter the nucleus). The use of multiphoton (intensity-dependent) absorption acts to

confine the damage of the cell’s plasma membrane to the focal volume of the high



Chapter 5: Plasmon-enhanced ultrafast laser cell transfection 73

numerical-aperture microscope objective employed in the work. The use of a fem-

tosecond laser implies that only extremely small amounts of energy are required to

generate the intensities required for multiphoton absorption to occur: femtosecond

laser pulses reduce the amount of energy deposited in the cell by several orders of

magnitude as compared to the case of nanosecond or continuous wave linear (single-

photon) absorption [6]. While [72] claimed near 100% efficiency transfection in this

system, other reports [73] contend that this technique has a maximum efficiency of

approximately 50±10%, when all cells irradiated by femtosecond laser pulses are ac-

counted for. Regardless of the efficiency debate in the literature, the simplicity and

potential widespread applicability of this laser transfection technique has recently

given it much interest in the biophotonics community [77–80].

Although femtosecond laser transfection offers the ability to target individual cells

for transfection with high spatial resolution, relatively high efficiency, and cell type

independence, it can still be classified as a low-throughput transfection technique.

In order to transfect individual cells, each must be targeted using a microscope and

irradiated individually. In addition, the high-numerical aperture objectives required

to generate localized damage in the cell’s membrane have a depth of focus of a few

microns at most, which imparts very strict focusing requirements on the procedure.

Although there have been efforts made to eliminate this focusing requirement by using

a non-diffracting Bessel beam to perform transfection [78], the process is still low-

throughput compared to traditional transfection techniques, such as electroporation

or transfection using lipid-based reagents. To overcome the throughput bottleneck in

femtosecond laser transfection, we employ plasmonic nanostructures to replace high
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numerical-aperture objective lens focusing. Instead of tightly focusing femtosecond

laser pulses on the membranes of individual cells, we focus the pulses on larger areas of

a plasmonic substrate which has cells seeded on its surface. The plasmonic substrate

acts to focus light to sub-wavelength dimensions confined to the substrate surface,

creating the required intensities to generate transient pores in the cell membrane.

Ambient molecules such as DNA and RNA can diffuse through these pores before

they close, thereby transfecting cells. Although similar experiments have been done

using colloidal metallic nanoparticles as a plasmonic nanostructure [81], this approach

has a fundamental flaw in that it leaves potentially toxic nanoparticles in and around

the cells after the laser exposure. By fabricating large areas of plasmonic substrates

and scanning a high average power femtosecond laser beam across the substrate using

low numerical aperture focusing, many cells can be transfected in a short period of

time, with no side effects due to nanomaterial contamination.

Here, we demonstrate the transfection of human breast carcinoma cells with

siRNA molecules. siRNA molecules are double-stranded RNA molecules, which typ-

ically are comprised of approximately 20-25 base pairs that, when introduced into a

cell, can knock down the expression of a particular gene through the process of RNA

interference (RNAi) [82]. Because certain siRNA molecules have complementary nu-

cleotide sequences to the messenger RNA (mRNA) molecules used by the cell to

produce proteins, siRNA molecules enable knockdown of specific genes. This process

ultimately works as the siRNA molecules degrade specific portions of the messenger

RNA used by the cell to produce proteins in translation [83, 84]. By introducing

siRNA molecules using plasmon-enhanced femtosecond laser pulses, we demonstrate
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the potential use of this technique for high-throughput screening of siRNA molecules

for use in gene therapeutics.

5.3 Experimental

Plasmonic nanostructures have the unique ability to confine light to subwavelength

dimensions, which often results in an enhancement of the local electromagnetic field

intensity. For the work presented in this Chapter, we use a derivative of a type of

plasmonic substrate that has been developed elsewhere, for use in surface-enhanced

Raman scattering [85]. By producing the inverse structure of a pyramidal pit array

using template stripping [86], we create an array of gold-coated pyramids, which has

desirable properties for localizing the interaction of femtosecond laser pulses with cells

for the purpose of transfection.

5.3.1 Fabrication of plasmonic substrates for cell transfection

To produce the pyramidal arrays used for the transfection experiments, we rely

on the anisotropic etching of silicon using potassium hydroxide. Single crystal (100)

silicon wafers are first cleaned in an ultrasonicator using acetone and methanol, and

finally rinsed in isopropanol and deionized water. The wafers are spin-coated with a

hexamethyldisilazane (HMDS) adhesion promoter, and then Shipley S1805 positive-

tone photoresist at 3000 rpm for 45 seconds. The wafers are soft-baked at 105◦C

for 1 minute, and then loaded into the mask aligner for photolithography. Hard

contact photolithography exposure is used, such that a pattern of 2 µm squares is

transferred to the wafer. After development with CD-30 photoresist developer, a
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35-nm thick layer of chromium is deposited via thermal evaporation at a rate of 0.3

nm/s. Liftoff of the resist is performed in acetone, heated to 50◦C, for approximately

1 hour (inspection under an optical microscope is used to confirm successful liftoff).

After a final etch in piranha solution (3:1 H2SO4:H2O2) to remove any traces of

residual photoresist, the native oxide on the silicon is removed by a 30 second etch

in 5% hydrofluoric acid. Immediately after rinsing in deionized water, the wafer is

immersed for 10 minutes in a 25% w/w aqueous solution of potassium hydroxide,

which is constantly stirred and heated to 80◦C. KOH preferentially etches the (110)

plane of the silicon crystal faster than the other crystal planes of silicon, as it has

the most highly corrugated atomic surface of the silicon crystal planes [87]. After

the wafer is removed from this solution and rinsed in deionized water, the chromium

is removed using a chromium etch (CR-7, Cyantek Corp.), heated to 40◦C, for 5

minutes. Pyramidal pits such as those shown in Figure 5.1 are typically observed in

an electron microscope after this fabrication procedure.

3 µm

Figure 5.1: Scanning electron micrograph of typical pyramidal pits formed after
lithographically-defined etching of silicon using potassium hydroxide. In this sample,
the inter-pyramidal pit spacing is 10 µm, and the pit edge length is approximately
2.5 µm.
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To fabricate substrates that exhibit plasmonic field enhancement appropriate for

cell transfection, we require that the cell membrane be in contact with the region of

largest field enhancement. Since the enhancement of these pyramidal pit structures

is theoretically predicted by 2-dimensional finite difference time domain (FDTD)

simulations to be at their apex [85], we chose to create the inverse structure of these

pits. Using this inverse structure, the cells can be in contact with the regions of largest

field enhancement during femtosecond laser exposure. By leveraging the low adhesion

of gold on the native oxide covering the silicon surface, we employ the technique of

template stripping to create gold-coated polymer pyramids [86]. A schematic of the

fabrication process is shown in Figure 5.2.

apply UV-curable adhesive, microscope slide

deposit 25 nm gold

after photolithography, KOH etching

separate pyramidal substrate from master

Figure 5.2: Schematic of the template stripping process used to create the inverse
structure of the pyramidal pits.

We first evaporate 25 nm of gold onto the pyramidal pit substrate at 0.2 nm/s.

By applying a layer of a polyurethane-based UV-curable adhesive (Norland optical



Chapter 5: Plasmon-enhanced ultrafast laser cell transfection 78

adhesive 73) to the gold coating, we bond a microscope slide to the substrate. After

exposure to a 25-W long-wavelength (405 nm) ultraviolet lamp for 1 hour, we carefully

separate the microscope slide from the substrate by hand. This results in a gold-coated

polymeric pyramidal array, as shown in Figure 5.3.

label

label

3 µm 500 nm

Figure 5.3: Scanning electron micrographs of polymeric pyramids coated with 25 nm
of gold, produced by template stripping. The pyramids are spaced by 2 µm, and their
edge length is 1.7µm. The fidelity of replication is excellent, barring a few defects
on the sidewalls of the pyramids. The pitch of the pyramids can be controlled via
photolithography, but the tip angle is fixed by the crystal structure of silicon.

5.3.2 Femtosecond laser system

The femtosecond laser system utilized in these transfection experiments is a RegA

9450 CW-pumped titanium:sapphire regenerative amplifier (Coherent). This system

represents a good balance of average power and pulse energy in these experiments,

making it nearly ideal for exposing large numbers of cells in a short time period. The

seed pulses for this amplifier are provided by a Coherent Mira 900 titanium:sapphire

oscillator, operating in femtosecond mode. The RegA is a chirped-pulse-amplification

type amplifier, in which femtosecond seed pulses are first stretched in time, amplified,

and then re-compressed in time. This system generates 60 fs pulses at a variable repe-
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tition rate, from 10 kHz to 250 kHz, with pulse energies up to 10 µJ. Pre-compensation

of dispersion introduced by optics placed downstream from the output of the ampli-

fier is accomplished by adjusting the external grating compressor. In some cases

where lower pulse energies and higher repetition rates are required for transfection,

femtosecond pulses from the oscillator are directed through a prism pair for pre-

compensation of dispersion introduced by the microscope objective and other optics.

The final femtosecond pulsewidth at the sample is minimized by adjusting the com-

pressor while monitoring the intensity of second harmonic generation in a thin (0.5

mm) β-barium borate (BBO) crystal, placed at the focus of the objective lens used

in the experiments. A diagram of this system is shown in Figure 5.4.

5.3.3 Characterization of plasmonic enhancement of femtosec-

ond laser pulses

Because the resolution of our photolithography system is close to the edge length

of these pyramidal structures, we do not have perfect control over the fabrication

of these structures. This fact makes it difficult to design a specific size pyramid

for operation with our laser wavelength, as these structures are known to exhibit

size-dependent plasmon resonances [85]. Ideally, we would simulate the plasmon res-

onances of specific-sized structures, using numerical finite element or finite difference

electromagnetic simulation tools, such that the resonances lie within the bandwidth

of our femtosecond laser pulses, and fabricate the designed structures with high reso-

lution. In lieu of this design/simulation/fabrication approach, we can use two photon

polymerization to visualize the plasmon-enhanced electric field distribution [64]. Two-
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Figure 5.4: Layout of the laser system used to expose cells to plasmon-enhanced
femtosecond laser pulses. The system can be used to deliver nano-Joule level (¡
10 nJ) femtosceond pulses from the oscillator, or micro-Joule level pulses from the
amplifier, to the sample. Chromatic dispersion introduced by the lenses and other
optics is compensated by either tuning the compressor grating separation (amplifier)
or the delay stage in the prism compressor (oscillator). The output of both dispersion-
compensation devices is coupled to an inverted microscope (Nikon TE-2000E), which
is equipped with a computer-controlled stage. The beam is expanded using a Galilean
telescope and attenuated with a neutral density filter before entering the microscope.
The distance between the two lenses of the telescope control the spot size of the beam
at the sample. (S) mechanical shutter, (L1, L2) lenses comprising the expanding
telescope, (ND) neutral density filter, (OL) microscope objective lens, (P1,P2) SF-10
glass prisms, (PM) pickoff mirror, (FM) flip mirror. P2 is significantly (2×) larger in
size than P1, in order to account for the width of the spatially dispersed beam at its
position.

photon polymerization is an intensity-dependent nonlinear effect [88–90] in which a

photoinitator molecule absorbs two photons “simultaneously” (within the lifetime of

an intermediate virtual state) to generate a free radical and induce polymerization of

a monomer solution. We use a resin developed by Baldacchini et al., which has been
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used for the fabrication of complex three-dimensional structures using two-photon

polymerization [89]. This resin consists of 49% ethoxylated trimethylolpropane tri-

acrylate (Sartomer 499), 48% tris(2-hydroxyethyl)isocyanurate triacrylate (Sartomer

368), and 3% acylphosphine oxide radical photoinitiator (Lucirin TPO-L, Ciba), by

weight. We mix the three components in the dark for 2 hours before use. Next, we

drop-coat the resin onto the gold-coated side of the pyramid array. To induce two-

photon polymerization, we illuminate the pyramidal substrate from the UV-curable

adhesive side through the microscope slide or coverslip with 800 nm center-wavelength

femtosecond pulses from the titanium:sapphire laser oscillator. These pulses are fo-

cused on the gold-coated pyramids using a 0.25 NA microscope objective. The sample

is scanned back and forth across the focused femtosecond laser pulses, by means of a

motorized microscope stage. Due to the fact that the skin depth of gold is approx-

imately 28 nm at an excitation wavelength of 800 nm [91], we expect the enhanced

optical fields to “leak through” the gold layer, polymerizing the resin on the other

side where the field intensity is largest. Excitation of plasmon modes in the pyramidal

structures can further confine the field to their tips [85], preferentially polymerizing

the resin. After washing away the unpolymerized resin with ethanol, we observe

no polymerization in the area between pyramids; only at the tips of the pyramids

where the field is highest do we observe polymerization. An example of this localized

polymerization is shown in Figure 5.5.

Other studies [64] of polymerization using plasmon-enhanced two-photon absorp-

tion polymerization conclude that polymerization is actually due to the resin’s ab-

sorption of single photons generated by multiphoton-induced luminescence of gold,
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1 µm

Figure 5.5: Two-photon polymerization of photoinitiator-monomer resin on polymer
pyramidal substrate coated with 20 nm of gold. The dark polymer covering the tips
of the pyramids is indicative of the spatial distribution of the square of the optical
field intensity.

as opposed to direct field-enhanced two photon absorption in the photoinitator. The

former process is likely the case in this experiment as well. However, regardless of

the specific cause of polymerization, the result indicates localization of femtosecond

laser pulses at the tips of the pyramids, given the intensity-dependent nature of both

multiphoton-induced luminescence and direct two-photon polymerization.

5.3.4 Cell culture

In this work, human cell lines are used to demonstrate the effectiveness of this

transfection technique. Human breast ductal carcinomas transducted to produce GFP

(NM2C5 GFP, ATCC) were used in the siRNA experiments, as they are a robust, ad-

herent cell line, which exhibit strong GFP fluorescence. Human thymic epithelial cells

(P1.4D6) are used to optimize laser parameters in other experiments, using fluorescent

dye molecules. The two cell lines are cultured in Dulbecco’s modified eagles medium

(DMEM) and Roswell Park Memorial Institute (RPMI) 1640 medium, respectively,
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supplemented with 10% fetal bovine serum. 0.25% trypsin with ethylenediaminete-

traacetic acid (EDTA) is used to remove the cells from the 75 cm2 culture flasks for

seeding onto the pyramidal substrates. Cells are seeded onto the gold-coated side

of the pyramidal substrates 24 hours prior to laser transfection, such that they can

adhere to the substrate before laser exposure.

5.3.5 Electron microscopy of cells

The interaction of cells with the pyramidal substrate is imaged using a scanning

electron microscope (SEM). We first seed the cells onto the substrate 24 hours before

fixation and preparation for imaging in the SEM. Fixation is performed using a 2%

paraformaldehyde solution for 15 minutes, followed by a set of dehydration steps in

50%, 70%, 90%, and 100% aqueous solutions of ethanol for 30 minutes each. The

substrates are then dried in a CO2 critical point dryer. Finally, a layer of Pt/Pd

is sputtered onto the substrate using 20 mA of current for 30 seconds in an Argon

plasma sputter coater. The cells are then imaged at high vacuum in a scanning

electron microscope, using a 3-kV accelerating voltage. The best image contrast is

obtained from these samples when using the SE2 secondary electron detector. An

example image is shown as Figure 5.6 below.

5.3.6 Laser parameter optimization

In order to visualize the effect of plasmon-enhanced femtosecond laser pulses po-

rating the membranes of cells, we used a lipophilic styryl dye (FM1-43, Invitrogen),

that fluoresces intensely in the green spectral region when it inserts into the lipid
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30 µm

Figure 5.6: Example scanning electron microscope image of human breast carcinoma
cells seeded onto a gold-coated pyramidal substrate with 10 µm pitch. Cell adhesion,
spreading, and proliferation on the substrate is indicative of its bio-compatibility.

membranes of cells. This dye has been used to study cell membrane wound healing

after nanosecond laser irradiation [92], as it also fluoresces upon entry into the cyto-

plasm, where it interacts with the membranes of the cell’s organelles. An example of

this membrane-specific labeling is shown in Figure 5.7.

To perform the laser parameter optimization, we first incubate human thymus

epithelial cells in a 2 µM solution of FM1-43 dye in Hank’s balanced salt solution.

We then irradiate the cells with femtosecond laser pulses of a variety of repetition

rates, focusing conditions, pulse energies, and number of pulses, through the polymer

side of the pyramidal substrate. This illumination geometry prevents the bulk of the

cell from being subjected to the high fields associated with femtosecond laser pulses,

such that only the portion of the membrane closest to the gold substrate surface
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a b

Figure 5.7: (a) Brightfield and (b) green fluorescence images of P1.4D6 human thymus
epithelial cells stained with FM1-43. The fact that FM1-43 is membrane impermeable
causes only the external side of the cytoplasmic membrane to fluoresce.

will be porated by the plasmon-enhanced laser pulses. By monitoring the FM1-43

fluorescence and viability of the cells after irradiation, we can determine optimal

parameters for poration, and later, transfection.

5.3.7 Plasmon-enhanced laser cell transfection using siRNA

In order to confirm the introduction of biomolecules into cells and not simply

dye molecules, we employ fluorescently-labeled siRNA molecules in our experiments

(GFP-22 siRNA-Rhodamine, Qiagen). These specific siRNA molecules are 22 base

pairs in length (sense strand sequence GCAAGCUGACCCUGAAGUUCAU, anti-

sense strand sequence GAACUUCAGGGUCAGCUUGCCG), and have a tetramethyl

rhodamine tag (TRITC) bound to the 3’ end of the molecule. This siRNA nucleotide

sequence is specific to elicit inhibition of the cell’s production of green fluorescent pro-

tein (DNA sequence CGGCAAGCTGACCCTGAAGTTCAT) through RNAi. The
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rhodamine tag fluoresces in the range of 565 nm, and the cell uptake of these tagged

siRNA molecules is imaged in an inverted microscope under 543 nm (green) excitation

from either a HeNe laser (laser scanning confocal microscope) or a spectrally-filtered

mercury lamp (widefield illumination).

Before exposure to the femtosecond laser pulses, the seeded substrate is placed

in a dry petri dish, with no cell culture medium. A 1-µM solution of rhodamine-

tagged siRNA in culture medium is dispersed on top of the substrate. This petri

dish is placed on top of a live-cell microscope incubator stage, held at a constant

temperature of 37◦C. The heated stage is covered, and a stream of 95% air and 5%

CO2 is flowed into this compartment containing the seeded substrate. After exposure

to femtosecond laser pulses focused to a spot size of approximately 30-µm diameter

(which is larger than the size of the cells in use), we can observe cellular uptake of

the rhodamine-labeled siRNA after carefully washing the seeded substrate with fresh

medium. The substrates are returned to the incubator, and are left for 24 hours in

order to allow the cells to recover. The cells are subsequently imaged in a fluorescence

microscope, to determine the effect of the siRNA on gene expression.

5.4 Results

5.4.1 Laser parameter optimization

To evaluate the effect of a single pyramid on the enhancement of cell membrane

poration, we compare the minimum energies required to introduce FM1-43 into a

human thymic epithelial cell. Imaging individual cells in a widefield-illumination
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fluorescence microscope enables confirmation of poration in the presence of FM1-

43. Using a 1.1-NA water-immersion objective lens and 50 ms bursts of an 80-MHz

pulse train from a titanium:sapphire femtosecond oscillator, we focus pulses on the

pyramidal substrate underneath a single cell. By reducing the average power using

a neutral density filter, we can find the minimum pulse energy required to porate

a single cell. The typical average power required for poration of a cell using the

pyramidal substrate is on the order of 5 mW at the sample. We consider a pore to have

formed when, after 30 seconds, the fluorescence intensity of the internal portion of the

cell increases to a level significantly higher than that of the surrounding cells which

have not be exposed to plasmon-enhanced femtosecond laser pulses. To quantify an

enhancement factor of this process, we perform the same experiment on cells seeded

onto a flat glass portion of the substrate. Comparing the minimum pulse energy

required to generate a pore in the the cell membranes, we find that the plasmonic

enhancement of the femtosecond laser pulses provides a 32× reduction of the poration

energy threshold.

As a demonstration of the utility of plasmon-enhanced femtosecond laser pulses for

cell membrane poration of large numbers of cells, we exposed a large area of a seeded

pyramidal substrate by scanning it across a defocused (30 µm spot diameter) 250-

kHz repetition rate femtosecond pulse train using a computer-controlled motorized

microscope stage. As shown in Figure 5.8, cells that have not been exposed to the

femtosecond laser pulses (below the dashed line) exhibit weak fluorescence, as their

membranes remain intact, and have not taken up any FM1-43. Above the dashed

line, where the cells have been exposed to laser pulses, we can see the effect the
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pyramidal substrate has on enhancing the intensity of the femtosecond laser pulses.

The cells residing on the pyramidal portion of the substrate (upper right) exhibits

much brighter fluorescence than the portion of the substrate with no pyramids (upper

left).

exposed

unexposed

100 µm

Figure 5.8: Example of human thymic epithelial cells in FM1-43 lipophilic styryl
dye 30 seconds after exposure to plasmon-enhanced femtosecond laser pulses. The
area above the dashed line was exposed to an average of 1000 pulses, using a spot size
diameter of approximately 30 µm. The area below the dashed line shows much weaker
fluorescence due to no poration of the cell membrane. The region in the upper left
of the exposed region shows similar fluorescence intensity to the unexposed region,
indicating that no poration has occurred - this result illustrates the field localization
and enhancement effect of the pyramidal substrate.
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5.4.2 Plasmon-enhanced laser cell transfection using siRNA

An overlaid brightfield and 2-channel fluorescence image of human breast carcinoma

cells seeded onto a pyramidal substrate with 10-µm pitch is shown in Figure 5.9.

The region to the left of the dashed line has been exposed to femtosecond laser

pulses at a repetition rate of 250 kHz, using a spot size diameter of 30 µm, with an

average exposure time of 50 ms per spot. After washing, it is clear that cells in the

exposed region have taken up the siRNA labeled with rhodamine (red fluorescence).

There is no observable uptake of siRNA in the cells located in the unexposed region.

The efficiency of this uptake is approximately 50% (defined as the fraction of all

cells who exhibit bright red fluorescence within their cytoplasm within the exposed

region).

Examining another portion of the same substrate, shown in Figure 5.10, in which

the entire field of view has been exposed to the same laser treatment as in Figure 5.9,

we compare the effect of the pyramidal substrate versus a flat region, on the uptake

of siRNA. In the lower left corner of Figure 5.10, there is a defect caused by an air

bubble in the UV-curable adhesive. After separation from the silicon template, this

bubble produced a flat region of polymer (no pyramids present) with no gold coating.

Using this region as an example, we can compare the effectiveness of siRNA uptake

using a gold pyramidal substrate with that of a flat polymer substrate. Despite the

same laser exposure, only the cells on the pyramidal region are observed to uptake

the siRNA.

Simply causing cells to uptake siRNA is not sufficient to conclude their transfec-

tion. Cells with compromised membranes will also take up siRNA molecules, and
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Figure 5.9: Overlaid brightfield and 2-channel fluorescence images of a 10-µm pitch
pyramidal substrate seeded with human breast carcinoma cells transducted to produce
GFP, exposed to plasmon-enhanced femtosecond laser pulses. The region on the left
has been exposed to approximately 1000 laser pulses in the presence of a 1-µM solution
of rhodamine-tagged siRNA. After washing with fresh medium, approximately 50%
of the cells have taken up appreciable amounts of siRNA.

appear to be healthy, even though they may not be viable. To confirm the viability

of cells previously exposed by femtosecond laser pulses, we can observe the fluores-

cence intensity distribution of cells after several days, when they have had a chance

to migrate across the substrate. Figure 5.11 is an image of the same defective por-

tion of the substrate as shown in Figure 5.10, taken 48 hours after laser exposure.

Immediately after exposure, there were no cells exhibiting red fluorescence within the

boundary of the defect. As shown in Figure 5.11, there clearly are cells that have
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100 µm

Figure 5.10: Image of a portion of a 10 µm pitch pyramidal substrate near a defect
region (lower left), caused by an air bubble in the polymer. The entirety of the region
shown in this image was exposed to femtosecond laser pulses in the presence of a
1-µM siRNA solution. Only the cells located on top of the pyramidal portion of the
substrate are observed to take up siRNA, indicating the effectiveness of the pyramids
at enhancing the laser-plasmon-cell interaction. The brighter green fluorescence in
the defect region image is due to the fact that the cells on the pyramidal portion of
the substrate are being imaged through a 25-nm thick layer of gold.

taken up siRNA on the pyramidal region, and migrated to the defect region. This

migration is indicative of these cells’ viability after transfection.

Since the specific siRNA used in these experiments is designed to knock down the

expression of GFP in these cells, we must observe a reduction of the GFP expression

levels to conclude successful transfection using this technique. Typically, differences
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100 µm

Figure 5.11: Fluorescence image of the same defective region of the substrate shown
in Figure 5.10, taken 48 hours after laser exposure.

in average fluorescence intensities across a large population of cells is measured using a

fluorescence-activated cell sorting (FACS) system, in which the fluorescence intensity

of each individual cell is monitored and recorded. However, this type of measure-

ment typically requires a large number of cells to obtain statistically significant data.

Since the microscope-based setup used in these plasmon-enhanced ultrafast laser cell

transfection experiments is not well-suited to process a large number of cells, we are

not able to make an accurate measurement of the transfection efficiency at this time

using a FACS machine. In lieu of this FACS measurement, we analyze a 2-channel

fluorescence image to determine the degree of spatial colocalization of red and green

fluorescence. By creating a 2-dimensional histogram of the number of pixels with both
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red and green fluorescence, we can evaluate the degree to which introduced siRNA

molecules are present in cells that still exhibit green fluorescence. Qualitatively, we

expect that if rhodamine-labeled siRNA has been introduced to cells, and is causing

knockdown of GFP expression, we should observe red, but not green fluorescence

from that cell. If the cell has not taken up siRNA, it should fluoresce green, but

not red, as GFP will continue to be produced. To perform this analysis, we first

acquire a large area, high resolution 2-channel fluorescence image using a confocal

laser-scanning microscope with a low-magnification objective (10× in this case). Us-

ing the colocalization plugin for the software ImageJ [93], we produce a 2-dimensional

histogram of the pixel values, indicating the degree of overlap of the green and red

pixel intensities. A typical result of this type of image analysis is shown in Figure

5.12.

5.5 Discussion

5.5.1 Laser parameter optimization

The spatial fluorescence intensity distribution shown in Figure 5.8 confirms that

the pyramidal substrate acts to enhance the local optical intensity to levels above

the threshold for cell membrane poration. This enables the FM1-43 dye to enter

the cytoplasm, causing it to fluoresce more intensely. In a sense, this example of

exposing cells on both pyramidal and flat portions of the substrate allows two control

experiments to be performed at the same time, as effects due to the laser-plasmon-

cell interactions are only observed on the pyramidal portion of the substrate, as
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Figure 5.12: (a) 2-channel fluorescence image of human breast carcinoma cells taken
24 hours after exposure to plasmon-enhanced femtosecond laser pulses while in the
presence of a 1-µM rhodamine-labeled siRNA solution. (b) 2-dimensional histogram
of pixel intensities taken from image in (a). The absence of a large number of pixels
in the upper right corner of the histogram and the characteristic “L” shape of the
distribution indicates that a very small number of pixels are both intensely red and
green, implying a spatial anti-correlation of red and green fluorescence [94].
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opposed to simply the laser-cell or pyramid-cell interaction causing any effect. While

further increasing the laser intensity will undoubtedly enable poration of the cell

membranes of cells on the flat region of the substrate, the fact that this poration is

not localized to submicrometer regions will undoubtedly cause cell death. We have

verified this fact using femtosecond laser exposure of cells seeded on a flat petri dish in

the presence of a fluorescent dye (Lucifer yellow). In this case, the cells’ membranes

become compromised, and strong cellular uptake of the dye is observed after washing

in phosphate buffered saline (data not shown). Approximately 6 hours after exposure

of this type, every cell observed to uptake the dye had died. To avoid this result

when using the pyramidal substrates, we qualitatively select the appropriate laser

intensity by finding the maximum energy at which there is no immediate, observable

long-lived (> 1 second) bubble formation or mechanical distortion of the cell upon

laser irradiation. All transfection experiments were carried out after performing this

type of optimization on a small, test region of the pyramidal substrate.

5.5.2 Plasmon-enhanced laser cell transfection using siRNA

Figures 5.8 and 5.10 both indicate the ability of a plasmonic structure to enhance

the introduction of molecules into cells using loosely-focused femtosecond laser pulses,

as compared to flat regions of either gold or polymer substrates. The efficiency

of this introduction is approximately 50%, but larger numbers of cells need to be

processed and analyzed quantitatively with a FACS analysis in order to determine this

number more accurately. The viability of a small number of cells exposed to plasmon-

enhanced femtosecond laser pulses after 48 hours is observed, at least qualitatively,
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via cell migration, in Figure 5.11. This indicates that the transfection technique

described here has promise as a possible solution for improving the throughput of

femtosecond laser cell transfection. Further tests, using either live/dead cell dyes or

cell functionality assays, are required to confirm the percentage of transfected, viable

cells, to quantify the usefulness of this technique.

The data presented in Figure 5.12 also needs more quantification to fully under-

stand the effectiveness of this transfection procedure on introducing siRNA molecules

into cells, such that RNAi results. From the image analysis presented, we find that

there is an anti-correlation in the locations of high red and green fluorescence inten-

sities, but the exact values of this anti-correlation are not concluded from the data,

given that they change significantly based on the gain settings of the detector used to

take the image. A truly quantitative analysis of this data would include a statistical

evaluation of fluorescence intensities obtained for each individual cell, as measured

by a FACS. Data obtained from samples processed with siRNA should then be com-

pared to those obtained from control samples. Control samples in this case would

include cells processed by femtosecond laser pulses on a pyramidal substrate without

siRNA, cells unexposed by laser pulses on a pyramidal substrate in the presence of

siRNA, and cells processed by femtosecond laser pulses in the presence of a control

sequence siRNA (non-specific to any particular gene expression). The differences in

GFP expression levels (green fluorescence intensities) across these samples, as mea-

sured by FACS, will be able to quantify the effect of plasmon-enhanced femtosecond

laser transfection of siRNA into cells. The main difficulty in obtaining this FACS

data, as it stands now, is that our experimental setup cannot uniformly expose a
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large (approximately 6 cm2) substrate to femtosecond laser pulses across the entire

area. This would probably require low-numerical aperture focusing optics, combined

with either a long-travel 2-dimensional translation stage, or a large working field scan

mirror system. Since the range of optical intensities required to generate pores in

cells but preserve their viability is fairly small (approximately ±2%) for these human

breast carcinoma cells, the spot size or average power must not vary by much (less

than 2%) across the entire substrate in order to uniformly expose each cell. Fac-

tors such as the Rayleigh range of the focusing optics are critically important in this

case, as the thickness of the polymer layer in the pyramidal substrate often has non-

uniformities which can alter the spot size at the surface where the cells reside. In the

case of using a scan mirror system to process the cells, Fresnel losses in the scan lens

at high scan angles must be avoided, as well as any focal plane curvature and spot

size aberrations.

Another potential way to improve the efficiency of this transfection process would

involve optimizing the pitch and geometry of the plasmonic structures that generate

the enhanced fields required for localized cell membrane poration. To this point, we

have only attempted transfection of cells using pyramidal substrates of 2 µm and 10

µm pitch. This parameter can be varied by simply writing a variety of photolithog-

raphy masks and fabricating master samples in silicon using the process described in

this Chapter. By altering the pitch of the pyramidal substrate relative to the average

size of the cell, the area underneath the cell that is in contact with the substrate can

be varied. This contact area changes how the cell adheres to the substrate (which in-

fluences viability), the ease at which molecules, such as siRNA, can diffuse to regions
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near the pyramid-cell contact points, and the total amount of damage that is done

to the cell, assuming that equal sized pores form at the tip of each pyramid. All of

these factors will contribute to the overall efficiency of the transfection process.

5.6 Conclusion

The results obtained from this experiment represent a preliminary step towards

proving the feasibility of plasmon-enhanced ultrafast laser cell transfection. We have

demonstrated the fabrication of a biologically-compatible plasmonic substrate, that is

produced using conventional photolithography, chemical etching, and template strip-

ping. We have demonstrated the field localization feature of this substrate using

two-photon polymerization, in which we are able to visualize the regions of largest

intensity on the surface after exposure to a femtosecond laser pulses. Utilizing the

field localization properties of these pyramidal substrates, we were able to produce

transient pores in human thymus epithelial cells with femtosecond laser pulses illu-

minating a region larger than the entire cell. This is an approach fundamentally

different than previous work on femtosecond laser cell transfection [72,73,76–79,95].

This poration was confirmed by observation of entry of a reactive fluorescent dye

into the cytoplasm and subsequent observation of cell viability. Using this method

to find an acceptable set of laser parameters for cell poration, we were able to intro-

duce siRNA molecules into human breast carcinoma cells with approximately 50%

efficiency. While this number represents a reasonable efficiency in comparison with

other modern biological techniques [75], the process has not been fully optimized,

and higher efficiencies can be expected in the future. The specific siRNA molecules
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introduced into these cells is designed to elicit RNAi and knock down the expres-

sion of GFP. While we have observed a qualitative spatial anti-correlation of red and

green fluorescence in a population of cells processed with this technique, more control

experiments must be performed to confirm that this anticorrelation is due to RNAi

caused by introduction of a specific siRNA nucleotide sequence. These experiments

must be performed in a FACS machine, which will require a large number of cells to

be processed with femtosecond laser pulses, in order to sample the fluorescence from

enough cells to draw an accurate conclusion.

While we have not yet proven this technique to be useful for in vitro biological

assays or for clinical use, we have demonstrated that the introduction of biomolecules

to living cells is possible on a scale impossible to attain using conventional femtosecond

laser cell transfection. With further optimization of the plasmonic substrate and

the laser scanning system, it should be possible to transfect cells using femtosecond

lasers on an unprecedented scale. While we have demonstrated transfection using

siRNA, transfection using DNA should also be possible using this technique. Even

though DNA plasmids must cross the cell’s nuclear membrane before transfection can

occur [73], reports of conventional femtosecond laser transfection using DNA plasmids

give hope that plasmon-enhanced femtosecond laser pulses may someday be used on

a large scale to transfect arbitrary cell types with biomolecules besides siRNA.
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Chapter 6

Conclusions and outlook

In conclusion, we have presented the use of femtosecond laser pulses for several

applications which utilize the enhanced optical fields created by plasmonic effects in

metallic nanostructures. In this Chapter, we summarize the main results from each

of the experimental chapters, and provide suggestions for future research directions

for each project.

In Chapter 3, we described the use of the unique surface morphology created

by femtosecond laser irradiation of silicon to generate large areas of silicon nanos-

tructures. These surface structures are used as scaffolds for the deposition of silver

nanoparticles via thermal evaporation. This nanoparticle formation is a direct result

of a silver-silicon dioxide surface energy minimization, aided by surface roughness,

which is induced by the fast cooling of the molten silicon after femtosecond laser irra-

diation. The nanoparticles formed on the surface are well-suited for surface-enhanced

Raman scattering, in which molecules adsorbed to these particles experience a large

enhancement in their Raman cross section due to the enhanced electric fields and
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large polarizabilities associated with surface plasmon excitation. The SERS charac-

teristics of these substrates were measured extensively. A future measurement that

needs to be completed is an accurate estimation of the surface area of these substrates.

The high aspect ratio of these nanostructures makes them difficult to characterize us-

ing physical techniques such as atomic force microscopy, and their structure (silicon

covered by silicon dioxide covered by silver) makes them difficult to analyze using

electrical (capacitance) measurements. An accurate measurement of the surface area

of these substrates will enable us to make a more exact determination of the SERS

enhancement factor. Another measurement that ideally would be performed on these

substrates is an extension of the excitation profile shown in Figure 3.7 into the vis-

ible and infrared ranges of the spectrum. This measurement would require many

more laser excitation sources, but such a system, based on either picosecond-pumped

optical parametric oscillators or dye lasers and subtractive triple monochromators,

has been developed and used in other work for SERS excitation profiling [52, 96, 97].

Using this measurement, we can determine the optimum excitation wavelength for

generating the largest enhancement factor from these SERS substrates. However, for

potential use in a real-world sensing or analytical application, optimizing the tradeoff

between enhancement factor and cost, simplicity and robustness of the laser source

will be most practical.

Motivated by recent work [33] which reported a quantitative measurement of the

broad distribution of adsorption site enhancement factors on a large-area SERS sub-

strate, we demonstrated a nonlinear optical technique to physically isolate SERS

hot spots in Chapter 4. The technique, deemed hot spot isolation (HSI), prevents
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molecules from adsorbing to sites of low enhancement on our laser-nanostructured

SERS substrate using multiphoton induced exposure of a commercial photoresist.

This process leaves a thin layer of resist covering the cold spots on a SERS substrate

after removal of the resist covering the hot spots. In this first demonstration of the

process, we showed a 27-fold improvement in average SERS enhancement factor com-

pared to an unprocessed substrate. While this process could potentially generate

SERS substrates where every available adsorption site has sufficient enhancement to

exhibit single molecule SERS, its usefulness is limited to sub-monolayer coverages

of molecules. Further, the SERS signals obtained from these HSI substrates have a

significant background in the fingerprint region, generated from the resist covering

the cold sites. This background is potentially problematic for using this technique in

analytical applications. However, due to the relatively broad and featureless nature

of the Raman spectrum of the resist, it should be possible to remove this background

using post-processing techniques [98]. Another potential issue associated with the

layer of undeveloped resist covering much of the substrate surface is the change of

resonant frequency associated with each hot spot. Because the undeveloped photore-

sist has a higher refractive index than that of air, CW excitation (in air) of the same

hot spots isolated using the HSI process may not be possible, due to the spatial dis-

persion of nanoparticle aggregate hot spots with respect to the surrounding refractive

index. This mismatch could, however, be rectified by using an index-matching fluid

to cover the sample during the Raman measurements, after analyte molecules have

adsorbed to the surface. Although this local refractive index change near these hot

spots potentially poses a fundamental problem for the HSI process, it is likely that,
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on this substrate, the isolation process uncovers entire particle aggregates containing

hot spots, leaving more planar areas covered. It is unlikely that the resolution of

the hot spot isolation process is sufficient to uncover only the few nanometer-sized

hot spots in these particle aggregates, leaving the rest of the aggregate covered with

resist. Surface-enhanced multiphoton resist exposure has been shown to exhibit this

type of low-resolution behavior in previous work on related nanoparticle aggregate

systems [64]. Future research on the HSI process should include testing of its perfor-

mance on more planar SERS substrates, such that spin-coating of the resist provides

more uniform coverage of the surface. Additionally, testing of the refractive index

dependence of the SERS signal from HSI-processed substrates will also help to un-

derstand which hot spots are isolated.

Finally, in Chapter 5, we presented preliminary results on the high-throughput

introduction of molecules into biological cells using plasmon-enhanced femtosecond

laser pulses. We described the fabrication of a large-area, bio-compatible plasmonic

substrate using photolithography, KOH etching, and template stripping. We ver-

ified optical field localization at the pyramidal tips of these substrates using two-

photon polymerization excited by illumination through the gold coating. The bio-

compatibility of these substrates was confirmed by observation of cell adherence and

proliferation over several days. We then verified the introduction of dye molecules

into human thymus epithelial cells by creating transient pores in their cytoplasmic

membranes using plasmon-enhanced femtosecond laser pulses focused to a spot size

larger than the average cell diameter. Using fluorescently-labeled siRNA molecules

(designed to knock down cellular expression of GFP), we also confirmed the deliv-
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ery of siRNA into the cytoplasm of human breast carcinoma cells which had been

transducted to produce GFP. Preliminary statistical analysis of this siRNA delivery

experiment yields an efficiency of approximately 50%, measured using a fluorescence

microscope. Twenty four hours after siRNA delivery, we observe a spatial anticor-

relation of siRNA fluorescence and GFP fluorescence within a population of cells

exposed to plasmon-enhanced femtosecond laser pulses. Although this measurement

cannot confirm the sequence-specific knock down of gene expression due to RNA in-

terference, it is a promising result nonetheless. Future work on this project should

include analysis of a larger population of exposed cells using a FACS machine, such

that better statistics on the efficiency of gene knock down can be attained. Con-

trol experiments using non-specific siRNA sequences should also be performed, to

confirm that RNA interference is responsible for this reduction in green fluorescence

intensity. Finally, the system should be optimized, in which a parameter study is

done to find the optimal pitch and feature size of the pyramidal substrate, as well as

laser shot number and fluence. With this optimization complete, the full potential

for in vitro use of plasmon-enhanced femtosecond laser transfection can be realized,

as the technique combines the best elements of a targeted, physical, high efficiency

transfection technique with the high throughput of lower efficiency techniques such

as lipid reagent-based transfection and electroporation.

All three of the experiments described in this thesis involve femtosecond laser

pulses and metallic nanostructures. The marriage of these two fields has provided a

set of tools to generate giant optical field intensities on ultrashort time and nanometer

length scales. Using these extreme conditions, we demonstrate physical feats that have
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the potential to bring great improvements to the fields of spectroscopy and biology.

Only further research in this unique area of physics will enable plasmon-enhanced

nonlinear optics to push these fields in new and exciting directions.



Appendix A

Soft lithography “replication” of

SERS substrates

The following Appendix describes the use of soft lithography to fabricate polymeric

replicas of the silicon-based SERS substrates described in Chapter 3 of this thesis.

The laser-nanostructuring process described in Chapter 3 yields excellent SERS

substrates, but they are produced at the expense of a relatively long fabrication

time (approximately 30 min/cm2 with a 2.5-W average power, 1-kHz repetition rate

titanium:sapphire femtosecond laser system). For mass-production of these laser-

nanostructured SERS substrates, a parallel fabrication process must be employed.

While scanning several lasers at once is a potential solution to this problem, am-

plified femtosecond laser systems with high average power are expensive, and cur-

rently require significant expertise to operate. We can potentially solve this problem

by replicating the “master” substrates that have been fabricated using the laser-

nanostructuring process. Since these master substrates are not fabricated using a
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photomask, like in conventional photolithography, we must use an alternate method

to accurately reproduce copies of the master. Soft lithography has been developed as

a viable technique for the accurate replication of many surface structures [99]. Since

many of the surface features that comprise these SERS substrates are of nanometer-

scale, we require the replication process to have excellent resolution. One such method

for reproducing structures of nanometer dimension is to use “hard” polydimethylsilox-

ane (H-PDMS) to create a negative mold of the surface, and then fill it with another

polymer to create a replica of the master.

To replicate the laser-nanostructured silicon substrates, we use the recipe de-

scribed in the supporting information from Ref. [100] to create the negative mold of

the SERS substrate (with no silver deposited). This recipe creates a harder, more

brittle layer of polymer than the traditional PDMS recipe (Sylgard 184 silicone elas-

tomer kit, Dow Corning) typically employed in soft lithography. By back-coating the

H-PDMS layer with a layer (approximately 3 mm thick) of traditional PDMS, we

can separate the H-PDMS layer from the nanostructured silicon master more easily,

although it is still somewhat a delicate task. Instead of filling the negative mold with

another polymer, such as polyurethane, we have found that using the H-PDMS neg-

ative as a substrate for silver deposition actually works best to generate the largest

SERS signals. This is likely due to the fact that the H-PDMS has sub-nanometer

feature resolution [100], whereas the polyurethane has worse resolution due to its

reduced relative hardness. After depositing a SAM of benzenethiol, we obtain SERS

signals such as those shown in Figure A.1, using 632.8-nm excitation, and a 0.25 NA

objective.
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Figure A.1: SERS spectrum taken from a negative mold of a laser-nanostructured
silicon wafer, coated with 80 nm of silver, with a SAM of benzenethiol applied. 632.8-
nm excitation was used in this case. The enhancement factor is on the order of 106,
appoximately one order of magnitude smaller than the enhancement factor of the
original, as measured under the same conditions.

The spectrum is nearly identical to those taken using the original silicon-based

SERS substrate, indicating that the H-PDMS adds very little background to the

SERS signal. The enhancement factor of the 1572 cm−1 Raman band is approxi-

mately 106, when normalized to a reference sample of neat benzenethiol. In addition

to the large enhancement factor, the H-PDMS-based negative substrate is optically

transparent. Experiments illuminating the silver-coated side of the H-PDMS sub-

strate through the transparent polymer and collecting the backscattered light yield

a signal only approximately an order of magnitude smaller than front-illuminating

the H-PDMS substrate. “Back-illumination” of this type of substrate could be use-

ful in non-invasive spectroscopy applications, where spectroscopy can be performed

through a transparent physical barrier, into a container, without actually opening the
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container. This relatively simple fabrication process, employing soft lithography in

combination with laser-nanostructuring, could potentially represent a route to mass

production of high performance, inexpensive SERS substrates for use in a variety of

new trace detection applications.



Appendix B

Custom-built tunable CW

titanium:sapphire laser system

A custom-designed and home-built continuous-wave tunable titanium:sapphire

laser was used to take Raman spectra in some of the experiments presented in this

thesis. The construction of this laser system was based on a mismatched etalon con-

cept, as described in [101], but with several modifications. The main components

of this laser were harvested from a KM-Labs titanium:sapphire femtosecond oscilla-

tor kit. The pump source is a 5-Watt, 532-nm, frequency doubled, continuous wave

Nd:YVO4 Verdi laser (Coherent, Inc.). As shown in Figure B.1, the layout of the laser

is a modified X-cavity, which is almost the same as the original KM-Labs design.

Instead of using a pair of prisms as a dispersion-compensating element, we remove

one of the prisms, such that the titanium:sapphire fluorescence is spatially dispersed

on the end mirror (M1). Since the end mirror is flat, this spatial dispersion enables

feedback and laser oscillation for only a small subset of wavelengths at each angular

111



Appendix B: Custom-built tunable CW titanium:sapphire laser system 112

OC

CS1
CS2

M1

M2

M3

PM1

PM2

PR

PER

V
e

rd
i-V

5

TS

L1

CF

to experiment

BD

Figure B.1: Cavity layout for the custom-designed tunable CW titanium:sapphire
laser used for Raman spectroscopy. (M) Dielectric mirrors (OC) output coupler (PM)
pump mirror (PER) periscope (L) lens (TS) titanium:sapphire crystal (BD) beam
dump (PR) SF-10 glass prism (CS) microscope coverslip (CF) glass color filter

position. This feedback condition, and thus the lasing wavelength, can be tuned by

rotating the end mirror about the vertical axis. The spatial dispersion at the end mir-

ror provided by the single prism alone causes the laser to output fairly narrow laser

spectra. However, for the Raman spectroscopy experiments described in Chapters 3

and 4, excitation linewidths less than 10 cm−1 are required. To further reduce the

linewidth of the output, we place two microscope coverslips (CS1, CS2) of different
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thicknesses (#0, Gold Seal, and #1, VWR Corp.) near the output coupler, such

that the laser mode propagates through them at near-normal incidence. Each cover-

slip exhibits a set of Fabry-Perot transmission resonances, and due to the coverslip

thickness mismatch, these resonances have a different free spectral range. This free

spectral range mismatch creates loss in the overall laser cavity at wavelengths besides

those where the both transmission resonances overlap. The result is a laser cavity

with a mode spacing of approximately 3 nm at a wavelength of 785 nm. The complete

tuning range of this laser is approximately 710 nm to 895 nm. The output wavelength

is controlled by simply rotating the end mirror about the vertical axis. Adjusting the

angle of either of the coverslips fine-tunes the laser wavelength. At a pump power of

5 Watts, this laser is capable of producing more than 700 mW of output at 800 nm,

with a linewidth such that the 520 cm−1 Raman band of silicon can be measured at

less than 6 cm−1 at room temperature. A glass color filter is placed after the output

coupler to absorb stray pump light. To prevent stray fluorescence emitted by the tita-

nium:sapphire crystal from entering the Raman microscope, the beam is dispersed by

an external ruled grating, blazed at 770 nm, to spatially disperse the light. The long

path length after the grating, combined with a pinhole-based spatial filter, prevents

stray fluorescence emission from the laser cavity from entering the microscope.
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