Optothermoelectric assembly of
plasmonic nanoparticles

A Thesis

submitted to
Indian Institute of Science Education and Research Pune
in partial fulfillment of the requirements for the

BS-MS Dual Degree Programme

by

Utkarsh Khandelwal

IISER PUNE

Indian Institute of Science Education and Research Pune
Dr. Homi Bhabha Road,
Pashan, Pune 411008, INDIA.

May, 2021

Supervisor: Dr. G.V. Pavan Kumar
© Utkarsh Khandelwal 2021

All rights reserved






Certificate

This is to certify that this dissertation entitled Optothermoelectric assembly of plasmonic
nanoparticles towards the partial fulfilment of the BS-MS dual degree programme at the
Indian Institute of Science Education and Research, Pune represents study/work carried
out by Utkarsh Khandelwal at Indian Institute of Science Education and Research under
the supervision of Dr. G.V. Pavan Kumar, Associate Professor, Department of Physics,

during the academic year 2020-2021.

/’1

Dr. G.V. Pavan Kumar

Committee:
Dr. G.V. Pavan Kumar

Dr. Apratim Chatterji






This thesis is dedicated to my family.






Declaration

I hereby declare that the matter embodied in the report entitled Optothermoelectric
assembly of plasmonic nanoparticles are the results of the work carried out by me at the
Department of Physics, Indian Institute of Science Education and Research, Pune, under
the supervision of Dr. G.V. Pavan Kumar and the same has not been submitted elsewhere

for any other degree.

=

Utkarsh Khandelwal






Acknowledgments

First and foremost, I would like to thank my thesis supervisor Dr. G.V. Pavan Kumar, for his
invaluable support and guidance throughout this project. He encouraged me to delve beyond
the conventional subject boundaries. Working with him imbibed resilience and persistence
in me when looking for innovative solutions for the problem at hand. He encouraged me to
delve beyond the conventional subject boundaries. Most importantly, I learned that the best
way to understand and work on a problem is by making mistakes, learning, and improvising

on them.

Words are not enough to thank my colleagues Surya, Chetna, Dipta, Vandana, Sunny;,
Shailendra and Rahul. All of them were very helpful and kept the lab atmosphere very
friendly. I thank them for being always there when I was stuck and helping me out with
their immense knowledge and vast experience. I am incredibly thankful to Sunny, from

whom I have learnt quite a bit of everything.

Special thanks to my seniors Vaibhav, Sharvari, Harsh, Rahul and Pavana for taking
time out of their busy schedules for me. Sharvari and Harsh were there to listen and answer

even the most trivial things. I am highly indebted to them.

Finally, I would like to thank my friends and family for their encouragement and support

throughout my studies. It would not have been possible without them.

X






Abstract

Reversible agglomeration of plasmonic nanoparticles has a plethora of applications in ma-
terial science, nanophotonics and life sciences. Very high power density requirement and
increased temperature of trapped metal particle make conventional optical tweezers operat-
ing in the visible regime an unfavourable choice to achieve reversible plasmonic aggregate.
In this thesis, we elaborately study another mechanism, optothermoelectric trapping, with
which metal particles can be reversibly aggregated at very low optical power. It relies on the
differential movement of ions in a thermal gradient that arises due to the plasmonic heating
of a metal nanostructure when illuminated by light. In the thesis, we first discuss preliminar-
ies, chemical synthesis methods and experimental techniques to setup an optothermoelectric
trap. Next, through systematic experimentation and analysis, we study the effect of surfac-
tant concentration, power density, and the excitation wavelength on the metal nanoparticle
aggregate. We explore the possibility of in-situ surface-enhanced Raman scattering (SERS)
with this assembly. This study has laid down the foundation for multiple future research
directions. There is an effort towards creating optothermoelectric trap using a single metal
nanoparticle. We are also trying to push the limit of in-situ SERS up to the single-molecule

level with the plasmonic aggregate.
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Chapter 1

Introduction

It is fascinating how complex behaviour can arise in soft matter systems in ways that are
difficult to predict directly from their fundamental constituents. Emergent behaviours, such
as self-assembly of colloidal particles, arise due to the subtle interplay of microstructural
units, relatively weak interactions, and thermal fluctuations. There has been a tremendous
effort to engineer and utilize these interactions so that they organize themselves into a target
structure without external intervention. One of the methods to trap micron-sized dielectric
particle is by using optical tweezers[9]. It can apply and measure pico-Newton sized forces on
such objects under a microscope using a tightly focused light beam. However, the trapping
capability of metallic colloids using such an arrangement gets ineffective due to the strong
scattering and heating of such metal nanostructures due to localized surface plasmon reso-
nance. Lin et al. have demonstrated a novel approach [8] to manipulate metal nanoparticles
of a wide range of materials, sizes and shapes with a single-particle resolution by using a
light-directed thermoelectric field that is generated due to spatial separation of dissolved sur-
factant ions within the heating laser spot. This strategy, called optothermoelectric trapping,
allows us to capture and manipulate metal nanoparticles at the single-particle resolution,
using a dark field optical imaging setup. Furthermore, it is also possible to create large-scale
assemblies of plasmonic nanostructures, which have multiple applications due to the high

electric field enhancement in their neighbourhood.

The following sections in this chapter outline the preliminaries necessary to understand

the ideas discussed in this thesis. We conclude this chapter by motivating the thesis problem



and defining the structure of this thesis.

1.1 Localised Surface Plasmon Resonance

Plasmons are the quanta of the collective oscillation of free electrons in metals. A localised
surface plasmon refers to the normal mode of collective oscillation of free electrons confined
to a metal nanoparticle. When the laser frequency matches the plasmon frequency of the
metal nanoparticle, the resonance condition is reached, and it is called Localised Surface
Plasmon Resonance (LSPR).

1.1.1 Metal nanoparticle in static electric field

b 9
PR
E, . IE/E,?
e
1
0

Figure 1.1: a) A metal sphere placed in an electric field b) Local field enhancement near the
metal sphere[]]

Consider a metal nanoparticle of radius a in a medium of refractive index n, = /z,.

Also, consider the static electric field present in the region as
Eo(r) = Ept where 1 is the unit vector along the direction of the electric field.

This electric field displaces the electrons from the equilibrium. A dipole moment is induced

due to the charge accumulation. The electric potential in this situation is given by-
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a3
o(r,0) = Ey (r - —2) cos (1.1)
r
Using this expression, the electric field can be calculated at any point in the space. In
particular, at the surface of the metal nanoparticle, the electric field is three times larger
than the incident electric field.

Epox = 3E, (1.2)

Now, we know that the enhanced field intensity goes as the square of the enhanced electric
field. Therefore, the enhanced field intensity is 9 times as large as the incident field intensity.
This substantial near-field enhancement is independent of material properties like refractive
index and volume. It is a characteristic of the metal nanoparticle, and this occurs even

without plasmon resonance. However, at plasmon resonance, the enhancement crosses this
threshold value of 9.

1.1.2 Metal nanoparticle under illumination

Light Wave

Electric Field

Figure 1.2: A metal sphere placed in a time-harmonic electric field[2]

In time-harmonic electric fields, electrons in the nanostructure oscillate, as shown in figure
1.2. The localised plasmon resonance occurs at a particular frequency w, which for most noble
metals, lies within the visible range. The optical extinction peak is often called localised

surface plasmon frequency. The plasmon peak depends on particle composition, size, shape



and refractive index of the surrounding environment. The electric field enhancement factors

outside and inside the metal nanoparticle are given by-

2

Eout €
out — - 1.3
Tout E[) €+ 2 ( )
Ein 1 ]?
Tin = = (14)
Fy e+2

It is to be noted that ¢ for metal is complex quantity, with a negative value of their real
part. Therefore, n can be greater than unity. The n values are significant, particularly at
the plasmon resonance peak, for two reasons. First, they report the enhancement of electric
field in the vicinity of the metal nanoparticle. Second and more importantly, they are unique
dimensionless constants for a given metal. For instance, for gold illuminated in vacuum at
the plasmon resonance peak of A\ = 526 nm, the value of 7y, is 19. This enhancement is

significantly greater than one observed with the static electric field.

1.2 Heat generation with metal nanoparticles

Metal nanoparticles get strongly heated in the presence of electromagnetic radiation under

plasmon resonance. When light interacts with metal, the free electrons start oscillating.

This electronic oscillation gives rise to an electronic current and results in energy dissipation
via the Joule effect. The heat power density, ¢ is given as-
w 2

q(r) = 560 Im(e)|E(r)] (1.5)

where w is the angular frequency of excitation and E(r) is the electric field inside the nanopar-

ticle. The total heat Q generated by the nanoparticle is the integral of ¢(r) over the entire

volume.

Q= gsolm (sw)/ |Ew\2 dr (1.6)
Vol

If the radius of the nanoparticle is much smaller than the wavelength of light, then the total

heat generate () is given as

2

3¢o
c Imng (17)

280 + ENP

_ YW
&r °

Q

10



In presence of multiple nanoparticles, heating effects can be enhanced. This is mainly due

a

Temperature
o
()]

o0
o=y

Radial coordinate

Figure 1.3: Temperature profile in the vicinity of point sized metal heat source. [3]

to two effects[10]-

e Accumulative effect- Heat fluxes by multiple nanoparticles are added and there is a

larger increase in temperature of the system.

e Coulomb interaction- The interaction between multiple nanoparticles is via plasmon-
enhanced electric fields. Therefore, the electronic oscillation in a given nanoparticle
will be affected due to the electric field created by other nanoparticle. Thus, the re-
sultant net heat generation is dependent on the inter-particle distance and on their

arrangement, and can both be enhanced or reduced, depending on the system.

1.3 Optical trapping

The idea of accelerating and trapping particles using light appeared in the 1970 seminal
paper of Arthur Ashkin on radiation pressure [I1].Optical traps [9)and optical tweezers are
uncomplicated yet powerful force probes which has a plethora of applications, particularly
in biology. People have been able to perform cell level studies[12], single molecule studies
in bacteria [I3] and organelle manipulation [14]. Several variations of the optical trap are

routinely applied to study the accumulation and dynamics of soft matter [15].
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1.3.1 Mechanism

To set up an optical trap, we need a laser beam focused by a high numerical aperture objective
lens. Let us consider a spherical dielectric bead of radius a (a << A, dipole approximation
is valid). An electric dipole moment is induced in such bead when it is placed in the vicinity
of a focused laser beam. Due to this induced dipole moment, the entity becomes susceptible
to the time-harmonic electric field of light, and thus experiences two competing forces in an

optical trap-

e A gradient force that pulls the bead towards the center of the focused laser beam.

Potential energy of the bead in an optical trap is-

wE = —104] (. p=ak), (1.8)

U=- 2

1
2
where «, F and I are the polarizability, electric field and intensity respectively

NOWa Fgrad =-VU

1
", Fgrad = Q(IV[ (19)

Gradient force tends to push the particle towards the most intense part of the laser
beam. It depends on the polarizability of the material and the intensity profile of the
incident beam. For a loosely focused Gaussian beam, gradient force is unable to trap
the particle. However, for a tightly focused Gaussian beam the bead is pushed towards
the the beam centre, and there exists a possibility of stable trapping if the gradient

force dominates the scattering force.

e A scattering force that pushes the bead in the direction of propagation of light. This
force arises due to the transfer of momentum from the incident photons to the bead.
For bead (radius a),

Fscatt =

In,, 1287%a° /m2? —1\°
n 7T“(m ) (1.10)

c 34 m? + 2

where n,, and m are the refractive indices of the medium and the bead, respectively.

For a trapped particle, the effect of Fi..; is to move the bead away from the focus.
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Balancing the two forces
Now, Fgrag VE?*r3

And, Fya o< E%r6

In most cases, the scattering force dominates over the gradient force. However, when light
is focused by a higher numerical aperture objective lens, the focal spot size reduces, and the
gradient in the intensity increases. As a result, the gradient force increases significantly,
pushing the particle towards the focal point. If the NA is chosen appropriately, the gradient
force dominates, and the particle is trapped slightly off the focal point.

High NA
Objective Lens

Figure 1.4: Scattering and gradient forces experienced by a dielectric particle in a single
beam optical trap balance each other and deem the particle trapped. [4]

Note When the bead is large (radius @ >> A, one can no longer classify the forces as
gradient force and scattering force. Trapping, however, is still possible and can be explained

in terms of the conservation of linear momentum.

1.4 Thermophoretic trapping

Nanoparticles when dispersed in water exhibit a random motion called Brownian motion.

Diffusion coefficient (D) quantifies the rate at which a Brownian particle explores its sur-

13



roundings.
(Ar(t)*) = 2dDt (1.11)

where (Ar(t)?) is the mean squared displacement of the Brownian particle with diffusion

coefficient D exploring d dimensions in time ¢.

In the presence of a thermal gradient, these particles show a steady drift on top of their
random motion. This drift may take the particle away from the heat source or towards it.

The drift velocity (vr) is given by,

Ur = —DTVT (112)

Dy is the thermal diffusion coefficient of the particle. This phenomenon is known as
thermophoresis. It is also called as Ludwig-Soret Effect. It has origins in the reaction force
that particle experiences due to the movement of solvent at the particle-solvent boundary

layer. Now, to explore the phenomenon in detail, let’s consider a nanoparticle with Dy > 0.

Figure 1.5: A dielectric bead with a positive Soret coefficient in a thermal gradient moves
from hot region to cold region.

In this case, the particle will tend to move opposite to the heat gradient. As a result, particle
concentration on the colder side will increase. Now, the diffusive flow will dominate, and

particles will tend to move to the other side. The net particle current density is given by-
j=—DVp(r) — Drp(r)VT (1.13)

where p(r) is the probability distribution to find a nanoparticle at a distance r in the the

given temperature gradient. At steady state, j =0
Dr
p(r) = poexp (=SrAT(r)) where Sp = —- (1.14)
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St is the Soret coefficient of the particle. It is the ratio of the thermal diffusion coefficient
with the normal Diffusion coefficient. It can be positive, negative or 0. It scales linearly with

the size of the nanoparticle (St « R).

Now p(r) is an exponential function. To understand the effect of temperature in this
system, we can compare it to the argument of the exponential in the Boltzmann distribution.

This can give us some effective potential energy of the particle in this system.

AE(r)
kT

= SrAT(r) (1.15)

where E(r) is the effective potential energy of the particle. It is to be noted that this system
does not have a fixed temperature; therefore, it can never have Boltzmann distribution. From
the expression, it is easy to see that if the temperature has extrema, the effective potential

energy might also follow the trend.

Thermophoresis can be employed to trap particles at nano-, and mesoscale [16]. Particles
with a negative Soret coefficient will get stably trapped at the hotspot. However, most parti-
cles have a positive Soret Coefficient, i.e. they drift from a hot region to a cold region. These
particles tend to run away from the hotspot, making trapping using a simple architecture
impossible. There have been novel approaches to trap such particles using an acousto-optic
deflector and advanced computer programming|17]. The position of a particle is monitored
in real-time, and the laser spot is deflected such that the particle remains near the desired
location. In fact, trapping particles based on thermophoresis has been widely studied. For

instance, in figure 1.6 [5], a thermophoretic trap was used to study the fragmentation of a
fibril.

Fibril o -
Fibril Fibril
/

Fragment
Fragmemt 9 Fragment

Figure 1.6: Study of a fibril fragmentation in thermophoretic trap. Reproduced from Nature
methods vol. 16,7 (2019): 611-614.[5]

The capabilities of a thermophoretic trap are not just limited to single particle trapping.
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Our group has shown large-scale assembly of silica beads[6].

Figure 1.7: Our group has shown a large scale assembly of silica microsphere formed due
to optical heating of gold microtriangle. Reproduced from J. Phys.: Condens. Matter 32
324002 [6].

1.5 Surface Enhanced Raman Scattering

The inelastic interaction of photons with matter is termed Raman Scattering. During this
process, there is a change in the energy and momentum of photons. Since Raman peaks
are unique to every molecule, it is considered to be its molecular signature [I8]. Unlike
fluorescence, Raman scattering can occur with resonant as well as for non-resonant radiation.
When non-resonant radiation hits a molecule, the electron is raised to a “virtual” state,
which is extremely short-lived. Now, if the electron comes back to the same state, it will
emit a photon of the same wavelength, and this scattering will be elastic in nature (Rayleigh
scattering). Raman scattering happens when the electron in the “virtual” state settles in
a different vibrational state. If it goes to a higher vibrational state, the line obtained is
red shifted and is often called Stokes shift. If it goes to a lower vibrational state, the line
obtained is blue-shifted and is called anti-Stokes shift. When resonant radiation is incident
on the molecule, there are two competing processes that can occur-Fluorescence and Raman

scattering. In general, the cross-section of fluorescence is about 10'* times higher than

16



the cross-section of Raman scattering. Therefore, Raman scattering is often not detected.
To enhance the Raman signal and overcome this issue, one uses surface-enhanced Raman
scattering (SERS).

When molecules come close to the surface, the Raman signals are enhanced, and this
enhanced scattering is called surface-enhanced Raman scattering (SERS). Signal, by SERS,
can be in general be boosted up to 10'* times [19] and is enough to be detected even in the
presence of fluorescence. Surface enhancement can occur by two mechanisms — Chemical
enhancement and Electromagnetic enhancement. In chemical enhancement, the electronic
interaction between the adsorbed molecule and the surface boosts the signal. In electromag-
netic enhancement, the enhanced electric fields in the vicinity of metal nanostructures lead
to boosting of the Raman signal. Electromagnetic enhancement is proportional E*, where is
E is the electric field. Chemical enhancement is generally orders of magnitude weaker than

electromagnetic enhancement.

1.6 Motivation for the work

There has been tremendous effort in the direction of creating assemblies of dielectric particles[6],
[20], [21]. Creating large scale assemblies of metal nanoparticles is of great interest. Such
assemblies have enhanced local electric fields in the vicinity that can be exploited for various
applications[22],[23],[24].

Using conventional optical tweezers for this purpose pose multiple difficulties. Metals
are good scatterers, and the gradient force required to dominate scattering force requires
enormous power densities. Furthermore, high operating laser power heats the metal, thus
destabilizing the trap. Metals, gold nanoparticles in particular do not get trapped by ther-

mophoresis using a simple architecture.

One of the methods to self-assemble metal particles is by employing surfactant-based
optothermal trapping. This method was first demonstrated by L. Lin et al. in their 2016
paper[25]. There have been subsequent works by the same group to push the limit of op-
tothermoelectric trapping and demonstrate its capabilities [26], [8], [27]. Other groups have
shown the usage of such traps [28] and suggested improvisations [29] to its trapping capa-
bility.
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This is a relatively recent technique and has multiple questions that still need to be
answered. For instance, there is no clear theory about particle-solvent interaction in such
a system; predicting values for surfactant concentration for a given particle assembly from
first principles is challenging. In this thesis, we elaborately study various factors that play a
role in optothermoelectric agglomeration of nanoparticles. We study the effect of changing
power density on the sample, the wavelength of excitation, coating on nanoparticle and

Raman scattering enhancement capability of such assembly.

In Chapter-1, we discussed the preliminaries necessary to understand the problem. Plas-
monics and localized surface plasmon resonance lie at the heart of optical heating. We
discussed how a metal particle could act as a nanoscale heat source. We also discussed the
most basic form of optical trapping, an ingenious invention, which won the Noble Prize in
2018. The chapter is concluded with a preliminary discussion about thermophoresis, SERS

and the motivation for undertaking this project.

In Chapter-2, we first describe the synthesis protocols for various metallic colloids and
gold microplates. Details of parameters to produce a thin gold film using thermal vapour
deposition is also discussed. We move on to the techniques section, where we describe the

dark field microscopy and particle tracking methods used in this thesis.

In Chapter-3, we explain the main results of the thesis. We discuss the system, optical
setup and sample preparation necessary to get started with the agglomeration of the parti-
cles. Next, we talk about the mechanism of the assembly formation of gold nanoparticles.
Observation of agglomeration and disintegration is presented along with the calculation of
ensemble mean square displacement. We move on to explain the effect of various parameters
in the problem, including surfactant concentration, power density, wavelength, and coating.
We end this section by discussing the Raman spectra of rhodamine 6G enhanced by the

particle assembly.

In Chapter-4, we conclude the thesis and establish its significance in terms of future work

coming out of this project.
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Chapter 2

Chemical synthesis, characterization

and experimental techniques

In this chapter, we outline the materials and methods used in this dissertation. In the first
section, the synthesis of metallic colloids, including citrate reduced gold nanoparticles, citrate
reduced silver particles, and core-shell particles, is presented. Characterizations including
UV-Visible Spectroscopy and FE-SEM imaging were done, and individual results are dis-
cussed. In the next section, we discuss the synthesis of single-crystalline gold microplates.
Then we outline the synthesis protocol for thin gold films synthesized using thermal vapour
deposition. Finally, two of the main techniques applied are briefly discussed, namely, dark

field microscopy and particle tracking.

2.1 Synthesis of metallic colloids

The assembly of gold and silver nanoparticles is the central theme of this thesis. For many
of the experiments on trapping and tracking of the metal colloids, commercially available
metal colloids were used as absolute control of shape and size over a very large number of
particles was required. However, the stabilizing agents coated on the surface of such ‘off-
the-shelf’” colloids often limit their ability to be trapped in an optothermoelectric field and

enhance Raman scattering peaks.
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It has been shown that metallic colloids prepared by citrate reduced method provide large
enhancement in the electric field and are the best choice for surface-enhanced Raman spec-
troscopic measurements [30],[31],[32]. In this section, we’ll outline the protocol to prepare

Lee, and Misel citrate reduced metal nanoparticles, which were first synthesized by P.C. Lee
and D. Misel in 1982 [33]

2.1.1 Citrate reduced Gold Nanoparticles

Chemicals -Gold Chloride Trihydrate (HAuCly.3H,0), Trisodium citrate (NagCgH507),

milli-Q water

Synthesis 480 mg of (HAuCly 3H,0) was dissolved in 1000 mL of water. The solution was
continuously stirred using a magnetic stirrer and it was brought to boiling. 100 mL of 1%
Trisodium citrate (by weight)was added, and the boiling was continued for 1 hour. Detailed

protocol is mentioned elsewhere [33], [34].

The solution obtained had a wine-red coloration. The FESEM image of the particles
shows that the approximate particle size was less than 40 nm. The UV-Vis absorption

spectra have a peak at 525 nm.
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Figure 2.1: Scanning electron microscope (SEM) image and UV-Visible absorption spectrum
of citrate reduced gold nanoparticles. The approximate particle size is less than 40 nm. The

plasmon peak of the particles is at 525 nm.

20



2.1.2 Citrate reduced Silver Nanoparticles

Chemicals - Silver Nitrate(AgNO,), Trisodium Citrate (NagCeH507), milli-Q water

Synthesis- 180mg of silver nitrate (AgNO;) was dissolved in 1000 mL of milli-Q water
(H20) to make a 1.04 mM solution of AgNO;. This solution was brought to boiling. A
solution of 10 mL of 1% (by weight) trisodium citrate ( NagCgH507) was added while boiling.
It serves both as a reducing and stabilizing agent. Boiling was continued for 1 hour and then

the solution was brought to room temperature. Detailed protocol is mentioned elsewhere

[33], [34] [33].

The final solution had a grey colour. The absorption peak for citrate reduced silver
nanoparticles is at 433 nm. The FESEM image of the particles shows that particles have

different shapes. The approximate size of the particles ranged from 40 nm to 70 nm.

433
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Figure 2.2: Scanning electron microscope (SEM) image and UV-Visible absorption spectrum
of citrate reduced silver nanoparticles. The approximate particle size is about 40-70 nm. The

plasmon peak of the particles is at 433 nm.

2.1.3 Aug,ey Particles

Chemicals - Citrate reduced silver nanoparticles prepared by Lee and Misel method,
Gold Chloride Trihydrate (HAuCl,.3H50),Hydroxylammonium chloride(NH,OH.HCI), milli-
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Q water

Synthesis- To synthesis these particles, we followed the protocol outlined elsewhere [36],
[37). A solution of citrate reduced silver nanoparticles is prepared as per protocol described
in the previous section. 12.5 mL of the solution is mixed with 10 mL of water. It is placed on
a magnetic stirrer, and stirring is initiated. A solution of 6.25 mM NH,;OH.HCI and 0.465
mM HAuCl;.3H50 is prepared. 1.3 mL of HAuCl;.3H,O solution is was added dropwise
along with an equal volume of NH,OH.HCI at the rate of 2mL per minute. The stirring was

continued for about 45 minutes.

The final solution had a dark grey coloration. The absorption peak in the UV-Vis spectra
was at 499 nm. This value is between the gold and silver peaks, which hints that core-shell
particles have formed. The shelf life of these particles is very less, as there is no coating
of stabilizing agent on their surface. It is advisable to use them within a few days of their

preparation.

499
—~1.0

B
£0.8-
c

20.6-
Q.

20.4-
2

< 0.2

400 500 600 700
Wavelength (nm)

Figure 2.3: UV-Visible absorption spectrum of Augey particles nanoparticles. The plasmon
peak of such shell particles is at 499 nm.

2.2 Preparation of single-crystalline gold microplates

Chemicals - Gold Chloride Trihydrate (HAuCly.3H,0), Poly(vinylpyrrolidone) (PVP, MW=40,000)
Synthesis- The synthesis that was followed is mentioned in detail elsewhere [38]. 1mL 0.2
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Figure 2.4: Optical images of the single crystalline gold microplates. The plates varied in
size from 2-20 pm. Larger plates had more rounded edges, while the smaller ones had sharp
edges.

M solution of 1 mL of (HAuCly) was prepared. This solution was added to 6 mL ethylene
glycol. The solution was heated in a beaker and stirred slowly at 150°C. Then 3 mL ethylene
glycol solution of poly(vinylpyrrolidone) was injected dropwise. The reaction mixture was
continuously heated and stirred. Shining particles began to appear after some time. The
solution was kept for heating for about 30 mins. The reaction mixture was diluted with ace-
tone and centrifuged at 4000 rpm for 15 min, and the solvent containing residual reactants
was decanted. The products were then rinsed with ethanol and centrifuged repeatedly to

remove the possible contamination.

The size of the plates was ranged from 5 pym to 20 um. The shapes obtained were
triangular and hexagonal. Multiple plates had rounded edges. Figure 2.4 shows the optical

image of the single-crystalline gold microplates synthesised using this protocol.

2.3 Preparation of Au thin films

Thin metals films are commonly deposited by physical vapour deposition. We used thermal
vapour deposition (TVD) to deposit 5 nm thin gold films. First, the coverslips that need to
be coated with the metal are placed inside the chamber, and the vacuum pump is turned
on. We wait till the pressure in the chamber is ~ 10~7 mbar. Once the vacuum is attained,

an Inficon SQC310 deposition controller is used to set the following parameters-
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Material Gold
Deposition Rate | 0.1 As’!
Power 25 %

Table 2.1: Parameters for Thermal Vapor Deposition of 5 nm Au film

After the deposition is complete, the chamber is vented, and the coverslips with desired

film thickness are taken out.

To anneal the gold films, they were placed in a furnace at 500° C for 2 hours.

EHT = 3.00 kv Signal A=Inlens  Date :8 Mar 2021 ignal A=InLens  Date :8 Mar 2021
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WD=39mm  Mag= 4844 KX  Time 952115 nSERFORE WD=23mm  Mag= 4721KX  Time :9:38:05 i

Figure 2.5: a) Scanning electron microscope (SEM) image of a 5 nm thin gold film produced
by TVD b) Scanning electron microscope (SEM) image of an annealed 5 nm thin film (500°
C, 2 hours)

2.4 Dark Field Microscopy

Dark field microscopy is an imaging technique where the geometry is such that only the
light scattered from the object in focus is collected. All the unscattered light fails to enter
the objective lens. Therefore the background in a dark field image appears dark. Such high
contrast is very advantageous for further image processing and trajectory analysis. To obtain

a dark field image, the following condition must hold true-

NAcondenser > NAobjective
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The above condition ensures that transmitted light is inclined at a steep angle and does
not enter the objective. Metal nanoparticles are strong scatterers in the visible regime.
Therefore, they appear brightly coloured on dark background in a dark field image. Their
colour is dependent on the plasmon peak of the particle and thus gives information about

size, geometry and composition.
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Figure 2.6: Principle of dark field microscopy. The direct light comes at a higher angle and
is not collected by the objective. The optical configuration only allows the scattered light to
pass. [7]

2.5 Particle tracking

Particle tracking is the process of observing the motion of an object over many frames. By
particle tracking, one can obtain information about individual particle dynamics ( velocity,
acceleration etc.) and statistical quantities like diffusion coefficient and mean-squared dis-
placement. It is a process two-step process — Spot detection on high-contrast successive
images and linking them to form a particle’s trajectory. This thesis is concerned with dark

field images of nanoparticles, which are suitable for both single-particle tracking (SPT)and
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Multiple Particle Tracking (MPT). The two-dimensional images for particle tracking were

recorded using a Thorlabs 224C camera, with a frame rate of 15 frames per second.

For single-particle tracking, we used an ImageJ plugin called MosaicSuite [39]. It was
preferred because one can choose the particle of interest, and it gives an annotated video
of particle trajectory along with its coordinates. We used this platform to calculate the
velocities of individual particles in the trap. This information has been helpful to understand

the effect of wavelength on optothermoelectric traps (figure 3.10).

For multiple particle tracking, we employed trackPy[40], a python based routine to track
several particles simultaneously. It was preferred for two reasons. First, it tracks a large
number of particles across several frames in a short time as compared to Mosaic. Second,
it had multiple built-in functions for calculating statistical quantities like mean square dis-
placement of all particles, ensemble mean square displacement etc. We used this platform to
calculate the diffusion coefficient of particles when the assembly was disintegrating (figure
3.5)
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Chapter 3

Optothermoelectric assembly of metal

nanoparticles

Optical manipulation of nanometer-scale objects has multiple applications in nanophotonics
and life sciences. As we have seen in section 1.6, assemblies of plasmonic nanoparticles
have been shown to many advanced applications. Reversible plasmonic assemblies have
been demonstrated via evanescent wave excitation[41]. Other approaches using pH|[42],[43],

voltage [44] and metal-ion coordination [45] have also been shown.

In section 1.4, we saw how a high NA objective lens could be used to optically trap
dielectric beads (For stable trapping Fyraq > Ficatt). Such optical tweezers provide remote
access and real-time information about the trapped bead. However, the optical trapping of

metal nanoparticles using gradient force poses some complications.

First, metal nanoparticles in the visible region show enhanced optical absorption and
scattering due to their plasmonic resonance. We saw in section 1.3 that intense heat is
generated when metal nanoparticles are illuminated near their plasmonic resonance due to
the Joule effect. Such heating of particle increases its random motion, thus destabilizing the
optical trap. Therefore, stable optical trapping is possible only if we move away from their
localized surface plasmon resonance peak. Since most noble metals have their LSPR in the

visible regime, one has to use near or mid-IR illumination to trap metal particles.

Second, optical power densities required to achieve a large optical gradient force is roughly
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about 10 — 100 mW /um?. Therefore, the biological applicability of such traps is limited
because, at such high power, cells and other organelles are irreparably damaged[8]. This

power is so high that it might end up damaging the metal particle too.

Finally, when one employs such high power densities, the enhanced scattering cross-
section of large metal nanoparticles leads to a very large optical scattering force. Therefore,

it is only possible to trap small metal nanoparticles (i.e. dipole approximation holds good).

We saw in section 1.3 how thermophoresis could be utilized to trap dielectric beads. It
is possible to form a large scale assembly of colloids using thermoplasmonic heat generation.
Recently, L. Lin et al. have extrapolated the idea of temperature- gradient based trapping to
metal nanoparticles[25]. They were able to make a large assembly of metal nanoparticles at
low power using the heat generated by LSP excitation and differential movement of surfactant

ions in a thermal gradient.

This chapter will explore the experiments done to understand the surfactant-based op-
tothermal trapping of gold nanoparticles. We will elaborate on the mechanism of the assem-
bly and understand the parameters in the agglomeration of particles, and determine their

threshold values.

3.1 Optical setup

The optical configuration used in our optothermoelectric trapping experiments is shown in
Figure-3.1. The laser source used was 633 nm. We put a 5x beam expander lens system
before it incidents on the objective lens of a commercial inverted microscope. The objective
lenses used in the experiments were 100x, variable NA oil immersion and 100x, 1.49 oil
immersion. A detailed description of the preparation of the sample chamber is presented in
the following section. White light is also focused on the sample with the condenser. The
objective lens collects the scattered light from the sample, and the light passes through a
633 edge filter to block the laser.

Since the NA of the condenser lens is 0.9, we employed two mechanisms to create a dark
field image. When the objective lens was used at NA lower than 0.9, one would automatically

get a dark field image, as the light incident on higher angles will not be collected. For cases
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Figure 3.1: Schematic of the optical setup used in the experiment. The backport of the in-
verted microscope (in the box) is filled by a 633 nm expanded laser beam used to illuminate
the Au film in the sample to facilitate optothermoelectric trapping. dark field microscopy
is used to visualize the trapped particles. This microscope setup is also coupled to a spec-
trometer for in-situ SERS.

where we had to use 1.49 NA, we kept a pinhole aperture at the back focal plane of L3. We
adjusted the pinhole such that the light coming at higher angles is blocked. The beam that
passed through was focused on the camera. We were able to obtain high-quality dark field

images using this configuration.

3.2 Sample preparation

To prepare a sample for a typical trapping experiment, first, gold nanoparticles are dispersed
in a solution of a CTAC. The size of the nanoparticles and concentration of CTAC depends
on the experiment. The solution is put in an ultrasonic bath for about 20 minutes. A spacer
is pasted on the thin Au film to form a chamber. The solution is then dropcasted inside the

chamber. The chamber is sealed with another coverslip.
Although the trapping experiments can be carried by dropcasting the CTAC-nanoparticle
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Figure 3.2: Schematic of sample chamber. CTAC micelles and chloride ions are randomly
dispersed in the gold colloid solution over a thin gold film.

solution on a glass coverslip/ slide, a sealed chamber offers several advantages. First, the
evaporation of the fluid is considerably reduced. Therefore the reading times can be much
longer. In our experiments, when we used a glass slide without an upper seal, we noticed
that the fluid showed signs of drying within 15 minutes or so. To get longer readings on
a sample, it is necessary not to let the fluid evaporate, and thus a chamber is preferred.
Furthermore, the chamber allows us to use an oil immersion condenser lens. Finally, the
quality of imaging is better with a chamber because there is no curvature of the droplet and

light scattering is more uniform.

From our experiments, we also noticed that using chamber configuration to perform
spectroscopic measurements posed some challenges. There was a huge fluorescence response
when the signal was collected by a 50x, 0.5 NA air objective lens. However, when we used a
60x, 1.2 NA water-immersion lens to collect light from a sample dropcasted on a glass slide,
the fluorescence signal was greatly suppressed. We do not understand if it is the increased
NA or a difference in sample configuration that resulted in reduced fluorescence. One should

be careful and choose the sample configuration according to the aim of the experiment.

3.3 Mechanism of the trap

Optothermoelectric trapping is a low-power technique to create a large scale assembly of
nanoparticles. Many physical effects come together to give large to this effect, namely, ther-

mophoresis, thermoplasmonics and thermoelectricity. The subtle interplay of these effects is
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briefly described in this section.

First of all, when we disperse the sample in a surfactant solution (here, CTAC) and if the
CTAC concentration is above its critical micellar concentration (0.13-0.16 mM), the CTAC
molecules self-assemble to form a micelle which is a macro-sized ion. CTAC, being a cationic
surfactant, assembles into a positively charged cation. CTAC molecules also get adsorbed

on the surface of the gold nanoparticles, imparting a positive charge.

The thin gold film acts as a heat source when illuminated with a laser. For most of
the experiments, we have utilised a 633 nm laser. The sample contains positively charged
macro-cations of CTAC micelles, positively charged gold nanoparticles with CTAC adsorbed
on their surface and the negatively charged chloride ions. Without optical heating, all these

ions are randomly distributed in the sample.

In section 1.4, we saw that in the presence of a temperature gradient in a fluid medium,
particles show a steady drift on top of their Brownian motion. The steady-state probability
distribution of the ions is governed by their Soret Coefficient (Sr). In this case, the Soret
coefficient of the species is very different. Sy of Chloride ions ~ 7x107*K™! while Sy of
Micelles is ~ 1072, This large disparity in Soret Coefficients will lead to a difference in
their steady-state distribution in the presence of thermal gradient. When the thin gold
film is illuminated by the laser, LSPs are excited, and the film begins to heat locally due
to thermoplasmonic effects, as discussed in section 1.2. This optical heating leads to the
generation of a thermal gradient in the system. Both the ions experience thermophoresis
and move from hot to cold owing to their positive S7. However, the steady-state distribution
of the two ions will be very different. Chlorine ions will be localised near the hotspot, while
the CTAC micelles will be more delocalised and move slightly far away from the hotspot.
This stationary spatial redistribution of ions gives rise to a steady-state electric field given

by-

e > Z2n;

Er (3.1)

Here, 7 indicates the charged ion CTAC micelle and chloride ion, kg is the Boltzmann
constant, T' is the temperature of surrounding,VT is the temperature gradient, e is the
electronic charge, St; are the Soret Coefficients of the species, n; is the concentration, and

Z; is the total charge of the ions.

31



Positive metal particle Positive micellar ion < Negative Cl ion

O~-C

Particle CTAC molecule

d X (um)

-
+ + + + + + + + + +

Figure 3.3: Mechanism of optothermoelectric trapping. a) CTAC molecule is adsorbed on the
surface of gold nanoparticle and modifies its surface charge b) CTAC molecules self assemble
to form micelles ¢) Negatively charged chloride ion in the solution d) In the absence of
thermal gradient all ions are randomly dispersed in the solution e) Gold film is illuminated
f) Steady-state distribution of ions lead to the generation of a thermoelectric field which
traps the nanoparticle. Reproduced from Nature Photon 12, 195-201 (2018) [§]

Since the Soret coefficient is positive, the electric field lines will originate from them
and point toward the hotspot, where chlorine is localised. This electric field directs the
CTAC adsorbed gold particle towards the hotspot. It is to be noted that the gold film also
adsorbs the CTAC molecule. This layer then counters the generated electric field, thus stably

trapping the nanoparticle.

3.4 Assembly and disassembly of metal nanoparticles

Experimental Details

A sample chamber was prepared following the protocol mention in section 3.2 with the

specifications mentioned in table 3.1.
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Particle 250 nm Au
CTAC 10 mM
Wavelength 633 nm
Objective 100x, 0.6 oil-immersion
Power Density 0.18 mW/um?

Table 3.1: Experimental specifications to assemble particles

Results

Figure 3.4: a) Successive images show agglomeration of 250 nm Au nanoparticles. Assembly
was allowed to form for 15 minutes, and b) Successive images show the disintegration of

previously formed assembly.

Figure 3.4a shows the successive images of agglomeration of 250 nm Au nanoparticles. They
are trapped at extremely low power, at least 2-3 orders of magnitude lesser than power
densities in typical optical trapping experiments. This assembly is also reconfigurable at
short time scales. If the particles have been agglomerating for less than a minute, they
will immediately start disassembling as soon as the laser is turned off. This has also been
reported in [25]. However, if the particles have been agglomerating for ~ 10 minutes, they

do not disassemble very quickly. Although the agglomerate will shrink considerably, it will
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take a very long time to disassemble completely. The assembly was allowed to form for 15

minutes. Figure 3.4b shows the successive images of the disintegration of the cluster.

3.5 Ensemble Mean Squared Displacement

Particles come together to form an agglomerate as a directed thermoelectric force acts on
them. It points towards the hotspot. The trajectory of one such particle is shown in figure
3.10a. However, when particles have formed an agglomerate and if the laser is turned off,
there is no external force in the system. The particles will diffuse out of the agglomerate,
and we expect them to show Brownian dynamics. The mean square displacement (MSD)
of a particle is the deviation of a particle from a reference point over a given time. For a
random walker, it gives the measure of the area explored by the particle. For a Brownian
particle suspended in a Newtonian fluid, the slope of log MSD vs log lag-time is unity. It is

one of the primary characteristics of Brownian motion.

MSD x 1

When MSD is averaged over several trajectories, it is called ensemble mean square dis-
placement (EMSD). This section will look at the ensemble mean displacement of the particles

when the assembly is disintegrating.

Basic parameter details

The video was acquired for the 250 nm Au nanoparticle disassembly process at a frame rate
of 15 frames per second. The particle tracking was done with the trackpy routine in the
Jupyter notebook. The minimum mass was 500, and the mask size was 11 px. For the final

calculations, only those trajectories were considered, which were at least 100 frames long.
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Results and Discussion

It has been shown that as soon as the laser is turned off, the thermal gradient in the system
vanishes [3]. In the absence of a thermal gradient, there will not be an electric field to hold
the particles together, and hence the assembly starts to break. To verify if the particles
going out are exhibiting Brownian dynamics, we tracked the particles, and the results are
shown in figure 3.5. Figure 3.5a shows the particles being tracked. Tracking parameters
were carefully chosen to avoid spurious detection, off-focus particle detection and assembly
detection. We plotted their ensemble mean square displacement with time in figure 3.5b.
The slope is nearly 1, which hints that the dynamics are Brownian. We plotted the slope
between two consecutive points in the mean square displacement with lag time to understand
the deviation in the fitted slope. The results are in figure 3.5c. It can be seen that for a
considerable time, the two-point slope is nearly 1. Only at higher values of lag times is a
slight error introduced in the calculation due to insufficient data points. The 250 nm Au
particles constantly get out of the plane, which makes their tracking difficult. Therefore,
data for larger lag times is difficult to obtain. Furthermore, the calculation can be improved

by taking data at a faster frame rate and using a higher resolution camera.
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Figure 3.5: a) Annotated frame, red circles denote the particles being detected b) Plot of
log-MSD vs log-7 ¢) two-consecutive point slope

3.6 Effect of surfactant concentration

Surfactant plays a critical role in the assembly of metal nanoparticles. It modifies the sur-

face charge of nanoparticles, thus altering their zeta (¢) -potential. Since the ¢ potential is
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a material-dependent property, surfactant concentration must be modified slightly for every
nanoparticle to obtain stable trapping. For our experiments we have used cetyltrimethy-
lammonium chloride (CTAC, C,9H42CIN). As the solvent-particle interfacial effects are not
well characterised in literature, it is difficult to predict ¢ potential with varying CTAC con-
centration from theory. Also, many particles of the same material purchased from different
vendors have different coatings over them, which makes their { potential difficult to pre-
dict. The effect of the coating is covered in detail in the next section. In this section, we
will understand the role of CTAC and see what is the effect on the agglomeration when its

concentration is varied.

Experimental Details

Three sample chambers were prepared as mentioned in the protocol in section 3.2 with

varying CTAC concentrations and the specifications mentioned in table 3.2.

Particle 250 nm Au
CTAC No CTAC, 4mM, 10 mM
Wavelength 633 nm
Objective 100x, 0.6 oil-immersion
Power Density 0.18 mW /pum?

Table 3.2: Experimental specifications to study the effect of surfactant

Results and Discussion

In the absence of surfactant (here, CTAC), the phenomenon of optothermoelectricity does
not take place. As shown in figure 3.6a, no trapping is observed in such a case. Further, at a
very low concentration of the surfactant, the thermoelectric field developed is not sufficient
to overcome the Brownian motion of the nanoparticles and trap them. However, even in
such cases, particles near the laser spot show increased interactions with one another. This
is shown in figure 3.6b, where the particles exist as temporary dimers. It is to be noted that
such dimers are transient and fade off at the next instant, and new ones are formed. The
dynamics of the particles is visibly affected, but the electric field is not strong enough to
arrest them at the hotspot. This interaction increases progressively with increased CTAC

concentration. Beyond a particular concentration, particles begin to be stably trapped, as
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Figure 3.6: Images of optothermoelectric trap after 4 minutes of laser illumination for differ-
ent samples with varying CTAC concentrations. a) No CTAC, no effect on particle dynamics
observed b) 4 mM, particles start showing transient dimers which dissociate fast ¢) 10 mM,
particles get trapped

shown in figure 3.6c. We were able to trap Au nanospheres dispersed in a 10 mM solution.
There exists a range of CTAC concentration in which the particle can be trapped stably.
For 250 nm Au particle, we observed that the range was from 10 mM to 16 mM. When
the CTAC concentration is increased beyond this value, the motion of the majority of the

diffusing particles is arrested, and they appear to be stuck on the substrate.

3.7 Effect of power density

Operating power is one of the key determining factors in the choice of tweezers one can em-
ploy. If one has to trap metal particles using conventional optical tweezers is about 10-100
uW /pm?. The typical power density required to trap metal nanoparticles via surfactant-
based optothermal tweezers is at least two orders of magnitude less than conventional gra-
dient force-based optical trapping. This low optical power operation is one of the major

advantages of such optothermal traps.

Power density on the sample is given as-

Power Density(Pp) — Total Power Incident on the sample

Area of the focused beam spot

Also, the diameter of the focused beam spot is determined by the Numerical Aperture (N.A.)
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of the objective lens.

0.61)\
Diameter of the focus spot = ——

N.A.

Therefore, there are two ways in which power density on the sample can be varied.

e By changing the total power on the sample. This does not modify the size of the focus
spot.

e By changing the numerical aperture of the objective lens. The higher the numerical

aperture, the higher is the power density on the sample

In this section, we will understand how power density affects the agglomeration of par-
ticles. We will see how changing the absolute power incident on the sample has a different

effect than just reducing the focused beam spot by increasing NA.

Experimental Details

We performed two series of experiments to understand the effect of power density. In the first
series of experiments, we introduced neutral density filters in the 633 nm laser beam path to
reduce the total power incident on the sample. Sample chambers were prepared according

to the protocol mentioned in section 3.2. Experimental specifications are mentioned in table
3.3

Particle 250 nm Au
CTAC 10 mM
Wavelength 633 nm
Objective 100x, 0.6 oil-immersion
Total Power | 0.001mW,0.08mW,0.16mW

Table 3.3: Experimental specifications to study the effect of total power on the sample

In the second series of experiments, the total power incident on the sample was kept the same,
0.16 mW. However, we performed the experiment with different 100x oil-immersion objective
lenses with NA=0.6, 0.9 and 1.49, respectively. Sample chambers were prepared according

to the protocol mentioned in section 3.2. Experimental specifications are mentioned in table
3.4
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Particle 250 nm Au
CTAC 10 mM
Wavelength 633 nm
Objective | 100x, Variable NA (0.6-0.9), 100x 1.49 oil-immersion
Total Power 0.16mW

Table 3.4: Experimental specifications to study the effect of changing numerical aperture

Results and Discussion

Figure 3.7 shows the results of the first series of experiments. Here power density was
varied by changing the total incoming power onto the substrate. First of all, without laser
illumination, the thermal gradient is not generated. As a result, there is no differential
movement of the ions in the solution, and thus no electric field is produced. Therefore, no
trapping is observed. Likewise, shining very low laser power on the metal film also does not
result in trapping, as the temperature gradient is not enough to create a strong thermoelectric
field (Er) to facilitate the trapping of nanoparticles. In our experiments, we observed that
for all power density below 0.09 mW /um?, trapping was not observed. However, when the
power density was increased to 0.18 mW /um?, the particles were agglomerated. Therefore,
the threshold power density required to initiate must lie between 0.0 9mW /um? and 0.18
mW /um?. This bound could not be further tightened due to the unavailability of appropriate

neutral density filters at the time of the experiment.

0.001mW|b 0.08mW |c 0.16mW

Figure 3.7: Varying the total optical power of 633 nm laser on the sample. a) No assembly
at 0.001 mW b) No assembly at 0.08 mW c¢) Agglomeration of particles at 0.16 mW. All

images are taken after about 2 minutes of laser illumination.
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Figure 3.8 shows the results of the second series of experiments, where the total power
incident on the sample was kept the same (0.16 mW). However, we performed the experiment
with different 100x oil-immersion objective lenses with numerical aperture 0.6, 0.9 and 1.49,
respectively. We observe that the particles were trapped at all the numerical apertures,
and the total size of the assembly is independent of the objective lens. Using a higher NA
objective lens, the image’s resolution improves drastically, as evident from the image in figure
3.8. However, as the NA increases, the scattering force due to the laser beam experienced by
the nanoparticle increases drastically. Therefore, we believe that trapping nanoparticles with
a higher numerical aperture objective lens will be difficult with a lower CTAC concentration,

as the scattering forces will dominate the thermoelectric field.

Figure 3.8: Varying the numerical aperture (NA) of the objective lens. a) Agglomeration of
particles when NA is 0.6 b) Agglomeration of particles when NA is 0.9 ¢) Agglomeration of

particles when NA is 1.49. All images are taken after about 15 minutes of laser illumination.

3.8 Effect of laser wavelength

In section 1.1, we saw that the light that is incident on a gold nanoparticle oscillates the free
electrons. If the excitation wavelength is near the plasmon peak, the resonance condition is
fulfilled, and due to Joule heating, the particle heats up very efficiently. The same is true
for gold film, which is the heat source in optothermoelectric traps. Figure 3.9 shows the
scanning electron microscopy image of the gold film. The cracks on the surface are apparent.
A perfectly smooth gold film, being a good heat conductor, would not have facilitated a

temperature gradient, thus making optothermoelectric trapping difficult.
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Figure 3.9: Large number of cracks on the surface of 5 nm Au film prepared with Ther-
mal Vapour Deposition are the reason for heat localisation, and thus generation of thermal
gradient due to plasmonic heating.

Like every plasmonic structure, this gold film also has an absorption maximum at 526 nm.
In this section, we’ll understand how the trap gets influenced when the film is illuminated

by different wavelengths which are near or far from the plasmon resonance peak.

Experimental Details

Sample chamber was prepared according to the protocol in section 3.2 with the following

specifications.

Particle 250 nm Au
CTAC 10 mM
Wavelength 532 nm, 633 nm

Objective | 100x, 0.6 oil-immersion

Table 3.5: Experimental specifications to study the effect of wavelength

Individual particles were tracked using the MosaicTrack plugin of ImageJ software. Tra-

jectories were analysed using MATLAB.
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Figure 3.10: a) A particle is moving into the trap when illuminated by a 532 nm laser. b)
Particle moving into the trap when illuminated by 633 nm laser. c) Plot of distance from
hotspot as a function of time. It clearly shows that particle gets trapped faster with 532
nm laser as compared with 633 nm laser. d) UV-Visible absorption spectra of the gold film.
The plasmon peak of the film is at 526 nm.

Results and Discussion

In this optothermal trapping experiment, the illuminated gold film serves as the heat source.
To study the effect of wavelength, we tracked the trajectories of the particles in the trap.
Figure 3.10a and 3.10b show images of particles that started roughly about 4 ym away from
the trap. From figure 3.10c, it can be easily seen that the particle illuminated by 532 nm
reaches the trap much faster than the one illuminated by 633 nm, which explores much more

area before getting trapped. Therefore, the trap created by 633 is weaker in comparison to

the one created by 532 nm.
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Localized and surface plasmon are excited by the laser, and the oscillation of the electrons
leads to Joule heating, thus increasing temperature. The closer we are to the resonant peak
of the plasmons, the faster electrons will oscillate, thus leading to greater heating. The UV-
vis absorption spectra of the film are shown in figure 3.10d. It peaks at 526nm, which is near
the 532nm laser. Also, it is to be noted that the power density of 532 nm was higher than
the power density of 633 nm. Together with both the reasons, we expect a 532 nm laser to

be a better heat source for the films we used. This explains our experimental observation.

3.9 Effect of coating on the nanoparticle

Micelle formation on the metal nanoparticle plays a very crucial role in its trapping. It
modifies the surface charge and enables it to experience the trapping electric field. However,
commercially purchased nanoparticles are often coated with a polymer. The vendors some-
times do not disclose such coating. Although most of these particles can still be trapped,
some particles are not at all agglomerated. We believe that this is due to the coating present
on the particle, which hampers the micelle formation over the particle. Silver Particles
[8] have been shown to be easily trapped. However, the PVP functionalized 200 nm Ag
nanospheres (purchased from Sigma Aldrich) were not trapped at all. Some of the coatings

which do not hamper the trapping process are citrate coated, PVP, and PBS coated particles.

3.10 Surface enhanced Raman Scattering (SERS) with

the assembly of particles

As we saw in section 1.5, SERS is a technique to boost the Raman signal, which is otherwise
very weak. For surface enhancement, there are two mechanism — Electromagnetic enhance-
ment and Chemical enhancement. Here we’ll focus only on electromagnetic enhancement.

It occurs due to enhanced electric field in the vicinity of metal nanostructures.

In this section, we will explore the possibility of enhancement of the Raman scattering

signal due to the agglomeration of the particles.
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Experimental Details

Sample chamber was prepared according to the protocol in section 3.2 with the specifications

mentioned in the following table.

Particle 100 nm Au
CTAC 12 mM
Wavelength 633 nm
Objective 50x, 0.5 air
Dye Molecule | Rhodamine 6G 0.01 mM

Table 3.6: Experimental specifications to take SERS of 0.01lmM Rhodamine 6G

Results and Discussion
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Figure 3.11: Raman scattering spectrum of Rhodamine 6G

The assembly of plasmonic particles provides a large area for multiple SERS hotspots
where the electric field is highly enhanced. Figure 3.11 shows the scattering spectrum of
rhodamine 6G, which was the target molecule. Spectra were acquired for 2 sec. 633 nm laser

was employed to assemble the particles as well as take the scattering spectra. We were able
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to obtain the major peaks of the rhodamine 6G molecule. Thus the assembly was able to

enhance the Raman signal sufficiently.

It is to be noted that CTAC forms a layer over the metal nanoparticles and aids in large
scale agglomeration. However, this layer hampers the electric field enhancement capability
of the nanoparticles. These two competing factors should be considered when choosing a

CTAC concentration for using this plasmonic substrate for SERS.
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Chapter 4

Conclusion and Future Work

Reversible assemblies of plasmonic nanoparticles have locally enhanced electric fields and
have multiple applications. Such assemblies have been shown to form by various approaches
including evanescent excitation [41], pH [42], [43], voltage [44] and metal-ion coordination
[45]. In this project, we explored one-way such assembly can be made — the optothermo-
electric trapping of metal nanoparticles. We understood the trap mechanism and explored
the role of various parameters in forming a plasmonic assembly. We found out that there is
an optimum surfactant concentration in which the trap is functional. At a lower concentra-
tion, there is no agglomeration, and at a higher concentration, the motion of the particles
is arrested. A similar threshold was found for total power incident in the sample. We also
found that the 532 nm wavelength was able to trap particle more efficiently and faster than
the 633 nm wavelength laser. We explained this observation using the UV-Vis absorption
spectra of the gold film and the total power density incident on the sample. We explored
the possibility of measuring Raman spectra of 0.01 mM rhodamine 6G via the plasmonic

agglomerate.

This project laid the foundation for future projects that are being carried out in our lab.
One direction that is being pursued is to replace the heat source in the sample chamber
with something that can be easily prepared. It takes about 24-36 hours to get a few films
using thermal vapor deposition. This considerably reduces the pace of experiments being
done and also makes the architecture more complex. Furthermore, for thin films, even if

there is an error of a couple of nanometers while TVD preparation, it can cause huge errors
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in experiments. Finally, a major limitation with using the film is the inability to study
the emission from trapped particles because of the background emission from a metallic
substrate. After having understood the basic principles of optothermoelectric trapping, we
are exploring other heat structures that can be utilised to trap metal nanoparticles. We have
successfully been able to form such assemblies using a single metal nanoparticle by exciting

it at its plasmon peak. We have been getting promising results in this direction.

Another direction which we are exploring is the possibility of single-molecule detection
using such reversible plasmonic assembly. In section 3.10, we have already seen that such
metal nanoparticle aggregate has the potential to enhance the Raman scattering signal. We
are trying to push the limit of detection and obtain single-molecule surface-enhanced Raman
scattering (SM-SERS). Direct illumination of the metal nanoparticle is used to achieve both
the plasmonic assembly and SM-SERS sensitivity. There are encouraging results in this

direction, and we are taking it forward.

During the course of this thesis, we came across multiple unanswered questions which
still need to be explored. For instance, when the laser is kept on for a long period of time, the
aggregate doesn’t dissociate quickly. It does disintegrate and reduces to a small fraction of
its original size; however, it doesn’t dissociate quickly in the observation time. The system-
atic study must be undertaken to understand particle-particle interaction in such assembly.
Second, how to theoretically get an optimum CTAC concentration at which particles will
get trapped. A clear theoretical description of particle-solvent interfacial effects in optother-
moelectric assembly is unavailable. Optothermoelectric trapping of metal nanoparticles is a

relatively recent technique and has quite a lot of rich physics which still needs to be studied.
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