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Nonlinear nanophotonics is a rapidly developing field of research that aims at detecting and

disentangling weak congested optical signatures on the nanoscale. Sub-wavelength field con-

finement of the local electromagnetic fields and the resulting field enhancement is achieved

by utilizing plasmonic near-field antennas. This allows for probing nanoscopic volumes, a

property unattainable by conventional far-field microscopy techniques. Combination of plas-

monics and nonlinear optical microscopy provides a path to visualizing a small chemical

and spatial subset of target molecules within an ensemble. This is achieved while maintain-

ing rapid signal acquisition, which is necessary for capturing biological processes in living

systems.

Herein, a novel technique, wide-field surface enhanced coherent anti-Stokes Raman scattering

(wf SE-CARS) is presented. This technique allows for isolating weak vibrational signals

in nanoscopic proximity to the surface by using chemical sensitivity of coherent Raman

microspectroscopy (CRM) and field confinement from surface plasmons supported on a thin

gold film. Uniform field enhancement over a large field of view, achieved with surface plasmon

polaritons (SPP) in wf SE-CARS, allows for biomolecular imaging demonstrated on extended

structures like phospholipid droplets and live cells. Surface selectivity and chemical contrast
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are achieved at ∼ 70 fJ/µm2 incident energy densities, which is over five orders of magnitude

lower than used in conventional point scanning CRM.

Next, a novel surface sensing imaging technique, local field induced metal emission (LFIME),

is introduced. Presence of a sample material at the surface influences the local fields of a

thin flat gold film, such that nonlinear fluorescence signal of the metal can be detected in

the far-field. Nanoscale nonmetallic, nonfluorescent objects can be imaged with high signal-

to-background ratio and diffraction limited lateral resolution using LFIME. Additionally,

structure of the extended samples’ surfaces can be visualized with a nanoscale axial resolution

providing topographic information.

Finally, a platform for coherently interrogating single molecules is presented. Single-molecule

limit SE-CARS on non-resonant molecules is achieved by means of 3D local field confinement

in the nanojunctions between two spherical gold nanoparticles. Localized plasmon resonance

of the dimer nanostructure confines the probe volume down to 1 nm3 and provides the local

field enhancement necessary to reach single-molecule detection limit. Nonlinear excitation of

Raman vibrations in SE-CARS microspectroscopy allows for higher image acquisition rates

than in conventionally used single-molecule surface enhanced Raman spectroscopy (SERS).

Therefore, data throughput is significantly improved while preserving spectral information

despite the presence of the metal. Data simultaneously acquired from hundreds of nanoan-

tennas allows to establish the peak enhancement factor from the observed count rates and

define the maximum allowed local-field that preserves the integrity of the antenna. These

results are paramount for the future design of time resolved single-molecule studies with

multiple pulsed laser excitations, required for single-molecule coherence manipulation and

quantum computing.
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Chapter 1

Introduction

1.1 Nanophotonics and optical fields

The field of microscopy has seen its birth in the 17th century and has been popularized by the

work of van Leeuwenhoek in its applications to biology. Optical microscopy has been our eyes

into the micro-world for over 300 years. It has allowed the scientific community to discover

the world of cells and bacteria. Microscopy has moved our understanding of biology from

a holistic picture to the concept of cellular life. Confocal microscopy[4], first proposed by

Minsky in 1957, remains one of the main methods for visualizing the micro-world. Due to the

particle-wave duality of light, the inherent resolution of optical microscopy is fundamentally

limited by diffraction. In his work[5] Abbe has found that the smallest resolvable feature

in the image and the tightest one can focus a beam of light is limited by the wavelength of

light and the numerical aperture of the imaging lens (Eq 1.1).

d = λ/2NA (1.1)
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In the visible spectrum this limitation results in a maximum resolution of several hun-

dreds of nanometers. This imaging property has been more than sufficient for visualiz-

ing and differentiating systems on the micro-scale like bacteria, cells and some sub-cellular

objects[6, 7, 8]. However, it has prevented us from in-detail understanding of underlying cell

machinery and molecular systems that belong to the nano-world.

In the last few decades, techniques based on evanescent fields have provided a path

toward a closer look to the molecular level with a sub nanoscopic field confinement over

the interface. Axelrod introduced wide-field total internal reflection fluorescence (TIRF)

microscopy[9] in application to basal surfaces of cells, a technique that has since become the

gold standard for surface-selective imaging. Field confinement at the glass/water interface

down to ∼200 nm1 that significantly decreases the background of the bulk component, was

further applied to fluorescence correlation spectroscopy (TIR-FCS) [10] and to molecular

configuration sensors, when combined with Foerster resonance energy transfer TIR-FRET

sensing[11]. TIR techniques, utilizing wave confinement at the surfaces, have introduced

first tools for the growing field of nanophotonics. Despite the requirement for fluorescent

labels, these techniques have opened up a vast range of nanoscopic investigations including

the imaging of live cellular membranes[12] and single-molecule detection in solution[13],

previously unavailable through conventional methods.

Further advances in fluorescent based nanophotonics have resulted in the development

of super-localization[14] and stimulated emission depletion[15] techniques that have provided

a way to a sub-diffraction optical imaging with full far-field setups. Resolution of tens of

nanometers has been achieved for fluorescent probes in single-molecule fluorescence emission

microscopy[14]. This achievement has been awarded a 2014 Nobel Prize in chemistry, showing

how influential overcoming a fundamental limit is to a broad scientific community.

1×5 better than ∼ 1µm, achieved with high NA objectives
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Microscopy became available as a tool for studying chemistry once its probing volumes

and detection limits allowed isolating processes on a molecular scale. This allowed for a much

more detailed look on chemical reaction mechanisms without ensemble averaging. Several

studies have demonstrated applications of single-molecule fluorescence microscopy to study-

ing dynamic chemical reactions[16, 17]. High count rates allow for short image acquisition

with single-molecule detection, facilitating kinetic measurements limited by imaging frame

rate of tens of milliseconds[18]. These techniques, however, suffer from the necessity of hav-

ing fluorescent reporters, thus lacking in inherent chemical information and being limited by

the irreversible photodegradation[19]. Despite the signals being very strong for electronically

resonant chromophores, most chemical species are not electronically resonant in the visible

spectrum. Spectral bandwidth of the signal is very broad due to short dephasing times of

electronic excited states, limiting the ability to distinguish between different probes in a

given system.

In parallel, scanning probe techniques based on the near-field detection[20] or excitation[21]

have been developed, allowing for nanoscopic optical localization. Near-field scanning probe

techniques have reached the lateral resolution of tens of nanometers by avoiding the far-field

Abbe limit (Eq 1.1). These techniques provide simultaneous topographic and spectroscopic

information but are inherently two-dimensional and restricted to well defined surfaces, pro-

hibiting the imaging of freely moving molecules in solution. Photo-induced force microscopy

(PiFM) based on detection of light induced forces suffers from very low image acquisition

rate and is limited to dry samples. Optically resonant NSOM[21] and TERS[22] techniques

based on near-field excitation provide unprecedented sub-diffraction (in some cases[23] sub-

molecular) resolution. While being extremely promising tools for studying chemistry at

the nanoscale, these techniques are practically very challenging and require non-ambient

conditions, making them unsuitable for a wide range of applications including nanoscopic

bio-imaging.
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The demonstration of plasmonic surface enhancement for detecting Raman (SERS)

signals[24, 25] has lead to the development of a whole field of surface enhanced spectroscopy

and microscopy. SERS spectroscopy has overcome the limits imposed by very low Raman

cross-section and has reached single-molecule sensitivity for both resonant and non-resonant

molecules[26, 27]. Sensing applications have been successfully and broadly adapted, while

applications of plasmonic enhancement to microscopy and imaging applications have been

less successful so far. Due to the strong localization of hot spots that carry localized surface

plasmons (LSP) that boost the signal, the enhancement is not uniform over the field of

view, making it impractical for imaging applications. To overcome this obstacle, techniques

based on flat noble metal film antennas that utilize surface plasmon polaritons (SPP) have

been introduced[28, 29]. Despite over an order of magnitude lower field enhancement factor,

SPP based systems provide a field that is uniform in two dimensions and, thus, in principle

more suitable for imaging. SPP based Raman microscopy has been recently developed;

however, only proof of principle imaging has been demonstrated so far on model systems[28]

and the technique is still far from biological applications. Combination of coherent Raman

microscopy with SPP-based surface enhancement has been recently reported[29], providing

high acquisition rate imaging alternative to slow SE-Raman microscopy. Both LSP based

spectroscopy and SPP based microscopy offer sub-diffraction limited field confinement and

combined with plasmonic enhancement yield unprecedented levels of sensitivity.

The ability to decrease the excitation volume and localize the probed region in one

or more dimensions past the diffraction limit while having spectral resolution for chemical

selectivity, is one of the most important challenges in the field of nano-science. In this thesis,

I will focus on far-field label free plasmonic optical techniques that utilize the advantages of

near-field interactions, yet are experimentally simple and achievable with a simple inverted

optical microscope. Unlike super-resolution scanning probe techniques, far-field plasmonic

microscpectroscopies presented in this thesis allow for ambient experimental conditions that

are ultimately necessary for studying chemical reactions and living systems.
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1.2 Spontaneous and Coherent Raman microscopy

Parallel to a tremendous effort that came from a vastly populated field of molecular biology

that perfected fluorescence microscopy and brought it up to the single-molecule level, mi-

croscopy techniques based on the Raman effect were developed, bringing spectral analysis

to the picture that was lacking in fluorescence. Raman microscopy[30] and its nonlinear

cousins coherent anti-Stokes Raman scattering (CARS)[31] and stimulated Raman scatter-

ing (SRS)[32] in the past decade have enabled label-free vibrational detection on the level

of single-cells and even single membranes,[33] allowing for chemical specificity in differenti-

ating constituents on a sub-cellular level. Due to inherently low spontaneous Raman cross-

sections (∼ 10−28 cm2/sr) and the auto fluorescence background, confocal Raman imaging

suffers from low count rates which leads to longer acquisition times and sensitivity limits.

By driving molecular vibrations nonlinearly with high peak power, short laser pulses, co-

herent Raman microscopy (CRM) achieves much higher effective cross-sections (∼ 10−22

cm2/sr). Due to the coherent nature of excitation, constructive interference in CARS results

in additional intermolecular coherence enhancement, with the observed signal quadratically

dependent on the number of scatterers. Higher effective cross-sections in the driven processes

and coherence enhancement have allowed for high sensitivity at acquisition rates that ex-

ceed 1 frame/second[34], while maintaining low average powers, preventing the sample from

degradation.

The family of coherent microscopy techniques has grown since early 2000s with the

commercial availability of high repetition rate short pulse lasers. Rapidly, it has matured

to applications in cell biology and has established itself as the first widely used label-free

optical microscopy tool. Since the Raman process is resonant with vibrational modes, there

is no need for fluorescent staining of electronically non-resonant objects, making it univer-

sal. For example, uptake of small molecules into living cells[35] with chemical contrast is

studied with CRM - something that is not possible when chromophore tagging is required.
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Hyperspectral imaging, with the additional spectral dimension used for analysis has allowed

for differentiating multiple components, avoiding multiple different resonant probes and the

cumbersome separation of overlapping broad electronic emission spectra. The practical ad-

vantage of using pulsed laser excitation is that several other nonlinear processes like two-

photon excited fluorescence (TPEF), second harmonic generation (SHG) and sum-frequency

generation (SFG) become automatically accessible by separately collecting different parts

of the spectral response, allowing for complimentary information about different aspects of

the system to be acquired[36]. Nonlinear coherent Raman microscopy has demonstrated

sensitivity down to 106 C−C bonds[33], and even 102 for pre-resonant pumping[37] inch-

ing toward single-molecule detection. CRM does not suffer from out-of-focus background,

making it an increasingly more valuable tool in molecular biology. The label-free nature

vibrational imaging makes it more universal and less invasive, moving it to being widespread

in microbiology and closer to applications in sub-ensemble chemistry.

1.3 Evanescent fields and their role at the nanoscale

The behavior of surfaces is important in a wide range of physical and chemical processes,

including detergency, wetting, stability of emulsions, reactions at electrodes, lubrication, non-

stick and anti-fouling coatings, heterogeneous catalysis, and membrane processes in living

organisms. Diffraction limit discussed above prevents surface selectivity since the probed

volume of a focused probe beam encompasses not only the interfacial region but also probes

the bulk. A general strategy to confine the excitation field in one dimension past diffraction

limit is to convert freely propagating electromagnetic field to an evanescent field at the

interface as depicted in Figure 1. Compared to a point spread function of a focused Gaussian

beam (∼ 1µm) in conventional epi illumination (Figure 1a) microscopy, one can achieve a

10-fold field confinement in the axial dimension in TIR illumination (Figure 1b), reaching
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∼ 100 nm in localization. This approach has been known in spectroscopy [38], however,

Figure 1.1: Schematic depiction of focused light (a) and TIR (b) illumination in cellular
imaging. In TIR configuration sub-diffraction resolution is achieved along the direction
normal to the interface.

only fairly recently has found its way into microscopy. Axelrod in 1981 has demonstrated[9]

the first imaging application of evanescent field excitation by illuminating the surface at the

angle of total internal reflection so that the only component of the EM field that reaches the

sample is surface-bound and decays exponentially away from the interface. The application

of TIR fluorescence microscopy to imaging cells[39] described in vast experimental detail by

Axelrod in 1984 has made an enormous impact to the field of microbiology at the interface.

Confinement of the probed volume in one dimension has allowed for studies of pre-surface

species, including cell membranes, while removing the contribution of the bulk material.

Widespread application of confocal fluorescent microscopy to microbiology has given rise to

a plethora of fluorophore tags created and discovered, including the family of fluorescent

proteins. TIRF microscopy has been rapidly popularized by the availability of fluorescent

labels, which have established the technique as one of the key players in studying processes

at the interface. Confinement of the field to the surface results in an exponentially decaying

evanescent component, which besides shrinking the probe volume, also provides a modest

field enhancement.

7



Due to the inherently low Raman cross-sections and, thus, long integration times re-

quired, TIR Raman microscopy has not found broad application in surface imaging, except

for a few proof of principle studies [40]. However, unlike fluorescence, Raman scattering

provides vibrational information which makes it the spectroscopic technique of choice when

the spatial resolution is of less interest than the chemical composition in close vicinity of the

surface. TIR Raman spectroscopy has advantages over attenuated total reflection (ATR-IR)

and sum frequency generation (SFG). These advantages include the technique being less

demanding of the sample’s optical properties with respect to the excitation frequency and

more suitable for imaging hydrocarbons in aqueous solutions due to the lower water back-

ground contribution[41]. Despite moderate detection limits, TIR Raman is the closest to

being adapted to nanoscopic imaging in the family of non-fluorescent TIR-based techniques.

1.4 Surface plasmons in spectroscopy and imaging

Nanoscale confinement can be achieved by utilizing the near-field excitation that is not sub-

ject to the far-field diffraction limit. Some examples of such excitation have been discussed

above and include near-field probes and evanescent fields. Another approach is to use the

near-field properties of surface plasmons. Propagating surface plasmon polaritons (SPP) and

localized surface plasmon resonances (LSPR) provide 1D and 3D optical field confinement

on the nanoscale respectively while simultaneously enhancing the magnitude of local field

intensity. This dual property of surface plasmons makes their use an attractive strategy for

nanophotonics imaging and spectroscopy.

The first application of surface plasmons to optical spectroscopy was in combination with

spontaneous Raman scattering. Since the early demonstration in 1979[24] surface enhanced

Raman scattering spectroscopy (SERS) has given rise to an established field. The nature of

the surface enhancement is two-fold: 1) physical enhancement by electromagnetic resonance
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boosting the local field, and 2) chemical enhancement modifying molecular polarizability by

the local environment. The former plays a bigger role, leading to a whole field of nano-

antenna design emerging to maximize the local field enhancement. Various geometries that

all have one commonality - a nano-junction - have yielded enormous enhancements while

localizing the probe volume down to about one nm3. Spectroscopy in the nanojunctions

has allowed unprecedented sensitivity down to the single-molecule level. Despite finding

a vast number of applications in spectroscopy and sensing, there are very few reports of

nanoscopic imaging examples with the aid of plasmonic surface enhancements. In fact, due

to inherent localization of plasmonic hotspots in engineered nano-antennas, it is a challenge

to achieve a uniform field of view necessary for imaging. It is noteworthy that there are

some successful proof-of-principle examples of TERS imaging[23, 42, 43] (a combination of

SERS with scanning probe microscopy), however, as mentioned above, techniques based on

near-field probes will not be discussed in this dissertation.

In order to achieve uniform field confinement, while maintaining field enhancement, an

antenna that is uniform in two-dimensions of the sample plane is required. Propagating

SPP modes can be implemented instead of highly localized standing waves in the nanojunc-

tions. Early demonstration by de Martini and coworkers [44] has revealed the possibility of

SPP-CARS in application to spectroscopy of liquids. First applications of surface plasmon

polaritons to full field-of-view imaging appeared utilizing the plasmonically enhanced scat-

tering property and the nanoscopic confinement of SP induced fields. Coupling of light to the

propagating SPP modes in TIR prism-based geometry exhibits a strong dependence on the

refractive index of the nanoscopic (in one dimension) probe volume. Measuring the spatially

resolved reflectivity is, then, a very sensitive tool to assess the local perturbations like bind-

ing events. Surface plasmon resonance imaging (SPRi)[45, 46, 47] has emerged as a powerful

technique that monitors reflectivity of the sensor surface as a function of specific absorption

of biomolecular targets and their residence time at the surface. Localization along the z-axis

down to tens of nanometers gives higher sensitivity to perturbations in the probing volume
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compared to tightly focused freely propagating light while allowing for wide-field detection

to yield high throughput sensing. Drawbacks of SPRi as an imaging tool are the inherent

background, present in scattering based techniques, and interference effects, complicating

image analysis.

Another full-field SPP-based group of techniques, which is referred to as surface plasmon

coupled emission microscopy (SPCEM)[48, 49, 50] , is taking advantage of the field enhanced

emission of particles in the nanoscopically confined volumes with plasmonic film acting as

an antenna and an outcoupler. Fluorescence emission is isotropic in nature. This makes

its collection a challenge with collection efficiencies of 2-4% being standard for conventional

microscopes[51]. However, when the radiation is aided by the SPP fields, outcoupling occurs

at very specific angles corresponding to SPR of the effective permittivity of the system of

glass, film and the probe volume. By means of z-polarized emission symmetry, most radia-

tion goes to a narrow cone allowing for reported efficiencies of 50%. Additionally, angular

distribution of emitted light contains the frequency information allowing for spectroscopy

without extra diffractive optics. With improved collection efficiency and the local field en-

hancement, SPCE can provide ∼ 1000-fold improved signal yields compared to conventional

fluorescence techniques[52]. SPCE is the reverse process of SPR absorption making SPCEM

and SPRi complimentary techniques addressing the same physical problem of the thin metal

plasmonic film. Despite requiring fluorescent labels, SPCEM does not suffer from the signal-

to-background issues and interference artifacts of SPRi, making image interpretation trivial.

A novel approach to utilizing the imaging quality of SPCE while maintaining the in-

formation about the refractive index of the material in a label-free fashion is described in

Chapter 4 of this thesis. Gold, as the plasmonic metal of choice, has a significant cross-

section for two-photon absorption at the d-band edge. However, the excited polarization

does not radiate efficiently to the far-field in a case of a clean flat thin film. When micro-
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scopic material is in contact with the film, two-photon excited fluorescence (TPEF) of gold

is efficiently out-coupled through SPCE generating an image of the material.

Inspired by the successes of SE-CARS in spectroscopy and SPCEM in microscopy, in this

dissertation a novel SPP-based wide-field SE-CARS microscopy technique is presented. Com-

bination of plasmonic field enhancement and coherence enhancement of CRM has allowed

for the first demonstration of vibrationally sensitive full field-of-view imaging of nanoscopic

probe volumes[29]. Illumination densities over five orders of magnitude lower than in conven-

tional CARS microscopy have been achieved while maintaining the acquisition rates. This

technique will be described in-detail in Chapter 3 of this thesis revealing its applications

to imaging (sub)micron sized lipid droplets, giant unilamellular vesicles (GUV) and cellu-

lar material, and presenting simulations that explain and interpret the nature of observed

signals. This technique, despite some challenges arising from coherence information present

in emission, holds great promise for bio-nanophotonics in general in label-free imaging of

processes in live cell membranes in particular. By avoiding prohibitively expensive and com-

plicated scanning near-field probes and, yet, yielding spatially resolved chemical information

from nanoscopically confined volumes, its adaptation for clinical application in the future is

well within reach.

Microscopic and spectroscopic applications of SPP and LSPR based far-field coherent

Raman techniques will be presented in this dissertation together with the underlying physics.

1.5 Scope of this dissertation

In this dissertation spectroscopic and microscopic applications to nanophotonics are pre-

sented. Nanoscopic confinement and low detection limits are achieved by the combina-

tion of plasmonics and nonlinear optics. First, novel surface-enhanced 1D confined CARS
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imaging modality is presented. Plasmonic enhancement of a 30 nm gold film enables wide-

field high speed nonlinear imaging with vibrational contrast, confining the probe volume to

tens of nanometers in axial dimension, surpassing the optical diffraction limit. Second, the

gold nanoparticle dimer structure coated in a monolayer of non-resonant Raman reporter

molecules is investigated with CARS spectroscopy. Nanoscopic 3D field confinement allows

for interrogating a small subset of the reporter molecules, reaching single-molecule detection

limit. One of the first spectroscopic single-molecule studies with SE-CARS has allowed to es-

tablish the parameter space for nonlinear analogs of SERS and has shed light on the physics

of the molecule-antenna interaction that is crucial for future time-resolved single-molecule

studies.

Chapter 2 presents a theoretical outline of surface plasmon resonances for both cases of

surface confined SPPs and highly localized hot spots of standing-wave LSPs. Metal optical

properties are described to introduce surface plasmon resonances. Conditions for plane wave

excitation of propagating and local SPs are discussed from the momentum conservation

point of view. Mode confinement and local field enhancement are theoretically estimated for

different plasmonic antenna geometries. Aspects of sample-antenna interactions in terms of

spatial emission distribution and spectral dependence are discussed. Sensitivity limits for

surface specific vibrational coherent imaging and single-molecule vibrational spectroscopy

are unattainable without the properties associated with surface plasmon waves.

In Chapter 3 a novel imaging technique - wide-field surface sensitive CARS microscopy

is described in-detail, starting from the laser microscope experimental layout to results on

various samples in different media and theoretical considerations in the Greens functions

formalism. In conclusion all the advantages that this technique facilitates and all the diffi-

culties associated with unwanted coherent contributions, along with potential solutions are

discussed. A novel incoherent plasmon enhanced surface selective imaging technique for

sensing applications is presented in Chapter 4. SPP induced two-photon fluorescence from
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the gold film is detected in areas where non-fluorescent sample is in close contact with the

gold surface, perturbing the local field distribution. Working principle of LFIME imaging

is presented and the localized near-field phenomena that lead to nanoscopic contrast in ax-

ial dimension are discussed. In summary, advantages compared to existing surface sensing

techniques are presented and the field of application is outlined.

In Chapter 5 application of surface enhancement to vibrational spectroscopy in the

limit of a single molecule by means of hyperspectral CRM imaging is presented. Exist-

ing approaches using different designs for nano-antennas and choices for optical modality

are outlined. Molecules in a nano-junction formed by a pair of 90 nm gold spheres and

an experimental setup for acquiring CARS spectra are presented as a demonstration of a

high-throughput experimental method for reaching the limit of single molecules. Theoreti-

cal considerations about the resonant properties of the gold antenna and the corresponding

choices of optical wavelength for efficient near-field coupling to the molecular reporter are

discussed in detail. In conclusion, results of attempted measurements are presented, followed

by a discussion on the influence of the antenna on the heterogeneity in observed signal. As

this is one of the first demonstrations of vibrational coherent microspectroscopy on a non-

resonant single molecule, the nature of surface-enhancement in 3D-confined probe volume

with output radiation enhanced by the LSPR of the antenna is rigorously described. Con-

ditions for successful experimental implementations of this technique are also summarized.
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Chapter 2

Surface Plasmons

2.1 Introduction

In this chapter physical properties of surface plasmons will be described. Starting from the

classical picture of electromagnetic radiation, the light matter interaction is introduced. As

plasmonics is one of the key means for focusing the optical fields to sub-diffraction limited

volumes, it is important to understand the laws that govern interactions between light fields

and surface plasmons.

First, metal properties at the optical frequencies will be discussed. Understanding the

complex dielectric function of the free electron gas is essential for deriving the equations

for plasmons and surface plasmons. Further on, by adding light to the metallic system, the

light-matter quasi-particles Surface Plasmon Polaritons (SPP) will be introduced. Condi-

tions for coupling light to matter and dispersion relations will be discussed together with

practical means to excite SPPs. Moreover, properties of SPPs that are highly relevant for

the development of label free techniques discussed in chapters 3 and 4 of this thesis, will be

derived and summarized. Finally, a different type of surface plasmons - Localized Surface
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Plasmons (LSP) will be introduced. Unlike propagating light-matter states, LSP is a stand-

ing wave equivalent, the properties of which are dictated by the plasmonic material and the

surrounding medium. Increased field localization and high field enhancements achieved with

LSPs will be discussed and their applications toward interacting with optical transitions on

the example of SERS will be introduced to provide context for sophisticated spectroscopic

approaches described in chapter 5 of this thesis.

2.2 Metals at optical frequencies

2.2.1 Maxwell equations and dielectric function

The light-matter interaction of metals with electromagnetic (EM) fields at optical frequencies

will be considered in a purely classical picture based on Maxwells equations without resorting

to quantum mechanics. Since metals have a free electron density on the order of 1023cm−3,

the spacings between the electron energy levels are negligible compared to the thermal energy

excitations kBT at room temperature, justifying the classical approach.

It is important to point out that metal optical properties vary in a big range depend-

ing on the frequency regimes of light. A typical association with metals is that they are

mirrors, which suggests that the electromagnetic field does not penetrate through. This is

a valid assumption in the low-frequency regime, such as the microwave and the far-infrared

spectral regions. In these regions, the perfect or good conductor approximation of infinite

or fixed finite conductivity is valid for most purposes since only a negligible fraction of the

incident EM waves penetrates deeply into the metal. However, at higher frequencies toward

the infrared and the visible spectrum, field penetration does increase significantly for certain

metals leading to dissipation phenomena. The way to understand the frequency dependent

conductivity is by considering the velocity of field-driven electrons. If the electrons are mov-
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ing with a v0 velocity in response to the electromagnetic field, then the field is switched off

the velocity decays as v = v0 exp(−βt), where β is the decay constant valued ∼ 3× 1013[53].

The relaxation time 1/β is then very fast, on the order of ∼ 30 fs. If we consider the fre-

quency of green light, in the middle of the visible range, of 0.5× 10−15 s−1 or once every two

femtoseconds. The electrons respond to the electromagnetic field but cannot keep up com-

pletely, which would happen at lower frequencies of infrared and microwave spectral ranges.

At higher frequencies the electrons cannot keep up with the field and the material becomes

transparent unless underlying absorption bands, not related to free electron oscillations, are

present. At the ultraviolet frequencies, alkali metals acquire dielectric character and allow

the propagation of EM waves with varying degree of attenuation depending on the features

of the electronic band structure. However, for noble metals, such as gold or silver, transitions

between electronic bands lead to strong absorption. On the nanoscale, various novel optical

properties can be introduced by designing size/shape dependent resonances. For example,

by varying the length of gold nanorods, one can span the whole visible spectrum in scat-

tering, while bulk gold has a characteristic yellow color. The critical size where these novel

properties are evident is related to the phasing of the field in the medium.

The dispersive properties of metals can be described by a complex dielectric function,

ε(ω), which is fundamental to the field of plasmonics and provides the basis for all phenomena

described in this chapter and applied throughout this dissertation.

We will begin from the Maxwells equations of electromagnetism and systematically

move forward in a fully classical picture. The macroscopic EM waves can be expressed by
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Maxwells equations in the following form:

∇ ·D = ρext (2.1)

∇ ·B = 0 (2.2)

∇× E = −∂B

∂t
(2.3)

∇×H = Jext +
∂D

∂t
(2.4)

These equations link the four variables: the dielectric displacement (D), the electric

field (E), the magnetic field (H), and the magnetic flux density B, with the external charge

and current densities ρext and Jext.

In the context of this dissertation only nonmagnetic phenomena are considered. Electric

polarization P can be introduced from the definition of displacement field:

D = ε0E + P (2.5)

where ε0 is the electric permeability of vacuum.

Electric polarization P describes the electric dipole moment per unit volume inside the

material that arises from the alignment of microscopic dipoles with the electric field and is

related to the bound charge density by ∇ · P = −ρ. Charge conservation requires that the

internal charge and current densities satisfy the following condition:

J =
∂P

∂t
(2.6)
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By combining equations (2.5) and (2.1), we can observe that the macroscopic electric

field includes all polarization effects with both the external and induced fields:

∇ · E =
ρ

ε0

(2.7)

For isotropic media one can relate the change in displacement field to the electric field

through a material property εr called the relative permittivity:

D = ε0εrE (2.8)

and ε = ε0εr is the dielectric constant. Polarizability and the electric field can be related

through a different material property χ called the dielectric susceptibility:

P = ε0χE (2.9)

it can be shown that χ = ε - 1.

The last important material property left to introduce is the conductivity σ and it

relates the internal current density and the electric field:

J = σE (2.10)

All three quantities ε, χ and σ are related to each other and each one can be used to

describe the interaction of the electromagnetic field with the material. Historically, at low

frequencies σ is used, while at optical frequencies ε is preferred.

Since the optical response of metals is clearly frequency dependent, the assumption of

isotropic media used in equations (2.8) and (2.9) is not correct since it does not account

for non-locality in time (ω) and space (K). Generalized forms of (2.8) and (2.9) can be
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presented in the following way:

D(K, ω) = ε0ε(K, ω)E(K, ω) (2.11)

J(K, ω) = σ(K, ω)E(K, ω) (2.12)

by combining these expressions with (2.5) and (2.10), we get the fundamental expression for

the dielectric function through conductivity:

ε(K, ω) = 1 +
iσ((K, ω)

ε0ω
(2.13)

For light-matter interaction in the case of bulk metals when the wavelength λ of light

in the material is larger than all of the characteristic dimensions, we can simplify the form

of the dielectric response to ε(K = 0,ω) = ε(ω) in a spatially local regime. Dielectric func-

tion of metals is generally complex at optical frequencies and can be measured at different

frequencies experimentally through ellipsometry[54] or reflectivity measurements. Another

more intuitive and commonly used quantity - complex refractive index of the material ñ(ω)

= n(ω) + iκ(ω) can be related to the dielectric function ε(ω) = ε1(ω) + iε2(ω) given the

definition ñ =
√
ε with the following:

ε1 = n2 − κ2 (2.14)

ε2 = 2nκ (2.15)

n2 =
ε1

2
+

1

2

√
ε2

1 + ε2
2 (2.16)

κ =
ε2

2n
(2.17)
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Real part of the index of refraction n quantifies the retardation of the phase velocity of

the wave propagating through the medium and governs optical refraction and scattering.

Imaginary part of the index κ is called the extinction coefficient and governs the optical

absorption of the electromagnetic waves by the medium upon propagation. Beer’s law of

absorption states the exponential attenuation of the intensity upon the propagation through

the medium (2.17) and the absorption coefficient α can be related to κ in the following way:

I(x) = I0e
−αx (2.18)

α(ω) =
2κ(ω)ω

c
(2.19)

where c is the speed of light in vacuum. As follows from equations (2.16) and (2.17), refraction

and scattering are dependent mostly on the real part of the dielectric function, ε1, while

absorption is a function of the complex part ε2.

2.2.2 Free electron gas. Drude model

By definition metals have a band structure with overlapping (no energy gap) valence and

conduction bands. Thus, it is a reasonable assumption to consider electrons as free roaming

around the lattice that Drude made in 1900. In this assumption, the positive ions in the

lattice are ignored with their potential. Free electron gas only interacts its environment via

instantaneous collisions with an average time between collisions τ . The optical properties

of metals are then explained with a simple plasma model where a free electron gas moves

against a fixed background of positive ions while the overall system is kept macroscopically

neutral. Collisions experienced by the electrons lead to fluctuations on the microscopic scale

and are described with classical equations of motion. The effective mass of each electron m

is the only parameter in this model that assumes certain properties of the band structure.
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Upon their interaction with the electromagnetic field, electrons oscillate and collide with

each other. This leads to damping with a characteristic frequency γ = 1
τ

which at room

temperature is ∼100 THz. Momentum of the carriers is governed purely by the thermal

distribution established after the collision and has no memory of the electron velocity prior

to the collision event.

We will begin with considering the motion of a plasma electron with an external electric

field E. Skipping the derivation, the equation of motion can be presented in the following

form:

∂2x

∂t2
+ γ

∂x

∂t
= −eE(t) (2.20)

Assuming a harmonic time dependence of the field E(t) = E0e
−iωt a trial solution for

microscopic equation of motion is then in a form x(t) = x0e
−iωt. The complex amplitude x0

incorporates any phase shifts between the oscillator and the driver:

x(t) =
e

m(ω2 + iγω)
E(t) (2.21)

Going back to equation (2.20) and substituting in P = −nex we get an equation in

terms of macroscopic polarization:

∂2P

∂t2
+ γ

∂P

∂t
= −ne

2

m
E(t) (2.22)

The solution is then

P = − ne2

m(ω2 + iγω)
E (2.23)
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which can then be recasted in terms of the displacement field via equation (2.5)

D = ε0(1−
ω2
p

ω2 + iγω
)E (2.24)

where ω2
p = ne2

ε0m
is the plasma frequency of the free electron gas. Finally, by recalling Eq.

(2.8) for isotropic media we arrive at

ε(ω) = 1−
ω2
p

ω2 + iγω
(2.25)

that constitutes the solution for the dielectric function of a free electron gas. For examining

the frequency dependence we will consider three separate frequency ranges.

In the regime of very low frequencies, where ωτ << 1 real and imaginary parts of the

refractive index are of comparable magnitude and

n ≈ κ =

√
ε2

2
=

√
τω2

p

2ω
(2.26)

due to high imaginary part of the dielectric, metals are highly absorptive in this regime.

From Beer’s law of absorption, the fields decay inside the metal as e−z/δ, where δ is the skin

depth defined as

δ =
2

α
=

c

κω
(2.27)

this description is valid at low frequencies as long as the mean free path of the electrons (l)

is much less than the skin depth δ. At room temperature skin depth is typically an order of

magnitude higher than the mean free path for typical metals, justifying the use of the Drude

model for low frequencies.
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When the driving frequency is close to the plasma frequency, ωτ >> 1 the damping

becomes negligible, leaving ε(ω) as mostly real.

ε(ω) = 1−
ω2
p

ω2
(2.28)

In this frequency regime for noble plasmonic metals that are relevant to this dissertation

(specifically Au), the properties are altered due to a presence of the interband transition,

which increases the magnitude of ε2.

Finally, for high frequencies (1 6 ωτ 6 ωpτ), the complex refractive index is mostly

imaginary and the distinction between free and bound charges disappears and metals start to

lose their metallic character. This regime will benefit from the Lorentz oscillator correction

introduced in the next section.

In the region when ω >> ωp free-electron model predicts ε→ 1. For the case of gold, this

is simply not correct. In the high frequency regime the response is dominated by free space

electrons; however, the filled d band close to the Fermi surface has a strong polarization. The

residual polarization comes from the positive background of the ion cores. By introducing

the dielectric constant for the bound electrons ε∞, we can rewrite the equation (2.24) to

account for that background:

ε(ω) = ε∞ −
ω2
p

ω2 + iγω
(2.29)

This was first derived by Drude in 1900 and is referred to as the Drude theory[55].

Physically, the plasma frequency can be thought of as the natural frequency of a free

oscillation of the free electron gas. The quanta of these oscillations are called plasmons (bulk

plasmons, not to confuse with surface plasmons). Due to their longitudinal nature, plasmons
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do not couple to transverse electromagnetic waves and can only be excited by direct particle

impact like in EELS spectroscopy.

2.2.3 Lorentz correction for electronic resonances

Drude model is in good agreement with the experimental data[56] at low frequencies; how-

ever, around the interband transition (2.5 eV for gold) ε2 increases and the validity of the

approximation breaks down. Interband transition in the case of gold corresponds to an elec-

tronic resonance when electrons transition from an occupied d-band to a vacant s-band. This

leads to higher damping of plasma oscillations and competition between the two excitations.

To fix this issue in 1905 Lorentz proposed[57] a modification to the equations of motion

by explicitly introducing ball-on-spring resonances for the bound electrons. In terms of

polarization this leads to the following equation of motion modifying equation (2.22):

∂2P

∂t2
+ γ

∂P

∂t
+ ω2

0P =
ne2

m
E(t) (2.30)

where ω0 is the resonance frequency of the interband transition. By repeating the derivation

from the previous section, we end up with

ε(ω) = 1 +
ω2
p

(ω2
0 − ω2)− iγω

(2.31)

that accounts for rapid changes in the dielectric function close to the interband transitions.
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2.3 Surface Plasmon Polaritons

2.3.1 Properties and dispersion relation

Surface plasmon represents a quantum of collective oscillation of the surface charge at the

metal surface. Charge oscillations orthogonal to the surface plane induce an evanescent TM

field. A combination of the surface plasmon and the photon that induced it is referred to

as surface plasmon polariton (SPP). SPP is a quasi particle that carries both EM wave and

surface charge (matter wave) characteristics. Propagation of SPP along the metal-dielectric

interface yields evanescent fields on the dielectric side (on the order of λ/2) and the metal

side (on the order of skin depth δ).

Wave equations that govern SPPs are derived from Maxwell equations. Full derivation

will not be presented for simplicity (can be found in [58]). Instead, we will focus on some key

equations that underline the characteristic properties. As mentioned above, the EM field

created by the surface plasmons is surface-bound and, thus, evanescent in nature having its

maximum at z = 0 and disappearing as |z| → ∞. The field is described as follows:

E = E0
± exp[+i(kx ± kzz − ωt)] (2.32)

with + corresponding to the dielectric side and - to the metal side (z > 0 and z < 0).

Exponential decay of the field away from the surface is described by imaginary kz, as will be

discussed in detail later on, while kx lies along the propagation direction.

kx =
2π

λp
(2.33)

where λp is the wavelength of the surface charge oscillation.
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For the plane surface between a metal with a complex dielectric function εm = ε1 + iε2

and a dielectric with εd from Maxwell equations and continuity the dispersion relation is

D =
kzm
εm

+
kzd
εd

= 0 (2.34)

εi(
ω

c
)2 = k2

x + k2
zi (2.35)

kzi = (εi(
ω

c
)2 − k2

x)
1/2, i = m, d (2.36)

It can be derived[58] that for kx = k′x + ik′′x the dispersion relation is

kx =
ω

c
(
εmεd
εm + εd

)1/2 (2.37)

for ε2 < |ε1| in the case of gold we get:

k′x =
ω

c
(
ε1εd
ε1 + εd

)1/2 (2.38)

k′′x =
ω

c
(
ε1εd
ε1 + εd

)3/2 ε2

2(ε1)2
(2.39)

The real part of the SPP wave vector k′x according to equation (2.39) requires real ε1 < 0 and

|ε1| > ε2, which is satisfied in plasmonic metals. The imaginary part k′′x governs losses due

to the internal absorption along the propagation direction. The characteristic propagation

length is defined as Lspp = 1/2k′′x, which in the case of gold is between 10 and 100 µm in

the visible spectrum. Dispersion relation (Figure 2.1) for surface plasmons approaches the

light line
√
εdω/c at small k′x but never crosses it. In the limit of large wave vectors, the

SPP frequency approaches the surface plasma frequency that can be obtained by inserting
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Figure 2.1: Dispersion relation for surface plasmons reaching the limit of surface plasma
frequency (solid). Light line for freely propagating EM waves in vacuum (dashed) does not
cross the SP line. Dispersion of light going through dielectric material of the prism (dotted)
crosses the SP line at kx,res allowing for energy transfer.

the derived free-electron dielectric function (2.26) into (2.37) to get

ωsp =
ωp√

1 + εd
(2.40)

in this case the group velocity goes to zero and the mode acquires electrostatic character

and is called surface plasmon.

Since at any given energy of the photon the momentum of the surface wave is larger

than for the freely propagating wave, energy transfer can not occur and such surface plasmon

is considered non-radiative. Phase matching condition would need to be met for the light to

couple to plasmonic modes and, thus, photonic excitation. Adjustment of the slope of the

light line can be achieved when propagating through a dielectric first before incidence on

the plasmonic film to match the momentum of SP waves (Figure 2.1). In this dissertation,

the objective-based Kretschman configuration is chosen for achieving phase matching. Some

general outlines of the Kretschman configuration will be presented in this chapter and some

more specific considerations in Chapter 3.
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Confinement of surface plasmon polaritons is their paramount property for the applica-

tion purposes of this work. From equation (2.36) and the fact that SPP excitation is always

on the right side of the light line the wave vectors kzd and kzm have to be imaginary. As

mentioned above this leads to the exponential decrease exp(−|kzi||z|) in the amplitude of

the SP field away from the surface. A quantitative parameter ẑ = 1
|kzi| is then the depth

at which the field reaches 1/e. For the confinement on the dielectric side that is of most

importance in this dissertation we get

ẑd =
λ

2π
(
ε1 + εd
ε2
d

)1/2 (2.41)

for λ = 600 nm in gold this corresponds to ẑd ≈ 280 nm. Higher confinement beyond

the diffraction limit can be reached for frequencies closer to the ωsp; however, due to the

transitions allowed between ωsp and ωp, damping increases leading to higher losses. This

leads to a trade-off between localization and loss. At large kx, zd is given by ∼ 1/kx leading

to a strong concentration of the field confined to the dielectric/metal interface.

Figure 2.2 presents FDTD simulations of the pump (A) and Stokes (B) frequencies

used for matching C-H Raman-active stretches in SE-CARS, discussed in Chapter 3. The

decrease in confinement for the lower frequency (Fig. 2.2B) is compensated by the stronger

local field intensity enhancement. Since CARS requires three photon fields for nonlinear

mixing,, effective confinement is governed by the highest frequency field and has additional

confinement akin to conventional multiphoton microscopy. De Martini and coworkers[44],

who first reported spectroscopic application of SPP-CARS on thin benzene layer in 1979,

estimated effective mixing region contributing to CARS generation to be ∼ λ/6π or around

30 nm.

On the metal side the SPP field confinement is significantly higher. Skin depth for gold

is around 20 nm across the range of wavelength from visible to IR. Optical fields focused
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Figure 2.2: FDTD calculations of electric field intensity |E|2 normalized by the intensity
of freely propagating light. Enhancement is calculated for the on-resonance pump (A) and
Stokes (B) wavelengths at the BK-7/gold/air interface in the Kretchman configuration. At
the SPR angle field enhancement is maximized, decaying exponentially away from the surface

down on the metal surface electrons at the gold - glass interface can yield TPEF signal of

radiative interband electron-hole recombination described in Chapter 4.

2.3.2 Coupling light to SPP

As mentioned above, in the discussion on the dispersion relation (Figure 2.1), SPP cannot

be directly excited by the freely propagating light. The reason for the inability to couple

light to SPP is the momentum mismatch between the propagating and surface-bound fields.

Since for a photon k = ω/c is always k < kx less than for the SPP according to (2.39),

to overcome this mismatch, additional momentum needs to be added to the free EM wave.

There are several ways to overcome momentum mismatch including grating coupling[59]

that will be discussed in-detail in this section; prism coupling[58] that relies on momentum

matching through diffraction; surface roughness [60] that compensates for the mismatch with

scattering and near-field probes[61] with local excitation. In this dissertation, in applications

of the surface plasmon polaritons to microspectroscopy, prism coupling method is used (in
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particular the Kretschman configuration[58]), depicted in Figure 2.3. The principle of prism

Figure 2.3: Prism coupling of light to SPPs in Kretschman configuration. Wave vector of
the free EM wave is modified by adjusting the angle of incidence through the prism on the
metal film to match the surface bound wave vector. Permittivity of the prism denoted here
as ε0 not to be confused with the vacuum permittivity.

coupling is in decreasing the phase velocity of light by being incident on the metal through

the dielectric of the glass prism εg. Due to the fact that permittivity of the dielectric εg > 1

then k0 = ω
c

√
εg > k. By projecting the incident light at a skimming angle past total internal

reflection on to the prism-gold film interface, projection of the incident wave vector is then

matched to the kx of SPP. This momentum is insufficient to excite SPPs on the interface of

the metal and the prism. Though, if the metal film on top of the prism is sufficiently thin,

electromagnetic fields can evanescently couple to the surface mode on the other side of the

metal interface and excite SPPs as show in Figure 2.2. Condition for energy transfer in the

conservation of momentum is then achieved when
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k0 =
ω

c

√
εg sin(θ0) =

ω

c
(
εmεd
εm + εd

)1/2 = kx (2.42)

θ0 = arcsin (
1

εg

εmεd
εm + εd

)1/2 (2.43)

where θ0 is the angle normal to light incident from the prism (εg) side. Due to the longitudinal

nature of SPPs p-polarized (TM) light is required to induce surface oscillations perpendicular

to the interface.

In this thesis, the role of the coupling prism will be played by a microscope objective. A

high numerical aperture of the chosen lens allows for a high angular acceptance and selecting

rays with incident angles past the critical angle for both metal-air and metal-water interfaces

satisfying SPP momentum matching.

θspp = arcsin
kx
n0k0

(2.44)

where n0 is the refractive index on the sample side.

Compared to the prism type Kretschman configuration, the high NA objective lens

method is more convenient to use as it provides a tighter focus, ensuring high lateral resolu-

tion, and the angle of incidence of the laser light can be changed easily. By placing the laser

spot in different areas in the back focal plane of the objective, one can choose the angle of

incidence of the laser light to match the SPR angle. More details on the experimental set-up

will be presented in Chapter 3.
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2.3.3 Damping mechanisms

After the surface plasmon polariton is generated its lifetime is governed by the dissipative

processes. Damping of surface plasmons can be categorized into nonradiative (internal)

and radiative damping. Nonradiative damping involves de-excitation of SP generated Fermi

level electron-hole pairs into phonons, with consequent cooling on the order of 1 ps[62]. The

internal absorption is given by k
′′
x (eq 2.40) that limits the propagation length L = 1

2k′′x
and

subsequently field enhancement.

Power lost from the reflected beam to heating can be measured photo-acoustically. It is,

however, beyond the experimental limits of measurement at flat surfaces (δ ∼ 0.5 nm)[58].

Field enhancement at maximum (R = 0 ) corresponds to SPP power lost exclusively through

internal absorption in the metal. Poynting vector of the surface plasmon folows

−dP (x)

dx
= 2k

′′

xP (x) (2.45)

with k
′′
x from equation (2.39). This change is compensated for by the power of the incoming

light |E0|2, radiated per unit area. Internal absorption is affected by the dielectric material

on the gold surface, increasing kx at the metal dielectric interface. For a thin dielectric

coating d on top of a metal surface for kz2d << 1

∆kx(d) =
ω

c

εd − 1

εd
(
|ε′m|
|ε′m| − 1

)2 |ε
′
m|+ ε2

|ε′m|+ 1

1√
|ε′m|

2πd

λ
(2.46)

this linear behavior of increased kx with increasing d is valid for thin layers up to∼ d = 10nm.

The real part of ∆kx leads to a displacement of the SPR resonance compared to k0
x (2.42)

and the imaginary part gives an additional damping term Im[∆kx] = Γ ∼ Im[rpgmd(k
0
x)]

to internal damping Γi = k0
x The internal damping If the thickness of the dielectric layer
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d > λ/2
√
εd SPP can couple to planar guided modes in the dielectric material. Waveguided

modes can couple with the plasmon and generate gap modes that are electric field hot spots.

Since waveguided modes are not crossing the light line, imperfections are required to achieve

momentum matching by losing ∆kx to scattering and outcouple radiation.

Radiative damping arises from matching the same set of coupling conditions in equation

(2.42) for SPP propagating along the metal dielectric interface. This leads to an evanescent

wave on the dielectric side, transferring energy to a plane wave, since kx 6
√
εgω/c. In TIR

geometry for a flat surface, this radiation destructively interferes with the incoming light at

the boundary glass/metal leading to all the incident photon power to transform into heat.

If the SPs propagating along rough metal-dielectric surfaces are scattered out of plane of

incidence, they are no longer out of phase with the incident light leading to radiation loss

(leakage radiation) in a cone with a defined angle θ0 from equation (2.43).

2.3.4 SPP field enhancement

The condition for exciting SPPs at the air(water)-gold-glass leads to a minimum in reflectivity

that can be shown with a set of Fresnel equations for a three-phase system. Reflectivity for

p-polarized light is given by

R = |rgmd|2 =

∣∣∣∣Er

E0

∣∣∣∣2 =

∣∣∣∣ rgm + rmdexp(2ikzmd)

1 + rgmrmdexp(2ikzmd)

∣∣∣∣2 (2.47)

rik = (
kzi
εi
− kzk

εk
)/(

kzi
εi

+
kzk
εk

) (2.48)

where Er and E0 are the reflected and incident fields. In case of a 30 nm gold film at visible

and NIR frequencies |ε′m| >> 1 and |ε′′m| << |ε′m| dependence in equation (2.47) can be

approximated with a Lorentzian type solution[58] characteristic for a resonance.
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Qualitatively the reflectivity minimum can be explained by destructive interference of

the reflected incoming TM EM field at the glass-gold boundary, with the leakage radiation

arising from outcoupling [58] of the SPP fields at the air(water)-metal interface. Reflectivity

as an observable, then allows for experimental determination of the efficiency of coupling

light to SPPs without the need for precise knowledge of the incident angle and polarization

of the laser beam at the point of incidence.

The minimum in reflectivity corresponds to a maximum of electric field at the sur-

face. Field enhancement is paramount to reaching sensitivity limits of surface enhanced

microspectroscopies. To estimate it, we will consider the ratio of magnetic field intensities

at the metal-sample and at the dielectric(glass)-metal interfaces for p-polarized light, since

the magnetic permeabilities are both equal to unity, which simplifies the expression.

∣∣∣∣Hdm

H0m

∣∣∣∣2 = |t0md|2 =

∣∣∣∣ t0mtmd exp(2ikzmd)

1 + r0mrmd exp(2ikzmd)

∣∣∣∣2 (2.49)

tik = 1 + rik (2.50)

where |t0md|2 is the Fresnel transmission coefficient for a two-interface system. Under realistic

experimental conditions, approximation used for the reflectivity problem when |ε′m| >> 1

and |ε′′m| << |ε′m| is valid, we can get an expression near the resonance[58].

|t0md|2max =
1

ε0

2|ε′d|2

ε′′d

a

1 + |ε′m|
using (2.51)

|t0md|2max =
4a2

a2 + ε0

(2.52)

where a2 = |ε′m|(ε0−1)− ε0. Since we are interested in the peak enhancement of the electric

field intensity, accounting for relative permittivities:
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∣∣∣∣Hdm

H0m

∣∣∣∣2 =
εd
ε0

∣∣∣∣Edm

E0m

∣∣∣∣2 =
εd
ε0

T elmax (2.53)

T elmax =
1

εd

2|ε′d|2

ε′′d

a

1 + |ε′m|
(2.54)

For an air-metal-quartz interface this yields approximately T elmax ≈ 100 for silver, and

T elmax ≈ 30 for gold, at λ = 600 nm. In the parametric multiphoton CARS process used

for imaging, and described in Chapter 3, even a modest field enhancement leads to a sig-

nificant signal boost, due to the nonlinear dependence of signal on the field intensity[63].

This is because nonlinear optical effects involve the interaction of multiple laser fields with

the matter and if any of the incident fields are within the plasmon resonance, the enhance-

ment of the fields results in a huge enhancement of the nonlinear optical effect. All three

of the preparation fields - pump, Stokes and probe and the radiating polarization at the

anti-Stokes frequency are enhanced by the plasmonic surface, leading to a significant overall

signal enhancement[44].

Field enhancement and confinement provided by surface plasmon polaritons allow for a

sub-diffraction resolution in the axial dimension while enhancing the signal to compensate

for a smaller amount of material in the probe volume. In this dissertation by combining SPP

fields with CRS, we demonstrate the first wide-field surface selective label-free microscopy

with vibrational resolution.
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2.4 Localized surface plasmons

2.4.1 Introduction

Another fundamental form of plasmonic excitation are localized surface plasmons (LSP)

that are non-propagating excitations of the electron charge oscillations near the surface of

a metallic nanostructure. These modes get excited from the scattering of sub-wavelength

metallic nanoparticles in an oscillating electromagnetic field. The resonant standing wave

mode can give rise to field amplification both inside and on the surface of the outside of the

particle. These localized surface plasmon resonances (LSPR) can be directly excited by light

unlike SPPs and have a size(shape) dependent frequency and amplitude. Gold and silver

nanoparticles have tunable LSPR over most of the visible and NIR spectrum by, for example,

adjusting the aspect ratio of nanorods. Since medieval times, gold has been used in paint for

achieving bright colors that come from resonantly enhanced transmitted and reflected light.

2.4.2 Interaction with the field

When the size of the particle is much smaller than the wavelength of the incident light

d << λ , quasi-static approximation is justified assuming that the EM field is constant over

the particle’s volume. Harmonic time dependence can be added for describing time evolution

of the nanoparticle as a whole. Let’s consider a homogeneous and isotropic nanosphere with

radius a and dielectric function εm in a uniform static field E = E0z incident parallel to

the z direction, surrounded with an isotropic non-lossy dielectric medium εd. Solutions to

this approximation for the full scattering problem are derived from the Laplace equation. It

can be derived that the applied field induces a dipole inside the nanosphere with magnitude

proportional to |E0|. Skipping the derivation, the dipole moment or polarization p can be

36



described in terms of the material’s polarizability α in the following way

p = εdαE0, where (2.55)

α =
4

3
πa3ε0(1 + κ)

εm − εd
εm + κεd

(2.56)

Polarizability reaches its maximum when |εm + κεd| = 0 with κ = 2 for a sphere, leading to

a resonance condition between the free electrons and the light field when

Re[εm(ω)] = −2εd (2.57)

in the case of slowly varying or small Im[εm(ω)]. This condition is called the Froelich criterion

for the dipole LSP resonant mode. For a Drude metal in air, this criterion is met when ω0 =

ωp/
√

3 and shifts toward lower frequencies with increasing εd of the surrounding dielectric

medium. Due to the SP oscillations confined to the surface, a strong electric field exists in

the near-field. Due to the strong resonance this highly localized field is greatly enhanced

on the surface relative to the incoming light field. Internal and dipolar electric fields are

enhanced at the resonance frequency to[64]

Ein =
3εd

εm + 2εd
E0 (2.58)

Eout = E0 +
3n(n · p)− p

4πε0εd

1

r3
(2.59)

Using the definition for enhancement factor from the previous section of this chapter we get

T elmax = |Ein

E0

|2 = |3ε
′
m

ε′′m
|2 (2.60)
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For a smaller silver particle in air Froelich criterion ε′m = −2 gives λ = 350 nm and ε′′m = 0.28

that yields T elmax ≈ 500, which is at least 5 times greater than calculated in the previous

section for SPP on the silver flat film. This resonant local field enhancement reaches T elmax ≈

105 simply going from a sphere to an elongated spheroid (with aspect ratio 3:1) due a higher

polarizability (shape factor κ > 2) along the long axis. Nanostructures optimized for peak

T elmax at desired frequencies is what allows for reaching extremely high sensitivity (down to

single molecule) in surface enhanced spectroscopies[65]. The ultimate limit of an elongated

spheroid with very high κ is a sharp STM metal tip used as near-field probe while at the

same time providing great field enhancement that has allowed for single-molecule TERS with

sub-molecular spatial resolution[66].

LSP leads to increased efficiency of absorption and scattering by the nanoparticles.

The SP near-field is damped within the nanoparticle by electron-phonon collisions, electron-

surface scattering and other absorptive processes. On the other hand, the near-field can

couple with the incident field and re-radiate the energy, leading to scattering into the far-

field. From the Poynting vector it can be derived [67] that

Cabs = kIm[α] = 4πka3Im[
εm − εd
εm + 2εd

] (2.61)

Cscat =
k4

6π
|α|2 =

8π

3
k4a6

∣∣∣∣ εm − εdεm + 2εd

∣∣∣∣2 (2.62)

where Cabs and Cscat are absorption and scattering cross-section respectively, governing the

probability of the particle to absorb or scatter an incoming photon. For small particles

considered in the current approximation with a << λ absorption efficiency is dominant since

it scales as a3 compared to a6 for scattering. This resonant enhancement leads to increased

extinction when the Froelich dipole condition is met. When the particle is larger than ∼

100 nm quasi-static approach is no longer a valid approximation due to noticeable phase
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retardation of the incident EM field over the nanoparticle volume along the propagation

direction. More rigorous approach to solving the electrodynamic problem that accounts for

retardation is Mie theory. It expands the internal and scattered fields into a multipolar

expansion of normal modes described by vector harmonics . In Mie theory near field at a

distance r from the particle, akin to equation (2.59), is given by[68]

Eout =
2αE0

4πε0r3
+

3βĖ0

4πε0r4
+

4γË0

4πε0r5
+ ... (2.63)

where α, β, γ are the dipole, quadrupole and octupole polarizability tensors. The quasi-

static solution described above can be obtained by limiting the power series expansion for

absorption and scattering coefficients from Mie theory to the first term and corresponds

to the dipole. Both absorption and scattering by the particle are strongly enhanced at

the LSPR frequency, leading to the corresponding spectra measured in the far-field closely

representative of the near-field plasmon oscillations.

2.4.3 Nanoparticle assemblies

When multiple particles are in close proximity with each other, their collective charge os-

cillations start to ”feel” each other and the interaction leads to a modified LSPR of the

assembly. Electric field experienced by each particle becomes the sum of the incident field

E0 and the near-field Eoutof the neighboring particle

E = E0 + Eout (2.64)

This complex multipolar interaction for small particles can be approximated with a system

of interacting dipoles in the first approximation. If we consider two metallic nanospheres

with radius a separated by d, where d << λ dipolar interactions with a distance dependence

1/d3 (Eq. 2.63) dominate the near-field interaction in the limit of small particles. Field
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localization occurs in the junction between the two nanospheres due to the suppression of

scattering into the far-field when exciting along the dimer long axis[68].

In the case when a is comparable to or larger than d (like the one in Chapter 5 of

this thesis), dipolar approximation breaks down and higher order multipoles need to be

considered. A simple way to visualize the plasmon coupling between two nanoparticles is

by applying the concept of hybridization developed for describing the coupling of atomic

orbitals in molecules. Just like in MO theory when two nanoparticles approach each other

the plasmon modes supported by the two surfaces mix, resulting in a red-shifted bonding

plasmon mode and a blue-shifted anti-bonding mode (Figure 2.4). This approach is not

limited to dipolar modes[69].

Figure 2.4: Hybridization of plasmonic modes. Adapted from reference [1] Copyright 2004
by ACS.

Knowledge of the bonding or anti-bonding nature of the hybridized plasmon modes

guides the intelligent design of assembled plasmonic nanostructures, where the near-field is

highly localized in a confined region for high field enhancements.
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2.4.4 Coupling SP fields to molecules

As discussed above, the near-field coupling between plasmonic nanoparticles (bonding mode)

is known to result in very highly enhanced and localized fields in the junction. Intensity

enhancements in the junction of up to 105 have been theoretically predicted. These fields can

be used to strongly enhance the Raman scattering of molecules located in these junctions[26]

yielding single-molecule sensitivity and enhancement for scattering cross-sections up to 1013.

Extensive electromagnetic theory explaining the relationship between local field enhancement

and the SERS enhancement factor can be found in ref. [70] in this section, we will discuss

a few qualitative considerations with respect to spontaneous Raman scattering to provide

some background relevant to Chapter 5 of this dissertation.

The surface enhancement can be split into two mechanisms - chemical and physical.

The first one results from the electronic (chemical) contribution due to a change in the

environment of the molecule. Inelastic scattering cross-section σ0 of the molecule in the

plasmonic junction is enhanced by the effective coupling of the vibrational modes and, hence,

polarizability to the coherent free electron oscillations induced by the excitation field. From

theoretical modeling, this chemical enhancement has a maximum contribution on the order

of 100. The second contribution results from the physical local field enhancement due to

the LSP excitation and the lightning rod effect[70]. It is important to point that both the

incoming and outgoing fields are enhanced.

For a given local field Eloc at the Raman reporter molecule the electromagnetic en-

hancement can be expressed as

β(ω) =
|Eloc|
|E0|

(2.65)
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The total power of the scattered Stokes beam is given by

Ps(ωs) = NσSERSβ(ωi)
2β(ωs)

2I(ωi) (2.66)

Since the difference in frequency between the scattered (ωs) and incident (ωi) photons is

much smaller than the linewidth of the LSP, then |β(ωi)| ≈ |β(ωs)|. The electromagnetic

contribution to the SERS enhancement can be then written as

EFEM ∼ β2
pβ

2
s ∼ β4 (2.67)

This enhancement is proportional to the fourth power of the field, which can reach values of

108 − 1012. There are two physical bases for this enhancement - the resonant excitation of

the LSPR and the lightning rod effect that is frequency independent and stems strictly from

the geometrical sharpness leading to increased field enhancement at the tip apex. When

applying this approach to SECARS that involves four fields instead of two, one can expect a

β8 dependence which would mean a 1016 − 1024 enhancement for plasmonic nano-junctions.

This theoretical prediction has not been yet experimentally demonstrated. In practice peak

enhancement is reached when a Raman transition becomes saturated, limiting the count rate

irrespective of the local field intensity. Considerations on the nature of EM field enhancement

of the CARS process in plasmonic nano-junctions are presented in Chapter 5 of this thesis,

in which vast surface enhancement together with nanoscopic field confinement have allowed

for far-field detection of non-resonant single molecules.
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Chapter 3

Wide-field Surface Sensitive CARS

Microscopy

3.1 Introduction

Coherent Raman scattering (CRS) microscopy has long been recognized as a useful label-

free tool for visualizing lipids in biological samples.[71, 72, 73] In CRS, the molecules are

coherently driven by the excitation fields, yielding coherent signals in a phase-matched direc-

tion. The CRS signals from ensembles of molecules are generally much stronger than what

can be obtained in spontaneous Raman scattering. This principle has been used efficiently

in laser-scanning CRS microscopy, which enables Raman-sensitive imaging at speeds that

exceed 1 frame/second [32, 34, 74]. The organization of lipophilic compounds into densely

packed structures gives rise to a high local concentration of methylene groups in tissues and

cells, which produces strong and detectable CRS signals when driven at the C−H stretching

vibrational energies. Not surprisingly, the micrometer-sized intracellular organelles com-

prised of neutral lipids, also known as lipid droplets, have been a prime target for CRS
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imaging.[75, 76, 77, 78] Because the volume of lipid droplets is on the order of the focal vol-

ume in the CRS microscope, the number of driven methylene groups is high, often exceeding

1010 CH2 units. The strong coherent Raman signals thus generated have greatly facilitated

the study of these organelles.

Cell membranes, which contain phospholipids and other constituents organized into bi-

layers, are also a natural object of study for coherent Raman imaging techniques. However,

the number of methylene groups that a single bilayer adds to the focal volume is in the 106

range [33], which is orders of magnitude lower than the numbers found in lipid droplets.

Consequently, visualizing membranes with CRS can be challenging. Several studies of phos-

pholipid bilayers in vitro have successfully used CRS for imaging and spectroscopy, empha-

sizing that single bilayer sensitivity can be reached in controlled environments.[33, 79, 80, 81]

In cells, it is more difficult to discern the membrane-specific CRS signal, because it is often

overwhelmed by accompanying background contributions, including the resonant coherent

Raman signals from other organic compounds in the cell. Certain intracellular membrane

structures can be discerned in the cell, most notably the nuclear envelope[82]. But visualizing

the plasma membrane, for instance, has remained a challenge.

One of the reasons why a planar membrane does not yield a clear and specific CRS

signal in a heterogeneous environment is the fact that the focal volume encompasses many

constituents that contribute to the signal. A planar lipid bilayer is about 7 nm thick, whereas

the probing volume extends over hundreds of nanometers. Decreasing the probing volume

is a potential strategy for improving the specificity of the CRS microscope for imaging

cell membranes en face. Reducing the probing volume can be achieved by confining the

excitation fields to the vicinity of the glass/sample interface, such as is the case in TIRF

microscopy.[39, 83] In TIRF microscopy, excitation is accomplished with evanescent fields,

which are confined to the glass/sample interface. Unlike signals induced by freely propagating

light, the use of evanescent excitation fields rejects signal contributions from the bulk of the
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cell. Because of these favorable imaging properties, TIRF has become the method of choice

for studying planar cell membranes with fluorescent probes.

Using a wide-field evanescent illumination scheme, as is used in TIRF, however, is not

straightforward in CRS microscopy. Firstly, at least two propagating laser beams will have

to be coupled to the evanescent mode at the glass/sample interface, necessitating rather

complex illumination schemes. Secondly, the density of the excitation field needs to be

sufficient to induce a third-order response in the sample. The pulse power required to reach

these limits may not be readily available from the high repetition rate light sources that

are typically used in CRS microscopy. The latter limitation can be overcome by using the

enhancement effects of surface plasmon modes. As early as 1979, it was shown that the

confined surface fields of surface plasmon polaritons (SPP) at a thin silver layer can be used

to generate a coherent anti-Stokes Raman scattering (CARS) signal from a liquid in contact

with the metal film.[44]. This principle was recently extended for the purpose of imaging,

where the SPP fields at the metal/sample interface proved capable of generating four-wave

mixing (FWM) signals from nanostructures in a wide-field imaging geometry[84].

Although the Raman effect is a weak light-matter interaction, strong signals can nonethe-

less be generated with the help of the enhanced optical properties of nano-structured met-

als [25, 85]. The concentration of the excitation field and the enhancement of radiative rates

mediated by the metal’s plasmonic modes can raise the otherwise imperceptible Raman sig-

nal from single molecules to detectable levels [26, 27, 86]. The amplifying qualities of metallic

nano-structures are ideally suited for detecting and identifying molecular species at low con-

centration, spurring the development of chemical sensors based on surface-enhanced Raman

scattering (SERS) into a burgeoning field. The principle of SERS, however, has not yet been

successfully translated to improve Raman imaging and microscopy. Because the optical en-

hancement in SERS substrates is confined to nano-sized hot-spots, signal amplification is

generally not uniform across the entire field of view. Therefore, this approach is unsuitable
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for detailed imaging applications [87]. The combination of CRS with surface-enhancement

has a long history, including early SPP-mediated coherent anti-Stokes Raman scattering

(CARS) studies [44] and recent demonstrations of surface-enhanced CARS (SE-CARS) of

single molecules using dedicated plasmonic nano-antennas [88, 3, 89].

To achieve uniform amplification of optical signals, flat metal films can be used as the

plasmonic material. Compared to the localized surface plasmon modes utilized in most

SERS substrates, the optical enhancement at flat films is facilitated by surface plasmon

polariton (SPP) excitations, which generally offer lower field enhancement but provide am-

plifying qualities that are constant within the two-dimensional sample plane. SPP-based

Raman spectroscopy has been used in various sensor applications [90, 91, 92, 93], and has

also been employed to boost the signals in imaging mode [28]. For instance, the SPP-Raman

microscope has been utilized to visualize micro-structured synthetic films of blended or-

ganic materials.However, application of SPP-based Raman microscopy to biological samples

remains a challenge. To raise the weak Raman signals from the endogenous compounds in bi-

ological specimens, further amplification is desired. The latter can be achieved, in principle,

by combining SPP excitations with coherent Raman scattering (CRS) microscopy.

The success of laser-scanning CRS on the one hand, and surface-enhanced CRS on

the other, suggests the feasibility of SPP-based coherent Raman microscopy. So far, the

concept of surface-enhancement at planar metal interfaces has not yet been used to visualize

structures with vibrationally sensitive CRS. In this work, we describe an objective-based,

wide-field CARS microscope with evanescent illumination. The CARS signal is surface-

enhanced over the entire field of view by coupling the pump and Stokes excitation beams to

the SPP modes supported by a 30 nm gold film deposited on a glass coverslip. The amplifying

properties of the gold film are found to be sufficient to produce images at rates that are

comparable to laser-scanning CRS microscopy. We demonstrate that lipid structures on the

gold film are readily visualized with CARS, and that the observed signal is vibrationally
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sensitive. Since the signal originates solely from the evanescent excitation volume close to

the interface, the SPP-based CARS microscope newly adds surface sensitivity to the existing

imaging capabilities of CRS microscopy.

These developments insinuate that surface-enhanced CARS microscopy of cells is pos-

sible, offering a route to examine the cortical regions of cells that are within the evanescent

reach of the gold substrate. However, compared to the incoherent SPP-Raman microscope,

the imaging properties of the SPP-CARS microscope are markedly more complex. For in-

stance, the gold substrate exhibits strong nonlinear properties itself, including an electronic

four-wave mixing response, that may overwhelm the Raman resonant signal from the sam-

ple. In addition, the coherent radiation from the driven Raman oscillators in the sample

plane produces interferences in the image plane that may complicate the image analysis.

Before SPP-based CARS microscopy can be applied to study biological samples, a better

understanding of the imaging properties of the wide-field SE-CARS microscope is required.

In this work, we present a theoretical and experimental analysis of a wide-field, SPP-

based CARS imaging system. To better understand the different contributions to the non-

linear signal, we study the signal in the image plane as well as in the back focal plane of the

microscope objective. We identify signal contributions from both the sample and the gold

substrate, and show that multiphoton fluorescence can be conveniently distinguished from

the coherent nonlinear signal in the back focal plane. Using a simple dipole radiation model,

we rationalize the origin of the observed artifacts in the SE-CARS images. Finally, we dis-

cuss the merits of the SPP-CARS microscopy technique and point to future applications of

this method in biological imaging.
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3.2 Materials and Methods

3.2.1 Microscope Setup

A schematic of the wide-field SE-CARS microscope is shown in Figure 3.1. The system

uses two input beams–a pump and a Stokes beam–to drive the CARS process. Both beams

are derived from a light source that consists of a pump laser and a synchronously-pumped

optical parametric oscillator (OPO). The pump laser is a Nd:vanadate oscillator (PicoTrain,

High-Q) which produces 7 ps pulses at a center wavelength of 1064 nm. A portion of the

laser output is used as the Stokes beam in the CARS process. Another portion of the output

is frequency doubled and used to synchronously pump the OPO (Levante Emerald, APE-

Berlin). The OPO delivers tunable radiation in the 780 to 920 nm range. For the CARS

experiments discussed here, the OPO wavelength is set in the range from 800 to 825 nm

producing the pump radiation for the CARS process. The Raman shift in this study is

tuned to the 2700-3000 cm−1 spectral range corresponding to the energy of the the C−H

vibrational stretching modes.

The pump and Stokes beams are separately conditioned with spatial filters and expanded

to a ∼7 mm beam diameter. Both beams exhibit linearly-polarized Gaussian transverse

profiles. The beams are independently focused onto the back focal plane (BFP) of a 60x 1.49

NA oil immersion objective (APON60XOTIRF, Olympus) to achieve wide-field illumination.

The alignment allows for an angular difference between the beams as dictated by the different

plasmon coupling angles of the pump(θpump = 65.1o) and Stokes(θstokes = 63.1o) beams.

For each beam, a 25mm EFL plano-concave and 75mm EFL plano-convex lens expands

and then focuses the radiation onto the back focal plane of the objective. Each lens com-

bination is mounted to a translation stage allowing independent adjustment of the lateral

position of the focused spots on the BFP. The beams are quasi-collinearly overlapped in time
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and space with a 50/50 beam splitter placed after the focusing lenses of the stokes beam.

Coupling efficiency to propagating SPP modes is determined experimentally by monitoring

reflectivity changes from the gold film. Lower reflectivity from the gold layer corresponds

to greater energy coupling into the SPP mode. The CARS radiation is detected in the

epi-direction and separated from the incident light by a dichroic mirror (Semrock SWP 700

nm). Radiation from the sample plane is projected onto an imaging EM-CCD (Andor iXon)

camera using two bandpass filters (Chroma ET660/40) to isolate the CARS signal. In case

of BFP imaging, a Bertrand lens is inserted in the detection path to project the BFP onto

the EM-CCD camera sensor.

In this configuration, the diameter d of the illuminated field of view (FOV) can be

estimated from the following ratio:

dFOV = dbeam
FLobjective lens

FLfocusing lens

(3.1)

where FL denotes focal length. In the experiments described herein, the FOV is set as

105x105 µm2.

Average power at the sample is 60 mW per beam for the entire field of view (FOV),

corresponding to 11 µW per µm2. Images are taken with a 1 second integration time in the

electron multiplication acquisition mode.

3.2.2 Sample Preparation

Sample substrates consist of borosilicate glass coverslips (BK-7, VWR) coated with gold.

The coverslips are first pre-treated with a 2nm Cr adhesion layer. Then, Gold thin films are

evaporated to a thickness of 30 nm on the coverslips. For patterned Au films, lithographic

masks are used for depositing S1808 photoresist (Shipley) onto the surface, followed by
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Figure 3.1: Sketch of the wide-field surface-enhanced CARS microscope. a) The Stokes
(1064 nm) and pump (tunable) beams are independently focused onto the back focal plane
(BFP) of the objective lens. Radiation from the sample plane is projected onto an imaging
EM-CCD camera. b) The collimated Stokes and pump beam are incident onto the gold
coated coverslip at their respective Kretchmann angles.
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chemical etching. For a subset of experiments in this work, patterns consisting of 20 µm

wide Au stripes, with a spacing of 20 µm between the stripes, are fabricated.

The lipid samples used in the experiments are droplets and crystals of cholesteryl oleate

(Sigma Aldrich). The droplets are formed by preparing an emulsion of cholesteryl oleate with

phosphatidylcholine in phosphate-buffered saline (PBS). Using ∼50 µL of a stock solution,

the emulsion is subsequently spin-coated on the Au-covered microscope coverslips, resulting

in air-dried droplets and micrometer-sized polymorphous crystals of cholesteryl oleate on the

surface.

We use a coumarin dye (coumarin 521T, TCI) as a generic two-photon excitable fluo-

rophore. The dye is prepared as a 1mM solution in water. Upon air drying, coumarin forms

a distribution of nano-sized and micron-sized clusters.

Giant unilamellar vesciles (GUVs) are prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC) and 10% 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and are suspended

in water.

For experiments with the basal contacts of cells, MCF-7 breast cancer line was plated

on the Au-coated coverslips and incubated in Medium 131 (Cascade biologics) for 2 days

before being rinsed with (and imaged in) the PBS buffer (Thermo Fischer).

3.2.3 Simulation Details

The simulated configuration consists of an upper halfspace filled with water, characterized

by a permittivity ε1, and a lower halfspace of glass with permittivity ε3. We assume that

the permeabilities of each of the halfspaces can be set to µ = 1. The two hemispheres

are separated by a thin gold layer (30 nm), with permittivity ε2, as shown in Figure 3.2.
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Excitation fields are simulated as monochromatic SPP surface waves at the pump (p) and

Stokes (s) frequencies [94]:

E(ωu) =


1

0

−ku,x/ku,z

 ei(ku,xx+ku,zz) (3.2)

where u = p, s. The field is evanescent in the z-direction, and propagation of the SPP mode

is along the x direction with a wavevector ku,x. We will indicate the propagating mode with

the wavevector kspp, which is related to the free space excitation field wavevector k3 as:

kspp = k3n3 sin θspp (3.3)

where

θspp = sin−1

{
1

n3

√
ε1ε2

ε1 + ε2

}
(3.4)

The angle θspp is referred to as the plasmon coupling angle, which in this configuration is

also known as the Kretschmann angle for the incident field. The surface fields E(ωp) and

E(ωs) induce a third-order polarization in the material in the upper halfspace. In this work,

we use a dipole model to describe the material response, which assumes that the material

can be modeled as a collection of nonlinearly induced dipoles [? ? ]. The components of

the nonlinear polarization p(3)(ωas) of a dipole oscillator placed at position r in the upper

halfspace is given as:

p
(3)
i (ωas, r) = γijkl(ωas, r)Ej(ωp, r)Ek(ωp, r)E∗l (ωs, r) (3.5)
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where ωas = 2ωp − ωs is the anti-Stokes frequency and γijkl is the third-order hyperpolariz-

ability of the dipole at location r. The hyperpolarizability is a tensor, but for simplicity we

assume that it only has non-zero diagonal elements and that the response is isotropic. For

clarity, we assume that the nonresonant response from the water medium can be ignored

(χ
(3)
water ≈ 0), so that the radiative properties of the CARS-active dipoles that make up the

target structure can be studied in detail. Using an 817 nm pump beam and a 1064 nm

Stokes beam, the anti-Stokes radiation is found at 663 nm, where the permittivity of gold is

ε2 = 13.883 + 1.038i [56].

The far-field radiation at ωas is collected in the lower halfspace at the points R on

a hemispherical surface. The transmission through the gold layer requires modeling of a

planar, layered medium. For this purpose, we use an asymptotic far-field Green’s function

for layered media, where the gold layer is described by generalized Fresnel coefficients. The

far-field contribution of a dipole radiator at point r to the field detected at point R is [94]:

Ed(R) =
ω2

ε0c2
G(R, r)p(3) (3.6)

here G is the far-field Green’s function. Details on the Green’s function are found in the

Appendix. The total CARS field in point R is the sum of the contribution from each of the

dipole emitters in the upper halfspace:

E(R) =
ω2

ε0c2

∫
dVG(R, r)p(3) (3.7)

where the integration is over the volume V of the upper halfspace. For the CARS process,

which is coherent, the intensity at point R is directly proportional to the square modulus

of the summed field, i.e. I(R) ∝ |E(R)|2. If the radiation is incoherent, as is the case

for the multi-photon excited fluorescence background, the intensity is written as I(R) ∝∫
dV |Ed(R)|2, where the dipole radiation now results from a nonlinearly excited fluorescence
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process. For better visualization, the field distribution on the hemisphere is projected to a

planar two dimensional surface, which represents the image in the back focal plane (BFP).

A Fourier transform of the BFP image provides a representation of the sample plane image

in the far-field.

Figure 3.2: Schematic of the simulated configuration. A dipole positioned at r is located in
the space above the gold layer. Radiation of the dipole is collected through the gold layer in
the glass medium on the surface of the lower far-field hemisphere.

3.3 Results

3.3.1 Wide-field excitation of SPP modes

The working principle of the wide-field, surface-enhanced CARS microscope is based on the

excitation of the sample by the evanescent fields of plasmon modes at the gold/air interface.

To generate the surface-bound excitation field, the freely propagating pump and Stokes

beams have to be coupled to the surface plasmon mode. We have chosen an objective-based

Kretschmann configuration, in which both the pump and Stokes beams are incident on the

gold/air interface at their respective SPP coupling angles of θpump = 42.3o and θStokes = 42.7o

for a Raman shift of 2841 cm−1.
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The alignment of the beams is facilitated by monitoring the backreflection of the exci-

tation beams onto the CCD camera. Figure 3.3 shows the backreflection of the pump beam

at 817 nm incident on a striped gold film. In Fig 3.3A, the coupling angle is below the

Kretschmann angle, resulting in a strong reflection at the gold stripe (bright) and a weak

reflection from the bare glass (dark). When the incident angle is tuned to θpump = 42.3o,

momentum matching with the SPP mode occurs and energy is transferred from the freely

propagating mode to the surface-bound mode. The latter can be inferred from Fig 3.3B,

which shows greatly reduced reflection at the gold stripe, whereas the signal from the exposed

glass is elevated due to total internal reflection. As in previous surface plasmon resonance

microscopy studies [47], efficient SPP coupling is achieved over the entire FOV.

Figure 3.3: Coupling of light to SPP at the gold film-air interface. Reflection image of
the pump beam at 41o, before light couples (A), at 41.6o when total internal reflection is
achieved(B) and at 42.3o when energy transfer to the SPP mode occurs (C).

3.3.2 Surface-enhanced CARS of lipid

We next consider the CARS signal radiated by cholesteryl oleate structures on the striped

gold substrate. In this experiment, both the pump and Stokes beams are coupled at their

respective Kretschman angles. Figure 3.4A shows the resulting CARS signal seen on the

CCD camera, superimposed on a light transmission image (gray tones). The CARS image

shows three bright spots, corresponding to condensed cholesteryl oleate structures, obtained

at the on-resonance Raman shift of 2841 cm−1. The transmission image reveals that the three
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spots are located on top of the gold stripe. Note that no CARS signal is seen from the areas

that correspond to the bare glass surface, even though lipid material can be seen in these

regions in the transmission image. The latter observation indicates that CARS signal is only

visible when surface-enhanced by the gold layer, similar to what was previously observed for

surface-enhanced FWM imaging.[84]

In addition to CARS radiation, we observe a two-photon excited luminescent (TPEL)

background from the regions covered by the Au film. We attribute this pump-induced signal

from SPP enhanced interband transitions in the gold, followed by electron-hole radiative

recombination.[95] In the images shown, the TPEL background has been subtracted by

separately recording an image with the pump only and normalizing as:

ICARS =
ITotal − ITPEL

ITPEL
(3.8)

This operation accounts for variations in the pump-coupling efficiency by using the broad-

band TPEL signal as a reference.

The lipid structures in the CARS image of Figure 3.4A appear surrounded by a weak

CARS emission. In addition, part of the weaker CARS signal is emanating from the edge

of the gold film. We attribute these weaker contributions to the coupling of anti-Stokes

radiation, generated at the lipid, back into the film.[96] Part of the surface-bound anti-

Stokes field can couple out as leakage radiation directly from the film, as well as at the

edges.

The detected CARS radiation shows the expected dependence on the vibrational energy.

Figures 3.4B-D depict the zoomed-in area of the three bright spots for various Raman shifts.

The signal measured at 2841 cm−1 (B), resonant with the CH2 symmetric stretching mode,

is much stronger than the signal measured at the off-resonant energies of 2782 cm−1 (C) and

2768 cm−1 (D).
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Figure 3.4: CARS from cholesteryl oleate structures are observed only when in close prox-
imity of the Au film. (A) CARS image (rainbow colors) at 2841 cm−1 superimposed onto
a transmission image (gray tones). Brighter areas in the transmission image correspond to
bare glass, darker regions to the 30 nm gold film. (B) Zoomed in area at 2841 cm−1, (C)
2782 cm−1, and (D) 2768 cm−1. Scale bars are 20 µm (A) and 5 µm (B, C, D)
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3.3.3 Signal properties of surface-enhanced CARS

The striped gold film clearly reveals that surface-enhanced CARS contributions dominate

the detected signal. Nonetheless, some artifacts at the film’s edges are seen. In Figure 3.5, a

cluster of cholesteryl oleate structures is observed on a continuous gold film, which eliminates

the edge artifacts. The on-resonance signal shown in Figure 3.5A is significantly stronger

than the off-resonance signal shown in 3.5B. Nonetheless, the ratio of resonant (2841 cm−1)

to non-resonant (2768 cm−1) CARS is about 2:1, which is less than commonly observed

for the CH2 symmetric stretching mode when imaged with freely propagating light. This

observation underlines the likelihood of FWM contributions from the gold layer, and that the

coupling of these nonresonant field contributions to the far-field is enhanced in the vicinity of

the lipid structures, thus producing a nonresonant background signal. Although the images

in Figure 3.5 clearly show that resonant CARS signals can be relatively easily detected,

attempts to suppress the nonresonant contributions would be desirable for improving the

imaging contrast.

Figure 3.5: CARS images of cholesteryl oleate structures highlighting features resonant at
2841 cm−1 (A) and 2768 cm−1 (B). Scale bar is 20 µm.

As in Figure 3.4, a weak CARS signal around the structures is also discernible in Figures

3.5. However, this background signal is weaker when the Raman shift is tuned to off-

resonance vibrational energies, and thus cannot be attributed to an independent FWM signal
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from the gold layer. This indicates that the weak background scales with the strength of the

signal (both resonant and non-resonant) generated at the location of the lipid structures,

which is back-coupled into the film.

Figure 3.6 provides another look at the weak CARS signal that appears away from the

lipid. The surface-enhanced CARS signal from thick cholesteryl oleate deposits is shown

in Fig. 3.6A, and is compared with the corresponding transmission image. The overlay in

3.6C emphasizes that a weak CARS signal can be detected from regions where no (thick)

lipid structures are present. Note that this imaging property is markedly different from

the imaging properties when using freely propagating light, and somewhat complicates the

determination of the lateral resolution in surface-enhanced CARS imaging.

Figure 3.6: CARS image (rainbow) of a thick aggregate of cholesteryl oleate taken at 2841
cm−1 (A), transmission image (gray) (B) and overlay of CARS and corresponding transmis-
sion images (C). Scale bar is 20 µm.

SPP-CARS is evenly enhanced over a large field of view. Figure 3.7 summarizes the

qualities of SE-CARS on dry-mounted, well-defined lipid droplets. (Sub)micron sized objects

are imaged with high contrast when tuned on-resonance (Fig. 6A) and disappear when

detuning from the lipid stretch. Particles map well onto the corresponding transmission

image (Fig. 6C,D) showing additional halo-like signal surrounding them, as discussed above.

On the other hand, large signal can be observed in the CARS image (right bottom part of

Fig. 6D) from the area where only few tiny particles are seen in transmission. This property
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is characteristic of surface-sensitive SE-CARS - thin particles couple radiation back to the

anti-Stoke SPP more efficiently leading to additional signal enhancement.

Figure 3.7: CARS image (rainbow) of dispersed cholesteryl oleate phosphatidyl choline lipid
droplets a)taken at 2841 cm−1, b) 2768 cm−1. c) Transmission image (gray) and d) overlay
of on-resonance CARS(b) and corresponding transmission images. Scale bar is 20 µm.

Next we will discuss in more detail the distinctions and features of incoherent (TPEF)

and coherent (CARS) contributions to the observed signals in wide-field SPP-CARS mi-

croscopy.

3.3.4 Incoherent contributions: two-photon excited fluorescence

We first study the contributions from fluorescent species that are tentatively excited in a

typical wide-field SE-CARS experiment through a two-photon excitation process and thus

give rise to a incoherent background signal. While both the pump and Stokes beams can

induce two-photon excited fluorescence (TPEF), the strongest contribution is observed from

60



Figure 3.8: Wide-field TPEF image obtained from clusters of coumarin dye on the gold layer
in water. Fluorescence is induced by the 817 nm pump beam.

the pump beam. For this reason, we focus here on TPEF generated by the pump beam set

to 817 nm, while blocking the Stokes beam. Under these conditions, no SE-CARS signal is

observed, and the signal that is detected through the CARS bandpass filter originates from

the pump-induced TPEF process.

There are two main contributions to the TPEF background: 1) emission from fluorescent

compounds that are present in the sample, and 2) TPEF from the gold layer. If the sample

contains fluorophores with high quantum yield at high concentration, then the observed

image on the CCD camera is dominated by sample fluorescence. An example is shown in

Figure 3.8, where clusters of coumarin dye close to the surface are visualized. This imaging

mode shares similarity with TIRF microscopy [39, 97], with the important difference that

here the evanescent field is provided by the SPP mode. Surface-enhanced TPEF with SPP

modes has been suggested as a tool to enhance the efficiency of TIRF [98]. However, suitable
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spacers are required to suppress quenching of the fluorophores that are proximal to the metal

film [99].

In Figure 3.9, we examine the TPEF in the back focal plane of the objective lens. The

incoherent fluorescence appears as a thin, symmetric ring corresponding to the Kretschmann

coupling angle of the emitted radiation. This pattern is expected for surface plasmon me-

diated emission of dipoles in the upper half sphere [51]. In Figure 3.9b, a simulation of the

incoherent dipole emission is shown, confirming the pattern that is observed experimentally.

Figure 3.9: TPEF observed in the BFP. a) Experiment using coumarin in water. b) Sim-
ulation based on a random distribution of incoherent dipole emitters placed in the sample
plane, 1 nm above the gold film.

If the sample is devoid of fluorophores, a weak emission can sometimes still be observed.

For instance, when non-fluorescent lipid droplets or polystyrene beads are placed on the gold

surface, TPEF can be seen from the location of the object. This fluorescence results from

the two-photon induced inter-band transition in gold, followed by radiative emission upon

electron-hole recombination [95, 29]. This contribution is virtually undetectable in case of the

bare gold film, but is enhanced when objects are placed on the surface, suggesting that local

field effects may enhance the coupling of radiation to the far-field. The gold-related TPEF

also appears as a ring-like structure in the BFP, identical to sample fluorescence. In some

cases, the TPEF from gold rivals the SE-CARS signal, forming an unwanted background. A

straightforward way to suppress the fluorescence is to collect images with (ITotal) and without
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(ITPEF ) the Stokes beam, and retrieving the CARS image by computing the normalized

difference:

ICARS =
ITotal − ITPEF

ITPEF
(3.9)

Alternatively, the unique distribution of the TPEF in the BFP also offers an oppor-

tunity to discriminate the incoherent fluorescence from the CARS signal, as the emission

characteristics are different. In the next sections, we discuss the characteristics of coherent

radiation in the image plane and in the BFP.

3.3.5 Coherent contributions: surface-enhanced CARS

We next examine the SE-CARS signal by coupling both the pump and Stokes beams to SPP

modes. Without a Raman active sample, the signal from the bare gold film is negligible.

This indicates that intrinsic four-wave mixing (FWM) in the gold or at the gold interfaces

is not contributing to a noticeable background in the absence of a sample. Strong coherent

radiation can be clearly observed, however, if lipid droplets are placed on the surface. The

detected signal scales quadratically with the pump beam and linearly with the Stokes beam,

as shown in Figure 3.10a. The signal peaks whenever the pump and Stokes beams overlap

in time, as is evident in Figure 3.10b. At longer time delays, no coherent signal is observed,

and the detected signal at these settings is governed by TPEF induced by the individual

excitation beams.

These observations confirm that the coherent signal originates from a four-wave mixing

process, producing a signal at ωas. This signal can have both vibrational and electronic

contributions. In Figure 3.11 we investigate the dependence of the signal on the Raman shift
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Figure 3.10: Characteristics of observed signal. a) Power dependence of pump (black squares)
and Stokes (blue diamonds) beams. b) Dependence of the observed signal as a function of
pulse overlap in time.

in the 2800−2950 cm−1 vibrational energy range. The sample consists of a giant unilamellar

vesicle (GUV) of DPPC, shown in the SE-CARS image in panel 3.11c. The spectrum of

the vesicle is derived from the single bilayer that contacts the surface. This spectrum is

represented by the red squares in Figure 3.11, yielding a CARS lineshape that is typical

for phospholipids [100, 33]. For comparison, we collected a CARS spectrum in laser scan-

ning mode (i.e. regular CARS microscopy) from a multilamellar particle of the same DPPC

material, indicated by the black circles in Figure 3.11a. Note that unlike the GUV in the

SE-CARS image, this particle is composed of multiple membranes folded into an amorphous

structure. The spectra appear very similar, thus confirming the presence of a vibrational
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CARS contribution in SE-CARS. However, the spectra are not exactly identical. This sug-

gests that mixing contributions from electronic FWM are somewhat different between the

two imaging modes. Indeed, similar to enhanced TPEF from gold in areas where the samples

contact the metal surface, there is enhanced FWM from the gold near the contact regions as

discussed above [29]. Therefore, the nonresonant contributions in wide-field SE-CARS are

generally higher than what is commonly seen in laser scanning CARS microscopy. More-

over, the magnitude of the gold FWM contribution is dependent on sample material, the

morphology of the object, and the structural details in the contact region. These factors

introduce small variations in the amount of electronic FWM signal that is mixed in with the

vibrational CARS signal. Nonetheless, as is evident from 3.11, the vibrational contrast is

clearly seen, thus allowing vibrational imaging in SE-CARS mode with confidence.

Figure 3.11: Spectral dependence of the surface-enhanced CARS signal. a) Comparison
of the CARS spectrum of lipid collected in the wide-field, surface-enhanced configuration
(red squares) and in the laser-scanning configuration (blue circles). b) Multilamellar vesicle
of DPPC on glass visualized at 2845 cm−1 in the laser-scanning imaging mode. c) Giant
unilamellar vesicle (GUV) on the gold surface recorded at 2845 cm−1 in wide-field SE-CARS
mode. d) Transmission image of the GUV shown in panel c). Scale bar is 5 µm.
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3.3.6 Characteristics of coherent radiation

In the previous sections, we established that the detected signal in SPP-based CARS imaging

contains a clear vibrational CARS signal in addition to weak contributions from enhanced

FWM and TPEF from gold/sample contact regions. In this section, we study the radiation

characteristics of the coherent CARS contributions and how the radiating field produces cer-

tain image features in the far-field. We have already seen in Section3.3.4 that the incoherent

TPEF is distributed in-ring in the BFP due to the radiative coupling through gold film. Here

we discuss the coherent radiation of dipoles placed near the gold surface using the Green’s

function formalism outlined in Section3.2.3, followed by a comparison with experiment.

Figure 3.12: CARS radiation of driven dipole emitter into the lower halfspace as a function
of height above the interface. Intensities are saturated and rescaled in each case to highlight
features in the emission pattern. a) Dipole placed 1 nm above gold surface b) Dipole placed
250 nm above gold surface. c) Dipole placed 1000 nm above gold surface.

The evanescent SPP excitation fields given in Eq. 3.2 contain both x and z polarization

components. Since there is a π/2 phase shift between Ex and Ez, the dipole is effectively

driven by an elliptical excitation field. In our example of an isotropic induced-dipole, radia-

tive components of both x (surface-polarized, S) and z (plane-polarized, P ) can be expected.

Since Ez > Ex, the P -polarized component is expected to be the dominant contribution at

the far-field detector, and the sample effectively behaves as a collection of vertically oriented

dipole emitters.
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Figure 3.12 shows the angularly resolved CARS radiation from a dipole near the gold

film, as observed in the lower halfspace. In Figure 3.12a, the dipole is positioned close to

the gold surface at a distance of 1 nm. At this proximal distance, coupling through the

film is very efficient, resulting in a ring-like distribution of the radiation in the BFP. This

situation is very similar to linearly excited dipoles close to the surface [101, 51, 102], where

the radiation is highly confined to angular components close to the plasmon coupling angle,

resulting in an azimuthally symmetric radiation pattern. The angle of maximum emission

intensity, θsp = 69.6o, lies above the critical angle, θc = 61o, which partitions the signal

into contributions from propagating light below, θc, and coupled evanescent light above

θc [103, 104, 105]. The former being associated with direct dipole emission through the film

and the latter coming from optical tunneling and leakage radiation of the evanescent fields

originating from excited SPP fields at ωas. For the geometry relevant here, the propagation

length of the SPP mode excited at the anti-Stokes frequency is Lspp = 13 µm [106, 107].

These propagating surface wave contributions to the signal give rise to distinct imaging

artifacts, as will be discussed below.

In Figure 3.12b, the dipole is placed farther away from the gold surface, at a distance

of 250 nm. The radiation pattern shows some markedly different features in the back focal

plane. Portions of evanescent contributions can still be seen beyond θc, but the narrow ring

of k-vector components that originated from SPP-coupled radiation is now absent, resulting

in a dark ring at θsp. In Figure 3.12c, the dipole is placed 1 µm away from the surface. At

these distances, no evanescent contributions are passed through the film and the remaining

radiation originates from direct (far-field) dipole-emission through the film. This example

underlines that depending on the distance of the dipole from the surface, different radiative

contributions can be expected. In particular, for dipoles within a few nm from the surface,

the SPP-coupled radiation is strong, a contribution that disappears for dipoles that are

situated farther from the surface.
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Figure 3.13: CARS radiation patterns from dipole emitters in the BFP. a) Single dipole 1
nm above the gold interface b) Dipole chain of 16 dipoles spaced 150 nm apart at a height
of 1 nm above the gold layer, aligned perpendicular to the propagation direction. c) Dipole
chain of 16 dipoles spaced 150 nm apart at a height of 1 nm above the gold layer, aligned in
the direction of propagation. d) A 50x50 square array of dipoles 1 nm above the gold layer.
Arrow indicates the direction of propagation of the surface excitation fields.

The signal dipole radiation pattern is shown again in Figure 3.13a, as seen in the

BFP. Figure 3.13b shows the radiation pattern resulting from a collection of dipoles that

are aligned in the y-direction, perpendicular to the direction of propagation of the surface

excitation fields. Whereas the radiation is still concentrated in a ring near the coupling angle,

there are clear interferences observed between the ωas radiation of the individual dipoles. The

pattern reflects the destructive and constructive interference of the dipole radiators in the

y-direction, while their contributions remain in-phase along the x-direction. The pattern

changes dramatically when the point dipoles are arranged along x, as depicted in Figure

3.13c. No interferences are observed in the y-direction, while the mutual spacing between

the emitters along x gives rise to maxima and minima. In addition, the signal is significantly

stronger on one side of the radiation cone. The stronger signal reflects the fact that the

dipoles radiate in phase in this direction, due to phase matching between the excitation fields
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and the anti-Stokes emitted field. The coherence length, given as L = π/(2ksppp −kspps −ksppas ),

is estimated to be 28µm. Since L is of the order of the FOV, constructive interference can

be expected along the x direction.

In Figure 3.13d we show the CARS radiation pattern from a collection of dipoles that are

organized in a square array. The size of the square exceeds the wavelength λsppas of the anti-

Stokes radiation by several times, and we may thus expect a highly directional signal that is

in phase predominantly along the direction of ksppx [102]. Indeed, because of phase-matching,

the azimuthal distribution in the BFP is broken and the signal now peaks exclusively in one

direction. The amount of light coming from the phase-matched direction is over an order of

magnitude higher than from a similar area on the ring. Note that such a radiation pattern

is radically different from the BFP signal distribution for incoherent emission. In the latter

case, the signal exhibits azimuthal symmetry, independent of the positioning of the emitting

dipoles in the sample plane. Intensity of the phase-matched radiation spot is saturated in

Figure 3.14a to make the annular incoherent contribution visible.

Figure 3.14: SE-CARS imaging in the BFP. a) BFP image of clusters of cholesteryl oleate
on the gold surface at 2845 cm−1. b) BFP image of the same sample when the pump and
Stokes pulses are temporally detuned.

The discussion above suggests that CARS and TPEF radiation appear differently in

the BFP. Figure 3.14 shows an experimental realization of this notion. In panel (a), several

clusters of cholesterol oleate deposited on the gold surface form a CARS signal at 2845 cm−1

which is visualized in the BFP. The image shows the familiar azimuthal pattern of the signal
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in addition to a clear bright spot near the ksppx location. The image in panel (b) is observed

when the pump and Stokes beam are temporally detuned. This generates an image similar

to (a) but without the bright spot. We may thus conclude that the signal along the ring

shown in (b) is due to TPEF of the gold film, whereas the additional bright spot is due

exclusively to phase-matched CARS signal. This comparison also underlines the feasibility

of using masks in the BFP to suppress the TPEF contributions while passing the CARS

portion of the signal.

We next study the SE-CARS signal from two structures in the image plane. Figure

3.15a shows the simulated SE-CARS image of an array of point dipoles arranged along the x

direction. The linear alignment of the dipoles is clearly distinguished in the image. However,

the excitation of SPP waves by each of the dipoles gives rise to SPP leakage radiation at

ωas over a length scale corresponding to Lspp. Efficient excitation of SPP waves is expected

when the point dipoles are within several nm of the gold surface. Because the individual

SPP contributions are in-phase in the positive x-direction, the image contains a directional,

flare-like feature that appears to emanate from the dipole chain. In the negative x-direction,

the SPP waves are not in phase, resulting in a depleted signal at the other end of the chain

structure. A similar observation is made in Figure 3.15b, which depicts the SE-CARS image

of dipoles organized in a 3 µm diameter ring. The ring structure is reproduced in the CARS

image, along with the directional SPP leakage radiation. The positions of the radiating

dipoles is such that additional interferences can be seen in the flare that stretches along the

positive x-direction. We note that the flaring effect is suppressed for point dipoles that are

spaced farther away from the surface. These examples show that SE-CARS images contain

coherent features that are absent in incoherent TPEF images.

70



Figure 3.15: a) Simulated chain of 32 dipoles spaced 150 nm apart. b) Simulated image of
a 3 micron ring made up of dipoles spaced 150 nm apart.

3.3.7 Scope of SE-CARS imaging properties. Sample dependence

Figure 3.16a shows a SE-CARS image of cholesteryl oleate droplets deposited on the gold

surface. Because the thickness of the droplets exceeds the penetration depth of the CARS

excitation field (∼ 100 nm), the signal originates only from cholesteryl oleate that falls

within the evanescent excitation volume [29]. The image is not affected by interferences

from SPP-related flares, because the ωas radiation of only a relatively small portion of the

driven molecules is efficiently coupled to the SPP mode. When the Stokes beam is blocked,

the SE-CARS signal disappears and the remaining TPEF signal becomes clearly visible, as

shown in Figure 3.16b. Recall that the TPEF emission results from the gold and is thus not

necessarily sensitive to the chemical composition of the objects themselves.

Figure 3.16: Cholesteryl oleate lipid droplets in water. a) SE-CARS image at 2845 cm−1.
b) TPEF image obtained by blocking the Stokes beam. Scale bars are 20 µm.
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The SE-CARS images from thinner structures look noticeably different. An example

of a thin-structure is found in the GUV image in Figure 3.11c. Because the phospholipid

molecules are close to the gold surface, coupling to a SPP mode at ωas is efficient, producing

clear streaks in the image. The dark spot found on one end of the structure is reproduced in

the simulation of Figure 3.15b. This example confirms that the morphology of the structure

plays an important role in the amount of flaring observed in the SE-CARS image.

Figure 3.17: Polystyrene structures in water. a) SE-CARS image at 2845 cm−1. b) SE-CARS
image at 2960 cm−1. Scale bars are 5 µm.

In Figure 3.17a, we visualized several polystyrene structures of various shapes and thick-

nesses, obtained by melting 3 µm polystyrene spheres on the gold. The image is recorded at

2845 cm−1, near the CH2 symmetric stretching mode of polystyrene. The difference between

spherical scatterers and more planar shapes is apparent. Spherical beads, indicated by the

white arrow, tend to leave small streaking jets that move away from the sample in the di-

rection of SPP propagation. This appears to be consistent with the small penetration depth

of the SPP field in z which excites a only small portion of the sphere’s bottom. The orange
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arrow points to a thin and flat layer of polystyrene that provides another good example

of flaring. The coherent nature of the radiation is evident from the interferences that can

be distinguished in the flares. Note that that a weak signal can be seen in areas where no

structures are present. This signal results from the non-resonant SE-CARS signal from the

medium (water). This is made clearer in Figure 3.17b, where the same structures are imaged

at 2960 cm−1, a vibrational energy at which the resonant SE-CARS signal interferes destruc-

tively with the non-resonant signal from water. The polystyrene structures now appear dark

against a background of predominantly non-resonant SE-CARS signal.

Figure 3.18: Fixed MCF7 Breast cancer cells in aqueous buffer. a) Cars image at 2845 cm−1.
b) Corresponding transmission image.

Attempt of imaging fixed cells in an aqueous buffer at 2845 cm−1to bring up the mem-

brane, consisting to a large degree of C−H bonds, is shown in Figure 3.18A. A complicated

interplay between electronic and vibrational resonances leads to a destructive interference

in the basal region located directly underneath the bulk body of the cell. Negative contrast

relative to the gold film/water background produces an image that co-localizes precisely with
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the transmission image shown in Figure 3.18B. Interestingly, the edge of the cell, that due to

the drop-like shape of the cell corresponds to the thiner region, appears in positive contrast.

SPP field in the edge region does not probe complicated chemical composition and the refrac-

tive index gradient of the bulk of the cell, potentially being responsible for observed positive

CARS signal. These considerations require further thorough experimental investigations,

since the complicated composition and morphology of cells render simulations extremely dif-

ficult. The results obtained from a simple one-component system described above (Figure

3.17) suggest that spectral and spatial interference phenomena can be responsible for unex-

pected contrast observed in Figure 3.18A; however, no complete extensive model exists at

this time. Streaking flares coinciding with the direction of SPP propagation, analogous to

the ones discussed above for PS sample (Figure 3.17) and simulated in Figure 3.15b, reveal

the coherent nature of observed signal on fixed cells in aqueous media. However, until the

frequency dependent signature of complex, in terms of varying refractive index and chemical

composition, samples is understood, vibrationally specific imaging of basal regions of cells

with wf SE-CARS will not be informative.

Finally, in Figure 3.19, we provide images of cells adhered to the gold surface. To

improve the image contrast, we have dried the cell in air, resulting in a higher concentration

of cellular material close to the surface. Under these conditions, strong SE-CARS signals

are obtained, which co-localize with the transmission image of the cells. These signals

are reduced when the Raman shift is tuned off resonance. Although this example is not

representative of typical cellular imaging conditions, it does illustrate that (vibrationally

resonant) SE-CARS signals can be generated from cellular materials. At the same time,

improvements are needed to bring cells in aqueous media into sharper view.
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Figure 3.19: MCF7 Breast cancer cells dried in air. a,c) Cars image at 2845 cm−1. b,d)
overlay of cars and transmission images. Scale bar is 20 µm

3.4 Discussion

In this work, we modified a wide-field FWM microscope[84] for the purpose of surface-

sensitive CARS measurements. The current microscope operates in the wide-field illumi-

nation and imaging mode. This mode shares similarities with previous wide-field CARS

[108, 109, 110, 111] and FWM microscopes.[112]. Nonetheless, the current design differs in

an important way from previous wide-field designs in that it incorporates the concept of

surface enhancement. Instead of using propagating radiation to drive Raman coherences in

the sample, the surface-enhanced CARS microscope employs the evanescent fields associated

with the SPP modes in a thin gold film for exciting the Raman modes. This principle en-

ables the following novel aspects to be implemented in CARS imaging: 1) the CARS signal

is intrinsically confined to the region close to the gold/sample interface, thus giving the mi-
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croscope ’surface-sensitive’ properties, and 2) the CARS signal is boosted due to the field

enhancement effect of the surface plasmon mode.

In the current implementation, the CARS signals originate from the region close to

the gold/sample interface. In the direction normal to the planar interface, the CARS ef-

ficiency decreases exponentially away from the surface characterized by a 1/e distance of

∼100 nm[84]. For some of the thicker structures imaged in this work, this implies that the

surface-enhanced CARS signal does not originate from the entire structure, as only the first

∼100 nm of the sample contributes to the detected signal. We note that the magnitude

surface-enhanced CARS signals from the lipid structures is virtually uniform, regardless of

the size of the (sub-µm-sized) structure, which is further proof that only the part of the

structure close to the substrate interface is probed in this excitation geometry. The bulk of

the structure is rejected, an imaging property desired for future experiments on cells.

The surface-enhancement effect is essential for observing CARS signals from lipids close

to the interface. In the absence of the 30 nm gold layer, no CARS signals are observed under

the current excitation conditions. The importance of surface-enhancement is underscored

by a quick comparison between CARS imaging with freely propagating beams compared to

CARS imaging with evanescent fields at a planar interface. In regular CARS microscopy,

an average power of 10 mW per beam is common for visualizing lipid structures, assuming

ps pulses and a 76 MHz repetition rate. Using a high NA microscope objective, the pulse

energy for each beam is approximately 2 nJ/µm2. Similar pulse energies per unit area

are needed to generate detectable CARS signals in wide-field excitation geometries without

surface-enhancement.[110] By comparison, in our wide-field CARS configuration with SPP

excitation, an average beam power of 60 mW translates into a pulse energy of 70 fJ/µm2.

This implies that the illumination density per beam is more than four orders of magnitude

lower in surface-enhanced CARS imaging, yet the strength of the CARS signal is comparable

to that seen in conventional CARS microscopy. The implications for surface-enhanced CARS
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imaging are clear: detectable CARS signals can be observed at much lower average power

per unit area, making it possible to perform wide-field CARS imaging with standard high-

repetition rate lasers and moderate pulse energies. In addition, lower pulse energies also

help to reduce tentative linear and nonlinear heating of the sample, as may occur when

illuminating with high energy pulses.

Recent literature includes several reports of surface-enhanced CARS experiments. Ex-

amples include enhanced CARS signals at atomic tips [113, 114], colloidal particles [115, 116,

117] and specially prepared metallic nanostructures.[87, 118, 119] These studies make it clear

that, similar to surface-enhanced Raman scattering (SERS), the surface enhancement effect

in coherent Raman can be leveraged to boost molecular signals, even at the single molecule

limit.[117, 3, 89] Unlike previous surface-enhanced CARS studies, where the CARS signal

emerges from selected hotspots only, here we use the surface-enhancement effect to amplify

the signal generation efficiency of an entire CARS image. Instead of using localized surface

plasmons, we utilize SPP modes at the planar interface between a gold film and the sample.

In this work, we discussed the imaging properties of wide-field SE-CARS in detail.

Although the SPP-based CARS microscope shares its spectroscopic sensitivity with conven-

tional CARS microscopy, its imaging properties are radically different. Whereas in regular

CARS imaging, the phase-matched coherent radiation from molecules in the focal volume

is integrated on a single pixel, far-field detector[82]; in wide-field SE-CARS the radiation

is collected on a detector array in directions that are mutual to the propagation direction

of the SPP excitation fields. Therefore, image features seen in SE-CARS imaging cannot

be directly compared with features known from conventional CARS microscopy. Rather,

in terms of excitation and detection geometry, the SPP-based CARS microscope has more

in common with surface plasmon resonance imaging (SPRi)[45, 46, 47] and surface plas-

mon coupled emission microscopy (SPCEM) [48, 49, 50]. Similar to SPRi and SPCEM, the

radiation from the sample is strongly influenced by the metal film.
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The signals detected in the wide-field SE-CARS microscope originate from different

mechanisms. First, there are incoherent emission contributions. These contributions come

from excited fluorophores that might be in the sample, in addition to the two-photon-excited

luminescence from the gold layer itself. These fluorescence contributions always manifests

themselves as a ring-like radiation pattern in the back focal plane, irrespective of the distri-

bution of the fluorophores in the sample plane.

Second, there are coherent radiation contributions in the SE-CARS microscope. The

coherent radiation originates from driven dipoles in the upper halfspace, derived from a

vibrational or electronic CARS process, thus producing radiation at ωas. Importantly, the

radiation pattern depends on the distance of the dipole oscillator from the surface. For the

closest dipoles, SPP waves at ωas are excited and coupling is at the plasmon coupling angle,

resulting in a ring-like pattern in the back focal plane. Constructive interference between

the radiation from different dipoles produces stronger signals and preferred propagating of

the excited SPP waves in the phase-matched direction, leading to flares and streaks in the

SE-CARS image. The SPP contribution is suppressed for dipole radiators farther away

from the surface, thus producing CARS images that are devoid of streaks. Generally, we

observe streaks for very thin samples such as phospholipid bilayers, whereas flare-free images

are observed for thicker samples such as droplets of neutral lipids. Hence, our dipole-based

model explains the differences in the appearance of the images depending on the object being

imaged.

Like the conventional CARS microscope, the SE-CARS instrument is capable of gen-

erating images with vibrational contrast. However, the SE-CARS images are affected by

a stronger two-photon excited fluorescence background, in addition to the appearance of

streaks and flares due to SPP propagation. These features affect the interpretation of the

SE-CARS images, which are generally more difficult to interpret than the images generated

in a point-scanning CARS microscope. A better understanding of the origins of SE-CARS
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image features, such as presented here, can help guide the image interpretation and thus

improve the utility of the SE-CARS microscope.

Despite the more complex image properties of the wide-field SE-CARS microscope, the

efficiency of CARS signal generation is many orders of magnitude higher than in a point

scanning microscope. For instance, assuming an image acquisition time of 1 second, the

integrated signal level for a GUV bilayer is about the same as seen in the SE-CARS and

the conventional CARS microscope. At the same time, the incident pulse energy per µm2

in the SE-CARS microscope is more than four orders of magnitude lower [29]. Part of this

higher efficiency is due to the fact that the pixel dwell time is much higher in the wide-field

detection, amounting to 1 second per pixel for SE-CARS versus ∼ 1 µs per pixel for the

point-scanning microscope. Even so, bringing down the pulse energy in a regular CARS

microscope to ∼70 fJ/µm2, as it is the SE-CARS measurement, and integrating for 1 second

would still yield signals that are lower by more than 107. This enormous increase in signal

generation efficiency is due to the surface-enhancement effect facilitated by the flat gold

film. The effective field enhancement provided by the surface is much smaller than what is

common for the ’hotspots’ in SERS, typically less than a factor of 10. Yet, the nonlinearity

of the CARS process combined with the enhancement of radiative rate at ωas afforded by the

film still produces an effective signal enhancement of more than seven orders of magnitude.

Unlike in SERS, this enhancement is not localized to specific spots, but is uniform across

the entire field of view instead. In effect, the surface enhancement in wide-field SE-CARS

allows the amplification of an entire image with a factor of 107. The latter is the true merit

of this type of microscope.
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3.5 Conclusion

We have demonstrated that surface-enhanced CARS microscopy with wide-field illumination

and detection is capable of visualizing lipid structures at interfaces. The signal strength

and image acquisition time of surface-enhanced CARS microscopy is comparable to that

of conventional point-scanning CARS microscopy, yet the power density per unit area of

the excitation beams is reduced by more than three orders of magnitude. With its improved

signal rejection from the bulk, SPP mediated CARS microscopy holds promise as a label-free

imaging tool for the plasma membrane of live cells.

We have experimentally and theoretically analyzed the imaging properties of the wide-

field SE-CARS microscope. Using a dipole model to describe the sample, we have found that

for thin samples such as lipid bilayers, SPP waves are efficiently excited at the anti-Stokes

frequency, producing strong CARS signals with incident pulse energies as low as 70 fJ/µm2.

However, the coherent SPP waves at the signal frequency give rise to flares and interfering

streaks in the image. For thicker samples, such as lipid droplets, the SPP contribution is

relatively small, producing SE-CARS images free of propagation artifacts. The use of a

thin gold film gives rise to a signal enhancement of more than seven orders of magnitude

relative to CARS generation with freely propagating light. With a better understanding of

the imaging properties of the wide-field SE-CARS microscope, this imaging method may

prove useful for imaging and sensing applications in which low light levels per unit area are

required.

Appendix

The far-field Green’s function that relates a wave emitted at point r′ in the upper halfspace

through a layered medium to a far-field point r in the lower halfspace, is given in the angular
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spectrum representation as [94]:
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Here ρ =
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where kρ = k1ρ/r and tP and tS are the generalized Fresnel coefficients for P and S polarized

light, respectively. The generalized transmission and reflection coefficient for the water-gold-

glass stratified medium considered here are:
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where d is the thickness of the gold layer. The expressions in Eqs. 3.15–3.16 depend on the

Fresnel coefficients at each of the interfaces as:

rSi,j(kρ) =
µjkzi − µikzj
µjkzi + µikzj

(3.17)

rPi,j(kρ) =
εjkzi − εikzj
εjkzi + εikzj

√
µjεi
µiεj

(3.18)

and

tSi,j(kρ) =
2µjkzi

µjkzi + µikzj
(3.19)

tPi,j(kρ) =
2εjkzi

εjkzi + εikzj

√
µjεi
µiεj

(3.20)
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Chapter 4

Local Field Induced Metal Emission

4.1 Introduction

Surface Plasmon Coupled Emission Microscopy (SPCEM) is a technique that combines fluo-

rescence emission microscopy with plasmonic surface enhancement. SPCEM uses the antenna

property of the SPP of thin metal films to enhance the fluorescence signal from a nanoscop-

ically confined probe volume that extends to ∼ 100 nm above the surface. Along with the

field enhancement, the geometric constraints imposed by the phase-matching conditions of

light-to-SPP coupling, transforms the inherently isotropic fluorescent signal into a highly

directional plasmon aided emission. This results in an increase in collection efficiency for

up to ∼20-fold[52]. Local field enhancement provided by the antenna boosts the molecular

emission due to Purcell effect, increasing the sensitivity of fluorescence techniques like TIRF,

FCS and FRET[2]. Despite the lack of chemical (vibrational) selectivity, fluorescence de-

tection is the basis of numerous measurements in the biological sciences, biotechnology, and

medical diagnostics. While fluorescence is a highly sensitive method, an increased sensitivity

is necessary for detecting smaller and smaller number of target molecules. It has been shown
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that label-free SPCEM implementations are available when observing cell autofluorescence

with TPEF utilizing a single pulsed laser excitation[120].

Alternative route to surface sensing is detecting the angular shift of the surface plasmon

resonance (SPR) of a thin metal film, influenced by the local refractive index from the bound

dielectric particles. In SPRi the angle of incidence is fixed for minimum reflectivity of a flat

metal film and the local increase in scattering of a spectrally narrow CW laser is detected

upon surface binding . The typical angular shift in surface plasmon resonance (SPR) for

Kretschman prism-coupling geometry induced by BSA binding to the metal surface is only

around 0.1o. This allows for uniform coupling efficiency over a heterogeneous field of view

SE-NLO, especially in the case of spectrally broad, high peak power, short pulsed sources

used in two-photon SPCEM. In SPRi, all scattering is enhanced by the local field. Therefore,

there is a significant difference in the scattering cross section of the object relative to the

background, making signal-to-background ratio the limiting factor in detection. Apart from

the background noise, this condition is lifted in SPCE. This is due to the leakage radiation to

the far field being forbidden for extended uniform structures, like the flat plasmonic antenna

itself, which allows for high signal-to-background ratios in detecting spectrally shifted fluo-

rescent emission. Fluorescence generated from the bulk of the sample does not couple to the

surface-field and is simply reflected by the metal surface[52]. Therefore, signal-to-background

ratio in SPCEM is, in fact, improved compared to conventional TIRF microscopy. Figure

4.1 from an extensive review [2] depicts the main differences between SPR and SPCE. The

two techniques are complimentary and an intuitive way to think about them is by analogy

with absorption and fluorescence spectroscopy. SPR, like molecular absorption spectroscopy,

is highly specific to the refractive index of the studied system and probes it directly. How-

ever, it suffers from a background since a differential quantity is measured. SPCE is the

plasmonic analogue of molecular emission spectroscopy. Since the fluorescence emission is

spectroscopically shifted from the excitation, detection is then nearly background free and

void of interference with the incident light.
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Figure 4.1: SPR and SPCE processes. a) Prism coupled SPR and SPCE in Kretchmann
configuration. b) Fresnel calculations for angle dependent reflectivity (SPR) and fluorescence
intensity (SPCE) of fluorophores by the gold surface. Adapted from reference [2] Copyright
2012 by Annual Reviews.

There are multiple examples in the literature of SPCEM applications to studying fluores-

cent molecules, either exogenous fluorophores or native conjugated systems (like NADH) that

lead to label free autofluorescence of natural systems[49, 98, 99]. A vast range of fluorophore

based SPCEM applications, including single-molecule detection, lifetime measurements and

FRET can be found in the review mentioned above[2].

In this chapter a novel application of SPPs to imaging - Local field induced metal emis-

sion (LFIME) microscopy is described. This technique combines the advantages of SPRi

and SPCEM by carrying both the information about the refractive index of the sample and

a background free, nanoscale sensitivity imaging aspects. LFIME does not have any restric-

tions for electronic structure of the studied sample. Confined fields at the antenna - sample

interface lead to enhanced two-photon excited fluorescence from the gold plasmonic antenna,

localized at the particle’s location. Nanoscopic confinement of the excitation plasmonic field

in the axial dimension allows for high sensitivity surface-selective imaging in a label free

fashion. Non-fluorescent materials including polystyrene beads, silicon nanoparticles, vari-
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ous lipids and cholesterol are imaged by detecting the two-photon excitation of the gold film

followed by radiative electron-hole recombination, rather than emission of the sample itself.

Upon close contact with the surface of the gold film, the sample disturbs the local

electric field, leading to increased SPP damping to generate electron-hole pairs. It has been

observed[95] that no detectable TPEF is generated from flat films and that surface roughness

is necessary for efficient radiative electron-hole recombination. Confined local fields, due to

imaginary perpendicular k⊥, give rise to a wide range of states with both |k‖|, |k⊥| >> |k| [62].

According to the band structure of gold depicted in Figure 4.2, excited electrons by scattering

from large k-vector confined states, accessible upon high field localization (k = π/d) at the

nanoscale asperities, can radiatively recombine in a broad emission spectrum, compensating

for ∆k between the Fermi surface and the excited state[62, 121].

Figure 4.2: Band structure of gold around the L symmetry point near the Fermi surface.
Scattering of carriers lifts the momentum mismatch and leads to increased radiative recom-
bination efficiency.

Nanoscopic materials in contact with the continuous gold film act as effective asperities,

lifting the momentum mismatch fascilitating light coupling to the far-field. This application

of SPP-based imaging is very promising in sensing applications, and carries significant ad-
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vantages over SPRi, fluorophore-based SPCEM and dark-field microscopy in that it is nearly

background free and is not limited to electronically resonant or metallic samples.

4.2 Materials and Methods

4.2.1 Microscope Setup

Experimental setup for LFIME microscopy is similar to that described in Chapter 3 for

wide-field SE-CARS microscopy. It is based on the coupling of freely propagating light to

surface plasmon polaritons of a thin metal film but is simplified with only one laser source

being required. The pump laser is chosen to be a 200 femtosecond Ti:Saphire oscillator

(Mira, Coherent) with a tunable frequency output centered around 800 nm. The first results

suggesting experimental feasibility of SPLD were observed as a one beam background from

the picosecond OPO at 817 nm during SE-CARS microscopy in air (see section 3.3.1), due

to a broad spectrum of gold film emission leaking into the narrow CARS bandpass. The

utility of a femtosecond light source comes from the higher peak powers, allowing for more

efficient driving of the nonlinear excitation, as is well known in the literature for multiphoton

microscopy[122]. Since the targeted transition is spectrally broad, the typical bandwidth of

the 200 fs transform-limited pulse is beneficial. This is unlike in the case of WF-CARS, where

spectrally narrow vibrational transitions are targeted, leading to the choice of picosecond

pulses.

The beam is compressed with a pair of prisms, conditioned with a spatial filter and

expanded to a 7 mm waist. A pair of a half-wave plate (AHWP05M-980, Thorlabs) and a

Glen-Taylor polarizer (GT10-B, Thorlabs) is used as both the power attenuator and polariza-

tion clean-up for ensuring p-polarization upon incidence on the metal surface for maximum

coupling to surface waves. The beam is then focused on the BFP of a 60x 1.49NA TIRF oil
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Figure 4.3: Experimental setup for LFIME imaging. Beam from the Ti:Saph light source
(800 nm, 100fs) is focused on the back focal plane and coupled to the SPP of the thin gold
antenna. Fluorescence from the film that propagates to the far field is projected on the
EM-CCD camera chip.

immersion objective (APON60XOTIRF, Olympus). A focusing lens (170 mm EFL, Thor-

Labs) together with the last mirror before the short pass dichroic (Semrock SWP 700 nm)

is placed on the translation stage, allowing for a displacement perpendicular to the optical

axis as shown in Figure 4.3. Tuning the location of the focused spot on the BFP allows

for wide-field illumination with a collimated spot incident at the sample at variable angles.

When the angle of incidence matches the SPR angle, the surface waves are excited, deplet-

ing the freely propagating field. Experimentally the SPR angle is tuned by monitoring the

changes in reflectivity of the gold film and locating the minimum past the critical angle.

The emitted radiation is collected by the same objective in the epi-configuration. After

passing through the SWP dichroic mirror, light is filtered by a bandpass (625-90 BWP,

Semrock) and a shortpass (750 SWP, ThorLabs) emission filters and focused with a tube

lens of the inverted microscope (IX71, Olympus) on the EM-CCD camera (iXon, Andor).

Typical total average powers are ∼ 5 mW dry-mounted and ∼ 15 mW for water immersed

samples. Given the field of view of ∼ 100 × 100 µm2 and the 80 MHz repetition rate of
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the oscillator that results in illumination density of ∼ 50 fJ per µm2 for samples in aqueous

media. Images are taken at 1−50 Hz acquisition rate in EM mode.

4.2.2 Sample Preparation

Sample substrates consist of borosilicate glass coverslips (BK-7, VWR) coated with gold.

The coverslips are first pretreated with a 2nm Cr adhesion layer. Then, gold thin films are

evaporated to a thickness of 30 nm on the coverslips. For reasons of heat dissipation in

samples that require a higher power, 10 nm of Al2O3 was deposited on top of the gold film

via atomic layer deposition (ALD).

Cholesteryl oleate phosphatidylcholine (Sigma Aldrich) emulsion is prepared in phosphate-

buffered saline (PBS). Using ∼ 50 µL of a stock solution, the emulsion is spin coated or drop

casted on the Au-covered coverslips. Depending on the spin rate either isolated micron sized

lipid droplets are formed, or an extended quasi-crystalline structure. For water-immersed

studies the emulsion is not allowed to dry by stopping the spinning early and further diluting

with pure water (MilliQ, Millipore).

For studies on nanoscopic objects, 100 nm polystyrene beads were purchased from Poly-

sciences Inc. and 10 µL of stock solution was applied to the Au-covered coverslips. Precipita-

tion brings the PS beads in contact with the surface and the physisorbed species are imaged

upon contact. If the polystyrene bead solution is left to dry onto the coverslip, extended

aggregates may form that resemble a film of polystyrene, rather than individual beads. An-

other submicron object studied is the 30 nm silicon nanoparticles (Melorium). Several µL

of emulsion in methanol was applied to the surface and allowed to dry.
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For experiments with the basal contacts of cells, MCF-7 breast cancer cells were plated

on Au-coated coverslips and incubated in Medium 131 (Cascade biologics) for 2 days before

being rinsed with (and imaged in) a PBS buffer solution (Thermo Fischer).

4.3 Results

4.3.1 Proof of Principle

The first experimental observations of LFIME were made during the development of vibra-

tionally selective SE-CARS[29] as described in Section 3.3.1 of this thesis. Non-vanishing

background is observed from electronically non-resonant cholesteryl oleate phosphatydil-

choline lipid droplets when blocking the Stokes beam and, thus, not preparing a vibrational

coherence. Surprisingly, even upon the excitation with a low peak power spectrally nar-

row picosecond source, incoherent radiation is observed (Fig. 4.4) through a narrow CARS

bandpass filter, centered at 660 nm.

Figure 4.4: Wide-field psSPLD of cholesterol oleate lipid droplets. Fluorescence of the gold
film is outcoupled at the location of lipid droplets in contact with the surface. Scale bar is
20 µm.
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Since cholesteryl oleate has no absorption resonance in the visible spectrum[123], one

does not expect linear sample excitation at the NIR wavelength used in LFIME experiments.

Despite the fact that the third harmonic of the fundamental (270 nm) can match the elec-

tronic resonance of the lipid sample, the power dependence of the emitted radiation shows

clearly a quadratic function as shown in Figure 4.4, excluding the possibility for three-photon

excitation.

Figure 4.5: Power dependence of the LFIME signal.

The two-photon nature of the process and the spectral shift of the emission relative to

the two-photon energy (∼410 nm), yielding photons as far as at 660 nm, indicate that the

radiating subject is the metal band of the antenna itself, rather than the molecular species. In

fact, the d- to sp- band transition for a gold film is located at ∼520 nm[62, 95], which makes

the second harmonic of the fundamental well within the band. It is then less surprising that

the emission coming from radiative electron-hole recombination is broadband, spanning 500-

750 nm[62, 124] and can even be detected in the narrow window of the anti-Stokes bandpass
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at 660 nm. The gold TPEF signal is observed only when the lipid sample is dry-mounted

on the coverslip and negligible when a clean film is illuminated. As soon as the sample is

immersed in water, one beam background (psLFIME) leaking through the narrow CARS

bandpass is attenuated to the level of background noise.

The discovery of LFIME during the wide-field SE-CARS experiments motivated us to

investigate a new research direction, and an experimental setup (described in 4.2.1, Figure

4.2) was built to optimize for excitation and collection of two-photon excited fluorescence of

the gold film. The femtosecond light source allows for more efficient multiphoton excitation

due to higher peak power that drives the nonlinearity[63]. At the same time, unlike in

the parametric CARS process with a narrow and well-defined emission wavelength, in the

case of incoherent fluorescence emission, the spectrum is broadband due to electron-hole

recombination[62]. To improve collection efficiency, broadband emission filters are used.

In Figure 4.5, the results of imaging the same sample of drop-casted cholesteryl oleate

polycrystalline aggregates are presented. The aggregates are on a 30 nm gold film on the

improved setup, tailored for fsLFIME microscopy, which yield a signal-to-noise ratio of ∼ 12

for a sample in air, and ∼ 6 for a water-immersed sample. Illumination densities used are

50 fJ/µm2 in air and 150 fJ/µm2 in water, corresponding to 5−15 mW of average power

per 40×40 µm2 field of view. By multiplexing image acquisition, full field of view at a time,

imaging rates of 0.1−10 Hz are achieved.

The most immediately noticeable feature of fsLFIME is the ability to image water

immersed non-resonant samples. Due to higher excitation peak power and wider collection

window, the TPEF signal of the gold film becomes detectable, despite the lower interfacial

contrast in index of refraction for the material immersed in water, that inhibited signal

detection in psLFIME. It is worth noting that samples consisting of pure liquid do not yield

detectable TPEF signal. Moreover, flat thick solid objects, like thick photoresist (700 nm)

spin-coated on top of the gold film, also do not result in light emission, despite the high index
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Figure 4.6: Cholesteryl oleate wide-field fsLFIME images. a) Dry-mounted material (green)
shows high contrast at low illumination densities. b) Water immersed aggregates from A
(blue) are detectable with high signal-to-noise and are void of coherent and/or plasmonic
image artifacts. Scale bar is 15 µm.

of refraction. In fact, it can be seen in Figure 4.5 that the image is 2−4 times brighter at the

edges of polycrystalline particles than in the middle where a flatter contact is established

with the surface. We hypothesize that the size of the nanoscopic gap between the metal film

and the dielectric sample has an effect on the efficiency of the LFIME signal generation. A

theoretical model describing this problem will be proposed in the discussion section after a

variety of fsLFIME imaging examples are presented.

Figure 4.7: Dispersed cholesteryl oleate lipid droplets. Small individual lipid droplets are
visualized with diffraction limited resolution in the lateral plane. Image is background free
and does not require post-processing. a)fsSPLD image in water and b)the corresponding
transmission image colocolize nicely. c)fsSPLD image of a zoomed out area in air reveals a
uniform field of view. Scale bars are 5 µm for a,b) and 15 µm for c).

93



Label-free LFIME imaging of (sub)micron-sized cholesteryl oleate lipid droplets (Figure

4.6) is void of coherence artifacts present in wf SE-CARS images (discussed in section 3.4)

that arise from a preferred phase-matched direction of emission. The spatial resolution is

diffraction limited in the lateral plane (∼ 500 nm for both water-immersed (Figure 4.6A)

and dry-mounted (Figure 4.6C) lipid droplets. The back focal plane images reveal a uniform

ring-shape angular radiation pattern characteristic of z-polarized incoherent radiation that

explains the absence of the coherence artifacts and diffraction phenomena. Radiation due

to electron-hole recombination, generated at the particle’s location, is azimuthally polarized

by the TM surface field of the SPPs as seen from Figure 4.7.

Figure 4.8: Back focal plane images corresponding to images in Figure 4.6. Ring-shaped
angular emission pattern is uniform corresponding to an incoherent azimuthally polarized
radiation. Lipid droplets from Figure 4.6 a)in air (green), b)water-immersed

Interestingly, the enhancement does not appear to be uniform for particles of different

sizes or alternatively at locations with different effective index in the interaction volume.

The difference in count rates at different locations exceeds the 16 bit dynamic range used

for CCD detection not allowing to bring up all the particles seen in transmission (Figure

4.6B) without saturating the SPLD image by increasing the laser power or acquisition time.

Thus, understanding the difference in count rates throughout the image can yield additional

information on the morphology on effective index of the sample.
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Despite the lack of chemical sensitivity, LFIME presents a powerful imaging technique

for up to viedo-rate (50 Hz) surface-selective nearly background free imaging and sensing

applications.

4.3.2 Imaging sub-micron sized samples

Visualizing non-fluorescent sub-micron objects with optical fields is a challenging task. Even

when using very high NA optics the tightest focal volume achieved is on the order of ∼1

µm3. This mismatch between the size of the object and the confinement of the excitation

field presents a fundamental limitation for nanophotonics and is referred to as impedance

mismatch in antenna theory. Scattering cross-section decreases with the sixth power of the

particle’s diameter making even background free techniques like dark field microscopy limited

in sensitivity[125]. It is a common motif of this dissertation to utilize plasmonic near-field

confinement to improve impedance matching and reach higher sensitivity by concentrating

the incoming fields. In the case of a flat gold film, antenna plasmonic surface fields are

nanoscopically confined in the axial dimension and decay exponentially in ∼100 nm at a

metal-air interface. Confinement is increased further when a high index dielectric is posi-

tioned at the gold surface. SPP on the dielectric side can not propagate into the high index

material, concentrating the local field another factor of ∼10−100 times between the metal

and the dielectric surfaces. Field intensity then depends on the structure of the interface,

include nanoscopic gap size and the dielectric properties of the sample. Spectrally shifted

highly localized gold emission serves as a contrast mechanism. This allows for a highly sensi-

tive background free technique for imaging sub-micron sized objects through their influence

on coupling of the energy pumped into the metal surface field to the far-field.

We choose non-metallic, non-fluorescent nanoparticles to demonstrate LFIME sensitiv-

ity and its broad applicability beyond the scope of dark field and fluorescence microscopy.
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Figure 4.9: Silicon nanoparticles wide-field fsLFIME images. Dry-mounted 30 nm Si
nanoparticles show high contrast at 50 fJ/µm2 with 1 second integration time and 3 ac-
cumulations. Sample is polydispered and consisted of clusters of various size. Scale bar is
15 µm.

First, 30 nm Si nanoparticles are imaged with a uniform 70x70 µm2 field of view. In Fig-

ure 4.9, nanoparticles are spin-cast and dried to form a polydispersed sample of individuals

and clusters. Nanoparticles show up as diffraction limited spots and bigger aggregates in

the image. It is important to point out that a small residual background is observed in the

vicinity of bright emitters. To establish the actual size of the dispersed objects and shed light

on the source of the background, further characterization is required by means of scanning

electron microscopy. To minimize the dispersion in the sample size and remove the presence

of concentrated and adsorbed impurities, a diluted 10 µM aqueous solution of 30 nm Si

nanoparticles has been added to fresh Au-coated coverslips and imaged in water-immersed

mode. Upon contact with the metal surface, nanoparticles physisorb, producing a much finer

sample with only a small fraction of solution-formed clusters. In Figure 4.10, we present the

LFIME image (Figure 4.10A), the reflection image (Figure 4.10B) at the fundamental fre-

quency (800 nm) recorded at the SPR angle without emission filters, and a quasi dark-field
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skimming angle white light transmission image (Figure 4.10C). Most particles in the field of

view can be colocalized in all three images. However, the reflection image has characteristic

diffraction patterns observed in SPRi that decrease spatial resolution, and the transmission

image has a 5−10 times worse signal-to-background ratio, when compared to the diffraction

limited LFIME image.

Figure 4.10: Silicon nanoparticles (30 nm) imaged in a 10 µM aqueous solution. Sample
contains individual NPs and small clusters formed in solution. a)Wide-field fsLFIME image
acquired with 150 fJ/µm2 illumination density in 1s with 3 accumulations. Only particles in
the nanoscopic volume above the surface are visualized with a small, yet detectable TPEF
background in the areas with no visible nanoparticles. b)SPRi reflection image acquired at
the same angle as a) with an 800 nm femtosecond source at <1 fJ/µm2. c)Quasi dark-field
skimming angle white light transmission image. Scale bar is 5 µm.

There are noticeable differences between the three images in relative intensities of dif-

ferent particles within the same field of view. In the green circles in Figure 4.10, we see

a typical nanoparticle that is barely visible in the transmission image. It has a diffraction

pattern around it in the reflection image and a diffraction limited spot with SBR of ∼2 in the

LFIME image. The next object we will discuss is the particle in the red circle. It is clearly

visible in the transmission image, appearing with higher contrast than most in the field-view,

suggesting that it is a cluster and not an individual nanoparticle. The ”red particle” is not

visible in the reflection image, potentially due to a significant difference in refractive index

with the rest of the smaller particles (leading to a shifted SPR angle). Whereas it is the

brightest particle (SBR ∼ 4) in the SPLD image, in fact, it saturates the chosen dynamic
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range to bring up the other particles in the field of view. Lastly the particle in the yellow

circle shows up as a diffraction limited spot with a SBR of ∼ 3 in the LFIME image. Though,

it is not visible in both the reflection and transmission images. A possible explanation is that

the ”yellow particle” is too small to be detected via its scattering properties. The reported

detection limit of 85 nm for SPRi for a dielectric NP[126]suggests that it is a monomer or a

lower order oligomer nanoparticle.

Figure 4.11: Wide-field fsSPOR images of 100 nm PS beads acquired with 100 fJ/µm2 in 1
second and 3 accumulations.

Second, a sample of 100 nm polystyrene (PS) spheres is imaged to demonstrate the ap-

plicability of LFIMEi to materials with different dielectric properties and spatial resonances.

Polystyrene (PS) has a refractive index nPS = 1.58 that is almost twice lower than the index

of silicon nSi = 3.69 at 800 nm. On the other hand, silicon nanoparticles have a dipolar

resonance at ∼ 600 nm, whereas PS resonance is in the UV, thus covering a broad range of

properties with these nanoscopic objects. Figure 4.11 shows a fsLFIME image of PS beads.

The sample was prepared by adding 50 µL of a 1µM aqueous solution the Au-coated cover-

slip. Polystyrene beads imaged at similar illumination density as silicon nanoparticles and

cholesteryl oleate crystals appear less intensely in the image, likely due to their relatively

low index of refraction. To improve the contrast, higher energies of ∼ 1nJ/µm2 were used,

which lead to gradual photo-degradation. Due to nonradiative relaxation of the SPP the gold
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surface heats up locally, which leads to melting of PS nanoparticles. To overcome the heat

transfer from the metal surface to the sample, a thin 10 nm layer of alumina (Al2O3) was

deposited on top of the gold film to act as a heat sink. In Figure 4.12 PS beads spin coated

Figure 4.12: Wide-field fsLFIME images of 100 nm PS beads on a 10 nm layer of alumina,
acquired with 800 fJ/µm2 in 1 second and 3 accumulations. Scale bar is 10 nm.

onto a 10 nm layer of alumina are shown. Despite requiring higher power for effective signal

generation and contrast levels comparable to previously reported results on Si nanoparticles,

when using a thin dielectric spacer, the photodamage to the sample is successfully overcome.

Acquisition rates of 0.1−10 Hz are comparable to those used in SPRi sensing and, despite

being slower than fluorescent assays, are well suitable for binding events sensing.

Unlike in differential techniques based on scattering like SPRi[? ] or iSCAT[127] static

imaging is still available after the binding event occurs since the signal is nearly background

free and no subtraction or other signal processing is required.
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4.3.3 Imaging cancer cell membranes

Label-free imaging of basal surfaces of cells is long sought after, as was discussed in Chapter

3. Here, we demonstrate a label-free, video rate imaging of the cell surfaces, by imaging the

confined regions in close proximity to gold films they are placed on. Obtained maps report

on the topography of the cell surface from the coverslip (bottom) side and are, in that sense,

complimentary to the scanning-probe images.

Figure 4.13: Images of unlabeled MCF-7 breast cancer cells.a,b) Surface specific SPLD
images in air(a) and water(b). c) Transmission image of the same area. Scale bar is 15 µm.

In Figure 4.13, fixed unlabelled MCF-7 cancer cells are imaged. The resolution in the

lateral plane is slightly compromised, compared to isolated small objects, presumably due

to wave guiding effects in the dielectric material of the cell. Resolution in the axial plane

is on the order of tens of nanometers, revealing detailed structure of the bottom surface

of the cell. Integrated signal generation over the displayed field of view requires ∼3 times

higher average power for water immersed sample (Figure 4.13B) than in case of air-dried cell

material(Figure 4.13A). The dynamic range is affected to a large degree when the medium

has a higher index, closer to the index of the sample. By using 3x higher powers, we were

able to bring up the brightest regions seen for the air dried sample in the water immersed

case, but to reveal the dimmest parts of Figure 4.13A with water as the medium, a significant

increase in laser power is required, which leads to saturation of the 16bit dynamic range with

the brighter regions.
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Dynamic imaging of basal regions of cells can be a very useful tool for studying the drug

inflicted evolution of the membrane. The label-free nature of this approach minimizes the

artifacts from introduced stains and allows to focus on the action of the drug.

4.4 Discussion

In this section we will discuss the mechanisms for the LFIME emission and the potential

applications of the technique together with a comparison with existing nanoscopic sensing

techniques.

The first observation of visible photoluminesce from noble metals was made back in

the 1969 by Mooradian[121] and assigned to a d-to-sp interband transition, followed by

a radiative electron-hole recombination. Single-photon excitation of evaporated gold films

suggested a direct electron-hole recombination mechanism at the Fermi level and, thus, a

pronounced emission peak for around 520 nm. Further investigations of the metallic band

structure that described single and multi-photon luminescence from flat and roughened gold

surfaces[95, 62] brought more insight into the potential radiation mechanisms. Roughness

of the metal film does not affect the characteristics of single-photon excited luminescence

significantly with emission slightly broadened yet centered around the d-sp transition energy,

and tailing quickly towards lower energies. Multi-photon excited luminescence is found to be

much more strongly affected by the surface roughness. Flat gold films do not yield detectable

TPEL, whereas rough films reveal very bright signal with a broad and featureless emission

and increasing intensity toward lower frequencies. This profile is attributed to the dispersion

of localized surface plasmons on rough surfaces.[128, 95]. Confined electromagnetic fields

allow to scatter the excited carriers to Fermi momentum increasing the radiative recombina-

tion rate in a broad spectral range (see Figure 4.2). It has been shown that the two-photon

excitation, despite being accessible through concerted two-photon absorption in the case of
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flat films, is increased dramatically when surface plasmons in rough films are involved[62].

Local-field enhancement in TPEL is more pronounced due to a nonlinear power dependence

on the incident field intensity. Unlike in linear luminescence, TPEL from surface atoms is

three orders of magnitude stronger than from the volume due to the field enhancement[95].

These considerations render it unlikely for the TPEL to be detected without localized surface

modes.

In our studies, when the incident light intensity was high enough to reach temperatures

of surface atom mobility (∼ 10 pJ/µm2), hot spots with a characteristic behavior were

formed. First, TPEL from the diffraction limited spot, which we attribute to hot spots, is

extremely bright and with the powers used for full-field of view imaging usually leads to the

saturation of our 16bit far-field detector. Beversluis et al[62] have observed these hot spots

by exciting rough gold surfaces with femtosecond irradiation at 780 nm with ∼1 GW/cm2

of peak power. They report vast count rates from individual asperities on the order of 1

MHz in a broad 500−700 nm spectral range. Second, the emission we observe from the hot

spots is nonuniform in count rate, ”blinking” ∼30−50% in intensity, potentially due to the

structural evolution of the roughened gold cite. TPEL from the damaged regions of the film

is visible with illumination densities close to two orders of magnitude less than required for

efficient LFIME detection in wide-field mode, revealing the much higher magnitude of the

field enhancement by LSPR at the nanoscale metallic bumps then in the nanoscale gaps

between a flat film and a dielectric. In all the cases presented and discussed, the gold film is

flat and void of hot spots. However, it is noteworthy that oxidation of films in air over several

weeks leads to lower thresholds of acceptable laser powers before the hot spots are formed

during imaging, limiting the re-usability of the samples. It is then important to optimize

the optical path for SP coupling and collection efficiency to supply the lowest required light

levels preserving the integrity of the antenna.
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Nanoscopic gaps between heterogeneous samples and the gold interface give rise to local-

ized hot spots between the metal and the polarizable dielectric. These hot spots are different

than the spots caused by metallic asperities described above. Let’s consider nanoscopic con-

tacts of metal and dielectric as a small metal sphere (εm) in contact with a dielectric medium

(εd) or, in other words, the reverse problem. Given the Froelich criterion, localized resonance

is met when εm = −2εd. For materials imaged in this chapter with nd = 2− 4, this leads to

resonant εm = 2.4− 2.8, which corresponds to a narrow wavelength range 407− 414 nm[129]

for gold, matching closely the two-photon energy used in described experiments. These con-

siderations are very crude and qualitative. Numerical simulations are required to model the

charge distributions at the interface upon irradiation to establish an enhancement factor.

Excitation of the electron-hole pairs in gold is enhanced by the presence of the dielectric

at the metal surface. For a two interface system gold/dielectric sample/medium(1/2/3) in

the case when ε2 > ε3 and loss due to the adsorption is low ε′′2 ≈ 0, with increasing thickness

d2 of the dielectric layer, power flow increases in the absorbing metal, leading to the internal

damping of the SPP[58]. At the same time to maintain the condition of Γi = Γr that is

independent of the d2, where Γi is internal damping and Γr is radiative damping, the SP

field is boosted at the ε1/ε2 interface. This leads to an increased local field enhancement

[130]. The SPLD imaging is more effective when medium (ε3) is air than when it is water.

This characteristic is due to a greater difference in the refractive indices over the interface,

leading to a higher signal enhancement and localization. In water-immersed samples, the

background signal is higher and TPEL at the sample location is less contrasted.

Surface plasmon polaritons excited at the metal-medium interface decay exponentially

over ∼100 nm away from the interface. When a high index dielectric particle is placed in

the evanescent wave, boundary conditions are no longer satisfied, and part of the energy of

the surface wave is dissipated. In the case of (sub)microscopic particles, the small effective

refractive index at the surface support the SPP excitation, but the resulting evanescent field
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Figure 4.14: Surface plasmon induced gold emission. At the gold air(water) interface a
traveling SPP wave is excited. Dielectric material placed in the evanescent field leads to
increased SPP damping and results in confined local fields at the dielectric-metal interface.
Localized field solutions enhance the radiative recombination of the excited carriers in the
gold and facilitate the coupling to the far-field.

is highly confined between the metal and the crevices of the dielectric particle. In their work

Inoue et al.[131] have presented a Green’s function formalism for calculating local electric

fields between metal films and dielectric nanoparticles. According to their results a small

but non-neglible field enhancement is expected at certain frequencies when the size and

refractive index of the dielectric sphere is matched. Since we are interested in boosting of

very broad-band gold TPEL continuum, most objects contribute to the field enhancement to

some degree, creating the contrast necessary for imaging. As was discussed above, radiative

recombination rate of e-h pairs is enhanced due to lifted momentum mismatch in the presence
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of confined local field states. Distribution of nanoscopic gaps gives rise to a broad range of

k vectors supporting far-field radiation of gold TPEL.

Extended dielectric structures that are on the same order in their lateral dimension as

the wavelength of light, can support waveguide modes that act as a sink for the evanes-

cent component of the surface fields. There are two possibilities, either the scattered light

is absorbed into the gold film at the boundary or the standing wave in the dielectric is

excited. The dielectric channel is normally nonradiative for the momentum mismatch con-

siderations. However, edges and roughness facilitate energy transfer to gold film, resulting

to TPEL enhanced by the confined fields. Inoue et al.[132] have shown that a periodic array

of submicroscopic PS beads on top a metal film in water acts as a dielectric slab that is

allowed to outcouple the guided/trapped light and lead to enhanced emission. Their calcu-

lation predicts a spectrally broad 100-fold local field intensity enhancement or a 104 Raman

enhancement factor (|Ei|2 × |Es|2) for a molecule placed at the interface between the metal

and the dielectric with n=1.6. Periodicity of the sphere array acts as a grating creating a

variety of k-vectors to transfer energy back to a plane wave. As was observed in Figure 4.6,

for extended structures the flat thicker parts of the sample appear darker in the image than

rugged edges or small curved particles due to a more efficient coupling to the far-field for

the latter. The differences in dielectric’s morphology account for the variations in local field

intensity yielding ”reverse topographic” contrast maps as depicted in Figure 4.15.

Electronic Raman scattering of the gold substrate cannot be excluded at the present

time as the mechanism for light emission, and time resolved studies will be required to

establish the mechanism. To have significant radiative recombination rate and, thus, high

photon counts, the radiative decay must be short compared to nonradiative cooling (∼0.1−1

ps), which is realized by coupling the excitation to the quickly damped surface plasmon (∼

10−20 fs) in the near-field[133].
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Figure 4.15: Cartoon depiction of scanning probe techniques (a) and surface plasmon induced
gold emission miscroscopy (b). a) Height of the object is measured with force or current
measurements by moving the tip-probe over the object. b) Nanoscopic gaps determine the
count rate based on the morphology of the object with varying enhancement factor as the
contrast mechanism. Akin to change in current in constant height STM, change in LFIME
efficiency corresponds to nanoscopic differences in the sample morphology in axial dimension.

Current state of the art dark-field microscopy can visualize metallic NP down to 10

nm in diameter[125] by using wave vector selection with spatial filters. Dark-field imaging

and the spectroscopic information provide an extremely valuable tool for investigation of

plasmonic nanoparticles. Sub-nanometer structure of gaps between nanospheres can be rec-

ognized from their scattering spectra obtained with dark-field microspectroscopy. However,

this technique is limited to plasmonic or highly scattering particles and does not work well in

scattering media making it unsuitable for applications like biomolecular sensing in aqueous

buffers. SPRi presents an alternative strategy, visualizing dielectric particles on metallic

surfaces, utilizing the SPP of the plasmonic film as a reporter of the particle properties by

created contrast and enhancing the scattered field, instead of LSPR exploited in dark-field

imaging to boost the scattering from the particle. SPRi provides the effective refractive
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index information, allowing to quantitatively analyze binding events and surface affinities

for known systems. The reported limits of detection[126] are 75 nm dielectric PS beads and

20 nm metallic Au NP, which is comparable to dark-field microscopy, but has a tremendous

advantage in compatibility with imaging in aqueous solutions. Due to interference in the far-

field, the SPRi images appear distorted, which complicates localization. To discerned binding

events from the high background scattering, dynamic frame subtraction is required[47]. Hy-

brid platforms[134] utilize closely packed dielectric spheres, that provide wave guided modes

that resonate with the SPP of the metal film, leading to a field enhancement at the metal

surface. Aperiodicity in the crystal structure broadens the mode resonances due to imperfect

diffraction. For a real system with unit cell size of 1080 nm, a 200 nm broad resonance is

experimentally observed. Figure of merit (FOM) value dI(λ)/dn(λ) × 1/I(λ), frequently

used in characterizing refractive index sensors, of 1337 is measured, which exceeds by an

order of magnitude the performance of plasmonic analogs[135]. The reflection dip corre-

sponds to the energy transfer into the hybrid system leading to an estimated β = 15 local

field enhancement. Particles with diameters down to 300 nm are successfully detected with

hybrid platforms[134]. Similar interaction of metal film SPPs and standing waves in the

dielectric is observed in LFIME microscope. Spectrally broad and featureless resonance at

the metal interface with aperiodic dielectrics enhances spectrally broad TPEL of the gold.

Single particles are imaged with contrast obtained with LFIME with high signal to back-

ground ratio, diffraction limited lateral resolution and sensitivity limit exceeding < 100 nm

in the nanoparticle’s diameter. For extended microscopic structures, confined fields at the

nanogaps between the sample and the metal film that promote emission to the far-field al-

low for topographic-like imaging contrast based on the intensity of detected LFIME with

diffraction limited resolution in lateral dimension.
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4.5 Conclusion

In this chapter a novel label-free approach to imaging non-metallic, non-fluorescent materi-

als with a surface selectivity is presented. We have qualitatively described the nature of the

SPP-dielectric interaction that leads to enhanced TPEL generation at the location of the

imaged objects. Presence of the dielectric material at the interface modifies the selection

rules resulting in broad band gold luminescence. Mechanism of contrast generation makes

the maps generated by SPLD similar to scanning-probe maps (AFM) in terms of topographic

content with nanoscopic axial resolution, but limited in the lateral resolution by the diffrac-

tion limit. In sensing applications, SPLD exceeds the detection limits of SPRi, detecting

single 30 nm Si nanoparticles. Further investigations in highly controlled environments akin

to well established SPRi assays are required to establish the detection limit. Temporal res-

olution of the measurement for simultaneous large field of view acquisition, depending on

the sample, can reach 50 Hz and allows for monitoring dynamic changes to the sample. To

shed more light on the dependence of the observed broad range of enhancement factors on

particle size, shape and refractive index, numerical simulations will be required in the future.

The information obtained from these simulations, together with experimentally established

procedures for film preparation and the safe energy density limit to preserve the antenna,

will result in a widely applicable label-free sensing technique.

108



Chapter 5

Surface enhanced Coherent Raman at

the single-molecule limit

5.1 Introduction

Surface-enhanced Raman scattering (SERS), which takes advantage of plasmonic nanoan-

tennas (nantennas) to enhance and confine fields, is an established method for performing

vibrational spectroscopy in the single-molecule limit[26, 65, 86, 136, 137, 138]. Conceptually,

the technique is straightforward: properly designed nantennas allow convenient detection of

the near-field molecular response with a far-field photodetector[136, 139]. To clock vibra-

tional motions of individual molecules in real time, it is necessary to rely on time-resolved

(tr) nonlinear spectroscopy that uses at least two short laser pulses (pump and probe). The

implementation requires the development of the surface enhanced (SE) analog of ultrafast

nonlinear spectroscopies. To this end, the response of plasmonic nantennas to ultrafast laser

pulses and the coupling between the nantenna and its molecular load are critical considera-

tions, which we address in the present work.
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The SE effect, which is needed to raise radiative rates to detectable photon counts, can

also be the demise of time-resolved measurements due to the very large local fields generated

with short pulses. It was recently shown that under optimized conditions, molecular vi-

brational information is preserved when the conventional continuous wave (cw) illumination

in SERS is replaced with short picosecond (ps) pulses[140]. In nonlinear coherent Raman,

however, the combined moleculenantenna system interacts with the multiple fields required

to drive a given nonlinear process, and the resulting signal is often dominated by the non-

linear electronic response of the plasmonic nantenna itself. Although the electronic response

of plasmonic nanostructures has been studied in the context of nonlinear optical interac-

tions, including second harmonic generation (SHG)[141], sum-frequency generation (SFG),

and four-wave mixing,[23, 142, 143, 144] ultrafast studies that probe the molecular response

mediated through the nantenna are few[145].

The recent literature includes several accounts of surface enhanced coherent anti-Stokes

Raman scattering (SE-CARS)[87, 113, 115, 117, 118, 119, 137, 146] and stimulated Raman

scattering (SE-SRS)[139, 147] experiments. In all of these cases, although short pulses

are used, the measurements were carried out in the frequency domain. Frequency domain

measurements contain information about the shortest time interactions that control ultrafast

dynamics, and the existing examples suggest important differences between a given nonlinear

scattering process and its SE analog. For example, the SE-SRS measurements on a colloidal

ensemble of nanosphere dimers show dispersive vibrational lines[147]. In contrast, while

heterogeneous ensemble SE-CARS studies report dispersive lineshapes[148], SE-CARS on

individual plasmonic nanostructures show nondispersive lines[119], similar to those seen in

cwSERS. These observations contradict expectations based on standard implementations

of SRS and CARS on ensembles. Because CARS is given as the square of the third-order

polarization |P (3)|2, it shows interference between the electronic continuum and discrete

molecular transitions[149]. Along the same consideration, because SRS is proportional to

the imaginary part of P (3), it does not heterodyne with the background. However, because
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the phase-shifted signal in SRS copropagates with the stimulating beam, interference is

unavoidable. These considerations are less clear when the interaction with the molecular load

is mediated via the nantenna because now a new source of phase delay between molecule and

plasmon is introduced. It is then valuable to compare SE-CARS versus SE-SRS carried out

on the same plasmonic nanostructure and more generally to establish design considerations

and fundamental limitations of time-resolved SE nonlinear optics (SE-NLO).

We report on frequency domain SE-CARS and SE-SRS measurements on the prototyp-

ical dumbbell nantenna consisting of a gold nanosphere dimer, the same system used in the

reported SE-SRS measurements[147], and on which time-domain SE-CARS measurements

have been previously reported using femtosecond (fs) pulses[3]. While SE-CARS measure-

ments result in molecular spectra from the junction molecule, obtained SE-SRS spectra are

dominated by the electronic response of the antenna. Be it in prior t-domain measurements

or the present ν-domain studies, the yield on single antennas is rather small. On the majority

of interrogated dumbbells, the molecular signal fades before completion of the measurement.

As we show, the dynamic range between detection and destruction of molecules via SE-NLO

is rather narrow. The accumulated statistics of measurements carried out on several hun-

dred individual dumbbells allows us to deduce a guideline for experimental conditions for

successful SE-NLO measurements.

5.2 Materials and Methods

5.2.1 System

A transmission electron micrograph of the typical dumbbell nantenna used in the present

study is shown in the inset of Figure 5.1. It consists of two gold nanospheres, of ∼95 nm

111



diameter, separated by a junction gap of ∼1 nm, and encapsulated in a silica shell of 40-70

nm thickness.

Figure 5.1: Linear spectral response of the nantenna for longitudinal (A) and transverse (B)
excitation: extinction (black trace), absorption (red trace), and field enhancement factor
(blue trace). Time circuit diagrams for the three SE-CARS measurements discussed are
superposed over the spectra to highlight the resonances underlying the different excitations.
They consist of (i) trSE-CARS executed with 100 fs pulses, using all three plasmon modes;
(ii) previously reported[3] trSE-CARS utilizing the dipolar plasmon (pump and Stokes) and
bonding quadrupolar resonances (probe and anti-Stokes); and (iii) ν-domain SE-CARS using
picosecond pulses, with all four waves coincident on the dipolar resonance. (C) Computed
charge density distributions at the junction between the spheres for an applied field of 1
V/m at 555 nm (left), 618 nm (center), and 816 nm (right); (D) top and side views of the
charge density for transverse excitation at 550 nm.

The simulated linear spectral response of the idealized version of the same structure

is presented in Figure 5.1 for two different incident E field polarizations. We present the

extinction spectrum, the absorption spectrum, and the spectral dependence of the field en-

hancement in the middle of the intersphere junction, given by the ratio β = EL/E0 of local

and applied field. Structural heterogeneity and variations in the gap length lead to large
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uncertainties in β which we address below through an exposition of the attainable count

rates in cw and pulsed limits. Moreover, the gap dependence of these resonances has been

recently reported[150]. The simulations are generally consistent with our measurements and

will be used herein to quantify and rationalize observations. The nantenna sustains three

major resonances that may be loosely assigned according to the commonly used hybridiza-

tion model[1] to the bonding dipolar plasmon at 816 nm and the bonding and antibonding

quadrupolar plasmons at 618 and 555 nm, respectively. Several observations are noteworthy

at the outset. There is a dramatic difference in enhancement factors between longitudinal

and transverse excitation. Only quadrupolar resonances are accessed in transverse excita-

tion, in which case β < 1 at the intersphere junction, and surface charge density associated

with the plasmon is broadly distributed on the dumbbell (Figure 5.1 D).

Scattering spectra are loosely correlated with the spectral dependence of β. This is

clearest at 700 nm, which corresponds to the valley between scattering resonances (Figure

5.1 A), yet β ∼ 400, not very different from the peak value β ∼ 700 reached at 816 nm. Both

values correspond to very large SERS enhancement factors of β4 ∼ 1010−1011. The apparent

discrepancy is due to the fact that the extinction spectrum reflects the induced polarization

integrated over the entire surface of the dumbbell, while the enhancement reflects the charge

density concentrated at the junction (hot spot). The charge distributions promoted at the

junction under the three longitudinal resonances are illustrated in Figure 5.1C. In contrast

with the bonding dipolar plasmon, the charge density of the bonding quadrupolar plasmon is

eccentric and π-phase shifted. These considerations become important in multicolor exper-

iments that rely on multiple plasmon resonances. The finite element simulations we report

in Figure 5.1 were carried out using the COMSOL multiphysics suite of programs, with

the recently revised dielectric function of gold[151], and the literature value of silica[152] as

inputs.
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Ideally, the nantenna serves as a silent mediator between the far-field and near-field

radiation. However, in nonlinear optical measurements, electronic Raman scattering (ERS)

of the metal and the coupled response of the molecule−metal system are integral parts of

the observables. A synopsis of the information contained in cwSERS spectra with regard to

the interplay between molecular SERS and ERS of the nantenna is illustrated in Figure 5.2.

The vibrational SERS of the reporter molecule, bipyridyl ethylene (BPE), can be seen

to ride over a background continuum that can be rigorously assigned to ERS. The vibra-

tional assignments have been reported previously[153], and an analysis of the continuum was

given recently[154]. Here, we note that the relative intensity of SERS and ERS depends on

excitation wavelength and polarization angle. In longitudinal excitation, the ratio changes

by a factor of ∼20 between 532 and 633 nm, and the background becomes negligible at

785 nm (not shown). Transverse excitation at 532 nm shows ERS only, consistent with the

fact that the accessed purely quadrupolar plasmon does not generate any significant fields

at the intersphere junction (Figure 5.1B,D). This highlights that ERS arises from the net

polarization induced on the nantenna, while SERS arises from the hot spot where the field

is confined on a scale comparable to the molecular dimensions. In transverse excitation,

the relative contributions of ERS and SERS scale by the spectral dependence of scattering

and β, as discussed above. The clearest signature of ERS is the anti-Stokes branch of the

continuum, which decays exponentially as a function of the Raman shift[154, 155, 156]. It

perfectly fits the Fermi−Dirac distribution of hole states, which serve as the thermally occu-

pied terminal states in ERS (see Figure 5.2ii). The fit of the anti-Stokes ERS to the Fermi

Dirac distribution yields the temperature of the nantenna, and its dependence on excitation

intensity yields the heating rate, which limits the tolerable average irradiation intensity (see

below). Remarkably, the vibrational anti-Stokes lines of the molecule, which can be seen at

633 nm, are completely absent when excited at 532 nm. This is ascribed to the competition

between molecular SERS and molecule-to-metal scattering[154] with a real interfacial state

resonance reached at 532 nm (Figure 5.2v). The continuum of final states in this scattering
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Figure 5.2: Stokes (top) and anti-Stokes (bottom) cw -SERS spectra recorded on a single
nantenna at 532 nm (light blue trace) and 633 nm (red trace) excitation. Note the absence
of vibrational lines in the anti-Stokes spectrum at 532 nm. Inset: Magnified C-C stretching
modes at 1604 and 1640 cm−1 revealing Gaussian profiles of fwhm ∼20 cm−1. The various
scattering contributions are indicated schematically: (i) Stokes of metal ERS; (ii) anti-Stokes
ERS; (iii) Stokes of molecular SERS; (iv) anti-Stokes of molecular SERS, perfectly aligned
with vibrational Stokes lines; and (v) absence of the molecular anti-Stokes lines at 532 nm,
which is ascribed to the competition with moleculemetal scattering through the interfacial
state resonance.

process explains the absence of sharp vibrational anti-Stokes lines. Although the location

and number of molecules participating in scattering is not known, the absence of detectable

SERS on single spheres establishes that the observed molecule(s) are near the hot spot of
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the junction in the dimer structures. Based on the known nonresonant Raman cross section

of σs = 5 × 10−28cm2 for the strongest C-C stretching lines near 1600 cm1 for BPE[157],

the observed count rates of 102 − 103 s1 at an excitation intensity of 30 µW/µm2 suggest

an enhancement factor β4 = 108 at 532 nm. Within the errors of this determination, the

extracted local field enhancement of β = 100 agrees with the calculated value of 50 at 532

nm (Figure 5.1).

5.2.2 ν-Domain SE-CARS and SE-SRS

The system and methods employed in the ν-domain psSE-CARS studies that we report here

are similar to those utilized in previously reported t-domain measurements[3]. The main

difference is the pulsewidth of the lasers. In the prior work, 100 fs pulses were used, with

bandwidth sufficient to prepare the two bright C-C stretching modes at 1604 and 1640 cm1

in superposition (Figure 5.2). We target the same vibrations in the present, now employing

7 ps pulses, with a bandwidth (6 cm−1) much smaller than the ∼35 cm−1 spacing between

the lines. The measurements are carried out in imaging mode, using a scanning optical

microscope adapted to simultaneously measure SE-CARS and SE-SRS.

The nantennas are dry-mounted on the SiN membrane (50 nm thick) of a transmission

electron microscopy (TEM) grid. They are first characterized and mapped-out via scanning

electron microscopy then collocated on the optical microscope using backscattered light.

A coincident pair of 76 MHz pulse trains is used for the psSE-CARS measurements: The

1064 nm output of a Nd:Vanadate laser (PicoTrain, High-Q) serves as the Stokes pulse, and

a tunable optical parametric oscillator (Levante Emerald, APE Berlin), which is scanned

from 905.0 to 913.5 nm with 0.5 nm steps, serves as pump and probe. The combination

generates difference frequencies ranging from 1550 to 1660 cm1, which covers the spectrum

of the bright C-C modes. The collinear beams are focused on the grid plane with a high
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NA objective (40 oil, 1.32 NA Olympus UPLAN) in a laser scanning inverted microscope

(Fluoview 300, Olympus IX-71). At each frequency increment, a 92 92 µm2 area of the grid

is scanned with a dwell time of 10 s/pixel (Figure 3). The approach allows the simultaneous

interrogation of 50 dumbbells that fall within the scanned area. The anti-Stokes radiation

is filtered (875 nm edge, 787 (22) bandpass; Semrock) and detected in epi-direction using a

photomultiplier tube (R3896, Hamamatsu). Pump loss signal was detected in the forward

direction for acquiring psSE-SRS spectra. The Stokes beam was modulated at 10 MHz

with an acousto-optic modulator (AOM; Crystal Technology, Palo Alto, California), and

the pump intensity modulation was detected by a photodiode (FDS1010; Thorlabs, Newton,

New Jersey). The signal at 10 MHz was demodulated with a home-built lock-in amplifier.

SE-CARS and SE-SRS spectra were acquired simultaneously.

5.3 Results and discussion

5.3.1 psSE-CARS spectra

psSE-CARS spectra recorded on six dumbbells are shown in Figure 5.3, along with the

cwSERS spectra recorded after the measurement on the same nantennas. Scanning elec-

tron micrographs recorded before and after the picosecond measurements did not show a

noticeable change in the gross structure of these nanostructures. The recorded envelopes of

the SE-CARS spectra can be seen to be in good agreement with those of the SERS, which

exhibit Gaussian lineshapes of ∼20 cm−1 full width at half-maximum (fwhm). The notice-

able difference is the jagged appearance of the SE-CARS spectra, due to under-sampling of

the heterogeneous distribution betrayed by the Gaussian profiles. The cwSERS spectra are

recorded with 10 s exposure, during which the distribution is continuously sampled. The

accumulated sampling time in the SE-CARS spectra is ∼1.5 ns per point (dwell time ×
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rep rate × pulse width). Evidently, the sampling time in the psSE-CARS measurement is

shorter than the time required to achieve ergodicity of the accessible phase space.

Figure 5.3: psSE-CARS spectra recorded on different dumbbells (red and black traces) and
the cwSERS spectra (gray, shaded) recorded on the same structures after the SE-CARS
measurements. Consecutive SE-CARS measurements on each particle are reported: first
acquisition in red and second acquisition in black. Also shown are the off-particle, back-
ground signals associated with each measurement. For the SE-CARS spectra, illumination
conditions were as follows: IPu,i = 525 µW/µm2 and ISt,i = 260 µW/µm2 corresponding to
peak incident intensities of 9×107 W/cm2 and 5×107 W/cm2, respectively. The relative ori-
entation between laser polarization and nantenna is shown in the insets. The SERS spectra
are recorded with a depolarized 633 nm cw laser (Ii = 10 µW/µm2 = 1× 103 W/cm2).
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Another important distinction is the contrast between the spectrum observed in the

present ν-domain SE-CARS and the inferred spectrum from the prior t-domain measurement[3].

There, decoherence times as long as ∼10 ps were extracted for the two-state superposition,

equivalent to a line width of ∼3 cm−1. The discrepancy is understood by recognizing the

unique difference in t- versus ν-domain measurements in the single-molecule limit. Recall

that CARS measures the square of the third-order polarization[63]:

S(t) =

∣∣∣∣∣
∫
dtε(t)

∑
ν

aν exp(−i(ων,0 + Ω)t− γνt

∣∣∣∣∣
2

(5.1)

in which ε(t) and Ω are the slow varying envelope and frequency of the probe pulse, and the

summation is over the vibrational superposition prepared by the pump and Stokes pulses.

With a pulse duration of 100 fs, much longer than vibrational periods 2π/ων,0 = 20 fs but

shorter than the vibrational beat period 2π/(ων − ων′) = 1 ps, the probe envelope acts as a

time window that filters out only the difference terms ων,ν′ = |ων − ων′ | in the product (Eq

5.1)[158]. This reduces the t-domain signal to the cross correlation between vibrations:

S(t) =
∑
ν,ν′

aνaν′ exp(−i(ων,ν′)t− γν,ν′t) (5.2)

In contrast, line profiles in SERS, as in spontaneous Raman, reflect the autocorrelation

of individual vibrations:

S(ω) =

∣∣∣∣∣
∫ ∞

0

dte−iωt
∑
ν

aν exp(−i(ων,0t− γνt)

∣∣∣∣∣ (5.3)

The ν-domain SE-CARS spectrum recorded with a 7 ps probe pulse yields the Ω-shifted

copy of the SERS spectrum, as seen in Figure 5.3 and predicted by Eq 5.1. While not clear

at the outset, we see that the ν-domain psSE-CARS recorded on a single nantenna does

not contain new information on the molecule-nanetanna interaction. On the other hand, the
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multiplexing advantage and high acquisition rates available through hyperspectral SE-CARS

imaging approach do not plague the spectroscopic information available through cwSERS,

while increasing the measurement throughput by two orders of magnitude.

In contrast with ensemble measurements, in the few-molecule limit, ν- and t-domain

measurements are not simply Fourier related. In the present, the spectral covariance mea-

sured in t-domain is much smaller than the variance observed in ν-domain spectral line

widths. We may conclude that the two vibrations sample the broad inhomogeneous distri-

bution in a highly correlated fashion, which implies that the two vibrations are driven by

common environmental fluctuations. Moreover, the observation that psSE-CARS does not

show any incremental broadening over SERS implies that the light-driven forces under the

picosecond pulses are not perceivably different than in the case of cw illumination.

5.3.2 Measurement yield

The data shown in Figure 5.3 are those of survivors, which represent 30% of the dumbbells

imaged on the grid. The particles are randomly oriented on the grid, while the laser polar-

ization is linear and fixed. Consistent with the strong dependence of enhancement factors

on the polarization of the incident field (Figure 5.1), we find the modes of signal degradation

on individual dumbbells to be correlated with their orientation on the grid.

In Figure 5.4, we summarize measurements on 46 dumbbells by binning them into four

categories: (i) The set of survivors, exemplified by the data in Figure 5.3, are dumbbells

with long axis oriented at 45 15 relative to the incident polarization. (ii) The set in which

SE-CARS spectra decay during the course of measurement clump up near 30 15. The

postmortem SERS spectra on these dumbbells are either very weak or strongly perturbed.

In several cases, the BPE molecular lines are replaced by a new line at 2350 cm1, which we

assign to CN and take as evidence for photodissociation of the pyridines. (iii) The set aligned
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Figure 5.4: Statistics of survival organized in four categories, according to behavior illus-
trated in panel A by consecutively recorded psSE-CARS spectra (red and black traces for
first and second acquisitions) and subsequent cwSERS (gray, shaded). The bar graphs show
the correlation of the categories with orientation of the dumbbells relative to the polarization
of incidence: (B) at peak pump and Stokes pulse intensities of 9× 107 W/cm2 and 5× 107

W/cm2; (C) the same correlation for a subsequent measurement when the intensities are
increased to 5× 108 W/cm2 and 1× 108 W/cm2 for pump and Stokes, respectively.

near 17 shows strong electronic CARS void of any molecular signal. Their postmortem

SERS is similar to the second category: we see either highly perturbed spectra or very weak

BPE molecular features. (iv) Dumbbells that do not yield SE-CARS are either perfectly

aligned with the E-field or perpendicular to it. The postmortem cwSERS on the aligned

nantennas is limited to ERS; the molecular SERS has entirely bleached. Nantennas that
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are perpendicular to the polarization retain an intact molecular SERS, reinforcing that the

nanojunction is inaccessible in transverse pumping (see Figure 5.1).

Finally, the fraction of dumbbells that survive measurements is reduced from 30% to 8%

upon doubling the intensity (see Figure 5.5 C). Because the enhanced local field changes dra-

matically with polarization angle of incidence, the observed orientation dependence confirms

that rather than the incident field, it is the enhanced local field that induces degradation of

the molecular SE-CARS signal. Yet, the local field, which plays the most critical factor in

experimental considerations, is most difficult to quantify; hence, we rely on the computed

values.

5.3.3 Pulsed versus cw SERS photon yield

The limited dynamic range between damage threshold and detectability of the ultrafast

measurements arises from the same enhancement factors that determine sensitivity. Recall

that Raman is a feeble effect. The local field enhancement, β = EL/E0, provided by plas-

monic nantennas is essential to boost its strength. The standard approximation of quartic

field enhancement, the count rate, R, of spontaneously scattered photons in cwSERS can be

estimated as

RcwSERS =
η

~ωi
(β2

i Ii)(β
2
sσs) =

η

~ωi
ILσ

∗
s (5.4)

in which η is the collection efficiency (∼ 0.1 under optimized geometries); Ii (W/cm2) is the

incident field intensity; σs (cm2) is the spontaneous scattering cross section; and the subscript

on β indicates its wavelength dependence. We have grouped the enhancement factors to

recognize that the effect in IL = β2
i II is to reduce the demand on incident intensity. Because

there usually is a reserve of incident laser intensity in typical pulsed setups, the fundamental

advantage in trSERS reduces to the quadratic enhancement of the cross section σ∗s = β2
sσs.
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For trSERS, the count rate is determined by the peak intensity IpeakL and fill factor ff = fδt,

given by the product of laser repetition frequency, f , and pulse width, δt:

RtrSERS =
η

~ω
IpeakL σ∗sff (5.5)

At a repetition rate of 76 MHz and pulse width of 7 ps, ff = 5 × 104. To compensate for

the fill factor, the peak intensity in the pulsed measurements must be increased by 4 orders

of magnitude. Given typical intensities used in cwSERS of 104 W/cm2 (at 532 nm), the

required incident peak intensity is IpeakL ∼ 108 W/cm2. This is the intensity used in the

above-reported psSE-CARS measurements, where we have seen that we are within a very

narrow window of the damage threshold. Using the computed value of βi ∼ 3 × 102 at 900

nm, we deduce the tolerable local field intensity to be IpeakL,max < 1013 W/cm2.

5.3.4 Saturation of Stimulated Steps in SE-CARS

The trSERS signal considered in Eq 5.5 is for spontaneous Raman (SR), a two-photon process

in which a pump photon is absorbed and a Stokes photon is emitted. CARS is a four-photon

process, which can be decomposed into stimulated Raman scattering (SRS) followed by SR.

The expected SE-CARS count rate may be expected to scale as

RSE−CARS ∝ (β2
PuIPu)(β

2
StISt)(β

2
PrIPr)(β

2
AsσAs) (5.6)

The first two terms on the right-hand side in Eq. 5.6 correspond to SRS, whereas the last

two terms represent spontaneous anti-Stokes Raman. Coherence among scatterers that dis-

tinguishes CARS in ensembles is irrelevant in measurements on single scattering centers. As

such, the second step in CARS scales with the rate of SR, but now acting on the vibrationally

excited molecule(s) prepared through SRS. Therefore, the photon yield in SE-CARS must

be reduced relative to trSERS by the efficiency of the initial SRS process. Yet, the photon
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count rates of 105 − 106 Hz seen in the psSE-CARS in Figure 5.3 are 2−3 orders of magni-

tude larger than the cwSERS count rates. Even after making due allowance for differences

in β-values and ff, the psSE-CARS counts remain 1−2 orders of magnitude larger. This

necessarily implies that the stimulated steps in SE-CARS are near saturation. The same

conclusion can be reached by noting that the rate of stimulated versus spontaneous radiation

scales by the occupation number of photons, n, in the stimulating mode[159]:

RSRS

RRS

=
(n+ 1)

1
= n (5.7)

Even if we ignore mode confinement by the nantenna, the typical number of incident photons

per pulse of n = 107 can be expected to amplify the observed SERS count rate RRS ∼ 103 Hz

to an SRS rate of RSRS = 1010 Hz. This is 2 orders of magnitude larger than the repetition

rate of the laser. As such, we may safely assume that the interrogated vibrational coherence is

prepared with every pulse, i.e., the SRS step is saturated. Recent reports, which demonstrate

SRS saturation of electronically nonresonant molecules at peak intensities of ∼ 1011 W/cm2,

echo this conclusion[160]. The applicability of Eq 5.5 to SE-CARS is contingent on saturation

of the stimulated steps, which is verified by the count rates seen in SERS and SE-CARS as

a function of ff.

5.3.5 psSE-SRS on single nantennas

Simultaneously with the epi-detected psSE-CARS signal from the dispersed array of dumb-

bell nantennas, pump loss signal signal was detected in the forward direction in an attempt

to record molecular psSE-SRS signal from the nanojunctions. Stokes beam at 1064 nm was

modulated at 10 MHz and the changes to the pump signal were detected with a photodiode

and demodulated with a phase sensitive lock-in amplifier. Most noticeable difference with

the parametric CARS signal is that in the SRS channel both positive (pump loss) and neg-
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ative (pump gain) signal is observed (Figure 5.5). Pump-gain signal is unaccessible through

molecular SRS process, indicating that transient scattering of the metallic antenna can be

responsible for Stokes induced changes to the pump beam.

Figure 5.5: epi-SE-CARS (A) and trans-SE-SRS (B) images of 82×82 µm2 areas of TEM
grids with dry-mounted dimer nantennas and small clusters. Images acquired on molecular
resonance at 1605 cm−1 SE-SRS signal reveal directionality in scattering observed through
different signs in the pump loss channel. Antenna resonance is the major contributor to
scattering, no molecular response is observed in the SE-SRS channel.

Different, yet overlapping, subsets of objects are visualized in images 5.5A and 5.5B.

Not all the nantennas that appear in the SE-CARS image yield detectable SE-SRS signal in

the power regime that preserves their integrity1. Moreover, brightest SRS signals (both gains

and loss) are observed from larger clusters, according to the collocated SEM images. Antenna

resonances of objects with multiple junctions are modified compared to the single-dumbbell

electronic properties (Figure 5.1), leading to a range of transient scattering behaviors involv-

ing pump-loss, pump-gain and null signal. In the recent study[147] Frontiera et al. present

extinction spectrum for the ensemble of nantennas including monomers, dimers (∼ 10%)

and larger clusters. Weighted average of the clusters of different size in the ensemble results

in extinction peak located at 900 nm, red-shifted by 100 nm from the resonance of an ideal

dimer. Since the pump and Stokes beams in our measurements are chosen to be 907 nm and

1064 nm, respectively, a stronger interaction is expected for larger clusters with red-shifted

1200µW average power per beam
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scattering resonances. Moreover, due to multiple junctions in the illuminated volume, overall

scattering is increased for clusters, allowing for better differentiation of the transient signal

in the SE-SRS images.

Since the electronic antenna resonances are much broader in spectrum than the molec-

ular vibrational features, a uniform background is expected in the 8.5 nm window where

the molecular signature is investigated. Simultaneous SE-CARS and SE-SRS spectral scans

were recorded at safe incident laser energies established in Section 5.3.2. SE-SRS spectra

revealed no molecular signature, while a subset of objects in SE-CARS channels yielded

molecular signal discussed in Section 5.3.1. Interestingly, most single dimer nantennas that

yield molecular SE-CARS, yield very weak (when detectable) signal in the SE-SRS channel.

Given the sensitivity of lock-in detection we conclude that the molecular pump-loss signal

is ∆I
I
< 10−6. By placing the SRS photodetector in back-scattered path, the different sign

of the recorded spectrally flat differential pump signal was found to correspond to increased

forward or backward scattering induces by the Stokes beam.

The anti-Stokes resonant molecular signal with our choice of pump and Stokes wave-

lengths corresponds to 790 nm. To successfully enhance the unoccupied anti-Stokes field

mode, plasmonic resonance around that wavelength is required. According to our FDTD

calculations on gold dimer nantennas (Figure 5.1), scattering resonance around 800 nm cor-

responds to ∼ 1 nm gaps between the nanospheres. Due to colloid self-assembly nature of

studied gold dimers, a range of gap sizes is expected. A subset of dimer nantennas with

smaller gaps around ∼ 0.2− 0.3 nm have a scattering resonance red shifted to 900 nm[150]

that matches the pump wavelength used in our measurements. Since the spectral response

of SE-CARS-active subset of dimer nantennas in the SE-SRS channel is dominated by the

electronic transient scattering of the antenna, it follows that a different subset of nantennas

will give rise to molecular SE-SRS signals. On the one hand, small junctions on the order

of few angstroms, that efficiently enhance pump scattering, are characterized with very high
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local field gradients and can potentially damage the molecule in the junction with tunneling

currents, accessible at these length scales. On the other hand, junctions of ∼ 1 nm pro-

vide less field enhancement in the spectral region of the pump, complicating differential loss

detection. Increasing the input laser powers to reach detectable pump losses leads to the

evolution of the nanoantenna manifesting in signal intensity and sign change in the SE-SRS

channel, while no molecular signal is observed in the recorded spectra. These observation

highlight the importance of plasmonic mode matching when designing SE-NLO experiments.

5.4 Conclusion

The ν-domain psSE-CARS measurements carried out on single plasmonic nanonatennas

illustrate coherent Raman spectroscopy in the few-molecule limit. The recorded spectra are

undersampled copies of the cwSERS spectra. This is in contrast with the ensemble fsSE-

SRS measurements on the same system, which show dispersive lines[147]. The contrast is

remarkable because it does not follow expectations based on ensemble measurements. Beside

the distinction that the CARS signal cannot interfere with the incident fields, due to its color

and scattering geometry, an important distinction is the time ordering of interactions. In

SRS, the incident field drives the nantenna, which in turn excites the molecule, and the

reradiation of the molecule is amplified by the nantenna. We have shown that ultrafast

SE-CARS on single scattering centers can be understood as a saturated SRS step, followed

by surface-enhanced, spontaneous anti-Stokes Raman scattering. Because the final step

in which the signal is formed is the same as in SERS, it is perhaps not surprising that

the observed line profiles are the same. However, in both SERS and SE-CARS there is an

interplay between the molecular response, ERS of the nantenna, and coupled molecule−metal

scattering, which depends strongly on the selected excitation resonances. Our attempts to

record SE-SRS from individual dimer nanoantennas did not result in molecular spectra
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from the nanojunctions, instead the response was dominated by the transient scattering of

the nantenna itself. Unlike in the aforementioned ensemble fsSE-SRS study on the same

structures[147], our choice of the Raman pump in SE-CARS and SE-SRS is ∼100 nm red-

shifted relative to the scattering resonance of the nantenna. This is while the anti-Stokes

wavelength matches the dimer resonance. Our demonstration of molecular SE-CARS and

lack of observed molecular SE-SRS reveals the complexity of single-molecule spectroscopy

in the nanojunctions, highlighting the importance of understanding the interplay between

spectroscopic properties of the nantenna itself and the interrogated junction molecule(s).

The contrast between the line profiles observed in the present ν-domain psSE-CARS

measurements and those implied by the prior t-domain fsSE-CARS measurements under-

scores that in the few-molecule limit, the two measurements are not Fourier-related. The

t-domain CARS yields the cross-correlation among the members of the prepared vibrational

superposition while the ν-domain measurements yield the autocorrelation of individual vi-

brational lines. Hence, in the few-molecule limit, the t-domain measurement reveals cross-

correlation information that cannot be directly extracted from ν-domain measurements,

allowing a more in-depth interrogation of molecular dynamics. The two are identical in

the limit of large ensembles, where the trCARS signal can be retrieved through a Fourier

transform of the Raman spectrum[161].

More generally, we explore the parameter space for designing trSE-NLO. We show that

stimulated steps are easily saturated. As such, trSE-CARS and trSERS scattering rates are

determined by the final spontaneous radiation cross section, which in turn is quadratically

enhanced: σ∗s = β2
sσs. This is to be contrasted with the effective quartic, β4, enhancement in

cwSERS and the naive extrapolation that in the four-photon CARS process one may expect

β8 enhancement. The quadratic enhancement of incident fields IL = β2
i Ii has the primary

advantage of lowering the demand on incident intensity. The combination of field enhance-

ment and tight focusing requirements to isolate single scattering centers leads- to limiting
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strong local fields to 1012 − 1013 W/cm2 with what may be regarded as weak laser source:

100 fJ per 100 fs pulse (100 µW at 100 MHz). For typical non-resonant molecular scatterers,

due to the reduced duty cycle of pulsed lasers, the dynamic range between observation and

damage threshold is rather limited. In effect, enhancement factors that dictate the sensitiv-

ity of SERS can be detrimental in ultrafast measurements. In addition to the fundamental

limits in both peak and average intensities, we point out that an effective mode-matching

criterion exists in multicolor experiments. The latter consideration, namely, the role of the

spatial and temporal coherence of plasmons in coherent Raman scattering, requires further

exploration.
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Chapter 6

Summary

Many important processes in living organisms and molecular systems occur on the nanoscale.

An example is the biochemistry of cellular membranes, which are metabolic gates to the world

of the cell, transferring and storing essential chemicals. Moreover, chemical mechanisms on

the molecular level belong entirely to the nanoworld. Understanding these processes is vital

to developing new classes of pharmaceuticals and discovering the detailed metabolic effects

of the existing ones.

In the past century, the field of optical microscopy has successfully opened a path toward

building of a comprehensive model of the microworld. However, limited tools exist in studying

the details of the nansocopic systems and their interactions. Conventional optical microscopy

is fundamentally limited in resolution to several hundreds of nanometers. This limitation is

caused by the diffraction of light in the far-field, which does not allow to selectively visualize

weak signals in congested areas.

One approach to overcome this limitation is to utilize the near field interactions that are

not subject to the diffraction limit. Herein, near-field plasmonic confinement was combined

with nonlinear optical microscopy to achieve high sensitivity and spatial localization beyond
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the diffraction limit. Surface enhanced coherent Raman microspectroscopy was applied to

wide-field surface selective imaging (1D-confined)[29] and spectroscopy in the single-molecule

limit (3D-confined)[89]. Additionally, multiphoton luminescence induced by the perturba-

tions to the local SPP field was developed into a nanoscopic surface sensing imaging tech-

nique.

SPP-based SE-CARS microscopy achieved surface-selectivity down to 30 nm from the

interface due to the 1D plasmonic confinement. Local field enhancement allowed for wide

field chemically selective imaging simultaneously for a large field of view with five orders

of magnitude lower incident energies than in conventional CARS. Sub-micron sized lipid

droplets were successfully visualized with wf SE-CARS, which are otherwise challenging to

detect in point scanning configurations. Extended cellular structures were imaged with sur-

face sensitivity and chemical contrast. Moreover, image acquisition rates were significantly

improved due to the multiplex nature of full field-of-view detection, reaching video-rates.

Despite the aforementioned achievements, coherent excitation of dipolar arrays lead to in-

terferences in emission profiles, visualizing coherence (spatial phase) information, unwanted

in imaging. Further modifications of SE-CARS microscopy with controlled phase profiles

of the interacting beams and back focal plane masking should improve the imaging quality.

This will remove the phase relation between different parts of the field-of-view at a time

while Fourier filtering will help reduce the incoherent background.

A novel technique LFIME for high throughput sensing of surface binding affinities and

nanoscopic topography was presented. By utilizing the field confinement at the nanojunc-

tions between a flat metal film and dielectric objects, and the localized damping of the SPP

modes due to refractive index contrast, nonlinear gold fluorescence yields an imaging contrast

sensitive to the nanoscopic length-scales in the axial dimension. Nonfluorescent, nonmetal-

lic objects down to 30 nm in diameter were visualized. LFIME microscopy demonstrates
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high sensitivity comparable to SPRi microscopy while allowing for 10-100 times faster image

acquisition rates and diffraction limited lateral resolution facilitating super-localization.

trSE-NLO microspectroscopies were applied to studying 1 nm3 probe volumes in the hot

spots between two metallic spheres. Such 3D confinement allowed to isolate a single molecule

in space and dramatically boosted the local field intensity. This allowed for detectable count

rates reporting on coherence manipulation. Laser scanning SE-CARS in the nanojunctions,

as an alternative to SERS, provided a very high data throughput while maintaining the

familiar lineshapes, unlike in SE-SRS[147]. The choice of incident laser frequencies proved

to be crucial for successful acquisition of molecular spectra. Additionally, peak tolerable

local field intensity that preserves the integrity of the nanoantenna was found to be 1013

W/cm2. This information is crucial for future time resolved single-molecule studies with

short high peak power laser pulses.
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