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ABSTRACT 

Plasmonic Nanoantennas for Ultrafast Opto-mechanical Sensing 

Xiang Chen 

With the advances in electronics and communication devices over the last several decades, 

radio-frequency antennas have miniaturized from externally mounted “rabbit ears” on our 

grandma’s televisions to devices small enough to be concealed within the body of the 

cellphone itself, corresponding to the carrier frequencies used from on the order of 

hundreds of MHz to a few GHz. Optical nanoantennas, also called plasmonic nanoantennas, 

just like their radio-frequency equivalents, efficiently couples the energy of light - an 

electromagnetic wave oscillating at THz frequencies to a confined region within their feed 

gap of subwavelength dimension, far beyond the classical diffraction limit. The resonant 

optical interaction of metallic nanoantennas in their near-field produces strong 

electromagnetic field confinement, and the gap-width dependent optical scattering 

intensity opens a regime in sensing applications on the nanoscale. In this thesis, we first 

explore the optical interaction between two optical antennas- a metallic apertureless near-

field optical microscope (a-NSOM) tip and a metal-coated nanomechanical resonator 

(NMR) over nanoscale distance that vary in a harmonic or transient fashion to demonstrate 

local measurement of mechanical vibrations in NMRs with nanoscale spatial resolution 

and nanosecond temporal resolution. In the measurement, a plasmonic nanofocusing 

element is integrated with the a-NSOM probe for efficient concentration of propagating 
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surface plasmon polaritons (SPPs) at the apex of probe tip, and efficient confinement of 

light in the gap between the probe-tip and surface of the NMR. Using this technique, we 

measured the surface vibrations of suspended metal-coated silicon NMRs with a minimum 

detectable root-mean-squared displacement sensitivity of 0.3pm/√𝐻𝑧 . In addition, the 

plasmonic aNSOM technique is used for local measurement of motion in a NMR actuated 

by a harmonic photothermal source to demonstrate all-optical actuation and detection of 

mechanical vibrations in micro- and nanostructures with sub-wavelength lateral spatial 

resolution. 

Owing to the strong concentration of light at the plasmonic probe, significant heating of 

the tip and a sample positioned in the optical near-field is expected. We subsequently 

investigated the local heating produced by the plasmonic nanofocusing probe under steady 

state conditions using the tip-enhanced Raman approach. This study has implications for 

exploring the plasmonic nanofocusing probe in heat assisted nanofabrication and 

fundamental studies of nanoscale heat transport in materials. 

In order to push forward the temporal resolution of our technique to picosecond scale, 

corresponding to the measured frequencies exceeding 100GHz, the pump probe technique 

is then incorporated with the a-NSOM probe for detection of ultrahigh frequency phonon 

or acoustic vibrations in isolated nanostructures. This newly developed technique allows 

us to investigate mechanical vibrations in laterally patterned gold nanodots on glass 

substrates followed by transient optical excitation. With this technique, quantitative 
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information on a single nanostructure with high temporal and spatial resolution can be 

obtained. 

Finally, using the optical field concentration of plasmonic nanoantennas as inspiration, a 

novel class of pillar nanoantennas (P-NAs) is designed, and their plasmon response is 

utilized for polarization selective detection of complex acoustic phonon vibration modes. 

This study have important implications in the development of, high speed opto-acoustic 

modulators, reconfigurable nanomechanical plasmonic metastructures, and ultrafast 

transducers for detection of acoustic vibrations. 
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Chapter 1 Introduction 

1.1 Background and Motivation 

Microelectronics have changed our society and daily life in ways that no one could have 

fathomed when Gordon Moore published his visionary paper in the late 1960s [1]. For the 

past five decades, the number of transistors in a single microelectronic chip has 

exponentially increased by continuous reduction in the feature size. However, the 

improvement of the product quality and yield is hampered by the fact that nondestructive 

metrology has not kept pace with the advances in fabrication techniques. As such, there is 

a critical need for nondestructive techniques capable of dimensional characterization of 

microelectronic elements and the associated thin film interconnects with critical 

 

Figure 1.1 (a) Schematic cross-section of copper (orange) interconnect features in current semiconductor chips, (b) 

detailed schematic cross-section of a single copper interconnect channel, and (c) scanning electron microscopy 

image of a single cooper interconnect structure. 
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dimensions in the range of 1-100nm, for identifying integrated circuit failures, such as, 

delaminations in interconnect layers and nanoscale voids in bonded interfaces. An example 

of copper interconnect features in current semiconductor chips is shown in Fig 1.1(a) and 

(b), and a representative scanning electron microscopy image of single copper interconnect 

channel is shown in Fig 1(c). Copper interconnects are normally fabricated using the dual 

damascene approach, where inter-level-dielectric(ILD) is first deposited and patterned to 

define trenches, and then metal is deposited to fill the patterned oxide trenches, and finally 

polished to the desired thickness. If the interconnect structures are under polished, residual 

copper will short out the circuitry resulting in defective dies, conversely, over polishing 

increases the line resistance, negatively impacting the performance of device. As such, it 

is critical to nondestructively monitor the thickness of copper interconnects. To date, a 

variety of nondestructive metrology are used to monitor polishing processes including 

ultrafast photoacoustic (PA) and photothermal (PT) techniques [2, 3] that measure 

embedded metal thickness, and high resolution scanning probe microscopy (SPM) that 

measures the relative step height differences between structures such as copper pads and 

line arrays. For ultrafast PA and PT techniques, using ultrafast laser sources, which produce 

laser pulses with time durations in the tens to hundreds of femtosecond range, hypersonic 

acoustic waves are generated and detected. These techniques are well suited for 

nondestructive testing of sub-micrometer film thickness and investigation of photo-

induced coherent phonon vibrations [4-6] in nanostructures. However, in the dense narrow 
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copper line arrays that are required for current and next generation devices, due to the 

diffraction limit, the measurement spot size may cover several copper lines/dielectric pairs, 

leading to spatial averaging of acoustic signals from individual components. For SPM 

techniques, the resolution is not limited by the classic diffraction theory, only by the size 

of the probe-sample interaction volume, which can be as small as few nanometers. So far, 

a variety of new techniques are integrated with SPM technique, such as, atomic force 

spectroscopy (AFS) [7, 8], atomic force acoustic microscopy (AFAM) [9, 10], ultrasonic 

force microscopy (UFM) [11-13], near-field scanning optical microscopy (NSOM) [14-16]. 

providing not only the topography of the samples, but also their optical, magnetic, electrical 

and mechanical properties. Even though the SPM based techniques are able to take 

measurements with sub-100nm lateral spatial resolution, the temporal resolution is still 

limited, making it difficult to obtain the dynamic information of the samples. 

Recent progress in plasmonics has opened a new gateway to reduce the cross sections of 

propagating optical modes far beyond the diffraction limit, to efficiently deliver optical 

energy to nanoscale objects, and to concentrate this energy within spatial regions with 

dimensions as small as a few nanometers [17-19]. Long before scientists have pursued 

interest in investigation of light interaction with nanometer sized metallic objects, artists in 

ancient Rome leveraged the resonant absorption and scattering properties of gold (Au) and 

silver (Ag) nanoparticles embedded in glass to generate brilliant colors in their artefacts 

and artwork such as, the Roman Lycurgus cup that appears green or red when viewed (Fig 
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1.2)[20]. Beyond aesthetics, systematic study of modern plamonics dates back in the works 

of Gustav Mie (1980) and Rufus Ritchie (1957) on small metal particles and flat metal 

surfaces. Today’s application of plasmonics include the utilization of metal nanostructures 

used as nano-anttenna optical probes in biology and chemistry [21-23], implementation of 

strong near-field enhancement in tip enhanced Raman spectroscopy (TERS) [24] or 

Surface enhanced Raman Spectroscopy (SERS) [25] and the development of metamaterial 

to manipulate light propagation [26]. The central feature of nanoplasmonics is the 

confinement of optical fields into deep subwavelength volumes and the most popular 

geometries are antenna based structures, including bowtie nanoantennas [27], nanorod 

dimer [28] and pillar bowtie nanoantennas [29], that exploit the resonant enhancement of 

charge density oscillations to funnel freely propagating electromagnetic waves into 

 

Figure 1.2 Ancient Roman Lycurgus cups 
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nanometer-sized gap regions. The optical field enhancements by greater than three order 

of magnitude can be engineered in the gap region and these sub-diffraction “hot spots” are 

particularly useful in the field of nonlinear optics. The basic theory behind the antennas 

effect can be formulated by coupling point dipoles, in which the plasmon resonance of 

individual dipolar particle can be converted to a coupled mode by placing a second particle 

nearby. Due to evanescently decaying field around each of these particles, the coupled 

dipole system is very sensitive to the gap distance change perturbed by motion of each 

particle. Furthermore, from a theoretical point of view, coupled dipole model can be used 

to describe the electromagnetic interaction of a metallic probe-tip and a sample surface 

within the near-field interaction region in near-field scanning optical microscope (NSOM) 

technique.  

In this thesis, we investigate coupled dipoles system perturbed by displacing two plasmonic 

elements (one is the aNSOM probe and another is the metallic sample) in each other’s near 

field, where, 1. the probe and sample vibrate in harmonic motion, 2. the probe vibrates in 

harmonic motion and the sample exhibits ring down vibrations, and 3. the probe tip is in 

contact with a sample vibrating in frequencies in the tens of GHz range. The main 

achievement of this work is the development and characterization of an ultrafast aNSOM 

approach that allows for detection of ultrafast laser generated phonon vibrations with 

nanoscale lateral spatial resolution and picosecond time resolution. This newly developed 

technique: Piecosecond Ultrasonic Near-field Optical Microscopy (PUNOM), will open a 
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new avenue for reliable nondestructive metrology for failure analysis in nanoelectronics, 

quantitative investisgation of mechanical properties of individual nanostructured thin film 

and acoustic imaging of buried nanoscale defects and voids. On a broader scope, the ability 

to detect acoustic waves with a high temporal resolution and high spatial resolution using 

the PUNOM technique can provide a platform for investigation of heat transport and 

coherent phonons in confined geometries.  

To date, the SPM based techniques have commonly employed single point probes for serial 

detection, which is generally slow in acquiring images of physical quantities. However, on-

line monitoring of copper interconnect deposition process requires fast positioning a probe 

on copper interconnect with width ranging from less than 100nm to several micrometers. 

Recent advances in scanning probe microscopy has exhibited extreme imaging speed 

without loss of resolution. For example, with the FastScan system (Bruker), it is possible 

to achieve immediate atomic force microscopy images with the expected high resolution 

and survey a sample scanning at >125Hz to find the region of interest. Unfortunately, the 

scanning probe used in FastScan system is made of diamond, while metallic probes made 

of gold or silver used in most NSOM system are easy to get blunted due to fast scanning 

speed. An alternative approach to improving the imaging speed is to employ an array of 

plasmonic nanoantennas placed in the near field region of the sample surface, where each 

individual nanoantenna will serve as a "hot spot" to capture the local properties of the 

sample. The plasmonic nanoantenna array is especially useful for optical trapping and 
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manipulation in the biology sciences [30-32], where it has become a ubiquitous tool to 

study single-molecule biophysical systems, mechanical properties of DNA, and single 

viruses, bacteria, and cells. In the last chapter of this thesis, I will describe my recent efforts 

to develop arrays of plasmonic nanoantennas and the investigation of their ultrafast 

acoustic vibration properties. Incorporating ultrafast PA and PT technique with plasmonic 

nanoantenna arrays, where individual nanoantenna serves a point sensor and the whole 

arrays serves as a sensor array, will allow for tracking dynamic motion at multiple points 

on a sample surface using confined optical cavities. 

 

1.2 Photoacoustic Materials Characterization and Imaging 

Photoacoustic (PA) methods are high sensitivity, non-contact inspection techniques used 

for materials characterization and nondestructive evaluation [33-35]. These methods rely 

on the thermoelastic generation of elastic waves by a laser source. Figure 1.3 shows a 

schematic of the processes involved. A pulsed excitation laser locally illuminates the 

surface of a material, where the laser energy is absorbed leading to localized heating. The 

heating produced by the laser creates a local and transient thermoelastic expansion and the 

resulting confined stresses radiate energy into material as coherent elastic waves. These 

elastic waves (also called acoustic waves) propagate as bulk longitudinal and shear waves 

in an infinite solid. In finite solids, the presence of boundaries lead to coupling of the 

longitudinal and shear waves to wave-guide modes (Lamb modes) and surface acoustic 
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waves. As the elastic waves propagate through the specimen, their amplitude decrease due 

to material attenuation, scattering from structural or material inhomegeneities in the 

specimen, and geometric spreading. Furthermore, the propagation velocity of these waves 

is material dependent, being directly related to the elastic properties and density. As such, 

measurement of the amplitude and velocity of the laser generated elastic waves provides a 

means for characterizing the elastic properties, microstructure, and composition of 

materials. In addition, the interaction of elastic waves with surface and sub-surface objects 

in a material creates diffracted waves. Mapping the spatial variation of the diffracted field 

provides a means to reconstruct the shape and location of the objects. In PA methods, elastic 

waves are detected using diffraction or deflection based optical probes. In interferometric 

 

Figure 1.3 Schematic of pulsed laser generation and detection of acoustic waves 
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methods, a probe beam reflected from a vibrating sample surface is phase-modulated by 

the surface displacement. The phase-modulated probe beam is then demodulated by 

interfering with a reference beam, which converts the phase modulation to an intensity 

change that can be recorded by a photodetector. In optical lever approaches, a position-

sensitive photodetector is used to detect the rotation of a probe beam reflected by a moving 

surface. The lateral spatial resolution of PA technique, which is dictated by the spot size of 

light, is limited by diffraction to half of the probe wavelength.  

 

1.3 Picosecond Ultrasonics-Ultrafast PA Method 

Picosecond ultrasonics technique, which is also referred to as pump probe technique, is a 

type of laser based PA method, where ultrahigh frequency acoustic waves are generated by 

ultrafast laser pulses with time duration in the tens to hundreds of femtoseconds range. It 

is a common tool used to measure the transient thermal and acoustic properties of different 

 
(a)                             (b) 

Figure 1.4 Generation and detection of bulk acoustic waves using the picosecond ultrasonic technique 
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materials, such as metal, semiconductors, nano-particles and thin films with sub-micron 

thickness on time scales not easily accessible by other means. Picosecond ultrasonics is a 

rather popular technique for numerous studies in solid state physics and microelectronics. 

In this technique, the excitation laser creates a bulk compressional (or longitudinal wave) 

in the film, which reflects from the film-substrate interface and is detected by reflecting a 

time-delayed probe laser pulse at the free surface of the film, and measuring the intensity 

change of the reflected probe. The intensity change results from strain induced modulation 

of the optical reflectivity of the sample surface associated with the acoustic wave arrival. 

The time evolution of the sample surface displacement or strain is recorded at different 

time delays between the pump and probe pulse lasers. In order to separate the probe pulse 

from the pump pulse, two methods are used: frequency separation (Fig 1.4 (a)) where the 

wavelength of the probe pulse is different from that of the pump pulse, and spatial 

separation (Fig 1.4 (b)) where the collection angle of the probe pulse suppresses the 

receiving of the pump pulse. Figure 1.5 shows a representative waveform for picosecond 

ultrasonic response in approximately 30nm aluminum film on silicon substrate. Before the 

pump laser pulse arrives at the specimen surface, the probe laser pulse measures no relative 

change in the optical reflectivity. When the path length of pump and probe laser pulses is 

exactly the same (corresponding to 0 time delay), both laser pulses hit the specimen at the 

same time and an initial reflectivity jump is observed. This reflectivity jump is caused by 

the increased temperature and strain. Superimposed on the smooth decay of the reflectivity, 
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which is caused by the slowly decreasing temperature in the thin film, are acoustic wave 

reflections that induced dynamic strains close to the sample surface that perturb the surface 

optical reflectivity. These vibrations are caused by thermoelasticeffects and the vibration 

frequency can be used to calculate the film thickness if the Young’s Modulus of the sample 

is known. The short wavelength of the generated acoustic pulses is ideal for 

characterization of nanostructured thin film materials, however, the spot size of the probe 

laser pulse is limited by diffraction limit when using a conventional dielectric lens. The 

large probe spot size makes it difficult to make measurements on single nanostructures or 

to resolve nanoscale lateral variations in the acoustic wave response within the film. The 

latter may result from scattering from buried nanoscale interfaces or defects.  

 

 
Figure 1.5 Experimental waveform showing acoustic resonance excited by an ultrafast laser in 30nm aluminum thin 

film on silicon substrate. 
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1.4 Near-field Scanning Optical Microscopy  

Traditional optics operate in the far-field, using a system of optical elements such as 

mirrors or lenses that collect light scattered from an objective and creating an image of the 

object on a viewing device. If the object is smaller than the light wavelength, the diffraction 

angle can be pretty broad, resulting in a small portion of rays reaching the plane of viewing 

device. Even if the far field rays are all collected, the spatial resolution or smallest 

distinguishable distance between two features that can be obtained with traditional light 

microscopes is still limited by the Rayleigh criterion, depending on the light wavelength 

(λ) and numerical aperture (NA) of the collection optic according to Δx =1.22λ/NA. For 

example, using a visible light source with λ = 532nm and a microscope objective lens with 

NA = 0.65, a spot size of approximately 800 nm can be achieved. In order to overcome the 

diffraction limit on the spatial resolution, collection of the evanescent components of light 

in the near-field is necessary since these evanescent components decay fast around the 

sample surface. As such, a variety of near-field optical techniques have been developed, 

that fall under two broad categories namely, aperture type NSOM and apertureless NSOM 

(a-NSOM). The illustrations in figure 1.6 represent basic configurations of aperture type 

NSOM and apertureless NSOM. In aperture NSOM, a small aperture, such as an Al coated 

fiber tip is scanned in close proximity to the sample surface and resolutions of 50-100nm 

can be achieved. Because of the small aperture, only a small portion of light can be 

collected, yielding a low throughput. In apertureless NSOM, a very sharp sub-diffraction 
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limited tip is placed on sample surface with nanometer gap distance. As sketched in figure 

1.6 (b), an illuminating beam is focused onto the probing tip. The usually chosen metallic 

tip acts as an antenna, concentrating the incident light at the apex of the tip. As such, silver 

and gold are two commonly used material to fabricate a-NSOM probe-tip, since they have 

resonant frequencies in the visible or infrared wavelength. The scattered light from the 

probe-tip and sample interaction is used to create an optical image of the sample. The 

spatial resolution of a-NSOM is not dependent on the wavelength of the illumination light; 

instead, it is determined by the size of the probe tip which can be as small as few 

nanometers. The illumination of the scattering probe tip, however, causes a large 

background signal by scattering from both the probe shaft and the sample surface. The 

background can be suppressed by modulating the tip at a fixed frequency and demodulating 

     
(a)                                     (b) 

Figure 1.6 Illustration figures of (a) aperture NSOM and (b) apertureless NSOM 
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the scattered intensity at harmonics of the frequency in the far-field. The latter arises due 

to the nonlinear dependence of the scattering intensity with the probe-tip separation. 

 

1.5 Plasmonic Nanofocusing Approach 

Efficient delivery and concentration of optical energy within spatial regions with 

dimensions as small as a few nanometers has been achieved in recent years [36]. These 

development largely rely on the use of surface plasmon polaritons (SPPs) – 

electromagnetic waves formed by collective oscillations of free carriers at the surface of a 

metal. A special phenomenon occurs when SPPs with a particular polarization propagate 

along tapered structures. Both the phase and group velocities of SPPs gradually vanish 

toward the apex, resulting in adiabatic energy concentration and a strong local field 

enhancement [37, 38]. Despite some constraints on coupling efficiency of far field light to 

propagation SPPs and energy dissipation through SPPs propagation to the apex, such 

adiabatic nanofocusing technique allows for true three-dimensional focusing into an 

excitation volume as smaller as few nanometers, far beyond the diffraction limit when 

using a conventional dielectric lens. Integration of the plasmonic nanofocusing approach 

with scanning probe microscopy (SPM) has inspired a variety of novel applications in 

nano-optics. For example, Diyar et al. reported on using grating-coupled adiabatically-

focused apertureless near-field scanning optical microscopy (a-NSOM) for background-

free imaging of single metallic nanoparticles with deep subwavelength resolution [39]. The 
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same group then studied photoelectron emission from the apex of a sharp gold nano-taper 

illuminated via grating coupling and demonstrated an increase of electron yield over that 

of direct apex illumination [40]. Samuel et al. extended the application of adiabatic 

plasmon nanofocusing for tip-enhanced Raman scattering (TERS) to study surface 

molecules with enhanced contrast [41]. They also coupled femtosecond laser pulses with a 

nanofocusing probe to demonstrate simultaneous nanometer spatial confinement and 

femtosecond temporal control of an optical excitation [42]. Here we present our plasmonic 

nanofocusing approach that uses a metallized AFM probe for efficient confinement of light 

to a nanoscale spot size at the probe-tip. Figure 1.7 shows a basic illustration of the 

technique as it pertains to acoustic wave or vibration detection. In the figure, a silver coated 

AFM probe is used. The probe laser is used to excite propagating SPPs on the shaft of an 

AFM probe through a diffraction grating on the tapered facets of the probe. The SPPs 

propagate adiabatically towards the probe tip where they are localized and converted to 

localized plasmons (LSPs). For a fixed frequency, the wavelength of an SPP is smaller than 

that of light in free space, and when an SPP is coupled to an adiabatically tapered 

waveguide (i.e., the waveguide curvature is slow as compared to the SPP wavelength) like 
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on the facets of an AFM probe, the SPP propagate freely towards the probe-tip with 

minimal reflections, forming a highly localized optical source. The decay length of the 

probe-tip SPPs in the dielectric medium (air) is shorter than the light wavelength. As such, 

to couple the SPPs to the sample, the separation distance between the probe-tip and sample 

has to be maintained within the decay length.  

 

(a) 

 

(b) 

Figure 1.7 (a) Schematic of plasmonic nanofocusing probe for transduction of local surface displacements (b) SEM 

image of a plasmonic nanofocusing probe. The scale bar is 5𝜇𝑚 
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1.6 Overview of Dissertation 

Recent advances in plasmonics have enabled unprecedented control of light matter 

interaction, making it possible to concentrate optical energy within spatial regions with 

dimensions as small as a few nanometers. For example, the resonant interaction of two 

optically interacting metal particles with nanometer spacing couples far field radiation to 

localized plasmon modes. Changes in the gap width between two particles due to the 

acoustic wave or mechanical vibration induced displacement, or changes in the sample 

dielectric properties due to thermal or mechanical strain, lead to modulation in the intensity 

or the plasmon resonance of the scattered light measured in the far-field. Based on these 

approaches, we investigate the near-field optical interaction in tip-sample system, enabling 

the detection of mechanical motion in nanomechanical resonator and acoustic wave 

measurements on individual nanostructures. On the other hand, rapid progress in 

picosecond ultrasonics techniques opens a new gateway to elucidate the scenario of 

hypersonic acoustic waves propagation in nanostructures with ultrahigh temporal 

resolution. The next part of this work incorporates an a-NSOM probe into picosecond 

ultrasonic techniques for detection of ultrafast laser generated ultrafast vibrations in 

nanostructures with frequency components exceeding 100GHz with nanoscale spatial 

resolution and picosecond time resolution, which will open a new avenue for reliable 

nondestructive metrology for failure analysis in nanoelectronics, quantitatively 

investisgation of mechanical properties of individual nanostructured thin film and acoustic 
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imaging of buried nanoscale defects and voids. Finally, I report of the development of 

plasmonic nanoantenna arrays, where each element serves as a nanometer sized optical 

sensor. This plasmonic antenna array can be further developed as ultrafast transducers for 

investigation of physical scenario such as heat transport and phonon propagation in 

nanostructures with extremely high spatial and temporal resolution. 

 

In chapter 2, a simple spring-mass-damper model is employed to investigate the interaction 

of two dipoles perturbed by displacing two plasmonic elements in each other’s near field. 

Using this simple analytical model, a relationship between the plasmon resonance and the 

spacing between the plasmonic elements is established that provides a fundamental 

framework for the work done in this thesis.  

 

In chapter 3, we explore apertureless near-field optical microscopy (a-NSOM) to 

demonstrate local measurement of mechanical vibrations in an isolated metal-coated 

silicon nanowire with high spatial and temporal resolution. The experimental illustration 

are shown in figure 1.8. We demonstrate spatial-temporal measurement of multiple flexural 

vibration modes in two orthogonal directions in the nanowire. Measurement of these modes 

would allow for characterization of the elastic modulus along the orthogonal 

crystallographic directions and processing induced residual stress.  
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Chapter 4 explores scanning probe microscopy (SPM) to demonstrate local measurement 

of motion in an isolated, metal-coated silicon nanomechanical resonator actuated by a 

harmonic photothermal source. We present a heterodyne demodulation approach to 

suppress unwanted background scattering and resolve the mode shapes of the first and 

second eigen bending modes of the resonator. The measurement technique allows for an 

all-optical actuation and detection of mechanical vibrations in micro- and nanostructures 

with sub-wavelength lateral spatial resolution. Furthermore, the measurement technique 

allows for actuation of the resonator over a broad frequency range, and measurement of the 

steady state displacement with high frequency resolution and signal-to-noise ratio. 

 

In previous chapters, the nanofocusing scheme are explored in near-field transduction of 

 

Figure 1.8 Apertureless near-field optical microscopy experiment. 
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nanomechanical vibrations. Owing to the strong concentration of light at the probe, 

significant heating of the tip and a sample positioned in the optical near-field is expected. 

In chapter 5, we investigate the local heating produced by the plasmonic nanofocusing 

probe under steady state conditions using the tip-enhanced Raman approach. In addition, a 

finite element model is explored to study the coupling of free propagating light to LSPs 

and to predict the temperature rise expected in a half space heated by the local optical probe. 

This study has implications for exploring the plasmonic nanofocusing probe in heat 

assisted nanofabrication and fundamental studies of nanoscale heat transport in materials. 

 

Chapter 6 develops a new technique, in which an aNSOM probe is incorporated with 

ultrafast time-resolved pump-probe technique. The newly developed technique allows us 

to investigate mechanical vibrations in laterally patterned gold nanodots on glass substrates 

resulting from transient optical excitation by a femtosecond pump laser. This technique 

provides unprecedented access to short spatial scales (nanometers) and time scales 

(picoseconds) to enable the investigation of optomechanical interactions, particularly in 

plasmonic structures at the nanoscale, and the potential to advance the development of 

coupled plasmonic and phononic devices in the future. 

 

In chapter 7, a novel class of pillar nanoantennas (P-NAs) is designed, and their plasmonic 

response is utilized to selectively detect complex phonon modes below the diffraction limit 
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though the coupling mechanism between plasmon and phonon modes.  

This work can be exploited for applications such as ultratrace chemical detection, ultrafast 

transducers and ultrasensitive optical detectors. 

 

Finally, Chapter 8 provides a summary of the technological developments achieved 

thorugh this project. In addition, some suggestions are provided for future research 

directions that can be pursued leveraging the achievements of this project 
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Chapter 2 Theory of Plasmon Based Sensing 

The study of optical phenomena related to the resonant electromagnetic response of metal 

nanostructures is termed plasmonics. At the fundamental level, most of the physics of the 

interaction of light with metal subwavelength nanostructures is based on the frequency 

dependence of the metal’s complex dielectric function. In this chapter, I will begin with a 

classic model: Lorentz-Drude model, which gives rise to the fundamental optical properties 

of metals and dielectrics. Then I will investigate important solutions of Maxwell's 

equations for, 1. the electromagnetic interaction at a plane metal-dielectric interface, and 2. 

noble metal nanostructures that exhibit resonant behavior. Finally, I will develop a coupled 

dipole model to represent light interaction between two nanosized metallic particles 

separated by a distance which is much smaller than the wavelength of light, and reveal how 

the coupled plasmonic resonance changes with respect to the particle size and their 

separating distance. This analytical model is also suitable for describing the optical 

interaction between a metallic probe and a planar sample surface since the sample surface 

can be treated as an image dipole. 

 

2.1 Basics 

The interaction of metals with electromagnetic fields can be completely described within 

the framework of the classical Maxwell's equations, with express the relationship between 

the electric (E) and the magnetic (H) fields: 
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∇ ∙ 𝐃 = 𝜌                           (2.1) 

∇ ∙ 𝐁 = 0                             (2.2) 

                          ∇ × 𝐄 = −𝜕𝐁/𝜕𝑡                           (2.3) 

                          ∇ × 𝐇 = 𝐉 + 𝜕𝐃/𝜕𝑡                         (2.4) 

Where D is the electric displacement, B is magnetic induction, J is the current density and 

𝜌  is the external charge density, respectively. The constitutive relation provides a 

relationship between the electric and magnetic fields and the electric displacement (D) and 

magnetic induction (B): 

                             𝐃 = 𝜖0𝐄 + 𝐏                         (2.5) 

                              𝐁 = 𝜇𝐇                            (2.6) 

Where ε = 𝜀0𝜀𝑟 and 𝜇 = 𝜇0𝜇𝑟 are the electric permittivity and magnetic permeability of 

the material, respectively. 𝜀0 is the vacuum permittivity, 𝜇0 is the vacuum permeability 

and 𝜀𝑟 ,  𝜇𝑟 are the material-dependent relative permittivity and permeability. The 

polarization of the medium P is given by 𝐏 = 𝜖0𝜒𝑒𝐄  where  𝜒𝑒  is the dielectric 

susceptibility of the medium. 

 

2.2 Lorentz-Drude Model for light-Matter Interaction 

The optical properties of subwavelength metal nanostructures can be described over a large 

frequency range using the Lorentz-Drude model [43] where a polarizable atom containing 

a single negative electron bound to a positive nucleus. This electron starts to oscillate in 
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the presence of an electromagnetic field 𝐄(𝑡) = 𝐄0exp (−𝑖𝜔𝑡). The electron is displaced 

from its equilibrium position via the applied electric field, which gives rise to the force 

𝐅 = −𝑞𝐄0. As the external excitation field oscillates with a frequency  𝜔, the oscillatory 

response of the electron induces an atomic dipole that can be modeled as a simple spring-

mass-damper system with expression as,  

�̈� + 𝛾�̇� + 𝜔0
2𝑥 = −

𝑞

𝑚𝑒
𝐄0                                          (2.7) 

Where 𝑚𝑒 is the effective mass of the bound electron, 𝛾 is a damping constant and 𝜔0
2 

is the resonant frequency. The steady displacement amplitude is given by,  

𝑥 =
(

𝑞
𝑚𝑒

)𝐄0

𝜔2 − 𝜔0
2 − 𝑖𝜔𝛾

                                                (2.8) 

The electronic dipole moment is related to the displacement amplitude by 𝐩 = 𝑞𝑥 . 

Suppose there are N electrons, the cumulative effect of all the individual dipoles results in 

a microscopic polarization P given by, 

𝐏 = 𝑁𝐩 =
𝑁𝑞2

𝑚𝑒(𝜔2 − 𝜔0
2 − 𝑖𝜔𝛾)

𝐄0                                   (2.9) 

The relation between the dielectric constant 𝜀 and the macroscopic polarization 𝐏 can be 

expressed as, 

𝜀 = 1 +
|𝐏|

𝜀0|𝐄|
                                                    (2.10) 

Taking into account the solution P thus yields the complex, frequency dependent optical 

properties 

𝜀(𝜔) = 𝜀′ + 𝜀′′                                                   (2.11) 
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𝜀′(𝜔) = 1 +
𝜔𝑝

2(𝜔2 − 𝜔0
2)

(𝜔2 − 𝜔0
2)2 + 𝜔2𝛾2

                              (2.12) 

𝜀′′(𝜔) =
𝜔𝑝

2𝜔𝛾

(𝜔2 − 𝜔0
2)2 + 𝜔2𝛾2

                                (2.13) 

Where 𝜔𝑝 = √𝑁𝑁𝑞2/(𝜀0𝑚𝑒) is the volume plasma frequency. The resonant frequency, 

plasma frequency, and damping constant are all material dependent parameters that control 

the optical response.  

In metals, the spring-mass-damper equation contains no restoring force since free electrons 

are not bound to the nucleus. In this case, the resonant frequency 𝜔0
2  is zero, 

corresponding to a mass-damper system. Setting 𝜔0
2 to zero in equation (2.12) and (2.13), 

yields the Drude model for the dielectric constants given by, 

 𝜀′(𝜔) = 1 −
𝜔𝑝

2

𝜔2 + 𝛾2
                                           (2.14) 

𝜀′′(𝜔) =
𝜔𝑝

2𝛾

𝜔(𝜔2 + 𝛾2)
                                           (2.15) 

Here the damping term is proportional to 𝛾 = 𝑣𝐹/𝑙, where 𝑣𝐹 is the Fermi velocity and 

𝑙 is the electrons mean free path between scattering events.  
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2.3 Localized Surface Plasmon Resonances (LSPRs) 

Localized surface plasmons (LSPs), also known as surface plasmons on metal 

nanoparticles are non-propagating plasmon excitations on metallic nanostructures. 

Qualitatively, LSPs can be analyzed by Lorentz-Drude Model, where the free-electron gas 

in a metallic particle is perturbed by an incident electric field. For subwavelength particles 

(𝑑 ≪ 𝜆), the incident field of wavelength 𝜆 fully penetrates the nanoparticle and causes a 

uniform displacement of the negative electron gas from the positive nucleus, thereby 

establishing a quasi-static dipole moment in the particles (Figure 2.1). The quantitative 

analysis of LSPRs can be performed in case of a small spherical particle of radius 𝑎 

 

Figure 2.1 Localized surface plasmon resonances 
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illuminated by a plane wave electric field described𝐄 = 𝐄𝟎exp(iωt). The surrounding 

medium is assumed to be isotropic with dielectric constant 𝜀𝑑, and the optical properties 

of the metal particle is described by the complex dielectric constat 𝜀𝑚. For this case, Eqns. 

2.1 to 2.4 reduces to the Laplace equation: ∇2Φ = 0, where Φ is a scalar potential related 

to the electric field distribution by, 𝐸 = −∇Φ. The solution to the Laplace’s equation 

yields the electric field outside the particle, which consists of the incident and scattered 

wave components described by the equation below in spherical coordinates,  

𝐸(𝑟, 𝜃) = 𝐸0(𝑐𝑜𝑠𝜃�̂�𝑟 − 𝑠𝑖𝑛𝜃�̂�𝜃) +
𝜀𝑚(𝜔)−𝜀𝑑

𝜀𝑚(𝜔)+2𝜀𝑑

𝑎3

𝑟3 𝐸0(2𝑐𝑜𝑠𝜃�̂�𝑟 + 𝑠𝑖𝑛𝜃�̂�𝜃)         (2.16)  

where �̂�𝑟 and �̂�𝜃 are unit vectors along the radial and azimuthal directions. The first term 

in the equation represents the incident field and the second term is the scattered field, which 

resembles the electric field of a point dipole with a dipole moment of [43],  

𝐏 = 𝜀0𝜀𝑑𝛼𝐄𝟎                                                              (2.17) 

and the term 𝛼 represents the frequency dependent polarizability given by,  

𝛼(𝜔) = 4𝜋𝑎3
𝜀𝑚(𝜔) − 𝜀𝑑

𝜀𝑚(𝜔) + 2𝜀𝑑
                                       (2.18) 

The real part of the polarizability has a maximum when the real part of 𝜀𝑚(𝜔) is equal to 

-2𝜀𝑑, representing the localized surface plasmon resonance condition, and it has strong 

implications on the amplitude of the electric field scattered from and absorbed by the 

polarized particle. Two important quantities that characterize the optical properties of a 

plasmonic particle are the scattering and absorption cross sections, which describe the rate 

at which optical energy is scattered or absorbed by the particle. The amplitude of the 
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scattered field from the particle is related to the scattering cross-section. Suppose the total 

power of the absorbed power 𝑃𝑎𝑏𝑠 and scattered power 𝑃𝑠𝑐𝑎𝑡 by the particle are given by, 

𝑃𝑎𝑏𝑠 = ∬ 𝑅𝑒|𝐸𝑡𝑜𝑡 × 𝐻∗
𝑡𝑜𝑡|

𝜕𝑉

. 𝑑𝑠                                    (2.19) 

𝑃𝑠𝑐𝑎𝑡 = ∬ 𝑅𝑒|𝐸𝑠 × 𝐻∗
𝑠|

𝜕𝑉

. 𝑑                                          (2.20) 

In the above expressions Re represents the real part, 𝐸𝑡𝑜𝑡 and 𝐻𝑡𝑜𝑡are the total electric 

and magnetic fields, 𝐸𝑠 and 𝐻𝑠 are the scattered electric and magnetic fields, and the 

integrals are taken over a surface s enclosing a volume 𝜕𝑉  around the particle. The 

absorption cross sections is given by the ratio of 𝑃𝑠𝑐𝑎𝑡 and the incident power 𝐼𝑜,  

 

𝑃𝑎𝑏𝑠

𝐼0
= 𝜎𝑎𝑏𝑠 =

𝑘

𝜀0
Im(𝛼(𝜔))                                              (2.21) 

and the scattering cross section is given bym 

𝑃𝑠𝑐𝑎𝑡

𝐼0
=  𝜎𝑠𝑐𝑎𝑡𝑡 =

𝑘4

6𝜋𝜀0
2

|𝛼(𝜔)|                                          (2.22) 

In these expressions k is the wavenumber. The absorption and scattering cross sections are 

maximum when the localized surface plasmon resonance condition is satisfied.   

 

2.4 Coupled Dipole Model 

In section 2.3, the electromagnetic wave interaction with a single particle is formulated by 

describing the scattered field from the particle as a dipole. Consider the interaction of an 
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incident electromagnetic wave with two metal particles. In this case, we will treat these 

particles as point dipoles separated by a distance d that is much smaller than the wavelength 

of the incident wave. The total dipole moment of the system of particles is equal to the 

vectorial sum of the dipole moments of each particle, 

𝐏 = 𝐏𝟏 + 𝐏𝟐                                                          (2.23) 

Following the formulation in section 2.3, the dipole moment for each particle is given by, 

𝐏 = 𝜶 ∙ 𝐄                                                              (2.24) 

Where 𝜶  is the 3 × 3  polarizability tensor,. The radiated electric field from a point 

dipole at position 𝐫𝟎 can obtained through the Green dyadic approach [43], and is given 

by,  

𝐄𝑑𝑖𝑝𝑜𝑙𝑒(𝐫) =
𝑘2

4𝜋𝜀0𝑟
𝑒𝑖𝑘𝑟 ((�̂� × 𝐩) × �̂� + (3�̂�(�̂� ∙ 𝐩) − 𝐩) (

1

（𝑘𝑟））
2 −

𝑖

𝑘𝑟
)) (2.25) 

In free space, where r = |𝐫 − 𝐫𝟎| and 𝑘 = ω/c, and c wave speed. Within the near-field, 

a distance from each dipole that is much smaller than the wavelength, the dipole field 

reduces to, 

𝑬𝑑𝑖𝑝𝑜𝑙𝑒 =
𝒑

2𝜋𝜀0𝑑3
                                            (2.26) 

For each particle, an applied electric field produces an induced oscillatory dipole that can 

be modeled as a simple spring-mass-damper system according to Lorentz-Drude Model i.e, 

�̈� + 𝛾�̇� + 𝜔0
2𝒑 = −𝑓𝐄0                                             (2.27) 

Where p is induced dipole moment, 𝛾 is the internal dissipation rate, 𝜔0
2 the resonance 



                                                                                                    

39 

frequency, and 𝑓  the oscillator strength The total electric field Etot on each particle 

consists of the incident field and the electric field radiated by the dipole, i.e.,  

𝑬𝑡𝑜𝑡𝑎𝑙 = 𝑬0 +
𝒑

2𝜋𝜀0𝑑3
                                              (2.28) 

Plugging Eqn. (2.28) into (2.27) yields the equation of motion for the dipole moment for 

each particle given by, 

�̈� + 𝛾�̇� + 𝜔0
2𝒑 = −𝑓 (𝐸0 +

𝒑

2𝜋𝜀0𝑑3
)                            (2.29) 

and the steady solution of the equation of  motion is, 

𝒑 =
𝑓𝑬𝟎

𝜔𝑒𝑠
2 − 𝜔2 + 𝑖𝜔𝛾

= 𝛼𝑬𝟎                                   (2.30) 

where  𝜔𝑒𝑠
2 = 𝜔0

2 −
𝑓

2𝜋𝜀0𝑑3 , corresponding to the coupled dipole-dipole resonance 

frequency. The dipole-dipole polarizability is not given by,  

𝛼(𝜔) =
𝑓

𝜔𝑒𝑠
2 − 𝜔2 + 𝑖𝜔𝛾

                                               (2.31) 

It is important to note that the coupling between the electric fields of the two dipoles lead 

 
Figure 2.2 Coupling of two dipoles with a distance d. 
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to a shift in its local resonance frequency from 0 to es. In order to estimate the magnitude 

of the resonance frequency shift and the effect of a change in the separation distance 

between the particles on es, we can match Eqn. (2.31) to (2.18) and obtain f and es, to be,  

𝑓 = 4𝜋𝑎3𝜔0
2                                                        (2.32) 

𝜔𝑒𝑠
2 = 𝜔0

2 (1 −
2𝑎3

𝑑3
)                                              (2.33) 

In these derivations, we assume that each dipole represents a polarizable metal sphere of 

radius a, and the dielectric constant 𝜀𝑚(𝜔) follows the Drude model in Eqns. (2.14) and 

(2.15). Equation (2.31) shows that the coupled dipole resonance frequency increases with 

separation distance between the particles. The resonance frequency also depends on the 

particle radius.  

2.4.1 Resonance wavelength shift vs particles separation distance and particle size. 
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In this section, the expression for the resonance frequency obtained for the coupled dipoles 

 

                          (a) 

 

                               (b) 

Figure 2.3 Dependence of resonance wavelength on (a) particle-particle spacing and (b) particle radius. 
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are used to examine the dependence of the resonance frequency on the dipole separation 

distance and particle radius. For example, using a 30nm spherical gold nanoparticle has a 

localized surface plasmon resonance wavelength of close to 540nm [25]. Consider two 

gold spherical particles with the same radius of 30nm separated by by a distance of 100 

nm, Eqn. (2.33) can be used to calculate the coupled resonance frequency (𝜔𝑒𝑠), and the 

corresponding wavelength by, 2𝜋𝑐/𝜔𝑒𝑠= 558 nm. Figure 2.3(a) shows how the resonance 

wavelength depends on the gap between the particles. Decreasing the gap spacing produces 

a redshift (increase in wavelength or decrease in frequency) of the single particle plasmon 

resonance frequency. The limit of the dipole-dipole model is when the two particles touch 

each other, corresponding to a 60 nm spacing between the particle centers, , in which case, 

the resonance wavelength becomes 624 nm. It is important to note that for closer gap 

spacing, the simple dipole approximation for the near-field of the dipole may not be valid 

since higher order multipole terms are needed to accurately represent the electric field of 

the dipole. Nevertheless, the dipole provides a phenomelogical framework to interpret the 

influence of an acoustic modulation of the gap spacing on the plasmon resonance frequency. 

The resonance frequency of the dipole-dipole resonance also depends on the particle size. 

The particle size can be modulated by acoustic vibrations in the same way that the gap 

distance can be perturbed by the motion of the particles. In this case, the plasmon resonance 

frequency will depend on the internal mechanical modes (breathing and extensional modes) 

of the each particle Figure 2.3(b) shows the dependence of 𝜔𝑒𝑠 on the particle radius, for 
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a fixed gap spacings of 70nm. Increasing the particle radius from 30nm to 35nm produces 

a redshift in the plasmon resonance from 572nm to 678nm, almost a 100 nm shift in 

wavelength, which is surprisingly large. For a larger gap spacing of 90nm, the 

corresponding wavelength shift is reduced to 30nm over the same range of particle radii. 

The sensitivity of the coupled dipoles to changes in the particle radius increases with 

decreasing gap separation. 

2.5 Surface Plasmon Polaritons (SPPs) 

Surface plasmons are electromagnetic excitations that propagate along a metal dielectric 

interface and decay evanescently away from the surface, as shown in figure 2.4. For the 

derivation of these excitation, we have to separately solve the Maxwell’s equations for the 

metal and dielectric parts. With the conditions of continuity of the normal and transversal 

field components on the interface, we can obtain the wave number of SPPs, given by  

𝑘𝑠𝑝 = 𝑘0√
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
                                                      (2.34) 

Where 𝑘0 is the wavenumber of free space light, 𝜀𝑑 and 𝜀𝑚 are the dielectric constant 

of dielectric layer and metal layer. The penetration depth of the field into the dielectric is 

typically on the order of half of the wavelength in the medium, whereas in the metal, it is 

determined by the skin depth. Under the assumption that 𝜀𝑑  in the dielectric is 

approximately constant and using the Drude model for 𝜀𝑚  in metal, we obtains a 

dispersion relation as given in figure 2.1 (b). It is realized that the momentum of SPPs is 
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larger than that of free space light at the same excitation frequency. In order to excite 

surface plasmon polaritons, we have to fulfill the momentum conservation. The mismatch 

in wavenumber can be overcomed by using diffraction effects at a grating pattern on the 

metal surface, which provides additional momentum to bridge the momentum mismatch 

 

                                     (a) 

 

(b) 

Figure 2.4 Surface plasmon polaritons. (a) Surface plasmon mode travels at the interface between dielectric and 

metal. (b) Dispersion relation of surface plasmons compared to light in vacuum 
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between free space light and SPPs. Our plasmonic nano-focusing probe is designed by 

leveraging grating coupling technique to couple far field light to propagating SPPs on the 

shaft of the probe. Due to tapered geometry of the probe, the SPPs will propagate towards 

the probe apex and concentrate the energy to a “hot spot”, creating a focused light source 

in nanoscale volume.  
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Chapter 3 Local Mapping of Nanomechanical Vibrations 

Using Local Modulation of Near-field Optical 

Interaction  

3.1 Introduction 

The resonant interaction of light with metallic nanostructures in the visible spectrum has 

generated significant interest in the literature due to generation of surface plasmon 

polaritons (SPPs), which can lead to enhanced local optical scattering and absorption, 

nonlinear optical effects, all of which have the potential for single-molecular detection 

sensitivity.  In addition, nanoscale structures provide a combination of small active 

masses and size dependent mechanical properties [44, 45], which can change through 

adsorption of binding analytes or perturbations in the external force or pressure. Numerous 

authors have proposed to explore these properties in resonance based nanomechanical 

detection of virus and protein and gas molecules [45], and for study of quantum limited 

processes [46]. Nanoscale structures also provide promising opportunities for integrating 

optical and mechanical degrees of freedom, for instance, by using elastic deformation to 

modulate the propagation of SPPs in nanoplasmonic waveguides [47], and using the 

spatially confined heating produced by absorption of local surface plasmons for 

photothermal actuation of elastic deformations [48, 49] in nanostructures and control of 

thermal transport at the nanoscale [50, 51]. Ultimately, the success of these application 
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areas depends on the ability to study and understand the interaction of light with 

nanostructures at the nanoscale, and to address the mechanical properties of nanostructures, 

which is challenging using conventional optical techniques. For example, SPP propagation 

cannot be visualized using far-field optical techniques due to the momentum mismatch 

between free space light and SPPs, and the amplitude of SPPs is confined to nanoscale 

distances from a sample surface due to their evanescent nature.  

 

This chapter explores the resonant optical interaction of two metallic nanostructures in the 

near-field to produce strong electromagnetic field confinement, and to probe the gap-width 

dependent optical scattering intensity for detection of resonant mechanical vibrations. We 

explore the transient modulations of the local optical interaction for local measurement of 

the ring down mechanical vibrations in two orthogonal directions in a chromium coated 

silicon nanowire actuated by a pulsed photothermal source. Through measurement of 

multiple vibration resonance frequencies, the elastic moduli of the silicon nanowire along 

the [100] and [110] directions and processing induced residual stress are obtained by 

relating the frequencies to continuum mechanics theory. Measurement of transient 

mechanical vibrations may be important for studying Brownian structural dynamics of 

nanoscale structures, which conventional scanning probe techniques cannot track due to 

their limited bandwidth. 
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The apertureless near-field optical microscopy (a-NSOM) technique is particularly suitable 

for the measurement, since it allows for controlling the optical near-field interaction 

between the metallic tip of an oscillating atomic force microscope (AFM) and a sample 

with sub-nanometer accuracy. We enhance the local tip-sample optical interaction by 

coupling free space light in the visible spectrum (wavelength () = 532nm) to localized 

surface plasmons (LSPs) at the metal tip. A schematic of the a-NSOM system is shown in 

Fig. 3.1. The diffraction grating on the silver coated AFM cantilever is used to couple free 

space light to propagating SPPs by matching the momenta. The excited SPPs are 

progressively converted to localized surface plasmons (LSPs) at the AFM probe-tip. The 

probing LSPs extends through a distance of close to one probe-tip radius (a ~ 20nm << ) 

 

Figure 3.1 Schematic diagram of the a-NSOM probe incorporating a plasmonic grating for generation of localized 

plasmons at the probe-tip. The y and z axes of the silicon nanomechanical resonator are oriented along the [110] and 

[001] symmetry directions. 
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in any direction, which sets the distance of the near-field optical interaction between the 

probe-tip and the sample.  The near-field interaction between the probe-tip and the sample 

is resonantly enhanced by SPPs excited in the chromium coated silicon nanowire by the 

visible light source. We present experimental results that show the distance-dependent 

modulation of the near-field optical interaction under harmonic and transient conditions. 

In order to facilitate the measurements, we introduce a double frequency modulation 

scheme to isolate the weak near-field optical interaction measured against the large 

background scattering from the sides of the sample and the AFM probe. This work provides 

a promising step towards leveraging plasmon propagation for optical probing of dynamic 

elastic deformation in isolated nanowires with nanoscale lateral spatial resolution and high 

temporal resolution. In the future, by incorporating ultrafast lasers with the a-NSOM probe, 

new capabilities for investigating and manipulating acoustic phonon propagation in 

nanostructures, and studying the interaction of propagating plasmon polaritons and 

phonons can be realized. 
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3.2 Plasmonic Nanofocusing Probe 

The plasmonic nanofocusing probe, shown in the scanning electron microscope (SEM) 

images in Figure 3.2, is fabricated from a commercial silicon AFM scanning probe (VIT_P, 

NT-MDT). The probe is coated with a 200 nm thick silver film using e-beam deposition, 

and a one-dimensional SPP coupling grating is fabricated on the front facets of the shaft 

by focused ion beam (FIB) milling. The diffraction grating couples far field illumination 

light to SPPs, which propagates along the tapered surface and are focused at the probe-tip. 

Based on our experimental experience, oxidized silver film dramatically reduces the 

coupling efficiency due to small scattering particles as shown in figure 3.3 (a). In addition, 

short propagation distance between the probe-tip and coupling grating, shown in figure 3.3 

(b) decreases nanofocusing efficiency. 

 

Figure 3.2 SEM image of fabricated plasmonic nanofocusing probe 
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3.3 Experimental Setup 

A schematic of the a-NSOM system is shown in Fig. 3.4  In the figure, a coherent p-

polarized (along the x-z plane) frequency doubled neodymium yttrium aluminum garnet 

(Nd:YAG) laser at 532nm is focused through a 10x microscope objective on the coupling 

grating at an oblique incidence angle of 150 with respect to the normal line on the micro-

cantilever facet. The optical power of the illumination laser is limited to less than 0.5mW 

to prevent damaging the coated film. The first order diffraction of the grating provides the 

momentum needed to couple the laser source to propagating SPPs in the silver film. The 

excited SPPs propagate along the tapered surface of the cantilever probe and are focused 

at the probe-tip producing localized surface plasmons (LSPs). In our previous work7, we 

     
(a)                                             (b) 

Figure 3.3 SEM image of (a) oxidized silver film and (b) plasmonic probe with short SPPs propagation distance 

between the probe-tip and coupling grating.  
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estimated that the intensity of the LSPs is confined to a spot size of less than 34nm at the 

maximum (FWHM) intensity level at the probe-tip. The AFM cantilever oscillates at its 

resonance frequency,  = 330 kHz with an amplitude of 10nm, and a constant cantilever 

deflection is maintained using a closed-loop feedback system, such that the average 

distance between the probe-tip and the sample is always constant during our experiments. 

The scattered light from the probe-tip and sample interaction region is collected by the 10x 

microscope objective and directed to a high-speed avalanche photodetector (APD), where 

the intensity of the near-field interaction is monitored. The scattered electric field, Esa, 

varies nonlinearly with separation distance between the probe-tip and the sample and the 

magnitude of the interaction can be approximated using a quasi-static dipole model [64]. 

  

Figure 3.4 Schematic of experimental setup used to actuate and detect flexural nanomechanical vibrations. The 

following labels are used, CW- continuous wave laser and APD – avalanche photodetector.   
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The model yields the following analytical expression for the scattered field, 𝐸𝑠𝑐𝑎 ∝ 𝛼𝑒𝑓𝑓𝐸𝑖, 

where 

          𝛼𝑒𝑓𝑓 =
𝛼(1+𝛽)

16𝜋(𝑎+𝑧)3
                                                (3.1)                                                 

is the effective polarizability of the metal tip-sample system, which is comprised of the tip 

dipole and a mirror dipole in the sample, 𝛼 is the polarizability of the tip, which has a 

radius of a, 𝛽 is a sample’s response function related to the sample’s dielectric constant  

𝜖 by 𝛽 = (𝜖 − 1)/(𝜖 + 1). The tip-sample distance is denoted by z and 𝐸𝑖 is the electric 

field of the incident field. The modulation of z due to the oscillation of the AFM cantilever 

at 𝜔 leads to a corresponding modulation of 𝐸𝑠𝑐𝑎 at several harmonic frequencies 𝑛𝜔 

(n = 1,2,3,…).  Typically, the scattered light intensity recorded by the APD is 

demodulated at higher harmonic frequencies (n ≥ 2) in order to eliminate unwanted 

background contributions from light scattering from the sample and the sides of the 

cantilever. In the measurement system, the harmonic component of the near-field intensity 

is monitored in a lock-in amplifier, using the electrical voltage output from the APD as the 

input signal. 

 

3.4 Sample Fabrication 

The samples used in this study are doubly clamped bilayer nanomechanical resonators 

fabricated using electron-beam lithography, electron-beam deposition, and reactive ion 

etching. Details of the fabrication processes have been discussed elsewhere [52].  The 
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original dimension of the fabricated nanomechanical resonator are as follows: length = 

9.5m, width = 1.2 m, and total thickness of 220nm comprised of silicon with thickness 

of 150nm and a 50nm thick chromium, shown in figure 3.5 The chromium coating on the 

silicon resonator is used to couple free space light to SPPs, leading to enhancement of the 

scattered light from tip-sample interaction region, which is used for transducing the motion 

  
(a)                                   (b) 

Figure 3.5 SEM image of the original nanomechanical resonator. (a) top view shows the length and width and (b) 

side view shows the thickness of chromium coating and silicon resonator.  

       

(a)                            (b)                         (c) 

Figure 3.6 SEM images showing the process of FIB milling 
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of the resonator. The width of the resonator is further reduced to approximately 270nm by 

focused ion beam milling using a 30keV (48 pico- amperes) Ga+ ion source.  Figure 3.6 

shows the process of FIB milling of the nanowire, where the width of the sample can be 

visualized during fabrication. The fabricated nanowire is shown in figure 3.7, which has 

     

(a)                                        (b) 

 
                (c) 

Figure 3.7 Scanning electron microscopy images of the fabricated chromium coated silicon nanowire showing (a) 

its length and clamps, (b) side, and (c) top views. 
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an asymmetric rectangular cross section, where the width and thickness are slightly 

different. 

3.5 Distance Dependence of Tip-Sample Near-field Interaction 

First, we study the distance-dependence of near-field interaction between two oscillating 

nanostructures. The sample is oscillated at its fundamental vertical flexural resonance 

frequency  = 24MHz by a piezoelectric transducer bonded to the sample substrate and 

driven with an electronic signal generator. Consequently, the tip-sample distance is 
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Figure 3.8 Response of the a-NSOM at demodulation frequencies, 2𝜔 and 𝜔 − Ω, during the probe-tip sample 

approach. The probe-tip makes intermittent contact with the sample a z0 = 0. 
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modulated following, 𝑧(𝑡) = 𝑧0 + 𝐴1 cos 2𝜋𝜔𝑡 + 𝐴2 cos 2𝜋Ω𝑡, where A1 ~10nm and A2 

~1nm are the oscillation amplitude of the AFM cantilever and the sample respectively, and 

z0 is the average distance between the probe-tip and sample. The nanowire oscillates in the 

x-z plane, with the flexural displacement along the z direction. The oscillation of the tip 

and sample leads to modulation of the scattered intensity at frequencies, 𝑛𝜔, m (n, m 

= 1,2,3.. ), and at the sum and difference of these frequencies. For the measurement, a 

portion of the drive voltages to the AFM cantilever and the sample piezoelectric transducer 

are combined in an electrical mixer and the difference frequency output from the mixer is 

fed into the lock-in amplifier as a reference input. The amplitude of the lock-in amplifier 

output is monitored using a measurement a time constant of 100s.  Figure 3.8 compares 

the measured light intensity at the first harmonic of the oscillation frequency of the 

cantilever and the difference frequency 𝜔 − Ω, as the tip approaches the center of the 

nanowire. In the measurement, z0 is varied continuously, while the oscillation amplitudes, 

A1 and A2 are kept constant until the beginning of the tapping mode regime. The measured 

intensity at the difference frequency reduces to the noise floor at larger distances over 

which the unwanted background is expected to persist, while the demodulated intensity at 

2𝜔  shows a larger secondary lobe at distances between 10nm and 80nm, due to the 

interference of the near-field and the un-modulated portion of the background [53]. The 

probe-tip approach distance is zero when z0 becomes equal to A1 for the 2𝜔 data, and 

A1+A2,, for the 𝜔 − Ω data. At this position, the tip makes intermittent contact with the 
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sample during its oscillation cycle and the intensity plots go through a maximum. Further 

decrease in the approach distance puts the tip further in contact with the sample, which 

leads to a decrease in the measured intensity due to the limited oscillation amplitude of the 

AFM cantilever. We note that demodulation of the scattered light intensity at 𝜔 − Ω 

provides local sensitivity to the local optical field on the nanowire and suppression of 

unwanted background, provided that average probe-tip sample distance is maintained 

within 10nm of the sample surface.  

 

3.6 Spatial Mapping of Vibration Mode Shape 

To further demonstrate the versatility of the difference frequency approach, we map the 

fundamental mode shape of the nanowire by raster scanning the sample over a 10m x 

10m area, and recording the intensity of the scattered light at 𝜔 − Ω. Figure 3.9 shows 

pseudo color maps of the topography and the measured tip-sample scattering intensity, 

where the vertical axis is limited to the scan distance of 1.6m. The intensity image shows 

enhanced light scattering around the edges of the nanowire, where the incident light is 

coupled to SPPs. Closer examination of the sample topography and a-NSOM images 

reveals differences in the beam width. In order to investigate these differences, cross-

sectional line scans of the a-NSOM intensity and the topography taken across the width of 

the nanowire are plotted in Fig. 3.9(c). Several height-induced artifacts are observed in the 

topography data that correlates with the intensity peaks in the a-NSOM intensity data. The 
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artifacts are due to the inability of the AFM to track the abrupt height jumps between the 

substrate and effects of lateral cantilever deformations as the probe-tip interacts with 

vertical wall. Focusing on the flat portion of the line scan corresponding to the chromium 

film, which is indicated by the region between the dotted lines, we observe that the a-
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                          (c) 

Figure 3.9 Topography (a) and a-NSOM (b) images of the suspended nanowire. (c) shows cross sectional line scans 

of the topography and a-NSOM intensity taken along the y direction across the middle of the nanowire.  The arrow 

in the figure indicates the direction of illumination laser. 
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NSOM intensity decreases almost monotonically from one film edge to the other, due to a 

combination of the asymmetric illumination and collection of the scattered light. The 

distance between the lines, which represents the a-NSOM estimate of the beam width is 

293nm, which is larger than the estimated value from the SEM image by 23nm. The over-

estimate in the width of the nanowire is due to the finite probe-tip radius, which is close to 

20nm. Compared to the noise floor (distances of 0 to 0.2 m in Fig. 3.9(c)), the maximum 

intensity on the nanowire (signal) is 50 times larger due a combination of enhanced 

scattering by local SPPs on the chromium film and suppression of background optical fields 

by demodulation of the a-NSOM intensity at the difference frequency. The mode shape of 

the fundamental resonance observed in the a-NSOM image follows the predictions by basic 

continuum theory, where the intensity (or displacement) is maximum close to the middle 

of the resonator and decreases to the noise floor at the clamps.  

 

 

 

 

 

 

 

 



                                                                                                    

61 

 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

 

 

 

Time (s)

R
el

at
iv

e 
A

m
p

li
tu

d
e

 

(a) 

0 20 40 60 80 100 120 140
0

50

100

150

200

250

300

350

20 22 24 26 28 30
0

50

100

150

200

250

300

350

 

 

R
el

at
iv

e 
A

m
pl

it
ud

e

Frequency (MHz)

 

 

R
el

at
iv

e 
A

m
p

li
tu

d
e

Frequency (MHz)

 

                       (b) 

 

                           (c) 

 

  



                                                                                                    

62 

 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

-0.6

-0.4

-0.2

0.0

0.2

0.4

Time (s)

R
el

at
iv

e 
A

m
p

li
tu

d
e

 

 

 

                         (d) 

0 20 40 60 80 100 120 140

0

500

1000

1500

2000

2500

3000

20 22 24 26 28 30
0

500

1000

1500

2000

2500

3000
 

 

 
R

el
at

iv
e 

A
m

p
li

tu
d
e

Frequency (MHz)

 

 

 
R

el
a
ti

v
e 

A
m

p
li

tu
d

e

Frequency (MHz)

 

                         (e) 

 

                             (f) 

 

  



                                                                                                    

63 

 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

Time (s)

R
el

at
iv

e 
A

m
p

li
tu

d
e

 

 

 

 

                         (g) 

0 20 40 60 80 100 120 140
0

100

200

300

400

500

600

700

 

Frequency (MHz)

R
el

at
iv

e 
A

m
p

li
tu

d
e

 

 

 

                        (h) 

 
                            (i) 

 

  



                                                                                                    

64 

 

 

3.7 Transient Vibration Measurement and Quantitative 

Characterization of Nanowire Elastic Properties 

Next, we explore the use of the resonance frequencies for quantitative characterization of 

the elastic properties of the nanowire. For this purpose, we introduced a pulsed laser into 

the experimental setup to enable photothermal actuation of multiple mechanical resonances 

in the 270 nanowire. In the experiment, a pulsed Nd:YAG laser with a pulsed width of 

1.0ns and wavelength of 1064nm is focused through a 20x microscope objective lens 

positioned directly above the a-NSOM cantilever and sample. The spot size of the pulsed 

laser on the sample is approximately 5m. The absorption of the pulsed laser in the 

chromium film leads to local heating, transient thermal expansion, and dynamic actuation 

of flexural resonances in the nanowire. The motion of the nanowire is monitored by feeding 

the output of the APD into a 5GHz oscilloscope that is triggered in sequence with the 

repetitive firing of the pulsed laser. The measured data is averaged 1000 times in the 

oscilloscope to suppress incoherent noise. During the measurement, a small percentage of 

the APD output is fed into the lock-in amplifier, and the amplitude of the signal component 

Figure 3.10 Time resolved vertical and horizontal flexural ring down vibrations measured at various locations on the 

coated silicon nanowire. (a), (d), and (g) shows the time domain data, (b), (e), and (h) shows their corresponding 

amplitude spectra, and (c), (f), and (i) show schematics of the experimental configuration and positions of 

photothermal source (S) relative to the a-NSOM probe (P).  
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at the first harmonic frequency (2) of the AFM tapping mode frequency is monitored.   

Figure 3.10 shows representative waveforms and their corresponding amplitude spectra of 

the under-damped ring down  

vibration of the nanowire obtained at three different positions. Cartoon illustrations of the 

sample showing representative positions of the pulsed laser and the a-NSOM probe during 

the experiments are also shown in the figure. The positions of the pulsed laser  

and a-NSOM probe on the nanowire are separated in order to prevent direct laser heating 

of the AFM cantilever, which can degrade the detection sensitivity. The measured 

waveforms are correlated with the 2 a-NSOM intensity measured in the lock-in amplifier. 

When the 2 signal decreases to the noise floor, possibly due to misalignment of the 

incident light on the plasmonic grating on the AFM tip, the transient ring down waveform 

also reduces to the random noise background. A beat phenomenon is observed in the ring 

down vibration waveforms, which may result from decomposition of the nanowire 

deformation into two orthogonal vibration components with close frequencies along the 

horizontal and vertical directions. For the first waveform where the beat phenomenon is 

distinct, the frequencies of the amplitude peaks of the interfering fundamental vibration 

modes are separated by 1.2MHz in the amplitude spectrum. The quality factors of the 

resonance modes in air are high enough to spectrally resolve the frequency difference 

between the resonance modes.  The small difference in the modal resonance frequencies 

stem from slight asymmetry of the cross-sectional geometry of the nanowire, which leads 
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to close moment of inertia along the principal directions of the (110) nanowire, i.e., the 

[110] and [001] directions. In the nanowire geometry shown in Fig. 1(a), the z and y axes 

are parallel to the [001] and [110] directions of the nanowire. The sensitivity of the a-

NSOM probe to the horizontal motion of the nanowire is due to the 250 mis-alignment of 

the vibration axes of the AFM cantilever and the nanowire. The angular mis-alignment is 

estimated from the AFM topography of the nanowire. A list of resonance frequencies 

extracted from the amplitude spectra of the measured waveforms are presented in Table 

3.1. We observe a slight increase in the resonance frequencies with amplitude of the ring 

downs vibrations, particularly in the second waveform where the photothermal source is 

positioned close to the center of the nanowire. At this position, the horizontal flexural 

resonances are dominant and the shape of the amplitude spectrum deviates from the typical 

Lorentzian function, which is expected for a linear resonator. The nonlinear amplitude 

spectrum resembles the prediction from a duffing oscillator model [54], and the nonlinear 

vibration in this case may result from axial stretching of the nanowire. The disappearance 

of the vertical vibration modes is strange but may result from rotation of the displacement 

Fundamental First Harmonic Second Harmonic Fundamental First Harmonic Second Harmonic 

a 24 25.5 67.4

d 25.6 67.5 128.8

g 24.1 63.1 120 25.5 67.4

Vertical Resonance Frequency (MHz) Horizontal Resonance  Frequency (MHz)
Waveform # 

 

Table 3.1 Resonance frequencies extracted from the spectra of the measured waveforms 

Table 3.1 
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polarization with increasing oscillation amplitude [55].  On the other hand, when the 

photothermal source is wholly off the nanowire (Fig. 3.10(a)) or partially on it (Fig. 

3.10(g)), the amplitude of the vertical and horizontal modes are comparable. The slight 

increase in the resonance frequency of the modes with vibration amplitude may be due to 

operation of the resonator in the nonlinear regime, as a result of the increased bending-

induced tension in the nanowire that accompanies large changes in its length. The length 

change can result from thermal expansion of the nanowire, which is pronounced in 

comparison to the oscillations in the second and third waveforms (Figs 3.10(d) and 3.10(e)). 

The transient thermal expansion of the nanowire in these cases appears as a low frequency 

envelope superimposed on the ring down vibration data, and it relaxes to the horizontal 

baseline within 1.5s. It is unlikely that the transient thermal expansion of the nanowire 

can lead to significant shifts in resonance frequency since the time-scale of the thermal 

expansion is smaller than the ring down vibration time of the nanowire.  

 

Finally, we fit the measured fundamental resonance frequencies of the vibration modes to 

the Euler Bernoulli beam theory to obtain the elastic moduli of silicon along the [001] and 

[110] symmetry directions and the processing induced tensile stress. We used the resonance 

frequencies obtained from amplitude spectra plotted in Fig. 3.10(b), where the amplitude 

of the vibrations are smallest and the spectrum of each mode is close to a Lorentzian 
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function.  The resonance frequencies for a pre-stressed doubly clamped rectangular beam 

in either the vertical or horizontal directions can be shown to follow the relation, 

 𝑓𝑛 =
1

2𝜋

𝜆𝑛

𝑙2 √(1 +
𝜎(𝐴𝑐𝑟+𝐴𝑠𝑖)𝑙2

𝜆𝑛
2 𝐸𝐼

)
𝐸𝐼

𝜌𝑐𝑟𝐴𝑐𝑟+𝜌𝑠𝑖𝐴𝑠𝑖
                           (3.2)                           

In the equation above, the symbols  and A represent the density and cross sectional area 

and the subscripts cr and si are used for the copper and silicon layers. EI is the effective 

flexural rigidity of the silicon-chromium composite beam, which depends on the elastic 

moduli of the silicon Esi along the principal directions, the chromium film Ecr, and the 

second moment of area I31.  For the vertical vibration modes the moment of area about 

the z direction is used, and for the horizontal vibration modes, the moment of area about 

the x direction is used. The residual stress in the nanowire is represented by , l is the length, 

and n corresponds to the eigenvalue for flexural mode n. For the first three resonance 

modes, 1 = 4.73, 2 = 7.853, and 3 = 10.996 for doubly clamped beam, such that the ratio 

of the resonance frequencies; 𝑓2/𝑓1= 2.8 and 𝑓3/𝑓1= 5.4, for the horizontal and vertical 

modes respectively.  We assume the bulk value of 279GPa for the Young’s modulus of 

chromium and fit the analytical model to the measured fundamental frequencies using the 

Young’s moduli of silicon along the [100] and [110] symmetry directions and the built-in 

stress as free parameters. The model provides a best fit to the measured frequencies, for 

Young’s moduli of 132GPa and 114GPa along the [100] and [110] directions and a tensile 

stress of 141MPa. The predicted modulus in the [100] direction is close to the bulk value 

of 130GPa for (100) silicon, however the predicted modulus in the [110] direction is 
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smaller than the bulk value of 169GPa. It is possible that the discrepancy in the estimated 

modulus is due to the non-uniform width of the nanowire. The beam width tapers down to 

226nm close to the fixed ends of the nanowire. Reducing the beam width to 237nm yields 

an elastic modulus along the [110] direction that matches the bulk value for the same beam 

tensile stress. The large estimated stress may result from bending-induced tension, 

differential thermal expansion of the chromium film and silicon nanowire, and the residual 

tension in the layers introduced during the various processing steps. It is also important to 

remark that matching the analytical model to the combination of the measured fundamental 

and harmonic resonance frequencies for each of the modes can yield a more accurate 

estimate of the built-in stresses. However, this approach cannot be applied in this case since 

the ratio of the resonance frequencies for each mode do not match the predicted values 

from the Euler Bernoulli model for a doubly clamped beam. For example, the frequency 

ratios obtained from the experimental data are, 𝑓2/𝑓1= 2.6 and 𝑓3/𝑓1= 5.0 for either the 

vertical or horizontal modes. The discrepancy may result from deviations of the boundary 

conditions from ideal clamping at nanowire ends.  

 

3.8 Conclusions 

In summary, we have explored the a-NSOM technique for local measurement of 

mechanical vibrations in metallic nanostructures. We showed that light coupling to SPPs 

in the a-NSOM probe and the nanostructure leads to enhancement in the intensity of the 
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evanescent SPPs scattered from the interaction region between the sample and the probe-

tip to the far-field. We explored the distance-dependence of the scattering intensity to 

detect local mechanical vibrations in metallic nanowire structures actuated by a 

piezoelectric transducer and a pulsed laser, and the measured resonance frequencies 

enabled the estimation of the nanowire elastic properties. The technique is versatile in that 

it allows for operation in the time- and frequency-domain with sub-wavelength lateral 

spatial resolution and exquisite temporal resolution. In particular, the time-domain 

actuation and detection approach may find use in tracking the dynamic evolution of 

processes, such as single protein binding events, or stochastic vibration of overdamped 

nanomechancial resonators, with extremely high spatial and temporal resolution. 

Furthermore, the sensitivity of the a-NSOM technique to SPPs and mechanical vibrations 

in metallic structures makes it an ideal approach for investigating interesting phenomena 

that leverage the interaction of propagating polaritons and acoustic phonons of comparable 

wavelengths confined a single cavity.  
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Chapter 4 Near-field Optical Detection of 

Photothermally Actuated Nanomechanical Vibrations 

using a Plasmonic Nanofocusing Probe  

4.1 Introduction 

In chapter 3, we explored a hybrid nanofocusing scheme that provided efficient coupling 

of free propagating light to LSPs at the probe-tip of a SPM. We used the plasmonic probe 

to detect and map the displacement profile of a chromium coated silicon nanomechanical 

resonator vibrating at its lowest eigen frequency (~ 18MHz) with lateral spatial resolution 

of 20 nm. However, the nanomechanical resonator was actuated by a narrowband thickness 

mode piezoelectric transducer, which limited the range of eigen frequency displacement 

profiles that could be mapped.   

In this chapter, we incorporate an amplified electro-absorptive modulated laser into the 

optical detection system for photothermal actuation of the resonator at an arbitrary 

frequency in air under ambient conditions. The steady state harmonic displacement of the 

nanomechanical resonator is measured by recording the local modulation of the gap 

between the probe-tip and sample, by demodulating the scattered light intensity in the far-

field into a RF lock-in amplifier at the difference between the SPM and sample vibration 

frequencies. We find that the optical signal at the difference frequency results from the 

coupled probe-tip and resonator structure, and we explore the signal for mapping the first 

two eigen vibration mode shapes of the resonator. The measured displacement profiles are 
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in qualitative agreement with the continuum mechanics calculations of the eigen mode 

shapes. Owing to the versatility of the measurement approach for narrowband actuation 

and detection of nanomechanical structures over a broad frequency range, the approach can 

find applications in characterization of elastic properties of nanostructures based 

measurement of their resonant vibration frequencies, and studies of nanoscale temperature 

fields in photothermally actuated structures.  

 

4.2 Experimental Setup 

   

 

Figure 4.1 Experimental setup The nanomechanical resonator is actuated by a photothermal source (red arrow) 

and the displacement of the nanomechanical resonator is detected by the optical scattering (green arrow) from the 

probe-tip and sample gap. The following labels are used: NMR - nanomechanical resonator, CCD-charge coupled 

device, CW- continuous wave laser, APD- avalanche photodetector, and RF -radio frequency.  
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Figure 4.1 shows a schematic representation of the experimental setup. A C-band diode laser 

with wavelength near 1550nm is used for photothermal actuation of the nanomechanical 

resonator. The laser source (Fig 4.2), an integrated electroabsorptive intensity modulator 

with a 2.5 GHz bandwidth is driven by a radio frequency (RF) signal generator. The 

intensity modulated laser is amplified by a 5W erbium doped fiber amplifier (EDFA), and 

directed through a 20x long working distance microscope objective with a numerical 

   

    

(a)                                 (b) 

   

(c)                                       

Figure 4.2 Intensity modulated laser source (a) laser diode controller (b) radio frequency signal generator (c) erbrium 

doped fiber amplifier  
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aperture of 0.42 that focuses the laser on the sample surface. The laser is absorbed on the 

sample surface leading to heating and a modulated thermal expansion. The sample consists 

of a doubly-clamped bilayer flexural resonator with the following nominal dimensions: 

length = 7 𝜇m, width = 1.2 𝜇m, thickness = 250 nm, comprised of 200 nm thick silicon and 

50 nm chromium film. Due to differences in the thermal expansion coefficient of the silicon 

and chromium layers, the mismatched thermal expansion of the layers induce thermal 

bending stresses in the layers that are relieved by the flexural displacement of the resonator. 

The position of the photothermal source on the nanomechanical resonator can be monitored 

with a standard microscope objective in the experimental setup. In the microscope, a white 

light source is focused on the sample surface through the 20x microscope objective and the 

reflection from the sample is directed through a tube lens to a CCD camera, where the 

image of the sample is formed.  

The flexural displacement of the nanomechanical resonator is detected by the plasmonic 

nanofocusing probe illustrated in the Figure 4.3. The plasmonic nanofocusing probe is a 

commercial silicon atomic force microscope (AFM) cantilever coated with 200 nm thick 

silver film. The probe-tip radius is about 10nm. A one-dimensional diffraction grating with 

period of 667 nm is written on the tapered portion of the probe to facilitate direct excitation 

of SPPs by far-field illumination. A continuous wave probe laser with wavelength of 532 

nm is focused through a 10x microscope objective onto the diffraction grating, and the 

excited SPPs couple to LSPs at the probe tip. A p-polarized illumination source is used to 
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enhance the excitation of the SPPs. The AFM cantilever is operated in tapping mode, which 

allows for controlling the average gap between the probe-tip and sample during the 

modulation cycle, using an electronic feedback circuit. The light scattered from the gap 

region is collected by a 10x microscope objective at an oblique angle and detected by an 

avalanche photodetector (APD) with a 3-db bandwidth of 50 MHz. The output voltage of 

the APD is fed into the lock-in amplifier, where the optical signal is demodulated at the 

difference frequency  = fs-fc, where fs and fc = 330 kHz are the oscillation frequencies 

of the nanomechanical resonator and tapping mode AFM cantilever. In our previous work, 

we demonstrated that demodulating the optical signal at the difference frequency allows 

for elimination of unwanted background scattering [56]. The lock-in amplifier is operated 

   

 
Figure 4.3 Illustration of the plasmonic nanofocusing probe positioned above a nanomechanical resonator. 
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with an integration time of 300 𝜇s, corresponding to a detection bandwidth of 0.78 KHz, 

which allows for rejection of electronic noise. Since the photothermal laser source 

irradiates the sample surface continuously over the integration time of the lock-in amplifier, 

the intensity of the amplified laser source is kept low to avoid ablating the sample. A small 

percentage of the AFM cantilever drive voltage and the output voltage from a high 

frequency (1 GHz) photodetector that samples a portion of the amplified intensity 

modulated laser, is combined in an electronic mixer, and the low frequency output at f is 

fed into the lock-in amplifier as a reference input. The in-phase and quadrature components 

of the lock-amplifier output at the difference frequency are recorded over the frequency 

range of interest and the data is delivered to a computer using a Labview computer program.  

4.3 Tip Sample Interaction 

The local detection of mechanical vibrations by the plasmonic nanofocusing probe relies 

on the modulation of the LSP enhancement in the gap between the probe-tip and the sample 

surface. However, in the far-field, other signal contributions such as the un-modulated 

background light scattering can also be recorded alongside the LSP scattering. We examine 

these contributions to the total measured signal by modifying an analytical model that 

describes the effect of vertical probe-tip modulation on the far-field optical signal recorded 

in near-field scanning optical microscopy (NSOM), developed previously by Walford et. 

al. [57]. In the model, the time dependent intensity of the evanescent LSP scattering 

recorded in the far-field is described by,  
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𝐼𝑛𝑓 = 𝐼0 exp(−2𝑧(𝑡)) /𝐷)                                                 (4.1) 

where, I0 is the amplitude of evanescent optical signal, D is the decay length of the LSP 

within the tip-sample gap, t is the time variable, and z is the vertical gap width, which 

depends on relative displacements of the probe-tip and sample. Suppose the probe-tip 

modulation frequency and oscillation amplitude are fc and Ac, z(t) can be expressed as, 

𝑧(𝑡) = 𝐴0 + 𝐴𝑐 cos(2𝜋𝑓𝑐𝑡) + 𝐴𝑠 cos(2𝜋𝑓𝑠𝑡)                          (4.2) 

where, A0 is a fixed offset distance, As and fs are sample vibration amplitude and frequency. 

Typically, in a tapping mode AFM measurement, A0 and Ac are equal to the AFM cantilever 

set-point. The oscillation amplitude of the nanomechanical resonator depends on the input 

power of the laser source, for our case, the amplitude is close to 0.1 nm, verified through 

interferometeric measurements and is in good agreement with existing photothermal 

measurements [58,59]. The diffracted light from the sample and the AFM cantilever 

provides a background electric field 𝐸𝑏 = |𝐸𝑏|exp (𝑖∅) , where ∅ is a constant phase 

difference between the background and the evanescent LSPs scattered to the far-field. For 

convenience, we assume that the intensity and phase of the background is constant and 

independent of position on the sample. Using the expressions for the contributing fields, 

the total far-field intensity I(t) is given by, 

𝐼(𝑡) = |𝐸𝑛𝑓 + 𝐸𝑔|
2

= 𝐼0 (
𝐼𝑔

𝐼𝑛𝑓
+ exp (−

2𝑧(𝑡)

𝐷
) + 2√

𝐼𝑔

𝐼𝑛𝑓
exp (−

𝑧(𝑡)

𝐷
) 𝑐𝑜𝑠∅)   (4.3) 

The amplitude of the optical signal S recorded in the lock-in amplifier corresponds to the 

time-averaged quadrature component of I(t) given by, 
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𝑆((𝑓𝑠 − 𝑓𝑐)) =
1

𝜏𝑐
∫ 𝐼(𝑡) cos(2𝜋(𝑓𝑠 − 𝑓𝑐)𝑡) 𝑑𝑡                      (4.4)

𝜏𝑐

0

 

Where c is the integration time of lock-in amplifier. For simplicity, we obtain the lock-in 

amplifier signal from the amplitude of the fast Fourier transform of I(t) at the difference 

frequency fs- fc. Figure 4.4 shows a comparison between experimental measurements of the 

optical signal and the numerical calculation of the tip-sample approach.  In the 

measurement, the offset amplitude A0 is varied from 1 𝜇m down to 0 nm, where, A0 = 5 

nm corresponding to the beginning of the tapping mode regime at which point, A0 is equal 

to Ac. In the calculation, the ratio Ig/Inf and  are used as free fitting parameters, D = 10 nm-
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Figure 4.4 Probe-tip Approach Curve at Difference Frequency  = 20.2 MHz. The figure compares a measured 

and calculated probe-tip approach curves 
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1, estimated from the decay distance of the measured approach curve, and Ac = 5 nm, which 

is the AFM cantilever set point amplitude. The numerical and calculated approach curves 

are in good agreement, suggesting that the optical signal at the difference frequency results 

from the coupled probe-tip and sample interaction. The best fit parameters obtained for 

Ig/Inf and  are 0.1 and 1500. The optical signal is enhanced close to the beginning of the 

tapping mode regime, and the sharp distance dependence close to the peak suggests a strong 

dependence of the signal on the gap distance between the sample and probe-tip and sample, 

within the LSP decay length of 10nm. In addition, the optical signal at the difference 

frequency varies linearly with the sample oscillation amplitude.  

4.4 Experimental Results and Discussion 

Figure 4.5(a) shows a representative measurement of the resonance spectrum of the 

nanomechanical resonator. In the measurement, the frequency of the photothermal source 

is swept in discrete steps of 0.5 MHz around the first two eigen frequencies of the resonator. 

The spectrum shows amplitude peaks at 20.5MHz and 56 MHz. Next, the displacement 

profiles at each of the frequencies are mapped with the probe-tip. The optical image of the 

mode shapes and a topographic image of the resonator surface are shown in Fig. 4.5(b). 

The data are obtained by recording horizontal line scans with 512 points per line along the 

sample. In the optical images, the signal is modulated by the vibration mode shape along 

the length of the nanomechanical resonator. Along the width of the resonator, a series of 

fringes are observed in the optical images with wavelengths of 230 nm and 128 nm. Using 
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an analytical model in our previous work [56], we determine that the dominate fringe pattern 

 

(a) 

 

(b) 

Figure 4.5 Near-field optical imaging of the probe-tip and sample interaction for a photothermally actuatued 

nanomechanical resonator. (a) Resonance spectrum of nanomechanical resonator measured by monitoring the 

modulated component of the probe-tip sample interaction at fs-fc, where fc  = 330 kHz, fs is the modulation 

frequency of the photothermal source. (b) shows the sample topography (top), near-field optical image of the 

resonator displacement profile at fs = 20.5 MHz (middle), and fs = 56 MHz. Colorbar in the topography image is in 

units of micrometers. Colorbar in optical images represents a relative intensity change  
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is produced by interference of the incident light and the SPPs excited by diffraction of the 

illumination source from the sample edge. The corresponding fringe wavelength is given 

by the following expression, 
2𝜋

(3𝑘𝑠𝑝,𝑦−𝑘𝑐𝑜𝑠𝜃)
 = 230 nm, being related to the wave vectors of 

the illumination source and SPPs propagating on the chromium film, 𝑘 and 𝑘𝑠𝑝, and θ 

= 390, which is the illumination angle with respect to the sample surface. The weaker fringe 

pattern is produced by interference of reflections of the probe-tip excited SPPs from the 

edges of the nanoechanical resonator, with wavelength of 
𝜋

2𝑘𝑠𝑝,𝑦
 = 128 nm. The SPPs wave 

vector is obtained from the dispersion relation, 𝑘𝑠𝑝 =
𝑤

𝑐
√

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
, where w is the 

illumination light frequency, c is free space phase velocity of light, 𝜀𝑚 and 𝜀𝑑 are the 
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Figure 4.6 Comparison of line scans of the optical signal across the resonator to the topography. The space between 

the vertical arrows in the topography corresponds to the top surface of the resonator. 
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electric permittivity’s of the dielectric and the metal film. We remark that the fringes are 

not observed in the topography, and are consistent in the two optical images. We compare 

the average of several line scans taken across the width of the resonator in Figure 4.6, where 

the fringes in the optical images obtained at the two sample modulation frequencies are 

well correlated. The space between the two arrows in the topography line scan corresponds 

to the top surface of the resonator.  The amplitude of the optical signal appears to be 

enhanced close to the side edge of the resonator, i.e., x = 10.6 𝜇m, due to edge diffraction 

of the incident light to SPPs. In addition, the ratio of the maximum fringe amplitudes at 

20.5 MHz and 56 MHz is approximately six, which is due in part to the efficient 

photothermal actuation of the fundamental vibration mode compared to the second mode, 

due to the large spot size (diameter ~ 6 𝜇m) of the intensity modulator laser.  

Finally, we compare several lines scans of the optical signal along the length of the 

resonator to the eigen mode shapes of a doubly clamped Euler-Bernoulli beam [20], in Fig. 

4.7. Due to coupling of the incident light to SPPs, and the interference fringes on the sample 

surface, the optical signal along the resonator length is not uniform. We note the 

interference fringes are influenced by the surface roughness of the sample. In general, the 

optical signals agree qualitatively with the calculated mode shapes, however, the optical 

signals are distorted, particularly close to the side of the resonator where interference 

fringes have the largest intensity. The distortion also results from the complicated 

diffraction pattern around the sharp bottom corners of the resonators. At the center of the 
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nanomechanical resonator, we compare the ratio of maximum optical signals along the 

resonator and the pads (or fixed ends), and we obtain a signal-to-background ratio of 61 
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(c)                                    (d)       

Figure 4.7 Optical profiles of the mode shapes of the nanomechanical resonator. Line scans of the sample 

displacement profiles at 20.5 MHz and 56 MHz obtained at the middle of the resonator (a), one edge on the resonator 

surface (b), and at the side of the resonator (c). The space between the arrows in the measured data corresponds to 

the position of the fixed supports or clamps. (d) shows the absolute value of the calculated mode shapes for the first 

two vibration modes based on the Euler-Bernoulli model for a doubly-clamped beam. 
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for the 20.5 MHz signal, and 9 for the 56 MHz signal. In both cases, the peak optical signals 

are stronger than the noise floor. While the presence of interference fringes may present a 

challenge to accurate profiling of the resonator mode shapes, we do not expect to find these 

fringes in nanomechanical resonators with widths that are smaller than the SPP wavelength. 

  

4.5 Conclusion 

We have integrated a harmonic modulated photothermal source with the plasmonic 

nanofocusing probe, allowing for an all optical actuation and transduction of the steady 

state vibration of a nanomechanical resonator in the frequency domain. In the measurement 

approach, the nanomechanical resonator is actuated at a fixed frequency fs and the probe-

tip is oscillated harmonically at frequency fc. We track the local sample surface 

displacement by monitoring the nonlinear dependence of the local optical field 

enhancement with separation distance between the probe-tip and resonator surface, In 

particular, we demodulate the far-field optical scattering at the difference frequency fs-fc in 

a lock-in amplifier, and show that the measured signal is strongly correlated with the 

sample displacement. The operational frequencies of the measurement approach can be 

seamlessly extended to the GHz range, which is particularly attractive for probing motion 

in nanomechanical resonators with smaller widths compared to the SPP wavelength.  
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Chapter 5 Near-field Photothermal Heating with a 

Plasmonic Nanofocusing Probe 

5.1 Introduction 

The interaction of light with noble metal nanostructures can lead to strong confinement and 

enhancement of light in the near-field- within a distance of fractions of the optical 

wavelength from the structure. Local confinement of optical energy is achieved through 

resonant coupling of free-space propagating light to surface plasmon polaritons (SPPs) 

using various structural geometries including nano-rods, particles, pillars, etc. To explore 

plasmonic structures as nanoscale optical probes, it is crucial that the efficiency of the far-

field to near-field coupling is optimized, and the influence of background scattering is 

minimized. Furthermore, the compatibility of the probe with existing scanning probe 

microscopy instrumentation is desirable. One approach to achieve these requirements is 

based on a hybrid nanofocusing scheme, where free space light is coupled to propagating 

SPPs on a tapered metallic scanning probe. Due to adiabatic tapering of the scanning probe, 

the SPPs propagate towards the probe tip with gradually decreasing group velocity, 

resulting in strong energy concentration and local field enhancement at the tip apex, with 

minimal non-ohmic losses [60-62]. Unlike the resonant coupling of light to plasmons, the 

use of propagating SPPs requires the use of spatial experimental geometries, such as Bragg 

diffraction grating couplers, to match the phase of far-field propagating light and the 

excited SPPs. If the probe-tip is positioned within the near-field of a sample, the plasmonic 
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nanofocusing probe can be used in the illumination or scattering mode. In the former, 

localized surface plasmons (LSPs) at the probe-tip apex provide a bright nanoscale optical 

source, and in the scattering mode, evanescent optical fields on a sample are scattered by 

the probe-tip to the far-field as propagating waves. The plasmonic nanofocusing probe has 

been explored in broad application areas including, background free super-resolution 

optical imaging [63,64], tip-enhanced Raman spectroscopy (TERS) [65], near-field 

photoelectron microscopy [66], spatial and temporal control of femtosecond optical 

sources for local second harmonic generation [67], and near-field optical transduction of 

nanomechanical motion [56], and ultrasonic waves [68].  

 

The strong confinement of LSPs at the probe tip can lead to significant heating of the tip 

and a sample positioned in the optical near-field, which can serve as a local photothermal 

or photoacoustic source. Indeed, it has been shown that a directly illuminated metallic 

probe tip can induce considerable local sample temperature rise, of greater than 100 

degrees at modest input laser energies [69]. Using the TERS geometry, the local sample 

temperature rise is quantified directly based on the ratio of the Stokes and anti-Stokes 

component of the near-field Raman scattering [69], or indirectly based on a calibrated curve 

of Stokes frequency shift with temperature [70]. The temperature dependence of the Raman 

scattering frequency is results from anharmonic terms in the vibration potential energy of 

material [71].  Interestingly, there is no reports in the literature that address local heating 
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effects induced by the plasmonic nanofocusing probe, although the optical field 

confinement and enhancement is expected to be stronger than the case of a directly 

illuminated metallic probe tip. In this chapter, we demonstrate that the plasmonic 

nanofocusing tip can be used as a local heat source. We perform a TERS experiment in 

multiwall carbon nanotubes and silicon substrates and use the frequency of the Stokes 

scattered light to quantify the magnitude of the temperature rise produced by absorption of 

LSPs coupled to the sample in the near-field. The TERS experimental configuration is ideal 

for several reasons; first, the Raman spectra in the samples have been widely studied in the 

literature [72,73], and, second, the intensity of the Stokes component of the near-field 

scattering is greatly enhanced by the strongly confined LSPs electric field at the probe-tip. 

In addition, we perform three dimensional (3D) finite element modeling of local sample 

heating under different probe-tip illumination conditions, and good qualitative agreement 

between the numerical and experimental results are obtained. Understanding the relative 

strengths of the sample heating obtained under different probe-tip illumination conditions 

would facilitate design of the plasmonic nanofocusing probe for fundamental studies of 

nanoscale heat transport in materials and related applications in nanoscale heat assisted 

fabrication.  

5.2 Experimental Setup  

Figure 5.1 shows the schematic of the reflection mode TERS experimental setup. The 

plasmonic nanofocusing probe is integrated with a commercial AFM (Innova AFM). 
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Details of the probe-tip fabrication and processing approaches, and the tapping mode 

operation in the AFM have been discussed before. In the TERS experiment, the AFM is 

operated in contact mode. A p polarized continuous wave laser with a wavelength of 532 

nm is focused on the diffraction grating on the probe facets by a 10x microscope objective 

with a numerical aperture of 0.3. An optical microscope that is integrated with the AFM is 

used to observe the position of the focused laser spot. The scattered light from the sample 

is collected by the 10x objective and directed through a notch filter designed to seperate 

the elastic and inelastic components of the light scattering. The output of the notch filter is 

   

 

Figure 5.1 Schematic of experimental setup. The incident laser of 532nm wavelength passes through a beam splitter, 

and is focused on a diffraction grating on probe facets by 10 X microscope objective. The excited SPPs propagate 

towards tip apex, and are adiabatically converted to localized surface plasmons at the probe-tip, creating a nanoscale 

optical source. The excited Raman scattering and Rayleigh scattering signal both travel along the same optical path, 

while only the Raman scattering signal passes through the notch filter, and is detected by the spectrometer. 
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detected by a spectrometer equipped with a liquid nitrogen-cooled charge coupled device 

(CCD). The maximum resolution of the spectrometer is 1 cm-1. The spectrometer is 

operated with an integration time of 300 s to reject broadband noise.  

 

5.3 Tip Enhanced Raman Scattering in Multi-walled Carbon 

Nanotubes 

First, we demonstrate an enhanced Raman scattering resulting from LSPs at the plasmonic 

nanofocusing probe tip. For this purpose, a dispersed MW-CNT film on glass substrate is 

used.  The Raman spectrum of CNTs have been widely studied using the TERS. The 

radial breathing mode, which occurs in the range of 100-400 cm-1 depends on the diameter 

and chirality of the CNT [74]. The tangential stretching G band vibration mode close to 

1590 cm-1 can be used to distinguish semiconducting and metallic singled walled CNTs 

[75], and the disorder-induced D band mode close to 1350 cm-1 depends on the presence 

of defects in the nanotube structure [76].  For the experiment, the power of the far-field 

illumination source is limited to 2 mW. The near-field and far-field Raman spectra are 

obtained by engaging the probe-tip in contact with the sample and disengaging it, 

respectively. By adjusting the polarization of incident light parallel to the axis of the probe-

tip, a maximum Raman intensity is obtained due to strong coupling of far-field light to 

LSPs. The difference between the near-field and far-field illumination conditions stem 

from the local intensity and spot size of light at the incident frequency. Figure 5.2(a) shows 
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the measured spectra around the G band peak. The ratio of the near-field (𝐼𝑇𝐸𝑅𝑆) and far-

field (𝐼𝐹𝐹) Raman scattering intensity is approximately 1.4, which suggests a modest 

   

 

                                        (a) 

 

                                           (b) 

Figure 5.2 Tip Enhanced Raman Scattering in Multi-walled Carbon Nanotubes and silicon samples  

(a)Raman spectra of MW-CNT film on glass substrate using the plasmonic nanofocusing probe tip. 

(b)Raman spectra of silicon sample with different laser illumination conditions. The solid line are the Gaussian 

fittings for determination of the Raman peak position. 
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enhancement in the Raman scattering when the probe-tip is in contact with the MW-CNTs. 

Furthermore, the G band spectrum from the TERS measurement is split into primary and 

secondary peaks, which is consistent with published measurements in the literature [74, 

75]. The 𝐼𝑇𝐸𝑅𝑆/𝐼𝐹𝐹  ratio depends on the enhancement of the incident and scattered electric 

fields by the probe-tip, and following established methods in the literature. [76], .we 

estimate the TERS enhancement M by the plasmonic nanofocusing probe as, 𝑀 =
𝐴𝐹𝐹

𝐴𝑁𝐹
×

𝐼𝑇𝐸𝑅𝑆

𝐼𝐹𝐹
, where 𝐴𝐹𝐹  and 𝐴𝑁𝐹  are the areas of the far-field focus and the near-field 

enhancement region. A near-field localization of approximately 10nm is estimated from 

the tip-sample approach curve [56, 64], the far-field focus is assumed based on the 

diffraction limited focused spot size, and as such, we estimate 
𝐴𝐹𝐹

𝐴𝑁𝐹
 to be approximately 

104 and M is ~ 1.4 × 104. The corresponding electric field enhancement enabled by the 

plasmonic probe approximately  𝑀1/4 = 11. 

 

5.4 Local Heating of a Silicon Substrate 

Next, we investigate the local heating of a silicon substrate for two different probe-tip 

illumination conditions. In one case, the probe-tip apex is directly illuminated and in the 

other, the SPP coupling grating is illuminated allowing for excitation of LSPs based on 

adiabatic nanofocusing. We chose the silicon substrate for this experiment because of its 

low thermal conductivity in comparison to MW-CNTs, allowing for local local heat buildup 

under the probe-tip that can induce large frequency shifts in the TERS spectrum. In addition, 
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the temperature dependence of the Raman spectra in silicon has been widely studied [70, 

71], and for moderate sample temperatures in the range of 300-600 K, the magnitude of 

the frequency shift of the Stokes component of the Raman scattering decreases linearly 

with temperature, with a slope of between -0.02 to -0.03 cm-1/K. Figure 5.2(b) shows the 

TERS spectra obtained in an undoped silicon sample for the two different probe 

illumination conditions. The measured spectra are fitted with Gaussian functions in order 

to accurately determine the frequency of Raman peaks.  In both cases, the frequency of 

the Raman shift is close to 525 cm-1. We remark that the Raman peak was not observed in 

the MW-CNT spectrum, which suggests that the TERS signal from the silver coated silicon 

AFM cantilever probe is below the noise floor of the measurement system. The peak 

positions of the TERS signals are slightly shifted by approximately 2.5 cm-1, which 

corresponds to a temperature rise of between 83 to 125 degrees due to plasmonic 

nanofocusing in comparison to the direct probe-tip illumination.  

 

5.5 Numerical Simulation 

In order to better understand the local tip-sample heating using the plasmonic nanofocusing 

probe, we employ a 3D finite element method (FEM) to obtain numerical solution to 

Maxwell’s equation for the electromagnetic field distribution at the probe-tip. The 

simulated optical near-field in the silicon sample can be used as input source to the classical 

heat equation in order to calculate the temperature rise in the sample. The plasmonic 
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nanofocusing probe is modeled as a silicon tetrahedron coated with a silver film. The tip 

apex is modeled as a hemisphere with a radius of curvature of approximately 20 nm. The 

thickness of the silver film is 200 nm at the beginning of the tip shaft and it is gradually 

reduced to 30 nm at the tip apex. A one-dimensional Bragg grating with a period of 667 

nm is introduced at the upper portion of the probe to couple the incident light to SPPs. The 

distance between the end of the grating and the probe-tip is 7 m.  The grating is 

illuminated by a p-polarized plane wave with at an incident angle of 15° with respect to the 

normal line of tip shaft. The dielectric constants for the silver film and the silicon used in 

the numerical model are 𝜖𝐴𝑔 = −11.7 + 0.35𝑖, and 𝜖𝑆𝑖 = 17.433 + 0.077𝑖 respectively. 

Scattering boundary conditions and perfectly-matched layers are applied to the external 

domain in order to obtain numerical solutions to the electromagnetic wave equations. In 

the numerical simulation, one side of the plasmonic probe is illuminated by the laser source. 

Figure 5.3(a) shows the electromagnetic field distribution along the tapered region of the 

probe and close to the probe-tip. A bright contour is observed along the illuminated side of 

the plasmonic probe due to the excited SPPs, and the close-up view of the probe-tip in Fig. 

5.3(b) shows strong confinement and enhancement of optical field. The localized optical 

field irradiating the silicon substrate has a spatial extent of approximately 30 nm. To 

compare relative strengths of the optical field enhancement for the tip apex illumination 

and the grating illumination conditions, the illuminated region on the probe is moved from 

the tip apex to the diffraction grating. The spot size (diameter) of the illumination source 
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is  4 m. Figure 5.3(c) shows the numerical estimates of the intensity at the center of the 

probe-tip, where the 0-2 μm region corresponds to the tip apex illumination configuration 

and the 4-7 μm region the only the grating is illuminated, respectively. The ratio of the 

average LSPs at the probe-tip between the two regions in the figure is approximately 2.7, 

  

                                (a) 

   

             (b)                                 (c) 

Figure 5.3 Numerical simulation of local tip-sample heating using the plasmonic nanofocusing probe 

(a) Electromagnetic field distribution of the whole modeling structure. 

(b) A zoomed view of the optical field in the vicinity of the probe-tip and the silicon sample. 

(c) Comparison of the field enhancement between the tip apex illumination and the grating illumination. The 0-2 μm 

region corresponds to the tip apex illumination configuration and the 4-7 μ m region represents the grating 

illumination, respectively. 
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suggesting that the grating illumination configurations is a more efficient approach to 

couple far-field illumination to LSPs. Finally, the coupling between the local optical field 

and the temperature rise in the sample can be addressed using the heat equation. 

Considering the case optical absorption near the surface of the silicon substrate, the 

solution to the classical heat equation for a continuous heat source is trivial, 𝑇(𝑟) =
∫ 𝛼𝐼𝑑𝑉

4𝜋𝑘r
, 

where T is the temperature rise, r is the distance variable in spherical coordinates,  and k 

are the sample absorption coefficient and thermal conductivity, and I is the local optical 

intensity distribution within the volume V in the sample. Since the local sample temperature 

is directly proportional to the absorbed intensity, one can expect the grating illuminated 

probe will produce a larger sample temperature rise. We remark the true nature of the 

sample heating may be more complicated than the simple model considered here, 

particularly in the case of an ultrafast laser source. Other effects such as heat conduction 

between the Joule heated plasmonic nanofocusing probe and the substrate, and nonlocal 

ballistic effects [78] may also be contributing factors. 

 

5.6 Conclusion 

In summary, we have performed preliminary studies on near-field photothermal heating 

using a plasmonic nanofocusing probe. We explored the TERS experimental configuration 

to correlate the shift of the Stokes frequency for the inelastic scattered light from a silicon 

substrate, with local sample heating. By comparing two excitation conditions, i.e., direct 
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probe-tip apex illumination, and grating coupled LSPs, we observed a larger shift in the 

Stokes frequency for the grating illuminated probe. We estimate that the difference between 

the local sample temperature rise for the two illumination conditions is between 83 to 125 

degrees. Furthermore, we confirmed the measured results using finite element modeling to 

obtain numerical solutions to the electromagnetic wave equation for far-field optical 

excitation of LSPs. Further work is needed to understand complex multiphysics involved 

in local heating of the sample by the proximal nanofocusing probe. Nevertheless, the 

experimental results suggests if these physics of the heating process can be well understood 

and controlled, the plasmonic nanofocusing probe can be a promising tool for local 

photothermal heating of nanostructures, fundamental studies of nanoscale heat transport in 

materials, and  heat assisted nanofabrication.  
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Chapter 6 Near-field Optical Detection of Ultrafast 

Acoustic Vibrations of Individual Gold Nanodisks 

6.1 Introduction 

Metallic nanostructures are characterized by strongly confined and enhanced near-field 

optical energy and they have the ability to mediate fast conversion of light to phonons on 

picosecond time scales [79-84]. These characteristics have significant implications on 

broad fields including, photodynamic therapy [84-86], photoacoustic and photothermal 

sensing [87, 88], energy conversion [89-91], optofluidics [92, 93], etc. Furthermore, the 

possibly of tuning the optical field enhancements in metallic nanostructures through 

geometric and mechanical degrees of freedom makes them ideal candidates for 

reconfigurable nano-optomechanical metamaterials [94]. In this case, the local 

electromagnetic fields between individual nanostructures in a metamaterial can be 

independently controlled in space and time, leading to ultrafast switchable optical 

metamaterials [95], GHz acousto-optical modulators [96], and coupled nano-plasmonic 

and phononic sensors and filters [97-99]. To facilitate these developments, advanced 

sensing methods that provide access to extreme time (picoseconds) and spatial (nanometer) 

scales are needed to facilitate unprecedented understanding of various phenomena- optical 

confinement, local heating, mechanical deformation, and energy dissipation, in the metallic 

nanostructures.    
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Ultrafast pump and probe techniques like the transient absorption spectroscopy [100] and 

picoseconds ultrasonic methods [101] have been extensively used to investigate the 

dynamics of laser excited metallic nanostructures. In these techniques, optical excitation 

of the localized plasmon resonance (LSP) – collective oscillation of conduction band 

electrons, with an ultrafast pump laser leads to a large absorption cross section, impulsive 

generation of hot electrons. The electrons couple their energy to the lattice through 

electron-phonon collisions leading to thermoelastic generation of coherent acoustic 

vibrations that modulate the geometry of the nanostructure on a picoseconds time scale. 

The mechanical strain induced by the lattice vibrations and the change in the size of the 

nanostructure leads to a shift in the LSP frequency. Thus, the lattice vibration is monitored 

by monitoring the intensity change of a probe-laser whose wavelength is close to the LSP 

resonance, in the transmission or reflection modes. The transient absorption spectroscopy 

and picoseconds ultrasonic methods have used to explore to advance the general 

understanding of hot electron dynamics, and acoustic phonon vibrations of metallic 

nanostructures, from which size dependent elastic properties and energy exchange with the 

environment have been elucidated. Majority of these studies have been performed on 

ensembles of nanoscale objects [102, 103] or lithographically fabricated nanostructures 

separated from each other by distances larger than the optical diffraction limit [104-106]. 

However, recently there is significant interest in understanding the local interactions 

between coupled plasmonic nanostructures separated by nanoscale gaps [97-99, 107, 108] 
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for enhanced sensing applications, and by extension their opto-mechanical coupling, while 

avoiding ensemble averaging effects. Herein is where majority of the ultrafast pump probe 

methods are limited due to their large optical footprint stemming from the optical 

diffraction limit.      

 

In this work, we incorporate a sharp metallic probe-tip in contact with the sample into a 

picoseconds ultrasonic setup to make spatially and temporally resolved measurements of 

the transient reflectivity changes on a plasmonic nanodisk array.  The metallic tip is 

employed to channel evanescent electromagnetic waves in a nanometer sized gap between 

the tip and sample to the far-field. In a recent work, we demonstrated the ability to resolve 

local acoustic vibrations in nanomechanical resonators in the MHz range with a 

displacement sensitivity of 0.5 pm/Hz1/2 , a lateral spatial resolution of the order of 20 nm, 

and free of unwanted background scattering [56], using a related approach. Here, we obtain 

what is to the best of our knowledge, the first experimental demonstration of time resolved 

transient thermoreflectance measurements showing the acoustic phonon vibrations of 

plasmonic nanoscale disks at frequencies in the tens of GHz range. The spatial 

measurement of the transient thermoreflectance response on individual nanodisks is 

strongly correlated with the locally enhanced electric field distribution close to the sample 

boundary. These measurements suggest that the experimental approach can enable accurate 

mapping of local plasmon and phonon modes of individual and coupled metallic 
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nanostructures, thus enabling further studies of optomechanical interactions in nanoscale 

metallic objects. 

 

6.2 Sample Fabrication and Characterization  

The sample consists of a periodic array of gold nanodisks on a glass substrate, fabricated 

by electron-beam lithography. The geometry of the fabricated nanodisks were determined 

from scanning electron microscopy images of the sample shown in Fig. 6.1 The disks have 

a nominal diameter and spacing of 130 nm and 600 nm, and the height of each disk is 50 

nm. The transmission spectrum of sample was characterized in an index matched 

environment that consists of an oil layer with refractive index n = 1.52, covering the gold 

nanodisks. The refractive index of the oil layer is matched to the glass substrate. The 

spectrum in figure 6.2 shows a broad localized surface Plasmon resonance (LSP) trough at 

dimensional arrays of gold nanodisks on glass [109]. For the aNSOM experiments, we use 

a sharp gold coated silicon scanning probe tip as a near-field transducer as illustrated in 

Fig. 6.3(a). The aNSOM used in our experiment is based on a contact mode atomic force 

microscope (AFM), and the probe-tip and nanodisk are both illuminated an oblique angle 

with a p-polarized probe laser. Figure 6.3(b) and (c) shows finite element numerical 

simulations (COMSOL Multiphysics) of the electric field distribution on top of a 130 nm 
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diameter gold nanodisk on a glass substrate, in the absence and presence of the probe tip 

   

 

(a) 

 

                            (b) 

Figure 6.1 Scanning electron microscopy picture of the gold nanodisks (a) Low magnification picture (b) High 

magnification picture 
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for an illumination wavelength of 780 nm, which is close to the LSP resonance. In Figs 6.3  

 

                             (a) 

 
                             (b) 

Figure 6.2 Optical characterization of the gold nanodisks. (a) Measured transmission spectrum (b) Simulated 

transmission spectrum of gold nanodisks having the same dimensions. 
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(c) and (d), the dipolar localized plasmon resonance mode is observed [33].In figs (c) and  

 

(a) 

 

                  (b)                                       (c) 

 
           (d) 

Figure 6.3 (a)Artistic picture of the two color pump probe scattering type near-field microscopy. Both pump (purple 

color) and probe (red color) beams are focused on the apex of an aNSOM probe. (b), (c) Finite element numerical 

simulations of the electric field distribution on top of a 130 nm diameter gold nanodisk on a glass substrate, in the 

absence and presence of the probe tip for an illumination wavelength of 780 nm. (d) Top view of the electric field 

distribution of a 130nm diameter gold disk. 
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(d), the dipolar localized plasmon resonance mode is observed [110]. However, the 

presence of the probe-tip above the sample creates a stronger localized field between the 

probe-tip and the disk, than the near-field intensity at the edges of the disk [111]. The 

asymmetry in the electric field intensity around the disk is due to the oblique illumination 

angle of the input electric field. The near-field coupling between the probe-tip and the disk 

and the localized plasmon field around the disk edges will be modulated by the acoustic 

vibration of the disk. Our measurement consists of monitoring the scattered light from the 

tip-disk interaction in the far-field as the probe-tip scans over the disk. Since the transient 

acoustic response of a nanodisk, resulting from illumination with an ultrafast pump laser 

is much faster than response time of commercial detection methods, the sample response 

is recorded by the time-domain spectroscopy approach. 

6.3 Experimental Setup 

6.3.1 Near-field Detection 

A schematic of the experimental setup is shown in Fig. 6.4(a). A two color pump and probe 

technique is used to excite and detect the acoustic vibrations of the gold nanodisks. In the 

setup, a Ti:sapphire mode locked laser with a central wavelength of 780 nm and pulse 

duration of 150 fs and pulse-to-pulse repetition frequency of 80 MHz, is split into pump 

and probe beams by a combination of a half wave plate and a polarizing beam splitter. The 

frequency of the pump laser is doubled by transmission through a Barium Borate (BBO) 

second harmonic generation (SHG) crystal, such that the output wavelength of the pump 
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laser is 390 nm. The pump laser is directed through an acousto-optic modulator (AOM) 

and the transmitted intensity is modulated at a frequency fAOM = 0.3 MHz. The probe 

laser at 780 nm is reflected from a retroreflector mirror mounted on a linear motorized 

 

                              (a) 

    

                            (b)                           

Figure 6.4 Experimental Setup (a) Schematic of the experimental setup (b) picture of the optics and AFM head. 
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translation stage for controlling the time delay between the probe and probe lasers. The 

reflected probe and the pump lasers are focused at oblique incidence angle of 18 degrees 

through a 10x microscope objective with a numerical aperture of 0.3 to small spot sizes on 

the sample surface. The spot sizes of the pump and probe lasers on the sample are 

approximately 32μm and 6 μm. A gold coated contact mode AFM probe-tip is positioned 

directly over the illuminated pump and probe lasers. As such, the probe-tip and sample 

surface are partially illuminated by the pump and probe lasers. The contact mode AFM 

cantilever has a spring constant of 0.3 N/m and a free resonance frequency of 16 kHz. In 

order to avoid potential damage to the AFM cantilever, the average power of the pump and 

probe lasers are limited to 6 mW and 1 mW. The scattered probe light from the probe-tip 

and sample interaction is collected by the 10x microscope objective and directed to a low 

noise photodetector with bandwidth of 150 MHz. A notch filter with a transmission peak 

around 780 nm is placed in front of the photodetector to reject the scattered pump light. 

The voltage output of the photodetector is demodulated in a radio frequency lock-in 

amplifier at the pump laser modulation frequency 𝑓𝐴𝑂𝑀. The reference input voltage to the 

lock-in amplifier is obtained from the function generation used to excite AOM. In order to 

record the thermal and acoustic response of the sample response following the ultrafast 

pump laser illumination, the time delay between the pump and probe beams illuminating 

the sample surface is changed by adjusting the path length of the two beams using the linear 

translation stage as shown in Fig. 6.4 For each value of time delay, the in-phase and 
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quadrature components of the photodetector voltage is recorded by averaging the 

photodetector output from multiple pump laser firing events. To optimize the signal-to-

noise ratio of the measurement, an integration time of 3s was chosen. In addition, the input 

polarization of the probe laser is adjusted to optimize the signal strength by installing a half 

wave plate after the beam linear translation stage.  

 

6.3.2Far-field Detection 

We compared the transient response of the sample obtained with the near-field probe to 

far-field measurements. For these measurements, the sample is illuminated at normal 

incidence through a 20x microscope objective with a numerical aperture of 0.42. The pump 

and probe lasers have a spot sizes at the full-width-at-half maximum intensity of about 10 

μm and 2 μm. The power of the incident pump and probe lasers is 16 mW and 1 mW. The 

illuminating pump laser is intentionally defocused to ensure that several nanodisks are 

simultaneously excited by the pump laser, and facilitates the excitation of a wide range of 

acoustic modes including the local vibration modes of each nanodisk, and extended surface 

acoustic wave resonant modes from the array [105]. The reflected probe light from the 

sample surface is collected by 20x microscope objective and recorded at the photodetector. 

The output of the photodetector is fed into the lock-in amplifier and the time-resolved 

measurement of the sample reflectivity is recorded at different pump-probe time delays, as 

in the near-field detection case. 
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6.4 Results 

6.4.1 GHz acoustic vibration of individual and ensembles of nanodisks 

Far-field Measurements: Figure 6.5(a) shows the transient thermoreflectance change at 

different positions on the sample. The measured signal results from the perturbation of the 

electronic state of the gold disks by a combination of temperature changes and mechanical 

strain. At a pump-probe time delay close to t = 0, the pump laser excites the free electrons 

in the gold nanodisks leading to a sharp change in the sample reflectivity. The electrons 

thermalize within a short time scale (less than 1 ps), and their energy is transferred to the 

lattice by electron-phonon collisions, leading to heating and thermal expansion of the gold 

nanodisks and the glass substrate. The heating process produces a corresponding change in 

the refractive index of the gold disks and a time dependent change in the sample optical 

reflectivity. Furthermore, the transient thermal expansion of the gold disks lead to 

excitation of their vibrations modes, which lead to a strain induced change in the optical 

reflectivity of the sample. The vibration modes perturb the band structure of the plasmonic 

nanoantennas leading to modulation of the LSP resonance frequency, which for a fixed 

probe laser wavelength, results in a corresponding modulation of the probe laser intensity. 

The relative reflectivity change ∆R/R for the measured waveforms is on the order of 10-4. 

Since the pump and probe beams are larger than the size of an individual nanodisk, the 
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waveforms represent average the response of several nanodisks. The waveforms obtained 

 
                         (a) 

 

                              (b)                           

Figure 6.5 Far field measurements (a) Changes in the reflectivity as a function of delay time from far field ensemble 

measurements at two different positions. (b) The fast Fourier transform of the measured waveforms. 
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with the far-field detection approach on two different locations on the sample surface show 

a damped oscillatory response with the same period. The red curve shows a prominent 

spike with negative polarity at short time delays due to a large temperature difference the 

electrons and the lattice in the gold nanodisk. The fast Fourier transform of the measured 

waveforms shown in Fig. 6.5(b) has three prominent amplitude peaks at 3.3 GHz, 11.2 

GHz, and 22.6 GHz, for the red curve.  The 3.3 GHz peak corresponds to a surface 

acoustic wave with a characteristic wavelength that is associated with the lattice spacing 

of the plasmonic nanodisks. The 22.6 GHz peak is remarkably close to a harmonic of the 

11.2 GHz, and the existence of these pair is not unexpected, since the oscillatory 

thermoreflectance signal exhibits a saw-tooth profile. The 11.2 GHz peak is associated with 

the two-dimensional in-plane radial breathing mode, verified by a numerical solution of 

 

                              (a) 

 
                              (b)                           

Figure 6.6 The acoustic vibration mode of single gold nanodisk. (a)The calculated displacement and (b) volumetric 

strain for a single gold nanodisk on a glass substrate  



                                                                                                    

111 

the elastodynamic wave equations in COMSOL Multiphysics for the sample geometry. The 

calculated displacement and volumetric strain for a single gold nanodisk on a glass 

substrate are shown in Figs. 6.6(a) and (b). The numerical model yields the best match to 

the measured resonance frequency of 11.2 GHz, for disk diameter of 128 nm, assuming the 

bulk values for the film and substrate elastic properties. The best-fit result for the nanodisk 

diameter is in close agreement with estimates from SEM images. The calculated 

displacement has a node at the center of the disk and it increases along the radial direction 

to the maximum values at the edges of the disk. Furthermore, experimental measurements 

of the in-plane radial breathing mode frequency for gold nanodisks of comparable sizes on 

a glass substrate in the literature [93] are close to our measurement. 

 

Near-field Measurements: Figure 6.7(a) and (b) shows waveforms obtained by positioning 

the probe-tip on four different nanodisks, and their corresponding amplitude spectra. The 

time resolved thermoreflectance waveforms are plotted with a vertical offset for ease of 

viewing. The amplitude of the thermoreflectance waveforms are of the order of 10-5 to 10-

6, which is smaller than the far-field measurements. The waveforms show a similar trend 

that consists of a sharp transient close to the pump and probe time delay t = 0, followed by 

decaying underdamped oscillations with smaller amplitudes compared to the far-field 

measurements. The frequency of the in-plane radial breathing mode is prominent in the 

amplitude spectrum of each waveform, and it varies between 10.8 GHz and 12.8 GHz as 



                                                                                                    

112 

shown in Table 6.1. The measured resonance frequencies are within 14% of the 

corresponding far-field measurements. The table also shows the estimated nanodisk 

 

                                          (a) 

 

                         (b)                           

Figure 6.7 Near field measurements (a) Transient resolved waveforms obtained by positioning the probe-tip on four 

different nanodisks, and (b) their corresponding amplitude spectra. 
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diameters in the range of 110 nm to132 nm, which is consistent with size variability 

observed in the SEM images of the sample.   A small and distinct amplitude peak at 34 

GHz corresponding to the out-of-plane extensional mode of the nanodisk is observed in 

spectrum of one of the waveforms (i.e. NF1 in Fig. 6.7(a)). Using the fundamental out-of-

plane extension mode frequency, fextension = cl/2d, where cl is bulk compressional wave 

speed in gold and d is the disk thickness, we estimate the thickness of the gold disk to be 

47 nm, which is close to the nominal value of 50 nm. The literature value for cl = 3200 m/s 

for bulk gold is assumed. In order to verify that the measured waveforms results from the 

probe-tip and sample interaction, we retracted the probe-tip by a vertical distance of 

approximately 1μm and repeated the measurement. Figure 6.8 shows a comparison of the 

measured waveform and one of the near-field measurements. With the probe-tip in its 

retracted position, the measured waveform reduces to the background noise floor. In 

addition, the peak-to-peak amplitude of the first oscillation cycle in near-field data is 35 

Waveform # Resonance Frequeny (GHz) Nanodisk Diameter (nm)

FF1 11.2 128

FF2 11.2 128

NF1 10.8 132

NF2 12.5 112

NF3 12.8 110

NF4 12.2 116  

Table 1 The frequencies of the in-plane radial breathing mode in the amplitude spectrum of near-field waveform, 

and the corresponding calculated diameters of gold nanodisks 
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times larger than the root-mean square amplitude of noise floor within the time window of 

the measurement. We remark that with multiple bursts of pump laser pulses modulated at 

𝑓𝐴𝑂𝑀 , the fast thermal and acoustic response of the sample is modulated at the same 

frequency. We rule out the possibility of probing the sample response based on direct 

 

0 100 200 300 400 500 600
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 

 

 

 NF2

 Tip Disengaged

Pump Probe Time Delay (ps)

R
el

at
iv

e 
In

te
n
si

ty

 

                                                        

Figure 6.8 Comparison of the measured waveform with probe-tip in retract position and one of the near-field 

measurements. 
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mechanical modulation of the AFM cantilever deflection by the nanodisk at 𝑓𝐴𝑂𝑀 due to 

the small AFM cantilever resonance frequency compared to the 𝑓𝐴𝑂𝑀 . In addition, 

direction illumination of the top cantilever with the probe laser yielded an unmodulated 

background noise. 
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6.4.2 Spatial Variation of the Near-field Thermoreflectance Measurement 

 
                                 (a)                           
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To further elucidate the local origin of near-field measurements, we performed point-to-

point measurements of the local thermoreflectance at a fixed time delay of 128 ps between 

the pump and probe lasers, by the scanning sample along on direction, while keeping the 

position of the focused pump and probe lasers relative to sample and probe-tip stationary. 

During the measurement, the probe-tip probed the vibration of two gold nanodisks. The 

pump-probe time delay of 128 ps was chosen because it coincides with the second 
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                                 (d)                                                

Figure 6.5 Spatial variation of near-field thermoreflectance signals. (a) contact mode AFM topographic image of 

sample. Measurements of the thermoreflectance signal is obtained along the dotted lines in the picture. Scale bar 

in picture is 550 nm. (b) comparison of normalized thermoreflectance intensity to the topography along the 

measurement line. (c) comparison of the simulated near-field intensity and measured thermoreflectance signal 

across the diameter of a single gold nanodisk, (d) AFM image of single isolated nanodisks used for the experiment 

in (c). Scale bar in (d) is 200 nm. 
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oscillatory cycle in the transient thermoreflectance measurements in Fig. 6.5(a). To avoid 

artifacts from the vertical motion of the sample scanning stages as the probe tip moves over 

a nanodisk, each theromoreflectance measurement was taken after a lock-in integration 

time of 3s, which is much longer than the response time of the AFM feedback control 

system. The topography of the scanned area on the sample is shown in Fig. 6.9(a) and the 

thermoreflectance measurements were taken on highlighted dash line in the picture. We 

compare the thermoreflectance measurement to the AFM cantilever feedback voltage in 

Fig. 6.9(b) in order to interpret the features in the optical signal with respect to the position 

of the gold disks. The amplitude peak and trough in the topography correspond to the 

locations of the gold nanodisk and glass substrate. The height contrast in the topography is 

close to 62 nm, corresponding to the gold thickness. At the beginning of the 

thermoreflectance measurement, the probe-tip is positioned over the glass substrate close 

a nanodisk. The thermoreflectance measurement shows distinct features that are different 

from the topography, particularly close to the edges of the nanodisk, where the signal has 

two lobes. The decreasing amplitude of the thermoreflectance measurement with distance 

may be due to slight misalignment of the probe laser relative to the probe-tip and sample 

interaction region. The position dependent thermoreflectance intensity may result from the 

local strain induced modulation of the electric field distribution around the disks, in which 

case, the probe-tip strictly acts as local scatterer that couples the near-field optical signal 

to the far-field. We investigate this hypothesis using a finite element numerical calculation 
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of the electric field intensity distribution around a single gold disk, for the probe laser 

illumination angle and polarization used in our experiments. To account for the size of the 

probe-tip and sample interaction, the intensity of the total electric field vector |𝐸𝑡𝑜𝑡|2 is 

integrated over a volume V, such that the measured optical signal is represented by S,  

𝑆 = ∫ |𝐸𝑡𝑜𝑡|2
𝑉

𝑑𝑉. 

The calculated intensity across the disk is shown in Fig. 6.5(d), and is normalized to allow 

for comparison with the measured thermoreflectance intensity across a single disk. A 

comparison of the topography and the measured thermoreflectance signal is shown in Fig. 

6.5(c). We remark that the topography may over estimates the diameter of the gold disk 

due to the probe-tip geometry (apex sharpness and side-wall angle). The thermoreflectance 

measurements was obtained with a step size of 25 nm per point. In the numerical 

calculation, the component of the incident electric-field in the plane of the sample is aligned 

parallel to the direction of the lattice vector and the averaged probe excitation voxel is a 

sphere with a radius of 20 nm. The distance between the intensity peaks of the two lobes is 

225 nm, and the numerical model yields the best agreement with experiment for a disk 

diameter of 190 nm. A modest agreement between the relative intensities in the 

experimental and numerical data is obtained. The light intensity decreases to a minimum 

close to the center of the disk, and it is concentrated near the edges. The extinction ratio of 

the thermoreflectance data is smaller than the numerical measurement because of 

background noise. The width of the edge lobes which in the numerical model is controlled 
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by voxel size of the probe-tip excitation volume is smaller than the measured data, 

suggesting a more complicated probe-tip interaction dynamics. Ultimately, what we can 

conclude from the numerical simulation is that the localized optical field around the disk 

is modulated by the local strain or displacement profile along the disk radius, which leads 

to the thermoreflectance profile measured in the experiment.  The spatial variation of the 

thermoreflectance measurements is on the order of the step size, which is much smaller 

than the spot size of the focused probe laser (6𝜇m).  

6.5 Discussion  

This work raises a number of interesting questions. For example, how is the near-field 

coupling of plasmons between the probe-tip and sample modified by dynamic changes in 

the dielectric properties of the nanodisk and probe [111]? Can one map the eigen vibration 

mode shapes of the nanodisk in the presence of non-uniform near-field plasmon 

distribution around the nanodisk? How does unwanted background scattering, which is 

expected in our measurements, affect the local transient thermoreflectance signal measured 

in the far-field and can these effects be eliminated by interferometeric detection methods 

[112]? What is the minimum detectable local sample strain that be resolved with this 

technique?   How is the damping of in-plane acoustic phonon vibrations in the sample 

influenced by the contacting probe-tip?  To address these questions, further experiments 

and numerical studies in carefully designed samples need to be conducted in order to 

understand the near-field interaction in the various regimes, such as, (1) the strong coupling 
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regime, comprised of a sharp-plasmonic metal tip and plasmonic nano-objects, and (2) the 

weak coupling regime, where a dielectric probe-tip is used. Perhaps, access to the 

amplitude and phase of the plasmon modes, by an interferometric detection of the scattered 

light from the probe-tip and sample interaction, may further elucidate the coupling between 

the plasmonic and phononic fields in nanoscale structures.    

 

6.6 Conclusion 

We report the time-resolved measurement of acoustic phonon vibrations on individual gold 

nanodisks illuminated in reflection mode near the localized surface plasmon resonance 

wavelength LSP = 730 nm. To facilitate the measurement, we incorporated a sharp metallic 

probe tip in contact with the sample into a picosecond ultrasonic setup. Time resolved near-

field thermoreflectance measurements on individual nanodisks are compared to far-field 

measurements, and the results are in good agreement. The far-field measurements, sampled 

the thermoreflectance of several nanostructures in the sample, and the amplitude spectra of 

the measured data had peaks at the average in-plane radial breathing mode oscillation 

frequency of the gold nanodisks, and a surface acoustic wave resonant oscillation resulting 

from impulsive thermal grating produced by the disk array. On the other hand, the near-

field measurements only yielded amplitude peaks in the frequency range between 10 to 13 

GHz, corresponding to the in-plane radial breathing mode, and an out-of-plane extensional 

mode at 34 GHz. By the resonance frequencies obtained from the solution to elastodynamic 
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wave equation for the sample geometry, the diameter and thickness of the nanodisk were 

predicted. The range of predicted nanodisk diameters are in good agreement with estimates 

from SEM images of the fabricated sample. We observed that the near-field 

thermoreflectance measurements showed an enhanced reflectivity contrast with a lobed 

pattern near the edge of each nanodisk that obscured the spatial strain or displacement 

pattern of the in-plane phonon vibration mode. From our numerical calculations of the 

electric field distribution around each nanodisk, we found the measurement to be correlated 

with the dipolar plasmon mode of the disk. Furthermore, the spatial-temporal behavior of 

the thermoreflectance measurements depends on the sample dynamics close to the probe-

tip. The experimental approach will provide a new tool to facilitate investigation of 

nanoscale phonon transport [113] and ultrafast optomechanical interactions in coupled 

plasmonic and phononic nanoscale devices with complex geometries. The latter have 

important implications in the development of, high speed opto-acoustic modulators, 

reconfigurable nanomechanical plasmonic metastructures, and transducers for detection of 

acoustic vibrations using confined nano-optical cavities.   
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Chapter 7 Ultrafast Acousto-plasmonic Sensing in 

Plasmonic Nanoantennas Array  

7.1 Introduction 

Plasmonic nanostructures have played an important role in the advancement of 

nanotechnology due to their unique abilities to convert far field light to surface plasmon 

polaritons. The deep subwavelength confinement and strong enhancement of optical field, 

high sensitivity to changes of geometry and refractive index distribution in the surrounding 

environment enable plasmonic nanostructures to find extensive applications ranging from 

ultrasensitive gas sensors, solar energy technology, to advanced optical manipulation. 

Recently, a new class of elevated plasmonic nanostructures have been developed that show 

promise for sensing, where by their larger available surface area enhances sensing 

capabilities compared with substrate-bond structures [115]. One particular case is pillar 

nanoantennas (p-NA), which have found tremendous application in areas as diverse as data 

strorage [116], photography [117], plasmonic nanotweezers [118], and audio recording 

[116]. For sensing application, when placed close to a sample surface, each element of the 

p-NAs can serve as a nanosized optical sensor, similar to metallic probes used in near field 

scanning optical microscopy (NSOM). A large array of pillar nanoantennas will allow for 

high throughput measurement, overcoming the disadvantage of serial point-by-point 

scanning which is major limitation of scanning probe microscopy methods including the 

NSOM techniques.  
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Another advantage to be gained for isolated plasmonic nanoantennas is the possibility of 

amplifying optical fields around small sized nanostructures, thus allowing for enhancement 

in the detection of ultrafast acoustic vibrations from these objects. For example, Thorsten 

et al. [83] demonstrated enhanced detection sensitivity to the acoustic vibrations of a single 

gold nanoparticle by placing in the near-field a larger plasmonic nanoantenna. Kevin et al. 

[82] demonstrated the possibility of achieving probe polarization based selective detection 

of orthogonal acoustic vibration modes of lithographically patterned gold nanostars, at 

frequencies in the GHz range. Furthermore, Thijssen et. al. [119] explored coupled gap 

mode plasmons in a metal-insulator-metal structure to detect the thermal motion of doubly 

clamped nanomechanical resonators with a displacement sensitivity of 1.11 x 10-13 m/Hz1/2.    

In this chapter, I explore the localized Plasmon resonances of a pair of nanoparticles 

 

Figure 7.1 Schematic Illustration of the pillar Plasmon-nanomechanical resonators 
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separated by narrow air gaps to create local optical probes with subwavelength volume for 

sensing nanomechanical vibrations. To demonstrate the capabilities for nanomechanical 

detection, the nanoparticles are supported by polymer pillars to optically isolate the 

nanoparticles from the substrate. The polymer pillar also provide a large thermal expansion 

mismatch with the gold nanoparticles, which allows for enhanced generation of acoustic 

vibrations in the nanoparticles when illuminated by a probe laser. Figure 1 shows a 

schematic illustration of the array of pillar Plasmon-nanomechanical resonators, where 

gold caps act as ultrafast nanomechanical resonators.   

7.2 Methods 

7.2.1 Sample Fabrication  

 

The sample consists of a two dimensional array of elliptical gold caps dimers supported by 

polymer pillars on a silicon substrate. The sample is fabricated by electron-beam 

lithography. The fabrication procedure is schematically shown in Fig. 7.2. First, a single 

crystal silicon wafer is sonicated in acetone for 5 min and subsequently rinsed in an 

isopropyl alcohol (IPA) solution. Next, a thin film of polymethyl methacrylate photoresist 

(PMMA 950 A4) with thickness of approximately 200 nm is spin-coated on the substrate 

 

Figure 7.2 Schematic illustrating the fabrication procedure for pillar plasmonic nanoantenna. 
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at 4000 revolutions per minute for 45s. Consequently, the PMMA film was treated on a hot 

plate at 180 ℃ for 2 min. The sample is patterned with an electron beam using the Electron 

Beam Lithography System: JEOL 9300, operated at a voltage level of 100 kV and with a 

beam current of 1 nA.  After the sample is exposed to the electron beam and removed 

       

(a)    (b) 

        

(c)                                            (d)   

Figure 7.3 Side-to-side pillar plasmonic nanoantenna  (a) (b) scanning electron micrograph of pillar plasmonic 

nanoantenna (c) 52 degree tilted view to show the height of the structure. (d) artistic representation of pillar plasmonic 

nanoantenna. 
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from the chamber, it is immersed in a mixture of IPA and water having a ratio of 21 to 9 at 

0℃ for 35s. The sample is further rinsed with IPA, and cleaned by an oxygen Plasma 

descum. The final step involved deposition of a 3 nm thick chromium adhesion layer 

followed by a 35 nm thick gold layer, by the electron beam deposition. The thickness of 

       

(b)     (b) 

         

(d)                                           (d)   

Figure 7.4 Tail-to-tail pillar plasmonic nanoantenna (a) (b) scanning electron micrograph of pillar plasmonic 

nanoantenna with slow and high magnification. (c) 52 degree tilted view to show the height of the structure. (d) 

artistic representation of pillar plasmonic nanoantenna. 
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the deposited films was monitored by a quartz crystal microbalance and further confirmed 

by profilometer measurements. The geometry of the fabricated samples is shown in 

Figs.7.3 and 7.4 for the different sample configurations namely, the side-to-side and tail-

to-tail dimers. The fabricated pillars have a lattice spacing of 400 nm and a dimer spacing 

of between 10 to 60 nm. Scanning electron microscopy (SEM) images were also taken at 

a tilt angle of 52 degrees. The nominal size of the dimers are about 140 nm along the long 

axis by 70 nm along the short axis. The SEM images of the samples show great uniformity 

and regularity. 

 

7.2.2 Optical Characterization of Localized Cap and Gap Plasmon Resonances 

7.2.2.1 Tail-to-tail pillar plasmonic dimers 

The optical reflectivity spectrum of the fabricated samples was characterized by 

illuminating the sample surface with a super-continuum laser source spanning the 

wavelength range between 400 and 900 nm, and the wavelength spectrum of the reflected 

light is monitored in a free space spectrometer (Jobin Yvon CP140-103 grating, Ausor DU 

420A camera). The experiments were performed in the laboratory of Professor Kimani 

Toussiant in the Mechanical Science and Engineering Department at the University of 

Illinois at Urbana Champagne. The measured spectra for the side-to-side and tail-to-tail 

sample configurations are shown in Figs.7.5 and 7.6. The spectrum of the tail-to-tail sample 

shows a broad localized surface Plasmon resonance (LSP) peak close to a wavelength of 
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770 nm for a vertically polarized illumination probe light, due to collective oscillation of 

electrons along the long axis of the gold cap. For the horizontally polarized probe, the 

measured spectrum shows a small through around the same wavelength. A numerical 

calculation of the expected spectrum obtained from the solution of the electromagnetic 

wave equations in the COMSOL finite element software, using a plane wave input electric 

field. Periodic boundary conditions are applied to the simulation box. For a vertically 

 

 

                                                        

Figure 7.5 Tail-to-tail pillar plasmonic nanoantenna (a) (b) scanning electron micrograph of pillar plasmonic 

nanoantenna with slow and high magnification. (c) 52 degree tilted view to show the height of the structure. (d) 

artistic representation of pillar plasmonic nanoantenna. 
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polarized input, the calculated spectrum has a small broad peak at 770 nm marching the 

experimental data. However, for the horizontal polarized input, the calculated spectrum 

shows a prominent trough at 600 nm corresponding to the gap Plasmon resonance. At the 

gap resonance, the electric field at the edges of the gold cap interacts to create a strongly 

confined field in the narrow gap between the gold caps. For the probe laser wavelength of 

780 nm used in my experiments, Fig. 7.5(c) shows the electric field distribution two near 

neighbor gold disks at the probe laser wavelength, for the two different polarizations. The 

electric field is confined in the gap between the gold caps for the horizontal polarization, 

and at the vertical edges of the sample for the vertical polarization. It is possible that in the 

experiment, the gap Plasmon resonance is weakly excited due to the large gap of 55 nm 

between the gold caps. The source of the discrepancy between the measured and calculated 

spectra is unclear at the moment, although, it is important to note that the sample geometry 

and dielectric properties are sufficient captured in the numerical model.  

   

7.2.2.2 Side-to-side pillar plasmonic dimmers 

The measured optical reflectivity spectra for the side-to-side gold dimmer samples are 

shown in Fig. 7.6(b). It is important to note that the gap spacing for this case is close to 20 

nm, as seen in the SEM image in Fig. 7.6(a). The plots show have trough close to 600 nm, 

corresponding to the gap Plasmon resonance. For the horizontally polarized illumination 

laser, the gap Plasmon resonance is blue shifted to close to 550 nm, although the resonance 
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spectrum around this wavelength is very broad. Unlike the tail-to-tail dimmers, there is no 

discernible LSP resonance peak for the gold cap in the measured spectra. The numerical 

calculation of the reflectivity spectrum has closer agreement with the measurement than 

with the tail-to-tail dimmers. The calculated spectrum shows a prominent through at the 

gap Plasmon resonance wavelength of 590 nm for the vertical polarization, which is close 

to the measurement. For the vertical polarization, the resonance is slightly blue shifted to 

 

 

                                                        

Figure 7.6 Side-to-side pillar plasmonic nanoantenna (a) (b) scanning electron micrograph of pillar plasmonic 

nanoantenna with slow and high magnification. (c) 52 degree tilted view to show the height of the structure. (d) 

artistic representation of pillar plasmonic nanoantenna. 
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550 nm. Figure 7.6(d) compares the electric field concentration within the gap and around 

the edges of the dimers for the horizontally and vertically polarized input electric fields. 

For the vertical polarization case, where the electric field vector is aligned with the long 

axis of gold dimer, a dipolar electric field distribution at the end tip of the gold caps. On 

the other hand, when the electric field is polarized along the vertical direction connecting 

the short axis of the gold caps, the electric field is localized within the gap, leading to strong 

coupling between neighboring gold caps. The side-to-side and tail-to-tail configurations of 

the gold dimers provide a suitable testbed to investigate the interaction of acoustic 

vibrations and plasmons in the weakly and strongly confined plasmonic cavities. In the 

weakly confined cavity, which corresponds to the tail-to-tail dimers with a large gap 

distance, the LSP resonance dominates the acousto-plasmonic interaction.      

7.2.3 Experimental Setup  

A schematic of the experimental setup is shown in Fig. 7.7. A two color pump and probe 

technique is used to excite and detect the acoustic vibrations of the samples. In the setup, 

a Ti:sapphire mode locked laser with a central wavelength of 780 nm and pulse duration of 

150 fs and pulse-to-pulse repetition frequency of 80 MHz, is split into pump and probe 

beams by a combination of a half wave plate and a polarizing beam splitter. The frequency 

of the pump laser is doubled by transmission through a Barium Borate (BBO) second 

harmonic generation (SHG) crystal, such that the output wavelength of the pump laser is 

390 nm. The pump laser is directed through an acousto-optic modulator (AOM) and the 
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transmitted intensity is modulated at a frequency fAOM = 0.3 MHz. The probe laser at 780 

nm is reflected from a retroreflector mirror mounted on a linear motorized translation stage 

for controlling the time delay between the probe and probe lasers. The reflected probe and 

 

 

Figure 7.7 Schematic illustrating the fabrication procedure for pillar plasmonic nanoantenna. 
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the pump lasers are recombined in a dichroic mirror and focused through a 20x microscope 

objective with a numerical aperture of 0.42 to small spot sizes on the sample surface. The 

spot sizes of the pump and probe lasers on the sample are approximately 5 μm and 1 μm. 

The scattered probe light from sample surface is collected by the 20x microscope objective 

and directed to a low noise photodetector with bandwidth of 150 MHz. A transmission 

filter with a transmission peak around 780 nm is placed in front of the photodetector to 

reject the scattered pump light. The voltage output of the photodetector is demodulated in 

a radio frequency lock-in amplifier at the pump laser modulation frequency fAOM. The 

reference input voltage to the lock-in amplifier is obtained from the function generation 

used to excite AOM. In order to record the thermal and acoustic response of the sample 

response following the ultrafast pump laser illumination, the time delay between the pump 

and probe beams illuminating the sample surface is changed by adjusting the path length 

of the two beams using the linear translation stage. For each value of time delay, the in-

phase and quadrature components of the photodetector voltage is recorded by averaging 

the photodetector output from multiple pump laser firing events. To optimize the signal-to-

noise ratio of the measurement, an integration time of 100 ms was chosen. In addition, the 

input polarization of the probe laser is adjusted to align the input probe electric field in the 

plane of the sample along the long or short axis of the elliptical gold caps. 

 

7.3 Time Domain Thermoreflectance Measurements  
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7.3.1 Tail-to-tail pillar plasmonic dimers 

Figure 7.8(a) shows two waveforms obtained by illuminating the sample with the pump 

laser and detecting the resulting transient reflectivity change. In the two measurements, the 

polarization of the pump laser is aligned along the long axis between of the gold caps, and 

  

               (a)                                           (b) 

               

         (c)                                    (d) 

Figure 7.8 Transient Thermoreflectance Waveforms on the tail-to-tail dimmers (a) two waveforms obtained by 

illuminating the Tail-to-tail pillar plasmonic dimers sample with the pump laser and detecting the resulting transient 

reflectivity change (b) corresponding FFT spectra (c) simulated electric field in the top plane of the tail-to-tail 

dimmers when the polarization of the probe light is parallel and perpendicular to the center-to-center axis (d) the 

longitudinal in-plane extensional mode of the gold cap. 
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measurements of the sample reflectivity change were taken for the parallel and orthogonal 

probe polarization directions. Two noticeable features are observed in the measurement. 

The transient reflectivity change close to a pump probe time delay of zero is about 20 times 

larger for the horizontally polarized probe, and the signal results from the local heating of 

the conduction band electrons and resulting modulation of the dielectric properties of the 

gold cap. The electronic system thermalizes within a timescale of about 1 ps, through 

electron-electron collisions, and electron-phonon collisions. The temporal resolution of the 

measurement, which is about 5 ps, was not sufficient to adequately resolve the electronic 

heating induced change in the sample reflectivity. Beyond 1 ps, the lattice temperature 

increases leading to a transient thermal expansion and the resulting thermal confined 

stresses in gold caps, are relieved by coherent excitation of acoustic vibrations. The large 

thermal expansion mismatch between the PMMA pillar and the gold cap facilitates the 

generation of large thermal stresses resulting large vibration amplitudes. The acoustic 

vibration of the gold cap modulates the cap size and the gap size between neighboring caps. 

It is important to note that in the case of the tail-to-tail plasmonic dimers, the transient 

modulation of the reflected probe intensity is due to the shift in the longitudinal LSP 

resonance frequency (or wavelength) that follows the change in the size of the gold cap. 

The longitudinal LSP resonance is excited by aligning the polarization of the probe light 

with the long axis of the elliptical cap. The Fourier amplitude spectrum of the measured 

waveforms shown in Fig. 7.8(b) has a dominant peak at 6.3 GHz for horizontal probe 
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polarization and no discernible resonant peak for the vertical polarization. The mode shape 

of the 6.3 GHz resonant mode corresponds to the longitudinal in-plane extensional mode 

of the gold cap. A numerical calculation of the mode shape of the resonance is shown in 

Fig. 7.8 (d), obtained by solving the elastodynamic equations for the sample geometry in 

the COMSOL Multiphysics software. The resonance frequency of the extensional mode 

depends on the thickness, and the long and short axis diameters of the gold disk and its 

elastic properties (Young’s modulus and Poisson’s ratio0. Surprisingly, the resonance 

frequency does not change with the elastic properties of the PMMA pillar. The results 

shows that the anisotropic nature of the LSP resonant allows for selective detection of the 

longitudinal extensional resonance by switching the probe laser polarization between the 

long and short axis of the gold cap. Furthermore, the amplitude of the resonant oscillations 

increases linearly with the average pump laser power between 1 and 12 mW, while the 

resonance frequency remains constant at 6.7 GHz. 

7.3.2 Side-to-side pillar plasmonic dimers 

Figure 7.9 shows the measured thermoreflectance measurements for the sample with side-

to-side dimers. In this case, the gap plasmon resonance dominates the LSP resonance of 

the gold cap due to the strong near-field optical coupling between neighboring gold caps, 

as discussed in section 2.2. The thermoreflectance waveforms for the case of horizontal 

and vertical probe laser polarizations are markedly different. The directions of the probe 

laser polarizations with respect to the axis of the gold cap are shown in Fig. 7.9 (d). The 
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pump laser polarization is kept constant. Figure 7.9(a) and (b) are measuments taken on 

the same location over a long time scale of 700 ps and a short time scale of 350 ps. For the 

 

                  (a)                                          (b) 

 

                   (c)                                         (d) 

 

           (e) 

Figure 7.9 Transient Thermoreflectance Waveforms on the side-to-side dimmers. (a) and (b) Transient 

Thermoreflectance Waveforms with different time scale (c) corresponding FFT spectra for waveforms(b), (d) 

simulated electric field in the top plane of the side-to-side dimmers with different polarization of the probe light (e) 

two in-plane extensional modes of the gold cap. 

 

 

 

0 200 400 600
0

0.5

1

1.5

2

2.5
x 10

-5

Pump-Probe Delay (ps)


R

/R

 

 

Vertical Polarization

Horizontal Polarization

0 100 200 300
0

2

4

6

x 10
-5

Pump-Probe Delay (ps)


R

/R
 

 

Vertical Polarization

Horizontal Polarization

0 10 20 30 40 50
0

50

100

150

200

250

300

Frequency (GHz)

R
e
la

ti
v
e
 A

m
p

li
tu

d
e

 

 

Vertical Polarization

Horizontal Polarization



                                                                                                    

139 

case of the vertical polarization, the measured waveform shows the oscillatory reflectivity 

change close to 6.6 GHz, corresponding to the longitudinal in-plane extensional resonance 

mode. For the case of the horizontal polarization, the waveform shows a series of decaying 

dips, and the amplitude spectrum of the waveform has peaks at 10 GHz and 21 GHz. The 

second peak frequency is remarkably close to the second harmonic of the first peak, and 

the resonance spectrum for the waveform obtained with horizontal probe polarization does 

 

               (a)                                       (b) 

 

                   (c)                                   (d) 

Figure 7.10 Nonlinear modulation of probe light intensity with gap width (a) a series of waveforms obtained for a 

range of pump powers between 1 and 6 mW. (b) corresponding FFT (c) electric field of the side-to-side dimmers 

with horizontal probe polarization (d) amplitude of peaks in (b) vs pump powers 
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not show the peak amplitude at 6.6 GHz. The 10 GHz resonance peak corresponds to the 

resonance frequency of in-plane extensional mode predominantly along the short axis of 

the gold cap. The mode shape for this resonance mode obtained using the COMSOL 

Multiphysics finite element numerical model is shown in Fig. 7.9(e) displays a strong 

stretch displacement along the transverse direction and a small displacement along the 

longitudinal axis. The stretch displacement of the short axis of the gold disk directly 

modulates the gap width of the dimers leading to modulation of the gap plasmon resonance 

frequency. It is important to note that the amplitude of the in-plane short axis resonance is 

typically much smaller than the long axis resonance. However, the resonance mode is 

detected as a result of the strong near-field confinement of the probe light within the narrow 

gap. Furthermore, due to the strongly confined field, the modulation of the scattered light 

intensity appears to be nonlinear in the gap distance. We verify this hypothesis by collecting 

thermoreflectance measurements at different pump probe powers leading to a range of gold 

disk displacements and gap widths. Figure 7.10(a) and (b) shows a series of waveforms 

obtained for a range of pump powers between 1 and 6 mW. The probe laser intensity and 

polarization are held constant for each measurement. The time domain waveforms shows 

a nonlinear increase in the amplitude of the thermoreflectance close to 100 ps with 

increasing pump laser power. The Fourier spectrum of the waveform shows consistent 

peaks at 10 GHz and 22 GHz, and the amplitudes at these frequencies increase 

monotonically with pump laser power as seen in Fig. 7.10(d). The amplitude of the 21 GHz 
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peak matches well to a quadratic functional dependence on the pump laser power as shown 

in figure 7.11. 

 

7.4 Conclusions 

The pillar plasmonic nanoantennas facilitate the funneling of electromagnetic energy from 

free propagating light into gap plasmons, without sophisticated coupling optics like Bragg 

gratings or near field optics. The gap plasmons allow for monitoring the acoustic vibrations 

in the gold caps through the modulation of the gap resonance wavelength as the separation 

distance between gold caps change with time. Owing to the elliptical geometry, which leads 

to anisotropic optical properties, selecting the probe polarization allows one to isolate the 

 

Figure 7.11 The amplitude of the 21 GHz peaks in figure 7.10 (b) matches to a quadratic function 
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acoustic vibration mode that is detected. In particular, the longitudinal or transverse in-

plane extensional resonance frequency is detected by aligning the probe polarization along 

the corresponding direction, this allow for acoustic mode selectivity with high contrast. 

Finally, the side-to-side dimers, where electromagnetic energy is strongly confined within 

the gap, oscillatory modulation of the gap width led to oscillations in the scattered light 

intensity at the fundamental frequency of 10 GHz and a frequency, 21 GHz, which is 

remarkably close to its harmonic. It is possible that the combination of the change in size 

of the gold caps and the gap spacing is responsible for this nonlinear behavior. However, 

the harmonic frequency can be employed to eliminate background light scattering 

contributions that are not directly associated with the modulation of the gap width, thus 

providing a pure near-field detection channel in the far-field.   

 

 

 

 

 

 

 

 

  



                                                                                                    

143 

Chapter 8 Conclusion 

8.1 Summary of Achievements 

In this thesis, we explore the interaction between light, confined to the nanoscale in the 

form of localized plasmon polaritons, and the motion of nanoantennas oscillating at the 

frequencies on the order of hundreds of kHz to tens of GHz. The strong field confinement 

and local field enhancement around plasmonic nanoantennas make them extremely 

sensitive transducers of mechanical motion to scattered optical fields. Owing to this unique 

advantage, two types of nanoantennas are investigated for sensing application: 1.an a-

NSOM probe and a vibrational sample system 2 arrays of pillar plasmonic nanoantennas 

oscillating at GHz frequencies. 

We first explored the a-NSOM technique for local measurement of mechanical vibrations 

in metallic nanostructures. We showed that light coupling to SPPs in the a-NSOM probe 

and the nanostructure leads to enhancement in the intensity of the evanescent SPPs 

scattered from the interaction region between the sample and the probe-tip to the far-field. 

We explored the distance-dependence of the scattering intensity to detect local mechanical 

vibrations in metallic nanowire structures actuated by a piezoelectric transducer and a 

pulsed laser, and the measured resonance frequencies enabled the estimation of the 

nanowire elastic properties. The technique is versatile in that it allows for operation in the 

time- and frequency-domain with sub-wavelength lateral spatial resolution and exquisite 

temporal resolution. In particular, the time-domain actuation and detection approach may 
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find use in tracking the dynamic evolution of processes, such as single protein binding 

events, or stochastic vibration of overdamped nanomechancial resonators, with extremely 

high spatial and temporal resolution. 

Next, we integrated a harmonic modulated photothermal source with the plasmonic 

nanofocusing probe, allowing for an all optical actuation and transduction of the steady 

state vibration of a nanomechanical resonator in the frequency domain. Fundamental and 

harmonics of bending flexural resonance mode shapes of nanomehcnical resonator were 

mapped within nanoscale resolution. Due to the broad bandwidth of the intensity 

modulated light source, the operational frequencies of this technique can be seamlessly 

extended to the GHz range, which is particularly attractive for probing motion in 

nanomechanical resonators with smaller widths compared to the SPP wavelength.  

Besides sensing application, a plasmonic nanofocusing probe can be used as a nanoscale 

photothermal heat source when placing close to samples. We explored the TERS 

experimental configuration to correlate the shift of the Stokes frequency for the inelastic 

scattered light from a silicon substrate, with local sample heating. By comparing two 

excitation conditions, i.e., direct probe-tip apex illumination, and grating coupled LSPs, 

we observed a larger shift in the Stokes frequency for the grating illuminated probe. We 

estimate that the difference between the local sample temperature rise for the two 

illumination conditions is between 83 to 125 degrees. Furthermore, we confirmed the 

measured results using finite element modeling to obtain numerical solutions to the 
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electromagnetic wave equation for far-field optical excitation of LSPs. Further work is 

needed to understand complex multiphysics involved in local heating of the sample by the 

proximal nanofocusing probe. Nevertheless, the experimental results suggests if these 

physics of the heating process can be well understood and controlled, the plasmonic 

nanofocusing probe can be a promising tool for local photothermal heating of 

nanostructures, fundamental studies of nanoscale heat transport in materials, and  heat 

assisted nanofabrication. 

To measurement gigahertz frequency vibrations in nanostructure, pump probe technique 

was incorporated with a-NSOM probe, allow for achieving extremely high spatial and 

temporal resolution. The acoustic vibrations of individual gold nanodots was then 

investigated using pump probe near field scattering-type scanning optical microscopy. 

Comparison of the results with the measurements done in the far-field revealed that even 

though there is optical background due to tip-sample interaction, the optical response still 

reveals the ultrafast vibrations in nanodots followed by ultrashort pulse excitation.  

Even though individual probe-sample system has tremendous application in sensing 

mechanical motions in samples with frequencies ranging from kHz to GHz, low throughput 

is a disadvantage of this optomechanical system. For high yield request, a pair of plasmonic 

pillar nanoantennas are designed. We explored optical detection of ultrafast mechanical 

motion of multimodal nanostructures by coupling between plasmon and phonon modes. 

We were able to distinguish complex mechanical modes in nanoantennas through optical 



                                                                                                    

146 

field concentration in their feed gap and the polarization sensitivity.  

 

 

8.2 Suggestion for Future Work 

In chapter five, we developed a new photoacoustic technique: Picosecond Ultrasonic Near-

Field Optical Microscopy (PUNOM) for nanoelectronics defect and dimensional 

metrology, and explore this technique for nanomechanical characterization of individual 

plasmonic nanostructures. To explore the full potential of the PUNOM developed in this 

study, a few suggestions for future improvement are provided.  

Firstly, the probes used in our PUNOM techniques are metal coated silicon probe. 

Absorption of pump light on the probe shaft and apex will produce a large thermal 

mismatch between metal layer and silicon substrate, which may cause the metal coating on 

the probe-tip to ablate. In addition, pump light induced ultrafast acoustic wave propagating 

in coated metal layer possibly add additional signal, which is detrimental to the detection 

and generation mechanism of the pump probe technique, making it difficult to extract the 

useful sample response. To overcome the disadvantage of metal coated silicon probes, 

single metal nanowires such as gold or silver wires can be integrated with scanning probes 

at the probe tip. Alternatively, commercialized tip enhanced Raman spectroscopy (TERS) 

probes are small gold wires attached to a tuning fork, which can be used in our PUNOM 

system to suppress the unwanted background signal coming from probe-tip response with 



                                                                                                    

147 

light illumination.  

Secondly, the 10 X long working distance objective used in our measurements created a 

large illumination spot covering not only the probe apex, but also parts of the probe shaft. 

Both light induced photon force and thermal expansion of the metal in probe shaft make 

the AFM system instable, which will affect the data acquisition with a long time scale. For 

these experiments to be properly executed, it is crucial that the various quirks and 

instabilities related to the AFM system and the alignment optics have to be improved. For 

example, 50 X long working distance objective will provide better light concentration 

capability. Additionally, integrating a CCD camera with focusing objective will help focus 

light directly on tip apex, not on probe shaft. This improvement can be easily fulfilled with 

commercialized TERS system (such as Bruker TERS-AFM or Bruker TERS-STM system）. 

Furthermore, in our study, an open loop three-axis translation stage was used for alignment 

of the optics. The implementation of a more sensitive closed-loop translation stage will be 

able to minimize the hysteresis and the slow relaxation of the alignment stage, allowing it 

to make more sensitive and robust measurements. 

Thirdly, usually the pump probe setup is built in a way that laser pulses of a common source 

are split into pump and probe pulses and the different optical path lengths are realized with 

a moving translation stage. In our system, the 780 nm wavelength output was used for the 

probe beam while the second harmonic at 390 nm wavelength was used for the pump beam, 

generated by feeding part of the laser beam into a BBO crystal. Unfortunately, the 
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efficiency of the second harmonic generation from BBO crystal is low and the collimated 

beam starts to diffract when passing through BBO crystal. Even though a highly focused 

pump light is not necessary in conventional pump probe technique, a large illumination 

spot will make the AFM probe instable. An alternative way would be two exactly 

synchronized ultrashort pulse lasers. The pump laser pulse is used for excitation, the probe 

pulse for measuring the experimental response. Both the pump beam and the probe beam 

can be concentrated in a nanoscale volume through high NA objective. 

Chapter six induces an array of plasmonic pillar plasmonic nanoantennas, an exciting 

platform to investigate the coupling of plasmon modes to phonon modes. Owing to their 

large absorption cross-sections and high sensitivities, plasmonic nanostructures are used to 

generate coherent phonons up to terahertz frequencies. Generating, detecting and 

controlling such ultrahigh frequency phonons has been a topic of intense research. In this 

chapter we report that by manipulating decoupled and coupled plasmon resonance in pillar 

nanoantennas, we can detect the spatial properties of complex phonon modes below the 

optical wavelength through the interplay between plasmons and phonons. The results are 

very promising compared to others’ work so far. If each element of pillar nanoantennas 

serves as an NSOM probe when placing in the near field optical region of the sample, an 

array of p-NAs can be utilized as an optical sensor for mapping the optical properties of 

the sample with a large area. Several improvement will be addressed here. The polymer 

used as pillar material is easily to be damaged since it has a large thermal expansion 
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coefficient. Glass pillar can be fabricated instead of PMMA pillar to increase the sample 

life span. Also, high frequency intensity modulated laser can be integrated as light source 

instead of femtosecond pulse laser to trigger the phonon vibrations of the nanostructure. 

Any perturbation such as absorption of external protein can be detected by measuring the 

frequency change of the nanostructure.    
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