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Abstract

Theoretical Models and Numerical Approaches to Nanoscale Microscopies and
Spectroscopies of Plasmonic Systems

Claire Anne West

Chair of the Supervisory Committee:
Professor David J. Masiello
Department of Chemistry

Harnessing electromagnetic and thermal interactions among single and coupled metal
nanoparticle systems creates opportunities to advance scientific endeavors and enhance dif-
ferent engineered technologies. Designing these nanoparticle systems and measuring their
manufactured properties pose two challenges which may be addressed through the develop-
ment of analytic and numeric models. This dissertation contains models which describe the
optical and thermal response of coupled, plasmonically active metal nanoparticle systems.
The models are used to design different nanoparticle structures which support actively tun-
able properties. Also included in this dissertation are models of single-particle microscopy
and spectroscopy measurements on plasmonic systems (photothermal-based measurements
in Part [[I] and electron energy loss measurements in Part . These models are used to
interpret experimental data obtained from collaborators. Feedback between theory and ex-
periment allows the models to be verified and improved to more accurately approximate the
different experimental observables and to design more advanced nanostructures with exotic

thermal and electromagnetic properties.
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Part I
INTRODUCTION



Chapter 1

HISTORICAL CONTEXT
1.1 An Abridged History of Light

For millennia, people have sought to understand and harness light to study the world
around themselves. Some of the earliest evidence of humans manipulating light dates back
to illustrations of lenses found in ancient Egyptian hieroglyphs and 8000 year-old anthro-
pogenic obsidian mirrors found in Anatolia (modern-day Turkey).[1] Accompanying these
early optical tools came different theories attempting to explain what light fundamentally
is, and why it interacts with materials in different ways.[2]

One of the first recorded theories of light is attributed to the Greek philosopher Empe-
docles in the 5th century B.C. He proposed that light is a stream of particles which emanate
from the eye. Over the following centuries many other philosophers proposed similar de-
scriptions of light as a matter flux. This inaccuracy, however, did not prevent the correct
theories of different light-matter interactions from arising. For example, different scholars
around the world separately discovered and rediscovered Snell’s Law of RefractionE] In 1662,
Pierre de Fermat finally offered the correct explanation for this popular empirical formula by
proposing that the speed of light is finitd?} and that light will travel slower in denser media.

While the early refraction experiments were not seemingly in conflict with the matter-
flux description of light, diffraction experiments began to expose inconsistencies. Francesco
Grimaldi, and subsequently many other philosophers in the late 1600s, conducted differ-

ent diffraction-based experiments with light and proposed new theories of light as a wave.

!Snell’s Law was first described by the Persian scientist, Ibn Sahl in 984. Although other scientists
independently derived the formula, it was named after Willebrord Snellius (Snell) posthumously.

2Seventeen years later Ole Christensen Rgmer demonstrated this fact experimentally.



Christiaan Huygens notably published a theory of light which demonstrates mathematically
that light may consist of radiating spherical waves which interfere to form a total wavefront
(later named the Huygens-Fresnel Principle). This led to the breakthrough and controversial
proposition that light is a wave. This theory was in direct conflict with Newton’s corpus-
cular theory of light which could explain polarization, while at the time the wave theory
could not. However, in the early 1800s Thomas Young performed his now famous double slit
experiment which showed definitively that light is a wave. It was Augustin-Jean Fresnel in
1821 who finally proposed the correct explanation of light. Over the course of his lifetime,
he was able to change the minds of many famous skeptics of the wave theory and ultimately

garner acceptance from the scientific community at large.
1.2 Modern Physics

While Young and Fresnel were characterizing the wave-like properties of light, Michael
Faraday was conducting important experiments with electricity and magnetism. In 1864,
James Maxwell used Faraday’s findings, in companion with experiments of his own, to dis-
cover that electricity and magnetism and light are physically the same phenomena. Equally
important, Maxwell produced a set of twenty differential equations which form the foun-
dation for describing different electromagnetic interactions. Oliver Heaviside reduced the
original twenty equations down to the four commonly used today. Following Maxwell’s
breakthroughs came many scientific discoveries and innumerable opportunities for further
scientific exploration. For brevity, all subsequent endeavors will not be summarized in this
dissertation. Instead, this remainder of this section will focus on the emergent solutions to
and approximate models of nanoscale light-matter interactions.

An important outstanding question during this time was the mathematical solution to
light interacting with a spherical particle. In 1869, John Tyndall got close to an answer when
he discovered that light scattering off nanoparticles creates a blue hue. He hypothesized that
this could be what causes the sky to appear blue. It was after using Maxwell’s unification of

electromagnetism and light that Lord Rayleigh (John William Strutt) proved these conjec-



tures in 1881 by formulating a theoretical framework which describes how light scatters off
particles much smaller than the wavelength of that light (now referred to as Rayleigh scat-
tering). While others added to this framework to enable the study of more diverse sphere
materials and sizes, the theory was still limited to very specific conditions. Finally, in 1908,
Gustav Mie published an all-encompassing solution to the scattering by a spherical particle
of any size by solving Maxwell’s equations for an electromagnetic plane wave interacting
with a homogeneous sphere.ﬁ Despite deriving the closed form expressions for the scattering,
absorption, and extinction of light interacting with a sphere, this solution did not become

useful until much later when computers could evaluate the functions numerically.
1.3 The Emergence of Nanoscience and the Field of Plasmonics

The next fifty years ushered in a new flavor of science characterized by the invention
of quantum mechanics. In this era, the nature of light was brought into question again.
One important discovery, foundational for the scope of this dissertation, was made in the
1950s by David Bohmff and David Pines. Based off of experiments done by Rufus Ritchie
[4] and others [5] on the energy lost by electrons in gases and thin foils, they proposed
the correct explanation of these energy losses to be from surface waves of the conduction
band electrons. These collective oscillations of electrons, or plasma oscillations, are now
called plasmons. Two different of surface plasmon excitations were classified during this
time: surface plasmon polaritons and localized surface plasmons (LSPs). The latter will be
subject of this dissertation.

Despite LSPs being mathematically discovered in the 1950s - 1960s, their unique proper-

3Gustav Mie was not the only person to arrive at this solution. Ludvig Lorenz and others independently
derived the same result.

40f the different physicists discussed so far, Bohm has a particularly unusual history. Bohm was an
American and an active communist during World War I1. He was a PhD student in Robert Oppenheimer’s
research group, but was disallowed from participating in the Manhattan Project due to his political
ideologies. However, while completing his dissertation, his work was found to be useful for the Project.
It was immediately classified which prevented him from accessing his work. Thus, he could not write his
thesis or defend! Fortunately, Oppenheimer vouched for Bohm, and he was awarded a PhD. For more on
Bohm’s life, see Ref. [3]



ties have been unknowingly exploited dating back to the Romans who used metallic nanopar-
ticles in their stained glass and to create the famous color-changing Lycurgus cup. Faraday
also accidentally created a gold nanoparticle solution with plasmonic properties. He ob-
served it’s brilliant ruby color, and made predictions about the underlying physics. More
recently, Richard Zsigmondy (the inventor of the dark-field microscope) made observations
of gold nanoparticle colloids; it is believed that these observations inspired Mie to develop

his theoryl[]

In addition to the beauty of metallic nanoparticle colloids, scientists have discovered more
practical applications of LSPs. One particularly useful application has been the development
of different surface-enhanced spectroscopies. For example, in 1973, scientists, at the time
unknowingly, used a now-popular technique: surface enhanced Raman spectroscopy (SERS).
With its scientific explanation coming a few year later, researchers realized they could use
the intense local fields produced by LSPs to amplify the Raman signal from a sample. This
enabled the characterization of molecules down to the single-particle level. Other emergent
applications in the more recent years include using LSPs as biosensors for molecular detection,
smaller and safer data storage technologies, low-electricity water purification systems, and

less-invasive photothermal therapies.

1.4 Microscopies and Spectroscopies for Nanoscience

Observing and measuring the properties of nanoparticles and other nanomaterialsﬁ re-
quires sophisticated microscopes. This is because microscopes designed to perform at these
small length scales must be built to overcome the diffraction limit. The first microscopes
which were made in the fifteen to sixteen hundreds were used to observe much larger objects
(e.g, cells, bacteria, protozoa) by using lenses to focus and magnify light. In 1873, Ernst

Abbe discovered that these light-based microscopes would have a fundamental limit on their

5Zsigmondy received the Noble Prize in 1925 for his work using microscopy on colloids.

61 will use the word nanomaterial to refer to any material with nanometer features.



resolution which would prevent the study of objects smaller than the diffraction limit:

A A
d= = 1.1
2nysinf  2NA (1.1)

where d is the minimum diameter light may be focused to, A is the wavelength of light, n; is
the refractive index of the background, 6 is the angle of the cone of focused light, and NA
is the numerical aperture of the lensﬂ Thus, new instruments were needed in order to gain

accurate images of objects at the nanoscale.

One critical technological advancement came when Ernst Ruska and Max Knoll built the
first transmission electron microscope in 1931. It was discovered that accelerated electrons in
a vacuum behaved similar to light in that electric and magnetic fields could be used as lenses
to bend and shape the electrons’ trajectories. Given that the electrons would not be limited
to the diffraction limit of light, electron microscopes were shown to be a clear alternative to

optical microscopes.

While microscopes may be used to create images of objects, spectroscopes are used to
measure the color content of light. In the early days, spectroscopes could simply be a
prism which diffracts white light into its different colors. Two important spectroscopies
that are critical measurements for determining the properties of plasmonic system are of
the light absorbed and scattered by the nanomaterial. Performing these measurements is
very challenging on the single-nanoparticle level. For both scattering and absorption, the
signal is much weaker than background signal and is thus very difficult to detect. Therefore,
many different kinds of spectroscopy have been proposed and implemented over the years.
The most common scattering technique, dark-field spectroscopy, was expanded upon in the
2000s to both image and measure scattering spectra of metal particles.[6l [7]. One experiment
for measuring absorption is photothermal contrast spectroscopy [8]. There have been many

other approaches, but none which are ubiquitous.

"The best numerical apertures modern lenses can achieve is around 1.4-1.6.



1.5 Outline of Dissertation

My contributions to this field are summarized in the following publications and in prepa-
ration manuscripts. The five manuscripts I first and co-first authored are included in the

main text of this dissertation.

1. West, C., Shooter, J., Willets, K., Link, S., & Masiello, D. Nonlinear Effects in Pho-

tothermal Imaging of Strongly Scattering Plasmonic Nanoparticles. In preparation.

2. West, C., Hendrickson, D., & Li, X. Assessing the Impact of a Virtual Nanoscience
Summer Camp on Middle - High School Students’ Engagement with Content and

Science Identity. In preparation.

3. Reinhardt, P., Crawford, A., West, C., DelLong, G., Link, S., Masiello, D., &
Willets, K. Toward Quantitative Nanothermometry Using Single-Molecule Counting.
J. Phys. Chem. B 125, 44 12197-12205 (2021). Ref. [9].

4. Jebeli, S.,* West, C.,* Lee, S., Goldwyn, H., Bilchak, C., Fakhraai, Z., Willets, K.,
Link, S, & Masiello, D. Wavelength-dependent photothermal imaging probes nanoscale

temperature differences among subdiffraction coupled plasmonic nanorods. Nano Lett.

21, 12 5386-5393 (2021). Ref. [10.

5. Baiyasi, R., McCarthy, L., Goldwyn, H., West, C., Masiello, D., Link, S., & Landes,
C. Coupled dipole modeling and experimental characterization of geometry-dependent
trochoidal dichroism in nanorod trimers. ACS Photonics 8, 4 1159-1168 (2021). Ref.
[11].

6. Pakeltis, G., Garfinkel, D., Rotunno, E., Khorassani, S., West, C., Collette, R.,
Idrobo, J., Masiello, D., & Rack, P. High spatial and energy resolution electron en-

ergy loss spectroscopy of the magnetic and electric excitations in plasmonic nanorod

oligomers. Opt. Express, 29, 3 4461-4671 (2021). Ref. [12].



7. West, C.,* Olafsson, A.,* Pakeltis, G., Garfinkel, D., Rack, P., Masiello, D., Camden,
J., & Idrobo, J. Plasmon hybridization in nanorhombus assemblies. J. Phys. Chem. C.
124, 49, 27009-27016 (2020). Ref. [13].

8. Bhattacharjee, U.,* West, C.,* Jebeli, S.,* Goldwyn, H., Kong, X., Hu, Z., Beutler,
E., Chang, W., Willets, K., Link, S. & Masiello, D. Active Far-Field Control of the
Thermal Near-Field via Plasmon Hybridization. ACS Nano 13, 8, 9655-9663 (2019).
Ref. [14].

9. Cheng, X.,* Anthony, T.,* West, C., Hu, Z., Sundaresan, V., McLeod, A., Masiello, D.
& Willets, K. Plasmon heating promotes ligand reorganization on single gold nanorods.

J. Phys. Chem. Lett. 10, 6, 1394-1401 (2019). Ref. 7).

10. Pakeltis, G., Hu, Z.,* Nixon, A.,* Mutunga, E., Anyanwu, C., West, C., Idrobo,
J., Masiello, D., Fowlkes, J. & Rack, P. Focused Electron Beam Induced Deposition
Synthesis of 3D Photonic and Magnetic Nanoresonators. ACS Appl. Nano Mater. 2,
12, 8075-8082 (2019). Ref. [16].

11. Cherqui, C., Wu, Y.,* Li, G.,* Quillin, S.,* Busche, J., Thakkar, N., West, C., Mon-
toni, N., Rack, P., Camden, J. & Masiello, D. STEM/EELS Imaging of Magnetic
Hybridization in Symmetric and Symmetry-Broken Plasmon Oligomer Dimers and All-

Magnetic Fano Interference. Nano Lett. 16, 6668-6676 (2016). Ref. [17].

* indicates co-first authorship

The remainder of this dissertation is organized in the following way. Ch [2| goes into
further detail of the LSP and includes multiple analytic and numeric models which describe
the LSP’s electromagnetic and thermal properties. This ends the introduction presented
in Part [l Part [[I] includes three manuscripts which use photothermal imaging as a tool to

understand the plasmonic properties of single and coupled gold nanoparticles. Ch. [3| and



Ch. 4] are reproductions of Refs. [I4] and [I0]. Both works use photothermal imaging to
identify nanoscale temperature gradients in hybridized plasmonic nanoparticle systems. Ch.
is an unpublished manuscript which presents a novel model of the photothermal imaging
experiment which describes the properties of experiment on large nanoparticles. Part [[T]]
contains one publication [13] in Ch. [6] which uses a coupled harmonic oscillator model to
interpret EEL line spectra and spectrum images of hybridized nanorhombuses. Finally, Part
[V]is a slight departure from the previous chapters in that it contains Ch. [7] which is an
unpublished manuscript in the field of chemistry education. This chapter reports the results
of a study I conducted on the impact a nanoscience summer camp (which I designed and
taught) had on middle to high school students. The publications which I could not include
as chapters can be found on my Google Scholar page. Some of the accompanying codes

discussed in this dissertation can be found on my Github profile.


https://scholar.google.com/citations?user=FNOZdBkAAAAJ&hl=en&oi=ao
https://github.com/claireannewest/
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Chapter 2
LOCALIZED SURFACE PLASMON RESONANCES

The macroscopic Maxwell equations are an appropriate starting point for understanding
light-matter interactions at the nanoscale[| The electric E and magnetic B fields sourced by
a charge density p and current density J may be solved for (in Gaussian units and p = 1)

according to

47 e OE
VgE:Zlﬂ'p VXB:_J+__
V.B=0 vxE4+ B _,
c Ot

Notably different compared to the microscopic Maxwell equations is the introduction of
the dielectric function, € = €(w). €(w) is a complex quantity, often frequency dependent,
which is a measure of the electric polarization of a material. It’s imaginary part indicates
the absorptive properties of the material. Interpreting the dielectric function of metals and
their background environments is the first step towards describing and understanding the

properties LSPs.
2.1 The Dielectric Function of Metals

The ratio |Im[e(w)]/Rele(w)]| of a material may be used to suggest its electronic prop-
erties. This quantity is referred to as the plasmon quality factor [I9] and may be used to
approximate whether a material may support plasmonic excitations. For example, when the
ratio is << 1, the material is a good dielectric and the lack of mobility of the electrons will

restrict its ability to support LSPs. Alternatively, when the ratio is >> 1, the material is

'The procedure for converting the microscopic Maxwell equations to the macroscopic equations can be
found in §4.3 in Ref. [I§].
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Figure 2.1: Experimental data of the real and imaginary parts of the dielectric function of
different metals at room temperature. The gold, silver, and copper data are from Ref. [20],
the magnesium data is from Ref. [21], and the aluminum data is from Ref. [22]. The large,
negative Re[e(w)] values corresponds to materials with high electron mobility, i.e., easily
polarized. The small, positive Im[e(w)] values indicate the material has minimal energy loss
from absorption. The peaks in aluminum (purple trace), gold (blue trace), and copper (red
trace) are from interband transitions, which restrict opportunities for plasmonic excitations.

a conductor and may be a potential candidate for plasmonic applications. Fig. [2.I] shows
the real and imaginary parts of e(w) for different metals across optical wavelengths at room
temperature. In general, Rele(w)] for the metals is large and negative (the negative sign
indicates the abundance of free electrons), and Im[e(w)] is small and positive. Gold, copper,
and aluminum additionally experience increased Im[e(w)] at < 550 nm, < 600 nm, and ~ 880
nm, respectively, due to the onset of interband transitions.

Gold and silver are by far the most popular plasmonic materials due to their high electron
mobility, low losses in the visible part of the spectrum, and their advantageous surface
chemistry properties. Aluminum has also been shown to support LSPs [23], but it’s interband
transitions restrict plasmonic activity to the ultraviolet and part of the visible spectrum,
which significantly limits it’s popularity. While copper’s interband transitions appear to
be only slightly more limiting compared to gold, it’s surface chemistry entirely prevents

applicability. Magnesium [24], and other metals and alloys [19], are actively being explored
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Figure 2.2: The Drude model, Eq. 2.2 fit to experimental data of the dielectric function
for gold and silver. The dashed traces are the fit, the solid traces are the experimental data

replot from Fig. 2.1]

to determine if other materials can outperform gold or silver. As yet, however, gold and
silver remain to be the most well-studied materials. The remainder of this dissertation only

includes studies on silver and gold plasmonic materials.

This frequency-dependant dielectric response (excluding interband transitionﬁ) may be
modeled by approximating the material as a free electron gas with electron density N em-
bedded in a fixed positive ionic core background. Using eE = E + 47P, the macroscopic
polarization P may be approximated as the number density of the electrons times a har-

monically oscillating dipole moment, p. The equation of motion for p = ex driven by a

harmonic force is mx + myx = eEge~ ! where m is an effective mass, and ~ is the damping

1wt

from collisions. Assuming the steady-state, x = xpe™™", and incorporating the influence of

the positive ionic core leads to [26]:

2
wl’

_ 2.2
w? + iwy (22)

€(w) = €x —

2To incorporate interband transitions, one or more Lorentz oscillators may be added to the model [25].
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where w, is the plasma frequency, w, = \/@ . Eq. is the Drude model and it describes
the response of the electrons to an applied electric field in the absence of boundaries or
surfaces. Fig. shows the Drude model fit to a subset of the data from Fig. The
model accurately fits Re[e(w)], and as expected does not capture the interband transitions
in Imle] which begin in gold at the lower wavelengths. This model is widely used to gain

intuition about the plasmonic nature of materials.

2.2 A Sphere in the Presence of a Static Field

The dielectric function €(w) is a macroscopic quantity which describes a material’s bulk
response to light; it does not contain any information about the size or shape of the material.
A good starting place to model these effects is to solve for the response of a sphere in the

presence of a static electric field.

— €

—

Figure 2.3: Sphere of radius a in the presence of a static field Ey. The field excites a static
dipole at the center of the sphere with polarizability a equal to the Clausius-Mossotti.

Consider a sphere of radius a and dielectric function €(w) embedded in a background e,
and driven with a static field Eg, as shown in Fig. When illuminated, the free electrons in
the sphere will be displaced from their ionic background. The displaced charge will produce
an overall dipole moment, p at the center of the sphere. The resulting electric field outside

of the sphere will be the superposition of the incident field Eq and the field scattered by
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the dipole Eg;,. The form of these fields are derived by solving the Laplace equationlﬂ and
matching the boundary conditions at the surface of the sphere. Given the axial symmetry,

solutions will take the form [18]

o, = Z At P(cos )
1=0

N (2.3)
Doy = Z(Bﬂ"l + Cﬂ“*(”l))Pl(cos 0).
1=0
In the far-field (r = 00), ® — —Epz. The boundary conditions are:
10®;, 10Dy
a 00 l=a  a 00 =
a(I)in a(I)out (24)
—€ = —¢
or lr=a ’ or lr=a

Using the above expressions, the coefficients A;, B;, and C; are determined. This leads to

Dy, = — ( _?:S; )Eor cos
€+ 2¢
' 3 (2.5)

€ — € a
Bout = — Egr cos ( >E 2 cos.
t o cost + T2 0 2 CcOos

The first term in ., is from the incident field, and the second term is that due to the
presence of a dipole at the center of the sphere. Using the form for the potential of an ideal
dipole, the dipole moment p may be defined as:

3 €€
€+ 2¢,

EO = OéEO (26)

P = 6a

where « is the Clausius-Mossotti polarizabilityﬁ Taking the gradient of Eq. gives the

3Gauss’s law in the absence of charge, and E = —V® gives the Laplace equation: V2® =0

4There are different ways of defining the polarizability in Eq. Some define the dipole moment as
p = e,aEq and « does not have the extra factor of €, [27]. In this dissertation, « is defined as stated in

Eq. @
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electric field scattered by a dipole (without the incident field) to be:

B = [3e(r - p) ~ Bl 5 2.7

This is the electric near-field produced by a static dipole. Eqgs. and are appropriate
starting points for developing models of plasmonic systems. When the nanoparticles are
small (~ 5 nm), modeling the response of their electrons as instantaneous and using these
static expressions is a very accurate approximation. This is referred to as the quasistatic

limit.
2.3 A Sphere Driven by an Oscillating Field

Now consider what happens when the incident field Ej is turned off. The positive ionic
background will pull the displaced electrons back towards their equilibrium positions. The
accelerating electrons will overshoot these positions, and the electrons will continue to os-
cillate in this manner until all energy is lost. In the presence of an oscillating field, this
electronic oscillation may be driven resonantly. This resonantly driven collective oscillation
of electrons is referred to as a localized surface plasmon resonance. To lowest order, this

process may be interpreted as an oscillating dipole, as depicted in Fig. 2.3

Figure 2.4: An oscillating electric field collectively drives the conduction band electrons in a

sphere. This phenomena is known as a localized surface plasmon resonance.
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The solution to the electric fields produced during this process is a much more complicated
derivation compared to the static case. It involves solving Maxwell’s equations by expanding
the fields into vector spherical harmonics. A careful accounting of this procedure is done in
§ 4.1-4.4 of Ref. [27]. The final expressions of the fields will not be included herein because
due to their complexity, no intuition is gained by simply looking at the expressions. Less
complicated, though equally inscrutable by inspection, are the expressions for the cross-
sections. Because these quantities will be referred to with more frequency, the extinction

Oext, SCattering oy.., and absorption o, cross sections are included here for a reference:

o0

2
Ot = k_z Z(Qn + 1)Relay, + by,)
n=1
2 oo
Tun = o3 S (20 1) (] + [bnf?) (28)
n=1

Oabs = Oext — Osca

where a,, and b,, are the Mie coefficients:

0 — M (ma) i, (x) — Y (2)9, (M)
b Up(ma), (x) — mib, (), (mx)
" a(ma)g, (x) — m&u ()i, (m)

and ¥, (p) = pin(p),&n = ph%l)(p) are the Riccati-Bessel functions, j,(p) are the spherical
Bessel functions, and hg)(p) are the spherical Hankel functions. These solutions are pow-
erful because they are exact for spherical particles, and they can be evaluated numerically
with minimal computational resources. However, they cannot be used to describe coupled
nanoparticles, or non-spherical nanoparticles. Further, physical intuition and visualization
of these quantities cannot be done due to their complexity. For these reasons, different ana-
lytic models and computational frameworks have been developed which provide meaningful

intuition and quantitative solutions to more sophisticated plasmonic systems.
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2.4 Models of Localized Surface Plasmons

One of the most common strategies for modeling the fields and cross sections produced
by LSPs is by only considering the lowest order (n = 1), dipolar response of the LSP.
Modeling LSPs in this limit simplifies the analytics significantly, and presents a very flexible
and fast numerical approach to study arbitrarily shaped LSP systems. These models are
often referred to the discrete dipole or coupled dipole approximations. There are many other
computational procedures which may be used to solve for the fields and cross sections of
non-spherical systems with multiple nanoparticles which do not rely on the discrete dipole

approximation. For a discussion of other softwares, see Ref. [2§].

The following subsections overview two separate, yet closely related approaches for ap-
proximating the plasmonic response of one or multiple point dipoles. The first model, often
referred to as the coupled dipole or discrete dipole approximation, models the fields and
cross sections of the LSP as those of a radiating dipole. The second model uses harmonic
oscillator equations of motion which approximate the dipole radiation as a dipole oscillator.

Both models account for single and coupled / hybridized nanoparticle systems.

2.4.1 Modeling LSPs as Radiating Point Dipoles

In this model, often referred to as the coupled dipole approach, the sphere in Fig. is
replaced by an oscillating (radiating) point dipole. The electric field scattered by this dipole,
derived in § 9.2 of Ref. [I8], is

tE—1  3ih—1 -1,
Eqgp = K — —i — *r.p. 2.10
v ( k) hr? kr )6 P (2.10)

Notice that for small kr, the above expression reduces to the static field, Eq. [2.7 The
three terms in Eq. are referred to as the near-field, intermediate-field, and far-field
(1/(kr)®,1/(kr)* and 1/(kr), respectively). Tt is therefore straightforward from here to cal-



18

culate the total scattering cross-section. In general, the cross section is defined as:

LR
Io

(2.11)

where i is either extinction, scattering, or absorption, and I is the incident intensity, Iy =

cn/8m|Eo|?). By evaluating Eq. in the far field (kr — oo) and integrating the Poynting

vector:
(Peca) = / (Sgca) - FdA (2.12)
A
where Sg.a = ¢/47(BEgea X Bgea) and dA = r?sin 8dfd¢. Substituting in p(w) = a(w)Eq leads
to:
81 fw\4 2
Tueal) = - (2) la(w)|” (2.13)

The extinction cross-section is obtained using the Optical Theorem (derived in § 9.14 of Ref.
[18]) which relates the total extinction to the forward scattering amplitude. Written in terms
of the polarizability, the extinction cross section is:

ot (W) = 4ﬁ%1m [o(w)] (2.14)

As in Eq. [2.8] the absorption cross section may be evaluated by taking the difference between

Oext aNd Tgeq-

These expressions are only valid for a single point dipole. To model systems with multiple
nanoparticles, these expressions need to be modified to account for multiple, coupled dipoles.
In this case, the dipole moment of dipole i is not equal to «o;(w)Eg, but instead is the total
field Eiy resulting from the incident field plus the fields scattered by all other N dipoles, .
Using Eq. 2.10] the total dipole moment of dipole i is:

Pi(t) = () Buor = ai(w) (Bo + Y Gy () ). (2.15)
JFi
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G;; is the dipole-relay tensor:

Sif — 1 Bty — 1 Bty —1)
G, = kP ij T oy Tyl ikry, 216
’ ( k)P (kry)? by )" (216)

and r;; is the distance between dipole ¢ and dipole j. These are now coupled equations of
motion, which may be rewritten as a matrix equation Gp = Eg. Therefore, solving for the

total and per particle cross-sections (derived in Ref. [29] and restated here):

N N
Ak .
Oext = ZUext,j = W Zlm [Eo,j ) Pj] (2‘17)
j=1 i=1
N N
Ak 2
Oabs = Z Uabs,j = LELOP Z (Im |:I)‘7 . (Oé;l)*p;] _ gk?)pj . p;k) (218)
j=1 i=1

requires p, which may be solved for by inverting G. For simple systems, this can quickly be
performed in a few lines of code. However, there are much more sophisticated implementa-
tions of this framework, including Bruce Draine’s DDSCAT [29]. The former and the latter
are used throughout this dissertation to approximate the absorptive and radiative properties

of metallic nanoparticle systems.

2.4.2 Modeling LSPs as Coupled Harmonic Oscillators

This second dipole model approximates the radiating dipole using oscillator equations of
motion. An explicit verification of this model is done in Appendix [E] The equation of motion

for a single driven and damped dipole oscillator is:
mX + MYt X + mwix = Foy (2.19)

where m is an effective mass, o is the total (radiative v,,q and nonradiative 7,,) damping
experienced by the oscillator, wy is the resonance frequency, and x the oscillator coordinate.

In this model, the nonradiative damping represents the absorption by the LSP. The radiative
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damping term is added in to account for the Abraham-Lorentz force. This is the reaction
force which results from the emission of radiation by the oscillating (i.e. accelerating) charge.
As derived in §17.2 of Ref. [18], Fraq = 2€%/(3¢3) X = —mpaax. Given a harmonic driving
force, Foxy = eEpe”“'x, the steady-state solution to Eq. is x(t) = z(w)e"™“'x where

eEy/m
= . 2.20
w(w) —w? — 1wt + W ( )
Using p(w) = ex(w) = a(w)E,, the polarizability of the dipole oscillator is
2
alw) = e/m (2.21)

—w? — iWYtot + W

This polarizability may be used to derive the cross sections for the dipole harmonic oscillator,

again using Eq. [2.11] In this case, the powers may be calculated using:

1 T
(P) = —/ F; - xdt (2.22)
T Jo
with Foyt = eEine, Faps = —mynX, and Fy, = —mmy.ax. Evaluating the scattering and

extinction integrals exactly returns Eqs. and [2.13] This approach, as well as a method

for deriving these cross-sections for two coupled oscillators is detailed in Ref. [30].

Additionally, the oscillator model may be used to calculate the normal modes of a system
of coupled nanoparticles. This framework is based on Refs. [31,32]. The equation of motion
for the i*" oscillator (oscillator coordinate x; = z;€;) coupled to N other oscillators is

N

J#

where the coupling between the ith and jth oscillators, g;;, is defined using the dipole-relay
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tensor (Eq. [2.16):

AT S A 2.24
9n 3n;;n;; — 1 k3n2]n” -1 2 n;n; — 17 . irih ( )
. — 5 — - Xje

ij 7

rij

There are multiple choices for defining the effective mass, m;. It may be related to the
Clausius-Mossotti polarizability and Eq. [2.21} It can also be fit to experimental or simulated
spectra. For other models for m, see Appendix [A] In this model, each oscillator corresponds

to a 1D oscillating dipole, i.e. up to three oscillators may be assigned per particle. Taking

the steady-state approximation yields:
(—w2 — Z’}/»L(U + u}gi)l‘io - ;xjo =0. (225)

wwt A

where xg; is the amplitude of oscillation for each dipole and is defined by x; = x;0e™"“"e;.

Adding w?z;y to both sides of the equation returns

; 2
—imw+ws  —gi2/ma ... —gin/my To1 To1
: 2
—ga1/my  —iw t+ Wy ... —gan/Ma Zo2 5 | To2
=w
~ 2
—gn1/my —gna/my ... —iynw Wiy | | Ton ToN

This is approximately an eigenvalue equation A(w)x = w?x with the exception that the
matrix A(w) is dependent on the square root of the eigenvalue. In the quasistatic limit,
A does not depend on w, and one may solve for the exact normal modes of the system.
However the above equation must be solved numerically when the damping and / or the full

dipole-relay tensor are included.
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2.5 Nanoscale Heating from LSP Absorption

LSP absorption induces local temperature increases. The dipole models discussed in the
prior sections may be used to approximate the joint optical, and resulting thermal processes.
For nanofabricated gold nanoparticles in non-absorbing media, the primary heat transfer
mechanism is conduction. The time-dependent heat diffusion equation dictates the temper-
ature increase as a result of conduction. To derive this expression, consider a heat source
which generates a heat power density ¢ embedded in an infinite background medium. Due to
conservation of energy, the rate of change of the heat energy in the system must be equal to
the energy generated by the heat source per unit time minus the energy leaving the system

through the surface of the sphere per unit time:

ﬁ/ dVe,pT = —/dSJ-fl+/ qdV (2.26)
ot Jy s v

where ¢, is the specific heat capacity [kgLK}, p is the mass density [E}, and J is the heat

m3

flux [ d 2]. The surface integral may be turned into a volume integral using the divergence
S m

theorem. Lastly, the flux will produce a thermal gradient according to Fourier’s Law:
J(x,t) = —r(x)VT(x,1). (2.27)

Given that each term is now integrated over the same volume, V', and that the equality must
hold true over all space, the volume integral may be dropped, resulting in the well-known

heat diffusion equation:

Cpp W =V [k(x)VT(x,t)] + q(x,1) (2.28)

There are a limited number of geometries wherein the above inhomogeneous differential

equation has an exact solution. A much simpler equation to solve is the time-independent,
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steady-state solution. In the steady-state limit (07'/0t = 0), Eq. reduces to:
— V. [k(x)VT(x,t)] = q(x,1). (2.29)

This may be recognized as equivalent to the Poisson equation. As such, geometries which
have analytic solutions to the Poisson equation will also have analytic steady-state tempera-
ture solutions. It follows, then, that given the numerous computational approaches to solving
Maxwell’s equations, there should be a straightforward numerical procedure for solving for
steady-state temperature distributions. Previous members of the Masiello group wrote a
computational framework based on thermal discrete dipoles (t-DDA) [33]. T have extended
this model to incorporate an infinite substrate without costing any additional computational
cost. This was used to calculated temperatures in Ref. [I5], and an explanation of the
image dipole procedure used to implement the change is discussed in the Supplementary

Information of the manuscript.
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Part 11

PHOTOTHERMAL IMAGING AS AN APPROACH TO
OBSERVE NANOSCALE TEMPERATURE GRADIENTS

Part [[T| of this dissertation covers three investigations which detail procedures for creating
controllable, nanolocalized temperature gradients, and how to use photothermal microscopy
/ spectroscopy to observe them. These works are a result of a multi-discplenary collaboration
among Prof. Stephan Link’s group at Rice University, Prof. Katherine Willet’s group at
Temple University, and Prof. David Masiello’s group at the University of Washington. Part
does not include a complete synopsis of all works resulting from this collaboration. I have,

instead, elected to include the following three manuscripts I co-first authored. They include:

e Chapter [3; Bhattacharjee, U.,* West, C.*, Jebeli, S.,* Goldwyn, H., Kong, X., Hu, Z.,
Beutler, E.; Chang, W., Willets, K., Link, S. & Masiello, D. Active Far-Field Control
of the Thermal Near-Field via Plasmon Hybridization. ACS Nano 13, 8, 9655-9663
(2019). Ref. [14]

e Chapter [dk Jebeli, S.;* West, C.,* Lee, S., Goldwyn, H., Bilchak, C., Fakhraai,
7., Willets, K., Link, S., & Masiello, D. Wavelength-dependent photothermal imag-

ing probes nanoscale temperature differences among subdiffraction coupled plasmonic

nanorods. Nano Lett. 21, 12, 5386-5393 (2021). Ref. [10]

e Chapter [f} West, C.,* Shooter, J.*, Lee, S., Jebeli, S., Willets, K., Link, S., &
Masiello, D. Nonlinear Effects in Photothermal Microscopies of Strongly Scattering

Plasmonic Nanoparticles. In Preparation.

* indicates co-first authorship
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Chapter 3

ACTIVE FAR-FIELD CONTROL OF THE THERMAL
NEAR-FIELD VIA PLASMON HYBRIDIZATION

)‘_r‘\_eat )‘h_eat
AT(x) AT (x)
~ =) 2 -

Photothermal Signal

/x\/x\

Reprinted with permission from:

Bhattacharjee, U.,* West, C.*, Jebeli, S.,* Goldwyn, H., Kong, X., Hu, Z., Beutler, E.,
Chang, W., Willets, K., Link, S. & Masiello, D. Active Far-Field Control of the Thermal
Near-Field via Plasmon Hybridization. ACS Nano 13, 8, 9655-9663 (2019).

Copyright 2019 American Chemical Society.
3.1 Abstract

The ability to control and manipulate temperature at nanoscale dimensions has the poten-
tial to impact applications including heat-assisted magnetic recording, photothermal ther-
apies, and temperature-driven reactivity. One challenge with controlling temperature at
nanometer dimensions is the need to mitigate heat diffusion, such that the temperature
only changes in well-defined nanoscopic regions of the sample. Here we demonstrate the
ability to use far-field laser excitation to actively shape the thermal near-field in individ-
ual gold nanorod heterodimers by resonantly pumping either the in-phase or out-of-phase

hybridized dipole plasmon modes. Using single-particle photothermal heterodyne imaging,
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we demonstrate localization bias in the photothermal intensity due to preferential heating
of one of the rods within the pair. Theoretical modeling and numerical simulation make
explicit how the resulting photothermal images encode wavelength-dependent temperature
biases between each nanorod within a dimer, demonstrating the ability to actively manage

the thermal near-field by simply tuning the color of incident light.
3.2 Introduction

The remarkable ability of noble metal nanoparticles to convert photon energy to thermal
energy has had significant impact across fields as wide ranging as nanomedicine, [34} [35], 30]
data storage,[37, 38, [39, 40] and clean energy.[41], 42, 43| [44] Underlying the conversion of light
to heat is the nonradiative decay of the localized surface plasmon (LSP), a geometry-specific
collective oscillation of the free electron gas within a noble metal nanostructure driven by
electromagnetic radiation. Over the past decade significant advances in understanding the
nonradiative decay of LSPs has led to the optimization of nanoparticle morphology[45] and
assembly[40, [47] as to efficiently capture and convert incident light into heat at the nanoscale.

Modifying the temperature within and around plasmonic nanoparticles relies on manag-
ing the production of heat from the decay of LSPs. This process begins within femtosec-
onds of excitation when LSPs dephase into a nonthermal distribution of so-called “hot”
electrons that subsequently relax over picoseconds by electron-electron and electron-phonon
scattering.[48] [49] The resulting temperature is maximized when the particle is excited at the
LSP absorption resonance, with a linear increase in temperature as a function of excitation
power. If the nanoparticle is embedded in an environment with a low thermal conductivity,
the temperature increase will be nearly uniform within the structure and will sharply fall off
outside. Thus, highly localized thermal near fields can be generated at the surface of single
plasmonic nanostructures by using far-field optical excitation.

By creating assemblies of nanoparticles, such as dimers and trimers, interparticle plasmon
coupling can increase temperatures beyond those found in individual particles.[45, 47] The

idea of using assemblies of plasmonic nanoparticles is well-established in surface-enhanced
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spectroscopies, in which sizable electromagnetic field enhancements (e.g., “hot spots”)
can be generated in the gaps between adjacent nanoparticles.[50] However, the regions of
strongest field enhancement in nanoparticle assemblies are not correlated with regions of
high temperature,[51] as the thermal near field depends on both the power absorbed by each
nanoparticle as well as the local landscape of thermal conductivities, which govern heat dif-
fusion. In fact, the localization of the electric field between neighboring particles giving rise
to the generation of spatially-localized electromagnetic “hot spots” is indicative of plasmon
hybridization, which acts to delocalize absorption and optical heating. For example, Baffou
and coworkers showed that while electromagnetic “hot spots” are localized in the gap of
a nanosphere dimer upon excitation with light polarized along its long axis, the tempera-
ture rise due to photothermal heating is uniformly distributed across both nanospheres and
is independent of excitation polarization.[52] Thus, while the electric field that penetrates
neighboring particles can be exploited to increase the total heat generated[45], [53] (or, oppo-
sitely, to minimize unwanted heating in a multi-particle assembly),[54] it does not intuitively
follow that localization of the thermal near field is achievable in these types of multi-particle
assemblies. As a result, photothermal studies on nanoparticle assemblies typically focus
on the regime where interparticle spacing is sufficiently large to prevent thermal diffusion
between the particles[b5] or to create assemblies that generate heat over microscale, rather

than nanoscale, regions. |56, [57]

Recent theoretical work, however, has shown that clever design of the geometry
of nanoparticle assemblies can create modified thermal profiles, such that heat can be
preferentially deposited into specific particles within the assembly using far-field optical
excitation.[33] This result suggests that it should be possible to use diffraction-limited far-
field optical excitation to produce sub-diffraction-limited regions of enhanced thermal near
fields within a nanoparticle assembly, thereby creating localized heating at nanoscale dimen-
sions. Put another way, it should be possible to preferentially heat a single nanoparticle
within a multi-particle assembly, even at interparticle spacings where plasmon hybridization

occurs. However, no experimental validation of this prediction has yet been made.
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In this paper, we demonstrate active light-driven control of the thermal near-field sur-
rounding pairs of hybridized gold nanorods through a combination of single-particle pho-
tothermal heterodyne imaging,[58, (9, [60, 61, ] together with coupled optical and heat
diffusion modeling of the photothermal signal. By optically pumping either the bonding
(A4) or antibonding (A_) dipole LSP resonances of nanofabricated nanorod heterodimers
of varying interparticle spacing, we observe spatially asymmetric photothermal images that
we correlate to modified local temperature distributions within each individual hybridized
nanorod pair. The temperature profiles can be modified by tuning the excitation wavelength,
polarization, and position of the excitation field, allowing us to control the thermal near field
using only far-field excitation. Note that unlike in our previous theoretical work where we
exploited near-field interferences between multiple normal modes to localize temperature
increases, [33] here we bias the temperature between monomers within a single dimer normal
mode based only upon the differing optical and thermal polarizabilities of each monomer
within the hybridized dimer. Our results establish a strategy for the design of a class of
thermal metamaterials capable of controllably directing heat power to precise nanoscopic
regions of space, thereby producing thermal profiles of arbitrary shape that depend only

upon parameters of the pump laser. [62]

3.3 Results & Discussion

To understand the design challenges introduced by LSP coupling, it is instructive to
model the gold nanorod heterodimers as pairs of coupled dipoles. At close proximity the
two independent plasmon dipoles, represented by the generalized coordinates ()1 and @),

hybridize[63, BT} 64] into the bonding and antibonding normal mode pair
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with effective mass, m;(j = 1,2) inversely proportional to the polarizability of the jth LSP

and rotation angle # = %tan_l ( 29 wZ)) dictating the degree of mode mixing between
2

Vi (@} —w3)

isolated nanorod monomers with dipole-dipole coupling strength g and detuning w? —w?. As
shown below, asymmetrically increasing the temperature in one of the nanorods relative to
the other will require that the )y (or @)2) contribution is minimized in the hybridized Q4 _
modes. This can be accomplished by tuning parameters such as relative nanorod length,
material composition, interparticle separation, and angle of illumination.[45] In this paper,

we fix the effective mass (or polarizability) ratio with 250 nm and 150 nm long gold nanorods

while varying the coupling ¢ by changing the interparticle spacing.

Figure (a,c) presents single-particle extinction and absorption spectra of individual
gold nanorods and individual gold nanorod heterodimers with interparticle gaps of 15 nm,
20 nm, and 100 nm. The absorption measurements were performed in a glycerol environ-
ment with the nanorods fabricated on a silica substrate, and the pump laser polarized along
the heterodimer’s long axis. As we are limited to wavelengths below 1000 nm for our cur-
rent absorption spectroscopy setup,[65] extinction spectra collected in a normal incidence
geometry on individual nanostructures complement the spectral characterization of these
nanostructures. [66] Simulated absorption and extinction spectra are calculated in a glycerol
background only as silica and glycerol have similar optical constants in the relevant visible
and near infrared regimes. Simulated extinction and absorption spectra (Figure [3.1[(b,d))
agree well with the experiments and allow for identification of the hybridized modes. The
extinction spectra in Figure [3.1)(a,b) show the hybridized bonding (+) and antibonding (-)
modes of each heterodimer, as well as the peak LSP wavelengths of the isolated monomers.
Reducing the gap size between the nanorods increases coupling and shifts the bonding res-
onance to longer wavelengths and higher amplitude. The antibonding mode decreases in
amplitude as coupling increases, and slightly red shifts due to competition between mode
splitting, radiation damping, and the presence of higher-order plasmon modes. Figure (c)
shows the spectral decomposition of the photothermal signal (i.e., the absorption spectra)

of the three nanorod heterodimers’ antibonding modes; the bonding modes seen in the sim-



30

Experiment Experiment
(a) (C) - 100 nm gap
0.02 = 1.5 A nm
Nt : - G
% 8 TG 20 nm gap
= g - =]
t;j’ % 2 / 15 nm gap
/| — :
o i Ay 0 M___,- E D
I 1 1 I 1 1
560 820 1080 1340 1600 560 820 1080 1340 1600
Wavelength [nm] Wavelength [nm)]
Simulation Simulation
() gg =i e e ]9 oo A
iy —15 nm gap —
= —250 nm rod =
S, | —150 nm 1'od)\ <, _ A
5 ~ 3 ~
0 &)
0 T T T 0 T T T
560 820 1080 1340 1600 560 820 1080 1340 1600
Wavelength [nm| Wavelength [nm)]

Figure 3.1: Experimental (a,c) and simulated (b,d) extinction and absorption spectra of
individual gold nanorod heterodimers as a function of gap size. The dipole resonances
of their basic nanorod components are indicated by the blue and green curves. Scanning
electron microscope images of the nanoparticles are shown in (c¢) with the colored outlines
indicating the corresponding spectra. All spectra are for light polarization parallel to the
main heterodimer axis; perpendicular polarization is shown in Figure S1. Absorption spectra
are limited to 1000 nm due to experimental limitations (see supporting information section 1).
As nanoparticle separation decreases, the bonding (4) mode increases in amplitude while the
antibonding (-) mode decreases, due to increased hybridization. The bonding mode redshifts
with decreasing interparticle gap away from the uncoupled resonance of the 250 nm rod,
while the antibonding mode remains almost constant with a small redshift. Worth noting is
the correspondence of both modes of the 100 nm gap dimer with the uncoupled rod modes,
indicating the weak electromagnetic coupling and weak hybridization across this largest
gap heterodimer investigated. Slight differences in relative amplitudes between experiment
and simulation are due to small variations in geometry between the nanorods produced by
electron-beam lithography and the idealized nanorods used in simulation. Furthermore, the
extinction spectra in (a) are stitched together from two detectors, potentially biasing the
amplitude of the antibonding mode.



31

ulated absorption spectra (Figure [3.1(d)) are not experimentally characterized due to the
aforementioned detection limitations for acquiring absorption spectra. The resonance peaks

between 560-820 nm are higher order modes discussed in Figure S6.

Photothermal imaging of each individual heterodimer using excitation wavelengths that
span across the dipolar bonding and antibonding modes was performed to map the spectral
evolution of the thermal near field. Unlike the absorption spectrum (Figure[3.1](c)), where we
are limited spectrally to 1000 nm, photothermal images can be measured up to 1550 nm (see
supporting information section 1). In the following we will show that the spatial profile of
each photothermal image is an indirect measure of the local temperature distribution created
when exciting different hybridized plasmon modes and is dependent upon the specific imaging

method.

Photothermal heterodyne imaging is a two-laser technique in which the first laser reso-
nantly heats the system at a modulated frequency, thereby increasing the nanorod tempera-
ture and, in turn, that of its surrounding local environment. This temperature gain increases

the refractive index of the surrounding environment according to
n(T(x)) = n(Tg) + —= (T'(x) — Tg) (3.2)

where n(7T'(x)) is the temperature- and space-dependent refractive index and T is the initial
ambient temperature before optical pumping. A second off-resonant probe beam incident
on these regions of increased refractive index scatters differently from the unpumped room
temperature system. The photothermal image is created by raster scanning the sample and
recording the scattered probe intensity via lock-in detection. Although photothermal imaging
is diffraction-limited, a two-beam imaging technique has an inherent resolution advantage
and the nanorod heterodimers fabricated here are sufficiently large to make it possible to
spatially resolve differences in the photothermal signal across each individual heterodimer
(Figure S2). If the far field excitation source is able to differentially heat each nanorod

within the heterodimer, then we expect a spatial asymmetry in the photothermal image due
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to spatial variations in the temperature-dependent refractive index of the surroundings.

Indeed, Figure|3.2[shows different spatial profiles for the photothermal images of the three
nanorod heterodimers over a range of pump wavelengths, spanning the dipolar bonding and
antibonding mode resonances using a probe beam of 532 nm. Two-dimensional photothermal
intensity images for each heterodimer at different pump wavelengths are shown together with
one-dimensional line sections taken through the signal maximum. For all three heterodimers,
the spatial bias of the photothermal signal intensity (and related temperature profile, as will
be shown below) shifts from the 250 nm to the 150 nm nanorod as the excitation wavelength
is tuned from the bonding to the antibonding LSP modes, respectively. This behavior is
absent for a heating beam with polarization perpendicular to the nanorod main axis as
mode selective excitation is no longer possible (Figure S3).

While not directly observable, thermal distributions of each heterodimer can be inferred
from heat diffusion theory. Steady-state temperature profiles of the bonding and antibond-
ing mode resonances are calculated by numerically solving the steady-state heat diffusion
equation —V - [k(x)(Tx)] = Q(x) sourced by the heat power density Q)(x) absorbed from
the pump laser, where k(x) and T'(x) are the space-dependent thermal conductivity and
temperature. The calculation is performed using the thermal discrete-dipole approxima-
tion (T-DDA),[33] which generalizes the DDA[29, [67] concept by allowing each DDA target
point to additionally be thermally conductive. In analogy to the familiar DDA, the tar-
get is discretized into a collection of thermally polarizable points that are each heated by
absorption of light and come into self-consistency with all other points in accordance with
Fourier’s law of diffusion. Both the infinite background of glycerol and the silica substrate
are included in the thermal calculations, the latter by exploiting an analogy to the image
effect of electrostatics[18] (see supporting information section 2). Separate analysis of near-
field thermal radiation as a heat transport mechanism shows minimal effects in this system
in comparison to diffusion and is therefore omitted from the temperature calculations (see
supporting information section 2). Additionally, due to the nanometer length scales of the

heterodimer and surrounding glycerol, the characteristic velocity of the glycerol will be very
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Figure 3.2: Photothermal images of three nanorod heterodimers of different gap size versus
pump wavelength. The pump beam polarization is parallel to the nanorods’ long axis, with
the nanorods’ orientation indicated by the gold bars in the bottom panels. As the wavelength
is decreased the photothermal image maximum moves from the 250 nm nanorod (rightward
biasing) to the 150 nm nanorod (leftward biasing). The one-dimensional line sections are the
normalized photothermal signal intensity on the horizontal line going through the maximum
of each image (dotted line in the first inset), clearly showing how the profile changes shape
and position depending on coupling (i.e., gap size) and excitation wavelength. A black
line is shown at x = 0 (center of nanoparticle gap) in each panel to guide in observing
the transition from rightward to leftward biasing. The wavelengths between bonding and
antibonding modes present a region that can be considered non-resonant for the excitation
of the heterodimer modes. The response of higher order modes at shorter wavelengths is
given in Figure S4. Note that we compare here the photothermal images taken at different
wavelengths with their intensities normalized as we cannot compare the measured relative
intensities directly without an independent standard. The standard used for the absorption
spectra in Figure|3.1|was a 35 nm thin gold film that gave insufficient absorption beyond 1000
nm (see supporting information section 1). The spatial resolution is obtained by imaging
the individual nanorods (Figure S2). It is 600 nm for the longest wavelength and 450 nm for
all others as it is mainly determined by the 532 nm probe beam.
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small, making heat transport via convection negligible in comparison to conduction.[68]

Figure displays simulated temperature profiles of the three heterodimers as the Gaus-
sian pump beam is raster scanned across the long axis of each heterodimer. The blue dot
indicates the position of the center of the pump beam, where each new beam position excites
a different temperature profile. At the bonding modes of all heterodimers, the temperatures
is highest within the 250 nm rod, with the only difference between each beam position being
a change in magnitude of the temperature difference between the 250 nm and 150 nm rod.
This is consistent with the measured photothermal images in the first row of Figure that
display rightward biasing at the bonding modes. However at the antibonding modes for
each heterodimer, the position of the Gaussian beam changes the magnitude and sign of the
difference in temperature. When the beam is centered on the 250 nm nanorod in each of the
three heterodimer gap sizes, the temperature on the 250 nm nanorod is slightly higher than
the 150 nm nanorod. Yet, when the beam is centered on the 150 nm nanorod, that nanorod
becomes hotter than the 250 nm nanorod. For the 100 nm gap heterodimer, the tempera-
ture difference between the two nanorods is greatest here, and in the 20 nm and 15 nm gap
heterodimers the temperature magnitude is greatest, even though the differences in temper-
ature between the nanorods are similar. By comparing the trends with decreasing gap size,
it is clear that the differences in temperature between nanorods are decreasing, indicative
of increased thermal coupling caused by the diminishing insulating material (i.e., glycerol)
within the gap. This result elucidates the compromise between electromagnetically coupling
the nanoparticles to drive stronger hybridization at the expense of heat diffusing between
the particles causing the temperature to become more uniform across the heterodimer. Even
so, it is apparent that hybridization enables the ability to tune the thermal profile within
and around plasmonic nanoparticles in close proximity despite heat diffusion working in
opposition.

To better understand the relationship between the experimental photothermal images
and computed temperature profiles, we simulate the photothermal imaging process. As

introduced in previous literature,[58, (59, 60) [61] the photothermal signal is determined by
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Figure 3.3: Simulated temperature profiles of the three nanorod heterodimers at their re-
spective bonding and antibonding LSP resonances. The blue dots indicate the centroid of
the Gaussian laser profile as the pump beam is raster scanned across the long axis of each
heterodimer. The waist of the beam w = 0.6A/NA is chosen to model the experiment (A
is the bonding/antibonding wavelength, NA is the experimental numerical aperture) with
values that range from w = 480 — 830 nm. As the beam is raster scanned across each het-
erodimer, different temperature profiles are created. At the bonding modes of all three gap
sizes, the 250 nm rod is hotter than the 150 nm rod regardless of beam position. However, at
the antibonding modes, the temperature difference between the two particles is dependent
on beam position; the largest magnitude is achieved when the beam is centered on the 150
nm particle, while the sign of the difference changes when the beam is centered on the larger
particle. These temperature profiles are used as input source for the simulated point spread
functions in Figure
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subtracting the room temperature intensity (I, pump beam off) from the hot intensity
(I, pump beam on), i.e., Ipp(z) = I (x) — I®(x) to construct simulated point spread
functions (PSFs). While the experimental signal is extracted by modulating the pump
beam, two separate scattering calculations are performed to simulate the same observable.
In the first, the refractive indices of the metal are modified using the temperature profiles
shown in Figure based on the optical heat power absorbed by the rastered Gaussian pump
laser using a temperature-dependent Drude model.[69] We then compute the scattering of a
co-scanned Gaussian beam representing the probe beam through these heated points with
thermally-modified refractive indices acting as a thermal lens. By collecting and integrating
the forward scattered light at each beam position (z), we compute an observable proportional
to the hot photothermal intensity, Iy (z). The intensity of the probe field scattered at
room temperature, Ir(x), is calculated in the same manner but instead by using the room
temperature values n(x,T) = n(x,Tg) for all optical constants. The difference of these
calculations represents the measured PSFs of the photothermal signal and can be compared

to the experimental images and line sections shown in Figure

Figure displays the simulated photothermal PSFs of each nanorod heterodimer below
the corresponding experimental data. Line sections of the PSFs along the symmetry axis of
the heterodimers appear in black for all three gap sizes at both dipolar A, and A_ normal
mode resonances. The blue and green curves display the corresponding signal for the isolated
nanorods at the same wavelengths. The nanorod locations are represented by the rectangular
gold bars with the gap centered at the origin. The isolated monomer PSFs are indicative
of the spatial locations of those particles within the heterodimer, and thus comparing the
heterodimer PSFs to those of the monomers quantifies the degree of asymmetry as a function
of gap size at each hybrid LSP resonance.

Critical to the interpretation of the heterodimer PSF biasing in Figure is an under-
standing of its relationship to local temperatures. The necessary connection can be elucidated
through an idealized analytic model of two dipoles that are electromagnetically and thermally

coupled in the near-field and that can scatter light to the far-field. As detailed in supporting
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Figure 3.4: Excitation wavelength dependent biasing of the photothermal image. Experi-
mental and simulated line sections of PSFs of the three nanorod heterodimers at each gap
size are shown for excitation at the bonding A\, mode (1545 nm) and the antibonding A_
mode (950 nm). Their respective isolated monomers are also given. Nanorod positions are
indicated by the gold bars. Mapping of experimental PSFs and the actual nanostructure
positions was achieved with fiduciary markers (Figure S5). Furthermore, the photothermal
intensities are scaled to the measured signal allowing for a direct comparison of magnitudes.
For all heterodimers, experimental and simulated PSF line sections indicate rightward bias-
ing at the bonding A, mode and leftward biasing at the antibonding A_ mode. Additionally
for the 20 nm and 15 nm gap PSF's, the magnitude of the heterodimer PSFs (black) are larger
at the bonding mode compared to the isolated 250 nm nanorod (green), and, oppositely, the
magnitude of the heterodimer at the antibonding mode is smaller than the isolated 150 nm
nanorod (blue). The double lobed feature of the simulated 250 nm monomer PSF results
from increased scattering at the nanorod ends and is not visible in the experiment due to
resolution. Experimentally, no PSFs can be recorded for the isolated 150 nm nanorods at
the bonding mode because the absorption is too weak (blue). Note that in experiment the
excitation wavelengths are fixed and therefore a direct comparison of the PSF location and
intensity between the different nanostructures is possible. Simulations model this scenario.
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information section 3, the dependence of the photothermal images on temperature can be
understood under the approximation that each nanorod embedded within its surrounding
glycerol environment scatters light approximately as a polarizable point dipole, coupled to
the neighboring nanorod dipole through near-field dipole-dipole interactions. The fields scat-

tered by these effective dipoles at room and elevated temperatures are determined by their

temperature dependent polarizabilities o;(T) =~ aff + iil% (T; — Tr) expanded to first order in
variation with temperature of the ith nanorod (i = 1, 2). Here, af is the room temperature
polarizability and T; = T'(x;) is the temperature of the ith nanorod and the surrounding
heated glycerol. Within this idealized model, the photothermal image can be understood as
the superposition of two airy disk PSFs representing the near diffraction-limited image of
each nanorod’s scattered field. These scattered fields also interfere, effectively blurring the
superposition of the two PSFs. As shown in supporting information section 3, by including

both superposition and interference effects, the dependence of the photothermal image on

the temperature of each nanorod can be written as

T 8wkt [ pedog
I = 3450 <2Re _041 d_T1 R(Tl - TR)]fPSF(X —X1)
I 5 do
2Re _ag*d_T§|TR (T) — TR)] Fror(x — Xa)
i Rx dOél R dC(Q
2Re Be d_T1|TR(T1 —Tg) + d_T2|TR(T2 - TR)} fpsr(X —X1,X — X3)

(3.3)

assuming minimal coupling between the nanorods from the probe laser. In this expression,
I;p. is the incident probe intensity and App is the area of the photodetector. Each PSF
(fpSF) scales linearly with temperature (7;), but also with the room temperature polar-

izability of the ith nanorod. The scaling of each PSF and interference PSF (f;F) with

R« day
i dTy

temperature « 1, differs between the two nanorods and complicates the relationship

between local temperature and photothermal image magnitude. Also, because this image is



39

generated by rastering both the pump and probe lasers across positions x, it is important
to note that the nanorod temperatures 77 o are implicit functions of the beam position x as
demonstrated in Figure[3.3] Nonetheless, it is evident that the photothermal image biases in
the direction of increased temperature and increased polarizability, meaning that asymmetry
in the PSF is positively correlated with nanoscale asymmetry in temperature and nanorod
polarizability.

Equipped with the intuition gained from equation (3) to interpret the local temperature
dependence of the photothermal PSFs, Figure displays the experimental PSFs above
those computed from the simulated temperatures in Figure 3.3, The bonding mode PSF's
of the 100 nm, 20 nm, and 15 nm gap heterodimers in experiment and simulation exhibit
strong localization to the longer nanorod, as seen by comparing the heterodimer PSF's (black)
to the isolated 250 nm monomer PSFs (green.) The 100 nm, 20 nm, and 15 nm gap het-
erodimer PSFs at the antibonding wavelength are oppositely localized over the smaller 150
nm nanorod, yet retain noticeable shoulders over the 250 nm nanorod in both experiment
and simulation. This lesser degree of photothermal localization compared to the bonding
mode is due to non-negligible photothermal signal originating from the 250 nm nanorod
even though it is minimally heated by excitation at the antibonding wavelength, as well as
the smaller temperature differences between the nanorods compared to the large differences

achieved at the bonding mode resonance.
3.4 Conclusion

Controlling the distribution of heat and temperature at nanoscale dimensions using far-
field optical excitation is challenging due to the counteracting effects of the diffraction limit of
light and the diffusion of heat. Here we have shown the surprising ability to overcome thermal
diffusion and create nanolocalized distributions of increased temperature in hybridized plas-
monic nanoparticle clusters that are actively tunable from the far-field simply by changing
the wavelength of the pump field. Our approach relies upon asymmetries in the spatial dis-

tribution of in-phase and out-of-phase plasmonic normal modes in individual nanofabricated
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gold nanorod heterodimers of varying inter-rod spacing. Using single-particle photothermal
heterodyne imaging we observed spatial biasing in the photothermal PSFs measured at each
normal mode resonance and correlate these biases to inhomogeneities of the thermal near-
field using analytical models and numerical simulations of the coupled optical and thermal
fields. Taken together this closely integrated experimental and theoretical work demonstrates
the ability to actively manipulate the thermal near-field and points to future generalizations
involving more complex nanoparticle clusters to create arbitrarily tunable thermal profiles
below the diffraction limit. Even larger temperature biasing can be achieved for plane wave
excitation where the illumination is larger than the coupled nanostructure as shown through
simulations in Figure S8. This case will be the subject of future combined experimental and

theoretical studies.

3.5 DMethods

3.5.1 FExperimental

In the photothermal heterodyne imaging measurements, the probe laser was a 532 nm
diode laser (Coherent OBIS) and the pump laser (Fianium WhiteLase) wavelength was tuned
from 500 nm - 1550 nm. The pump beam was modulated at a frequency of 30 kHz. The
sample was placed in a confocal microscope with a 63x oil immersion objective with a NA =
0.7 to focus the laser beams onto the sample. A 50x air objective with a NA = 0.7 collected
the scattered probe light in a transmission geometry. The signal generated by the scattered
light was directed to a lock-in amplifier with an integration time of 30 ms and a sensitivity
of 3 mV for all measurements. The pump power was 600 uW at 800 nm and the probe
power was 1.1 mW. To obtain photothermal contrast images, the pump wavelength was held

constant while the sample was moved using a piezo scanning stage.
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3.5.2 Theoretical

The computational approach for obtaining confocal photothermal images used DDSCAT
7.3,[29] modified to account for a Gaussian beam excitation source. The calculations were
performed on gold heterodimers using a temperature-dependent Drude model41 with 5 nm
dipole spacing in a uniform infinite glycerol background (n = 1.473) at the wavelength
corresponding to each normal mode. The resulting electric field and polarization information
within the nanorods were used as inputs to a version of T-DDA[33] which includes a semi-
infinite silica (k =1.38 W/mK) substrate (see Supporting Information section 2.2). The
temperatures of each nanorod were then used to modify the dielectric data of gold for a
second scattering calculation, performed at an off-resonant probe wavelength of 615 nm.
The total intensity of the forward scattered light from this second scattering calculation at
a single Gaussian probe beam position, z;, is Iy(z;). To obtain the entire photothermal
signal, the room temperature intensity, Ir(z;), found by calculating the scattering from the
room temperature nanorods at a probe wavelength of 615 nm, was subtracted from Iy (z;).
Lastly, to obtain each position-dependent line-section, the entire procedure was carried out
over a range of co-scanned excitation and probe beam positions that spanned the length of

the dimer system.
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Chapter 4

WAVELENGTHDEPENDENT PHOTOTHERMAL IMAGING
PROBES NANOSCALE TEMPERATURE DIFFERENCES
AMONG SUBDIFFRACTION COUPLED PLASMONIC
NANORODS

Reprinted with permission from:

Jebeli, S.,* West, C.,* Lee, S., Goldwyn, H., Bilchak, C., Fakhraai, Z., Willets, K., Link, S.,
& Masiello, D. Wavelength-dependent photothermal imaging probes nanoscale temperature
differences among subdiffraction coupled plasmonic nanorods. Nano Lett. 21, 12, 5386-5393
(2021).

Copyright 2021 American Chemical Society.
4.1 Abstract

Plasmonic structures confine electromagnetic energy at the nanoscale, resulting in local,
inhomogeneous, controllable heating, but reading out the temperature using optical tech-

niques poses a difficult challenge. Here, we report on the optical thermometry of individual
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gold nanorod trimers that exhibit multiple wavelength-dependent plasmon modes resulting
in measurably different local temperature distributions. Specifically, we demonstrate how
photothermal microscopy encodes different wavelength-dependent temperature profiles in
the asymmetry of the photothermal image point spread function. These asymmetries are
interpreted through companion numerical simulations to reveal how thermal gradients within
the trimer can be controlled by exciting its hybridized plasmon modes. We also find that
plasmon modes that are optically dark can be excited by focused laser beam illumination,
providing another route to modify thermal profiles beyond wide-field illumination. Taken
together these findings demonstrate an all-optical thermometry technique to actively create

and measure nanoscale thermal gradients below the diffraction limit.
4.2 Introduction

Harnessing the thermal response of optically excited noble metal nanoparticles has been
used for a variety of different applications, including drug delivery,[70], [71, [72] photother-
mal therapies,[73], [74], [75] photocatalysis,[76], [77] heat generation from solar energy, |78, [79]
heat-assisted magnetic recording, [80, 81, 82] and thermal manipulation of materials at the
nanoscale.[83] In all of these applications, light interacts strongly with the nanoparticles and
drives coherent charge oscillations known as localized surface plasmon (LSP) resonances. It
is through the nonradiative decay of the LSP that the nanoparticle is heated, which in turn
leads to temperature increases in the environment.[84] 85, 86] Measuring and understand-
ing the induced nanoscale temperature gradients is critical for the optimization of many
photothermal applications. [87, [88], [89] 90]

Current research in nanothermometry has focused on different methods to measure tem-
perature at the nanoscale. For example, the ratio of Stokes to anti-Stokes photoluminescence
spectra has been used to calculate nanoparticle temperatures; however, it requires the lattice
and electron temperatures to be approximately the same to correctly interpret the results.
[91], ©2], 93] Electron energy-loss spectroscopy (EELS) uses phonon energy shifts combined

with ratioing loss-to-gain signals to infer the lattice temperature of the material.[94] [O5]
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However, while EELS can map temperature changes at truly nanoscale dimension, it re-
quires a high-fidelity electron microscope and ultrahigh vacuum conditions, which adds to

the complexity of experiments.

Alternatively, photothermal microscopy is an optical, in situ method that relies on
nanoparticle and local environment heating to collect signal.[96, 07, O8] This method uses
two lasers: a heating laser tuned to excite the nanoparticle and induce nanoscale thermal
gradients and a second laser to probe refractive-index changes in the system induced by these
thermal modifications.[61] The pump beam is modulated by a low frequency signal from a
function generator (100 kHz) and as a result the heat generation and temperature around
the nanostructures are modulated at the same frequency. This approach results in a modu-
lated refractive index change, which causes the intensity of the probe beam that reaches the
detector to have an AC component on top of a DC signal. The AC part is detected using
a lock-in amplifier and is proportional to the heat generated by the pump beam incident on
the nanostructure. The probe wavelength can be chosen off-resonance to avoid melting the
particles while having high power to increase the signal-to-noise ratio (SNR).[61], 99 [100]
A previous demonstration of this method in individual plasmonic nanorod dimers showed
that the centroid of the photothermal signal is biased toward the hotter nanorod within the
hybridized dimer, indicating the sensitivity of the technique to spatially nonuniform thermal

profiles. [14]

In this work, photothermal microscopy is performed on individual, asymmetric gold
nanorod trimers and the resulting images are correlated with their wavelength-dependent
nanoscale thermal profiles. The nanorod trimer structure is designed to host three unique
nanoscale temperature distributions associated with its three hybrid LSP modes. In imaging
these modes, we find that the full width at half maximum (fwhm) of the photothermal image
in both x- and y-directions of the image plane (obtained by fitting a 2-dimensional Gaussian)
varies with pump (heating beam) wavelength. We explain these trends through LSP mode
analysis, coupled optical and heat diffusion simulations, and photothermal image modeling

using a focused illumination source,[I4] 1] revealing their origin in the asymmetric excita-
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tion of the nanorod trimer’s hybrid LSP modes and their associated thermal distributions.
It is through this analysis of the ratio of x- and y-direction fwhm of the photothermal image
that we uncover and herein report upon a new approach for all-optical thermometry at the

nanoscale.
4.3 Results & Discussion

Figure displays the gold nanorod trimer designed to produce wavelength-dependent,
nanolocalized temperature distributions under steady-state optical excitation (see complete
simulation details in section S1). The nanorod trimer’s three hybrid LSP modes, labeled
A1, A9, and Az, are illustrated in Figure 4.1p. The nanorods are each 80 nm long and 40
nm wide with a 20 nm separation, making the entire system (180 nm x 100 nm), well
below the diffraction limit of the focused probe laser (360 nm). Each nanorod trimer is
nanofabricated on a glass substrate and immersed in glycerol to provide a low thermally
conductive environment for heat to diffuse. Nineteen such nanorod trimers, nanofabricated
using electron beam lithography, are studied (see complete experimental details in section
S2). Absorption and dark-field scattering spectra of all studied individual nanorod trimers
are measured, each having the same general features as the blue traces shown in Figure [.1p.
The absorption spectra are obtained using a photothermal microscope and the scattering
spectra are measured using a hyperspectral microscope.[101, [§] In both setups, the nanorod
trimers are excited using a numerical aperture (NA) of 1.4 and the light is collected using a
0.7 NA objective after interacting with the structures. Simulated absorption and scattering
cross sections resulting from a focused Gaussian beam excitation source to mimic the pho-
tothermal imaging experiments, using full-wave electromagnetic simulations in a modified
discrete dipole approximation [29, [67] are shown in the orange traces in Figure . The
beam centroid lies at the center of the nanorod trimer and well approximates the experimen-
tal spectrum collected at the same point. The two resonances in the simulated absorption
spectrum correspond to the hybrid LSP modes A; and Ay;. These bright modes are indis-

tinguishable in our measurements because of the broad line width of the laser (10 nm as
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Figure 4.1: Absorption and scattering spectra of the individual, nanofabricated, and simu-
lated nanorod trimer structures. (a) Hybrid dipolar modes of the nanorod trimer are calcu-
lated using a coupled oscillator model. (b) Absorption spectrum (top) of one of the nanorod
trimers measured with photothermal spectroscopy using a 532 nm probe laser centered on
the nanorod trimer (blue line). The simulated absorption spectrum (orange line) resolves two
modes, labeled A; and \y. The highest energy mode, A3, is inaccessible at this beam position.
Scattering spectra (bottom) of the same nanorod trimer measured (blue line) and computed
(orange line) are shown. The resonance at 700 nm is not resolved in experiment likely due to
nanofabrication differences between simulation and experiment. (c) Histogram depicting the
variability in experimental absorption resonance position of 19 individual nanorod trimers
studied.
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determined by the acousto-optic filter that selects the pump wavelength from a white-light
laser), while the third hybrid mode, A3, is inaccessible when the pump beam is focused at
the nanorod trimer center. Because of the small imperfections in the otherwise equivalent
nanorod trimers, each of the 19 structures has a slightly different absorption spectrum. Fig-
ure shows a histogram of the wavelength corresponding to the peak in their individual
absorption spectra.

Our photothermal microscopy approach relies on raster scanning the beam within a 1 ym
x 1 pm region of interest surrounding an individual structure. Even though the nanorod
trimer’s dimensions are well below the diffraction limit, different centroid positions of the
focused pump beam drive different weighting of the three hybrid LSP modes. Figure
depicts the simulated dependence of the absorption spectrum on the position of the pump
beam centroid. The schematic in Figure labels the location of five different focused
beam positions where absorption spectra are calculated. The schematic (top left) depicts
the pump beam waist when centered at the origin for wavelengths ranging from 600 (dark
gray) to 900 nm (lighter gray).

The resulting absorption spectra as a function of beam position are shown in Figure 4.2,
where the colors and line styles of the spectra correspond to the illustration in Figure [4.2h.
When the beam is positioned to the left of the nanorod trimer (solid red @), above the
nanorod trimer (dashed blue @), and in the center of the nanorod trimer (solid black @),
the two lowest energy modes at A; and Ay are approximately driven the same. The third
mode is nearly completely undriven. However, when the beam is positioned beneath the
nanorod trimer (dashed red @), the Ay mode is driven most strongly. Lastly, when the beam
is positioned to the right of the nanorod trimer (solid blue @), the previously plane-wave dark
A3 mode can be driven nearly as strongly as the other two modes. The pump wavelength
specific absorption cross-section maps in Figure depict this absorption asymmetry at
the three LSP mode wavelengths as a function of beam centroid position. The black contour
lines represent equipotentials of constant absorption.

Each of these absorption profiles underlies different temperature distributions that evolve
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Figure 4.2: Focused pump beam drives different weighting of the three hybrid LSP modes
depending on its centroid position relative to the nanorod trimer structure. (a) Illustration
of the five beam positions with respect to the position of the nanorod trimer selected for
simulations. The colors and line styles of the cross hairs correspond to the absorption spectra
in the following panel. The schematic in the top left corner indicates the beam waist size
when at the origin for a 600 nm wavelength pump beam (dark gray) and 900 nm wavelength
pump beam (light gray). (b) Different absorption spectra resulting from the focused beam
driving the nanorod trimer at the five labeled beam positions. When the beam is positioned
at the solid red @, the dashed blue ¢, and the solid black &, the two lowest energy modes
are driven approximately equally. However, when the beam is located at the dashed red &
or the solid blue @, the Ay or A\3 modes are strongly driven, respectively. (c) Absorption
cross-section maps as a function of beam centroid at the three resonances. The overlaid
black lines show equal contours of the absorption map. The color scale of the 655 nm image
has been scaled up by a factor of 2 for ease in comparison with the more intense absorption
maps at 715 and 770 nm.
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Figure 4.3: Wavelength and beam centroid dependent computed temperature maps of the
nanorod trimer. Steady-state temperature maps of the nanorod trimer at the three hybrid
modes and five unique beam positions labeled in Figure {.2h. The temperatures listed are
degrees Celsius above room temperature.
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as a function of pump beam position and wavelength. Figure depicts the computed
thermal profiles associated with the five beam centroid positions displayed in Figure 4.2
Here, the steady-state temperature profiles are calculated using the thermal discrete dipole
approximation, [33] and reflect the temperature of the particles above ambient room temper-
ature. When the structure is excited at the lowest energy LSP mode, \; = 770 nm, the top
two particles heat up more than the bottom particle at every beam position in the 400 nm
wide window shown. At the second hybrid mode, Ay = 715 nm, the temperature pattern
switches with the bottom particle reaching higher temperatures than the top two for most
(although not all) beam positions. Finally, the last hybrid mode, A3 = 655 nm, produces a
more complex thermal profile that depends on the pump beam position with absolute and
relative nanorod temperatures smaller than those found at A\; and A;. See Figure S1 for

temperature difference maps at each beam position.

The prediction that the induced temperature shifts between the top region being hotter
(when excited around 770 nm) to the bottom region being hotter (around 715 nm) is probed
with photothermal microscopy. The images of 19 nanorod trimers are acquired by raster scan-
ning the sample across the pump and probe lasers in a collinear focused beam geometry. 180
nm diameter gold nanodisks are measured alongside each nanorod trimer and are expected
to generate uniform heating, thereby acting as a reference. Figure 4.4 shows the resulting
photothermal images at two pump wavelengths, 700 and 800 nm, near the two lowest energy
LSP modes of a representative nanorod trimer and nanodisk pair. The differences among
the images are quantified by fitting the data to a point spread function (PSF) described by a

(z—z0)® _ (y—w0)*

2-dimensional Gaussian [(z,y) = A- exp(— - ), where (z9, yo) is the Gaussian

2 2
202 20},

peak position, A is the amplitude, and o,, o, are the Gaussian widths in  and y. The
Gaussian widths were converted into fwhm by the relationship FWHM, , = 2v/2In2 - Ozy-
The fits are shown in the second row of Figure £.4] As expected, fwhm, = fwhm, for the
PSFs of the nanodisks under both 700 and 800 nm pump wavelengths. This result serves as
a reference allowing us to correct for any wavelength-dependent asymmetry due to variation

within our imaging setup. The nanorod trimer on the other hand exhibits a different PSF
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than the nanodisk. The nanorod trimer image at 700 nm is elongated along the x-direction
resulting in an asymmetry factor (fwhm,/fwhm,) larger than one. At 800 nm, the nanorod

trimer image appears symmetric.

Simulated photothermal images are used to interpret the observed asymmetries in the
experimental nanorod trimer PSFs. The simulated images are obtained by raster scanning a
focused Gaussian beam across a nanorod trimer or nanodisk and integrating the superposition
of the scattered field and the transmitted probe field over the solid angle (04, ¢4) spanning
the detector in the forward direction according to[59, [102]

"= g_n // (IEu(0, ) + Ep(0,9)” — [Er(0,¢) + Ep(0,0)[)d2  (4.1)
T (0a,94)

where ¢ is the speed of light, n is the refractive index at the detector, Eg (6, ¢) is the probe
electric field scattered through the heated (H) or room (R) temperature system, Ep(6, ¢)
is the probe beam (in the absence of the target) modeled as a Gaussian beam, and 6, ¢
are evaluated at the detector located 1 cm away. The collection angle of the photothermal
experiment defines the bounds of integration for the simulation, which are set to be ; = 35°
and 0° < ¢4 < 360°. The scattered electric field through the heated system, Eg(6, ¢),
is calculated by assigning the gold refractive index values according to the temperatures
calculated at each wavelength and beam position. See section S4 for a description of the
experimental temperature-dependent refractive indices of gold and section S3 for comparison
to an alternative image function derived in Ref. [103]. The infinite glycerol background is
assigned an increased refractive index corresponding to the average temperature of the gold
particles. The resulting simulated photothermal images of the nanorod trimer and nanodisk
are shown in the last row of Figure 4.4 The simulated PSFs for the nanodisk are symmetric
for both the 700 and 800 nm pump, as is the case for the experimental images. The simulated
nanorod trimer PSFs exhibit nearly symmetric PSFs at both 700 nm (fwhm, /fwhm, = 0.99)
and 800 nm pump (fwhm,/fwhm, = 1.02), differing from the experimental results. This

apparent contradiction between theory and experiment is further explored by comparing the
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Figure 4.4: Photothermal images of a nanodisk (left two columns) and a nanorod trimer
(right two columns) with representative SEM images shown on top. The image sizes of the
experimental, fit, and simulated images are 1um x 1um. The first row depicts experimentally
obtained photothermal images of the structures pumped at 700 and 800 nm with 190 and
170 uW powers. The second row shows the fit of the raw data to a 2-dimensional Gaussian
function. The asymmetry in the PSF of the nanorod trimer at 700 nm is apparent and
juxtaposed against the symmetric nanodisk images. The last row depicts the simulated
photothermal images of the nanodisk and nanorod trimer. The printed values on the fit and
simulated nanorod trimer images indicate the difference in wavelength between the pump
wavelength and the nanorod trimer’s absorption maximum. Each image has been individually
normalized. Note that it is the asymmetry between the x and y FWHM values that are of
importance for comparison between experiment and theory and not their absolute widths.
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spectrally resolved simulations and experimental distributions.

Statistics of the PSF fit parameters extracted from the photothermal images are shown
in Figure for the 19 nanorod trimers investigated. The values have been corrected to
account for effects of alignment drift and aberrations. The correction involves two steps:
first, the PSF fwhm in each direction is normalized by the value of the nanodisk in the same
direction (e.g., fwhmy trimer/fwhm, i ). The nanodisks and nanorod trimers are fabricated
next to each other on the sample and a nanodisk-nanorod trimer pair is always imaged
together, thus drift and aberrations in the system are captured by the nanodisk PSF and
corrected for in the nanorod trimer PSF. In the second step, the normalized nanorod trimer
fwhm values are multiplied by the average nanodisk fwhm as a universal scaling factor. Note
that, even without normalization and correction, we still observe the same signature in the
nanorod trimer images (Figure S2).

Figure presents a histogram of the fwhm in the x- and y-directions from the fits of
the nanodisk and nanorod trimer images at the two pump wavelengths. Just as qualitatively
observed in Figure 4, under 700 nm pump, the fwhm in the x-direction (blue) is larger than
the fwhm in the y-direction (orange) for nearly all nanorod trimers. Similarly, under 800
nm pump the fwhm in the x-direction is larger than the fwhm in the y-direction but to a
smaller extent, making it not apparent in Figure 4. The statistical test results summarized
in Table S1 confirm a statistically significant difference between fwhm, and fwhm, at 700
nm. Similarly, a smaller yet statistically significant difference at 800 nm is also observed.

To rule out any effect of scan direction or pump beam polarization, the sample was imaged
in two different scan directions and two sample directions (Figure S3). The results in Figure
S4 show that scan direction has no effect on the values of the nanodisk-corrected asymmetry
factor at 700 nm pump. Also, any effect possibly resulting from sample orientation at 700
nm pump is negligible as shown in Figure S5. The correlation plot in Figure S6 illustrates
that there is no correlation in sample orientation at 800 nm excitation as seen from the
data clustering around (1,1). Furthermore, the asymmetry factors at the two different

pump wavelengths are negatively correlated; that is, trimers with larger asymmetries at
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Figure 4.5: Spectra and photothermal image fitting results of different nanorod trimer struc-
tures. (a) Values of the fwhm in the x- and y-directions corrected by the nanodisk at 700
and 800 nm pump wavelengths are shown. (b) Experimental z and y fwhm ratios at 700
nm (green dots) and 800 nm (purple dots). The simulated fwhm ratios are shown by the
black line. To align the experimental and simulated data on the same z-axis, the difference
between the peak absorption and the pump wavelength is used. The width of the data
points indicates the error in A\ according to the bandwidth of the pump laser (10 nm). The
distribution in the asymmetry values comes from the different absorption maxima of the 19
nanofabricated nanorod trimers (Figure 1c). Note that the simulated and experimental data
agree quantitatively without any scaling or adjustable parameters. (c) Differences between
the absorption cross sections (from Figure 2b and reproduced in the insets) as a function
of beam position. Absorption cross-section differences (dot-dashed curves) between beam
positions (-200 nm, 0 nm) and (0 nm, -200 nm) indicated in red (upper panel) and beam
positions (200 nm, 0 nm) and (0 nm, 200 nm) indicated in blue (lower panel).
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700 nm will likely have smaller asymmetries at 800 nm and vice versa (Figure S7). These
control experiments verify that the observed PSF asymmetries are generated by changing

the wavelength of the pump beam and not by sample orientation or scan direction.

To understand the full wavelength-dependence of the photothermal images of the nanorod
trimer, the data from Figure 5a is replotted to show the fwhm ratio (fwhm, /fwhm,) at the
700 nm pump wavelength (green dots) and at the 800 nm pump wavelength (purple dots)
(Figure [4.5p). The experimental and simulated data are plotted on a common z axis by
subtracting the pump wavelength (700 & 5 and 800 £+ 5 nm for green and purple dots,
respectively) from the nanorod trimer absorption maximum (illustrated in Figure 1c) to find
the distance of the resonance maximum from the pump wavelength (A)). Specifically, each
nanorod trimer has a different absorption maximum with a range spanning from 690 to 780
nm (Figure 1c). By calculating the differences between the pump wavelengths of 700 and
800 nm and the resonance maxima of the nanorod trimers, a range of A\ values between
—80 and 110 nm is obtained. This is equivalent to having a single maximum peak for all the
nanorod trimers and sweeping the pump beam wavelength. Using this approach, we obtain
the wavelength dependence of the asymmetry for the experimental trimer images. Simulated
fwhm ratios at different pump wavelengths for a fixed calculated absorption spectrum (Figure
1b) are overlaid and given by the black line. These simulated fwhm ratios are obtained by
fitting the photothermal images of the nanorod trimer pumped with wavelengths ranging
from of 610 to 790 nm. The maximum in the simulated absorption spectrum of the nanorod
trimer (715 nm) is then subtracted from the specific pump wavelength.

When the pump beam excites the nanorod trimer at wavelengths greater than or equal
to the A\ (AX > 55nm) absorption resonance, the fwhm ratio is greater than one (Figure
). This excitation corresponds to the lowest energy hybrid mode, where the upper two
nanorods heat up more than the lower nanorod (Figure 3, column I). The thermal lens
created by the hotter upper nanorod pair is broader in the x direction than the y direction
leading to an elongation in the photothermal image in the x direction and an asymmetric

PSF. As the excitation wavelength approaches the Ay absorption resonance and goes slightly
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to shorter wavelengths (AX &~ 0 nm), the fwhm ratio then dips below one (Figure [1.5b). In
this case, the lower nanorod for most beam positions is significantly hotter than the upper
pair (Figure 3 Column IT) and the associated image distorts to slightly favor the y-direction,
as evident in a fwhm ratio below 1 at AX ~ 0 nm. Finally, as the pump beam excites the
nanorod trimer at shorter wavelengths near the A3 absorption resonance (A\X = -60 nm),
the planewave dark mode becomes optically accessible to the focused beam excitation with
a highly spatially dependent thermal profile. The excitation of the dark mode results in the
increased asymmetry observed at A\ = -60 nm, which occurs when the pump wavelength is

blue-shifted 60 nm from the absorption peak of the nanorod trimer.

The PSF asymmetries induced by beam position and pump wavelength are made more
apparent when comparing the difference in absorption cross sections at the spatial positions
marked in Figure 2a. Figure 5¢ demonstrates that the pump wavelength-dependent asym-
metry is qualitatively reproduced by the differences in the spatially dependent absorption
cross sections shown in Figure 2b calculated at different focused illumination beam positions.
Those absorption cross sections have been reproduced in the insets of Figure [£.5¢. Specif-
ically, we find that by taking the difference between the absorption cross sections at (-200
nm, 0 nm; solid red) and (0 nm, -200 nm; dashed red), the resulting trace (dot-dashed red)
changes sign where the fwhm ratio (black) dips above and below one at nearly the same
wavelengths. Further insight is gained when similarly taking the difference between the ab-
sorption cross sections at (200 nm, 0 nm; solid blue) and (0 nm, 200 nm; dashed blue). In
this case, there is a maximum at the same position as the dominant peak in the ratio plot.
This maximum is due to the asymmetric driving capability of the focused beam in exciting
the plane-wave dark mode A3. Certain beam positions preferentially excite one hybrid mode
more strongly than the others, contributing to the distortion of the photothermal image.
This result makes clear how the peak in the fwhm ratio near 650 nm (AX = -60 nm) is due

to the pump beam asymmetrically exciting the third hybrid mode.

Except for the A3 mode in the lower panel of Figure [4.5k, we observe that these cross-

section differences change sign (indicated by the shaded spectral regions) at approximately
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the same wavelengths where asymmetries in the PSF's occur, as reflected in the plotted fwhm
ratio. Thus, these trends reveal how the measured asymmetry in the fwhm originates from
spatial differences in absorption that depend upon the location of the pump beam. The
observed PSF asymmetries are therefore correlated with asymmetric local heating of the
nanorod trimer and the resulting inhomogeneous temperature changes that ensue. Taken
together, these trends in the fwhm ratio reflect the spatial and wavelength-dependence of the
absorbing hybrid LSP modes as well as their associated spatially- and wavelength-dependent
thermal responses. Therefore, by combining our photothermal imaging measurements with
corresponding numerical simulations, we are able to elucidate an indirect route to retrieve

nanoscale thermal information using purely optical techniques.

4.4 Conclusion

In conclusion, we have demonstrated how asymmetries in the photothermal images of
individual gold nanorod trimers excited at their hybridized LSP resonances are correlated
with the spatially inhomogeneous thermal profiles associated with each mode. In particu-
lar, we showed how subdiffraction limited thermal gradients within the nanorod trimer can
be controlled using focused laser excitation at different wavelengths and how these gradi-
ents are encoded as asymmetries in the fwhm of the 2-dimensional PSFs obtained from the
photothermal images. Theoretical modeling of the nanorod trimer’s optical and thermal
responses together with the imaging optics allowed us to explicitly connect the experimental
photothermal images with precise nanoscale temperature values. In this manner, we have
demonstrated a new procedure combining experimental imaging and photothermal modeling
to perform all-optical thermometry measurements on individual nanoscale objects that are

smaller than the diffraction limit of light.
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4.5 DMethods

4.5.1 FExperimental

Photothermal imaging was performed on a Zeiss inverted microscope. The pump-probe
geometry consists of a 532 nm laser diode probe and a tunable VIS/NIR pump controlled
using an acousto-optic tunable filter with a bandwidth of 10 nm. The lasers were collinearly
focused on the sample using a 63 x 1.4 NA oil immersion objective. A 50 x 0.7 NA air
objective was used to collect the light transmitted through the sample. The pump laser
was filtered out using a band pass filter allowing only the transmitted /scattered probe beam
to be collected. The transmitted probe beam was focused on a Si photoreceiver with a
low noise voltage amplifier and processed with a lock-in amplifier, which used the signal
driving the acoustooptic tunable filter modulation as the reference frequency (100 kHz).
The photothermal signal at a specific position was created as the probe beam interacted
with an oscillating refractive index generated by modulating the pump intensity (temporally
changing the refractive index of the sample if there is appreciable absorption), causing dif-
ferential scattering of the probe beam. This oscillating signal was detected through lock-in
amplification. A photothermal image was formed by scanning the sample across the focused
pump/probe beam using a piezo positioning stage, where the stage position provides the x
and y position, and the probe signal provides the photothermal signal. Absorption spectra
of individual structures were obtained by recording the signal intensity for a 210 W probe
beam (as measured incident at the sample plane) at the centroid of a single structure and
scanning the pump wavelength (500-1000 nm) with a power of 180uW at 700 nm using an
acousto-optic tunable filter. A reference gold film next to the structures was used to correct
for the pump intensity as its wavelength was scanned according to previous work.[§] The
particle spectrum was then normalized by the reference gold spectrum and corrected for the
theoretical absorptivity of gold to obtain the final absorption spectrum for each particle or

trimer.
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4.5.2  Theoretical

The computational approach for obtaining the photothermal images used DDSCAT 7.31
modified to account for a Gaussian beam excitation source and the thermal discrete dipole
approximation (T-DDA).[33] The scattering calculations were performed on gold nanorod
trimers using an experimentally obtained temperature-dependent dielectric data set (See
section S4) with 2 nm dipole spacing in a uniform infinite glycerol background with refractive
index n = 1.473. The resulting electric field and polarization information within the nanorods
were used as inputs for the steady-state temperature calculation performed in T-DDA, which
includes a semi-infinite silica (x = 1.38 W/m K) substrate. The temperatures of each nanorod
were then used to select the appropriate temperature-dependent dielectric values for a second
scattering calculation. This second scattering calculation was performed at an off-resonant
probe wavelength of 600 nm with the nanoparticles embedded in a uniform background
with a temperature-dependent refractive index value evaluated at the average nanoparticle
temperature of the trimer. The focal spot of the probe beam was selected to be at the
interface between the particle and the substrate. The resulting scattered electric fields were
evaluated on a partial hemisphere 1 cm away from the particles and were used to calculate the
total intensity as shown in the main text. To obtain the entire two dimensional photothermal
image, this full procedure was carried out for a range of co-scanned excitation and probe

beam positions that spanned a region of interest surrounding the nanorod trimer system.
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Chapter 5

NONLINEAR EFFECTS IN PHOTOTHERMAL
MICROSCOPIES AND SPECTROSCOPIES OF STRONGLY
SCATTERING PLASMONIC NANOPARTICLES

5.1 Introduction

The challenge to detect nanoparticles and measure their optical properties has inspired
the development of numerous photothermal microscopies and spectroscopies [104], [105].
While there are different ways to perform these experiments on nanoparticles, many rely
on detecting a refractive index change in the environment induced by a temperature in-
crease from photons absorbed by the nanoparticle(s). Early pioneers of this approach used a
modulated heating laser to generate a time-dependent heat distribution originating from the
absorbing nanoparticle(s), and an off-resonance probe laser for detection [96, 58, 61]. The
success of these experiments result from two phenomena which increase magnitude of the sig-
nal. First, by heating the nanoparticles with an on-resonant laser, the refractive index change
causes the probe to scatter more compared to the non-heated system. Second, because the
interference between the unperturbed transmitted or reflected probe laser and the scattered
light Ejp¢ is much larger than the scattered signal alone Eg., (for small nanoparticles), a boost
in signal occurs by measuring this interference. Detecting this interference signal produced

from the heated system enables the measurement of traditionally non-scattering particles.

More recently, photothermal imaging has been used to detect larger particles and more
sophisticated nanoparticle arrangements.[I06, 107, [108]. Furthermore, researchers have
demonstrated it may be used to infer temperature gradients in near-diffraction [14] and
sub-diffraction [I0] hybridized plasmonic systems. When the measurement is pushed into

these new regimes, some assumptions made in the original models (e.g., Eiy > Egea) are no
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Figure 5.1: Ilustration of iISCAT / COBRI microscopy approaches compared against pho-
tothermal microscopy. While both experiments are based on the interference between a
reference signal and a scattered signal, the photothermal experiment has an additional mod-
ulated heating beam which elevates the temperature around the particle and increases the
scattering signal. Furthermore, the photothermal experiment has a lockin detector which
works to isolate the modulated signal from the background signal.

longer valid. Therefore, extracting physical meaning from the photothermal measurement
on larger nanoparticle systems requires readdressing the underlying theories developed in

the earlier work.

Models of other interferometry experiments similar to the photothermal measurement
have been created to study larger, scattering nanoparticle systems. Two such experiments:
coherent brightfield microscopy (COBRI) and interferometric scattering microscopy (iISCAT)
are very closely related to photothermal microscopy. However in these approaches, the system
is not heated. For these experiments, researchers have developed models of the interferomet-
ric scattering signal between the signal scattered by (room temperature) nanoparticles and
a reference field [109, 110]. Often, the reference field is either the transmitted (COBRI) or
reflected (ISCAT) probe beam. Recently developed models have incorporated the impacts
of larger, scattering nanoparticles.[106], TT1].

Herein, a new model is developed which approximates the photothermal signal produced

by both small and large spherical nanoparticles measured in a confocal photothermal micro-

scope. This approach extends the effective dipole model developed in Refs. [61], 112} 113],103]
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in order to account for large, scattering nanoparticles. It uses features similar to those de-
veloped in COBRI / iSCAT models [106, 111], yet with the incorporation of a modulated
heating beam and lockin detection. Fig. depicts a comparison between photothermal
imaging experiment and the iSCAT / COBRI experiments. In both experiments, the signal
which reaches the detector is Iy = ?—;}Ebg + Esca‘Q where the background field, Ey,, is
assumed to be either the transmitted or reflected probe beam. In terms of interferometry
experiments, this field is referred to as the reference field. (The laser which heats the system
produces a field Ey, but is filtered out before reaching the detector.) However in the pho-
tothermal experiment, the detector is a lockin detector which extracts out the modulated
heated signal. Many lockin detectors report the signal, ®, with the following magnitude and
phase [113]:

O = /P2 + P2

S COos

q)sin
U = arctan [ } (5.1)

CcOos

where @5 and @y, are determined from the signal pre-lockin, ®p,.(t)

1 /7 sin Q¢
q){:ff;} = ;/0 (I)pre(t){cos Qt}dt. (5.2)

The signal pre-lockin, sometimes referred to as the normalized photothermal signal, takes

the form:
Tt () — 1
@y (1) = 120 = o (5.3)
bg
Prior photothermal models approximate Iqc(t) as
_cn cn 2
Idet( — b‘Ebg_’_Esca( )| b’Eref+Esca( )‘
(5.4)
2 [[Bual? + 2Re[Bre - Bl ()]

However, for photothermal imaging on large nanoparticles, |Eg.|? may no longer be approx-
imated as zero. A new model which incorporates these scattering effects will be presented

in the following section. It is based on the model developed in Ref. [103], but is based on
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different lockin scheme and different forms of the transmitted probe and scattered fields.

5.2 Effective Core-Shell Dipole Model with Scattering Effects

. The following model is designed to describe photothermal experiments in the transmis-
sion geometry where the background signal is the unperturbed probe field (E;) and is treated
as the reference field, E,, = E, = E,r. As proposed in Refs. [103] [106], the heated system
can be considered to be a time-dependent core-shell dipole model where the core is the metal
nanoparticle and the shell is the background medium at the temperature-induced increased
refractive index. Prior dipole models often only consider the scattering from the ball of
increased refractive index and refer to it as a thermal lens. However in this model, both
the scattering from the metal and the thermal lens will be accounted for using a core-shell
polarizability.

The signal which reaches the detector is therefore

Cy
&

By (1) + Baea (D] = S [IBp (0 + [Baca ()] + 2Re[By (1) - B, ()] (5.5)

C s

Idet (t) =

where n;, is the refractive index of the background material. The heating beam is amplitude
modulated at € according to B, = %P(),h(l + cosQt), where ) is on the order of kHz.
The detector “locks in” only to the signals which vary in-phase and out-of-phase with this
oscillation. Following the definition of the signal pre-lockin in Eq. , ®,1e(t) in this model
1s:
|Eea (£)|* + 2Re[B, (2) - EL )]

B (8] (5.6)
= Duea(t) + Pim(?)

(I)pre (t) =

where ®g.,(t) and Piy(t) have been introduced to label the pure scattering portion of the
signal and the interference portion of the signal.

The heating and probe focused beams are well-approximated as Gaussian beams. The
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electric field of a Gaussian beam (derived in Appendix which propagates in the +z
direction, polarized in the z direction, and is focused at a z offset position zy is:

E,(x,t) = Bpk—

o= (2492 [w(=)? k(s ) ik(22+9?)/ (2R(2)) g it(2) it (5.7)
w(z)

where wy is the beam waist, w(z) is the radius where the field amplitude at the plane z
along the beam is 1/e the value of that on the axis, R(z) is the radius of curvature of the

beam, and 1(z), the Gouy phase which changes the polarization direction from positive to

negative across the focus. Mathematically, these quantities are w(z) = wpq/1 + (Z Zf) )

R(z) = (z — zf)<1 - (Zzzf>2>, and ¥(z) = arctan(%) where zp = mwing/\ is the

Rayleigh range which corresponds to z distance along the beam where the cross sectional

area is double compared to at the focus.

For this photothermal experiment, the reference field is the unhindered transmitted field
of the incident probe beam evaluated at the detector, E,.¢(x,t) = Ey(x = xq4,1t). X4 is the
position of the detector, which is assumed to be on the optical axis in the far field. The
scattered field may be modeled using Eq,(x,t) = G(X) - apt(t)Eg(x = Xyup, t) where G(x)
is the dipole relay tensor, x,, is the position of the nanoparticle, assumed to be at the
origin, and ayy is the time-dependent photothermal polarizability (to be defined in the next
section). The Gaussian beam evaluated at the detector x4, and at the nanoparticle Xy, is

approximated as:

E ,
Ed(x7 t) = Eg<Z >> (.I' y,Zf) t) LX ik(z— Zf)( )e—zwt
Z/ZR
Enp<X, t) =E (X =0 t) 0X eflszefzarCtan(*Zf/ZR)e*Mt

\/1 Zf/ZR

(5.8)

where w(z) ~ wyz/zp and e”¥) ~ —i at the detector (z — 00). The Gaussian beam in
these limits may be used to calculate the reference and scattered fields from a nanoparticle

/ thermal lens target. Taking the probe field focus to be at z, and using these new limits of
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the Gaussian beam,

E,(x,t) = Eq(x,t) = —iz—REoﬁeik(z_zp)e_M
z
]{?2 ikr 1 — it HEaX . . .
Esca(X’ t) _ G(X) . Oépt(t)Enp<X7 t) — € ( I‘I') apt( ) 0X efzkzpefz arctan(fzp/zR)efzwt
r \/1 + Zp/ZR
(5.9)
where G(x) is evaluated in the far-field. Returning to Eq.
2Re[E, - E ]
(I)int(ev ¢7 t) - e ue e <2
|Ep|?
. k2e—tkr at . .
_ 2R6|: _ iiezk(z—zp) ( )Pt ezkzpe—zarctan(—zp/zR) (1 — <in2 0 cos? ¢)
“R r \/1 + (—=2p/2r)?
k2 a(t): ,
— 9Tm [_ ( )pt 671arctan(fzp/zR):| (1 . sin2 6COS2 (b)
1+ (Zp/ZR)2
4 .
= kIm [Oz t(t)*e_’amtan(_zp/m)] (1 — sin?  cos? p)
wi\/1+ (2,/2r)? P
|]5)sca|2
SCa( ¢7 ) ’E ‘2
K 1 22
Q@ — 2 (1 —sin®fAcos’® ¢)?
| pt( )| 1—|—(Zp/ZR)2Z?%( ¢)
1
= 2o k’4|apt( )7(1 — sin? 0 cos® ¢)?
(5.10)

after making the approximation that z ~ r. One immediately notices here the resemblance

of @y to extinction (Eq. [2.14)) and Py, to scattering (Eq. [2.13]).

The only term which will be impacted by the lockin integrals is the photothermal polar-
izability, ap(t). Many prior models treat this polarizability as a thermal lens and model it
using the Clausius-Mossotti polarizability. In this work, the photothermal polarizability will

be modeled as a metal sphere surrounded by a large shell of uniformly heated background
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material. (In this work, the background material is glycerol.) The next section will cover a
derivation using the thermal lens only model, which recovers results previously derived. The
following section will present a new model using a core-shell polarizability with retardation

effects.

Both models approximate the temperature dependence of the photothermal polarizability

using the following Taylor expansion:

dOZpt

dr

apt(t) = ap (T = Tp) +

(T'(x,1) = To)

T=Top
dog dn (5.11)

— Tovel(t
dn dT' \r=T, g( )

R Oty +

where dn/dT is the thermo-optic coefficient (for glycerol, dn/dT ~ —107*) and Tpy(t) is the
average temperature over the target region above room temperature, 7y. This temperature
Tave(t) may be approximated by integrating the temperature rise outside a spherical heat

source, Typn(r,t), according to:

47

Tan (t) - ﬂ

Tth
/ 7“2Tsph(7“, t)dr (5.12)
0

where Vi, = 4/37T7"f’h and 7y, = /2k/c,Q2. The target volume, Vi, is defined by the char-
acteristic length for heat diffusion, the thermal radius 7y,. The temperature rise Typn(r, )
from a heat power source which is modulated according to Pups(t) = %Pabs,O(l +cos Q). The

resulting temperature rise (derived in Appendix @ is

Pabs,(] —r/r
Tipn(r,t) = P (1 + e 7"/ cos (Qt — r/rth)) (5.13)
Integrating Eq. leads to:
_Pabs,OrtQh . .
Tovg(t) =———= (e —cos(1 — Qt) + esin(Qt) + 2sin(1 — Qt))
Pobs.or '
abs,07 th

=—"2210(0.25 + 0.105 cos(Qt) + 0.0732sin(Qt))
kVin
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The last remaining step is to assign the room temperature polarizability, oy n,, and it’s

derivative with respect to refractive index, doyy/dn.

5.3 Photothermal Polarizability in the Small Particle Limit

Small spherical metal nanoparticles primarily absorb light and do not scatter. This
induces a temperature gradient and produces a large region of heated background with a
modified refractive index. In this limit, it is appropriate to model the optical response of
this system as a thermal lens, or a large sphere of heated background with volume V;;, and
a Clausius-Mossotti polarizability:

3Vh €(T> — €p
(1) = : Ebe(T) + 26,

e (5.15)

where €(T') is the temperature-dependant dielectric function of the background medium.

This makes (T = Ty) = €. Using € = n?

da 3V ,2n(n®+2n;) — 2n(n® — ny)

dn = dx T (e 22 (5.16)
do B V;h ‘
dnlr—r, — 21 "
and oy 0 = 0. Thus,
dny Vin
Oépt<t) = ﬁ%anan(t) (517)

Using Eq. [5.14] and ®4., ~ 0 for small particles, the lockin integral evaluates to:
i 02 2 T * .
by LI OL 0) [t [0 g [
mn {cos} wg 1 + (Zp/ZR>2 T 0 dT To COS Qt

4(1 — sin? 0 cos® @) PooOabs o dnp T2 2p/2R {0.0366}

Y% Teh _ “p/ER 5.18
TWE gk YAdT w14 (2,/2r)% | 0.0525 (5.18)

where sin(arctan(z)) = x/v1+ 22 and Papspg = lonOabs = Po,hUabs/(Wwah)- This nearly
exactly reproduces the result derived in Ref. [113].
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5.4 Photothermal Polarizability in Large Particle Limit

In the large particle limit, the scattered field by the photothermal target will contribute
appreciably to total signal. Therefore, a core-shell model may be used to approximate the
polarizability where the metal nanoparticle is the core, and the shell represents the large
thermal lens. The polarizability is therefore [114]

L (&2 — )1 — ea(qr — D]rd, — (1 — &2)[e2(g2 — 1) — epgo]r?

Wt = 3 e — eals — Dlleata — oldz — DI — (6 — 2)(ea — )aalge — D8 1)

where 7y, is the thermal radius equal to radius of the shell, r is the radius of the nanoparticle,

€5 is the dielectric function of the heated background, €; is the dielectric function of the metal,

z%xf (; = 2mr; /Ay, 71 = 1,72 = 1yp) are the depolarization factors proposed

and ¢; = %x? —

in Ref. [115] to account for retardation effects. The derivative on o with respect to refractive

index is expanded as:

do _dadny

_’ aa any do dTlQ
dnlr=r,  dn; dT

T=1,  dny dT

(5.20)

T=T
The resulting terms in the photothermal signal according to Eq. are:

4(1 — sin” § cos? ¢)

. 1 T
D, sy = kIm [671 arctan(—zp/zRr) — / (Oé* +
1nt{cos} w% /1 + (ZP/ZR>2 7 Jo pt,To

do sin Q¢
Tovelt dt
Ty ave )>{COSQt} }

pt
dT
]Ph,oaabsTgh 0.0366 (5.21)
Ty wﬁ’OVth/@ 0.0525 ’

_4(1 — sin® 6 cos® ¢)

B wi\/1+ (2,/2r)?

*
day

dT

EIm [e—i arctan(—zp/zR)
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do
apt,Tg + d_zlit

o _a — sin? @ cos? ¢)2k41 /T

sea{ (ot} 2 + 22 7 Jo
(1 —sin? @ cos? )%, R fo
212 k™| 2Re [apt’To 0T

2 (sin Q¢
Tt ‘ dt
Ty s(1) {cos Qt}

]Ph,OUabsTtQh 0.0366
Ty w}%,ovth“ 0.0525

2 (Pho0as)2rd, [0.0183 (5.22)
wi Va2 10.0263 '

da
ar

To

5.5 Results & Discussion

The incorporation of a scattering metal complicates the photothermal signal. For small
particles, the photothermal signal served as an approximate absorption cross-section mea-
surement. However, the non-negligible scattering contribution to the total signal in larger
particles starts to invalidate this approximation. Fig. demonstrates when these con-
sequence begin to take effect. The black trace is the photothermal signal post-lockin, ® as
defined in Eq. [5.1] The blue and red traces are calculated by adding the sine and cosine
terms together in Eqgs. and respectively. The Mie absorption and scattering cross-
sections (I = 10) for the room-temperature gold spheres in glycerol of the corresponding
radius are overlaid in the shaded gray and purple. The two dashed lines indicate the peak
of the Mie cross-sections. In the first row, the heating laser wavelength is varied, and the
probe wavelength is kept fixed, at 685 nm. For small particles, the total photothermal signal
nearly exactly tracks the absorption cross-section. However, once the particle begins to scat-
ter appreciably, 40-50 nm radii, the scattering portion of the photothermal signal begins to
dominate over the interference portion (i.e., the red trace is greater in magnitude than blue
trace). At r=50 nm, the total photothermal signal still has a bump at the absorption reso-
nance, however the signal at lower wavelengths is drastically larger than that the absorption
cross section. This is because in Eqs. -[5.22] the only terms that vary along the z-axis
are the absorption cross section of the nanoparticle, o,1,s, and the waist of the heating beam,

wp,o. Notice that the scattering term, ®y., has both a linear and quadratic dependency on
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Figure 5.2: Photothermal spectra of the core-shell model with retardation of gold spheres
of radius from 10 nm to 50 nm. The photothermal signal (post-lockin), ® is evaluated in
the far-field on the optical axis (§ = 0, ¢ = 0). The black and purple shaded regions are
the Mie absorption and scattering cross-sections, respectively. The black trace is the total
photothermal signal, while the blue and red traces are the sum of the sine and cosine parts of
the @y, and ®y,. The 2, value is picked at each wavelength to maximize the total signal, as
is what is approximately done in experiment. The heating beam power of these calculations
is set to 500uW. (a) Heating beam wavelength is varied while the probe beam wavelength
is held constant at 685 nm. (b) Probe beam wavelength is varied while the heating beam
wavelength is fixed at 532 nm.

Tabs/ w}%,o- As &y, > Py, the quadratic term begins to influence the structure of the spectra
more heavily at the lower wavelengths. Thus, even for particles at 50 nm in radius, the
photothermal signal deviates from the Mie absorption cross-section at wavelengths around

the LSP resonance.

While photothermal spectra varying the heating beam wavelength is a common experi-
ment, it is rare to study the photothermal signal as a function of probe wavelength. In this
case, many terms in Egs. - are varied. Fig. demonstrates this by varying the
probe wavelength while the heating beam wavelength is kept fixed at 532 nm. For small par-
ticles, no peaks are observed because the signal is dominated by the thermal lens, which as

no resonances in the optical spectrum. However as the nanoparticles begin to scatter more,
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Figure 5.3: Normalized photothermal signals as a function of heating laser power dependency
for 20 nm (green), 40 nm (red), and 150 nm (blue) diameter gold spheres. For 20 nm and 40
nm diameter spheres, the relationship between the heating laser power and the normalized
photothermal signal is linear in both theory and experiment. However as seen in Fig. [5.2]
for larger particles ®,., becomes non-negligible and as predicted in Egs. - 622, when
Phig., % 0, the dependency of the signal on the heating power becomes nonlinear. This is
verified theoretically and experimentally in the 150 nm diameter traces.

starting around r = 30 nm, it is clear that a peak begins to grow in around the scattering
Mie resonance. As the particle increases in size, the peak in the photothermal signal red

shifts due to the complicated nature of Eqs. -15.22,

The relative dominance of ®., compared to ®;,; brings into question how the photother-
mal signal changes with respect to the heating beam’s power. Recent work [106] which does
account for the scattering term in the photothermal signal performed a heating beam power
measurement which demonstrated that even for large particles, the dependence of the pho-
tothermal signal on the power of the heating beam is linear. However, when this study is
performed over a much greater range in powers, this dependence becomes nonlinear. Fig.
shows the calculated total photothermal signal as a function of heating beam power.
For small particles, the relationship is linear. However for large particles, this trend becomes
non-linear. This is as expected due to the linear plus quadratic power dependency in Eq.

and the observation in Fig. that the scattering term in the photothermal signal
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Figure 5.4: A comparison between COBRI and photothermal spectroscopies. The shaded
gray and purple regions are the Mie [ = 1 absorption and scattering, respectively, with the
dashed lines indicating the peaks. The green trace is the scattering intensity, the blue trace
is the COBRI spectra, and the black trace is the photothermal spectra.

dominates for large particles.

A companion experiment performed in similar conditions is shown in Fig. [5.3pb. In order
to ensure accuracy of the experiment, each of the heating power data points were taken
by selecting a random power. (IL.e., the photothermal signal was not collected by sweeping
the heating power from lowest to highest.) To ensure the particles were not damaged from
exposure to the high powers, the lower power values were measured again after the particles
had been exposed to the high powers. This verified that the same signal was measured
before and after exposure to the higher powers and that the particles were not damaged.
Additional microscope image analysis was performed to ensure the images did not change
before and after measurements. As observed in theory, the experimental data shows that
for small particles, the photothermal signal has a linear dependence on heating beam power.
For larger particles, this dependence becomes nonlinear. The traces are linear fits for the

small particles, and a fit of a linear term plus a quadratic term for the large particle.

Lastly, a theoretical comparison between different microscopy techniques is performed
to compare how well photothermal imaging holds up against other similar scattering micro-

scopies. Fig. [5.4] shows photothermal spectra against Mie theory at [ = 1, confocal COBRI,
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and the core-shell dipole scattering intensity:.

Ccny

]sca = _|ESC37T0’2
8m o (5.23)
Icosrr = 8—7T(2Re[Ep + Esay) + [Esearny|*)

where Egar, = G(X) - apt 1 Enp(x). For comparison, the photothermal signal can be ap-

proximated as (see Appendix [F]):

Chy

[pt = 5_ (‘ESCa,Tmax’2 - ‘Esca,To ’2 + 2Re (E*

*
87T Sca’Tmax - E

sca,TO)) (524)
In the above expression, the lockin integral has been evaluated and all fields are time inde-
pendent. Eg, 1, is the field scattered by the core-shell polarizability when the heating beam
is maximum, or ¢ = 0. This approximation is only valid when the modulation frequency, €2,

is small.

While there are absorptive effects occurring in the photothermal measurement, Fig.
shows that this experiment is able measure the scattering resonance approximately as well
as the COBRI experiment. Both the photothermal spectra and the COBRI spectra cannot
detect the scattering resonance for small particles and deviate strongly from the scattering
spectra for all nanoparticle sizes at low wavelengths. Despite no lockin procedure and no

modulated heating beam, the spectra resulting from both experiments are quite similar.

5.6 Conclusion

A new model, closely related to prior effective dipole models, has been derived to account
for the scattering effects of large nanoparticles in the photothermal imaging experiment. It is
verified that photothermal spectroscopy may be used to approximate absorption spectroscopy
for small particles when the heating beam wavelength is varied and the probe wavelength is
held constant. For larger particles, however, the lower wavelengths deviate significantly from

the absorption cross section. Oppositely, for small particles, varying the probe wavelength
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does not reproduce a scattering spectrum. However for larger particles, the approximate
location of the scattering resonance can be inferred from the photothermal spectrum. A
nonlinear heating beam power dependency for large, scattering particles is predicted by
the model and verified experimentally. Lastly, the model developed in this work is used
to compare the differences between photothermal and COBRI experiments. Both methods
perform similarly with respect to scattering, while COBRI cannot be used for absorption
(because it does not have a heating beam).

Recently, researchers have installed modulated heating beams within COBRI and iSCAT
experiments [106], 116, 117]. These may be considered photothermal measurements, and
they are often in wide-field geometries. The theories developed herein are only valid for
confocal microscopes. While the images produced by wide-field and confocal microscopes
may seem similar, the spectra resulting from the two approaches are very different [10].
Further studies should be done to compare the differences between confocal and wide-field

photothermal spectroscopy experiments.
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Part 111

ELECTRON MICROSCOPIES AND SPECTROSCOPIES FOR
NANOSCIENCE CHARACTERIZATION

Part [[T]] of this dissertation shifts to another microscopy and spectroscopy technique,
electron energy loss spectroscopy (EELS). These electron microscopy and spectroscopy ap-
proaches are markedly different from the photothermal microscopy discussed in Part [[I, and
other light-based techniques. The following published manuscript is presented in this Part:

e Chapter [t West, C.*, Olafsson, A.*, Pakeltis, G., Garfinkel, D., Rack, P., Masiello,
D., Camden, J., & Idrobo, J. Plasmon hybridization in nanorhombus assemblies. J.

Phys. Chem. C. 124, 49, 27009-27016 (2020). [13]

* indicates co-first authorship
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Chapter 6

PLASMON HYBRIDIZATION IN NANORHOMBUS
ASSEMBLIES

Reprinted with permission from:

West, C.,* Olafsson, A.,* Pakeltis, G., Garfinkel, D., Rack, P., Masiello, D., Camden, J., &
Idrobo, J. Plasmon hybridization in nanorhombus assemblies. J. Phys. Chem. C. 124, 49,
27009-27016 (2020).

Copyright 2020 American Chemical Society.
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6.1 Abstract

Understanding resonant coupling in plasmonic nanoassemblies is a challenging scien-
tific endeavor, especially for particles with complex nanoarchitectures. Our ability to both
model and measure this optical behavior, however, has rapidly developed in the last 20 years
via a confluence of fabrication, spectroscopy, and theoretical analysis. Here we precisely
nanofabricate, characterize, and model the coupling and infrared optical responses of differ-
ent plasmonic nanorhombus assemblies. Ranging from a monomer to a pentamer ensemble,
experimental and simulated point spectra, spectrum images, and near-field maps agree well
with the results of an analytical coupled normal mode model developed here. The analyt-
ical model reveals that the infrared optical responses of the nanorhombus systems can be
explained by the coupling of the major and minor axis dipole and a quadrupole localized
surface plasmon modes arising from the individual nanorhombus monomers. This model can
be used to predict the plasmonic behavior of more complicated systems, and it elucidates
the role that short-, intermediate-, and far-field coupling effects play in extended plasmonic
assemblies more generally. This work also highlights how localized electron probes in the
new generation of monochromated aberration-corrected scanning transmission electron mi-
croscopes can be used to study the optical responses of nanofabricated assemblies in the

infrared spectral regime.

6.2 Introduction

Over the past several decades significant effort has been invested to characterize the
localized surface plasmon (LSP) resonances in noble metal nanoparticle assemblies [118, 119,
120], [121]. LSP resonances are geometry-specific collective oscillations of the free conduction-
band electrons in a metal. They offer the unique ability to capture far-field light and convert
it to intense surface-bound electric fields, effectively focusing light in systems below the
diffraction limit[20], 27]. There have been numerous studies demonstrating the high sensitivity

of the LSP to its local environment, including the nanoparticle shape [122], proximity to other
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particles [123], substrate [124], [125], and other chemical and physical aspects of the system
[126], 127]. Each of these considerations, however, also presents an opportunity to control
the LSP energy, typically in the near-infrared to ultraviolet range, making LSPs excellent
candidates for uses in biological/chemical sensing [128, 129], waveguiding [130], catalysis

[131), 132], and in optoelectronic devices [133] [134].

The unique optical properties of nanoparticle assemblies are determined by the coupled
and hybridized LSPs of the individual particles that comprise the assembly[26] 27]. Many
studies have examined how interparticle LSP coupling is affected by varying the particle
size [135], particle shape [136], inter-particle distance [137], and environment [138], [139] 140,
147]. These analyses are often limited to ensemble material properties because diffraction-
limited optical methods are unable to resolve nanometer scale phenomena. Near-field optical
scanning microscopy [142, 143 [144] and scanning transmission electron microscopy (STEM)
[145], 146, [147], however, have the ability to study the long and short range coupling of LSP
modes with both nanometer spatial resolution and high energy resolution. Yet even with
these techniques, most of the studies have been concentrated on nanostructures that have
simple geometries such as spheres, disks, and rods because their plasmonic properties are

easier to interpret and to model.

In this Chapter, we use high spatial and energy resolution in monochromated aberration-
corrected STEM, combined with theoretical modeling, to study the evolution of plasmon
coupling in nanostructures with more complex geometries. Using electron energy-loss (EEL)
spectroscopy in STEM, we identify the spatial and energy profile of a single plasmonic
nanorhombus and study the LSP evolution as more nanorhombi couple to it. Using this
approach we also develop a theoretical model based on the normal modes of coupled dipoles
to study and predict the LSP hybridization profiles of coupled assemblies. This simplified
model not only allows for the interpretation of both the experimental and simulated results
presented herein, but also lays the foundation for understanding plasmonic coupling in much
larger plasmonic assemblies that are not computationally tractable with standard numerical

Maxwell equation solvers.
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Figure 6.1: Post-fabrication SEM images (a-d) show consistent fabrication across the sample.
HAADF images of similar structures (e-h) taken at the time of measurements confirm the
high fidelity of the fabricated nanorhombi. Scale bar corresponds to 200 nm.
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6.3 Results & Discussion

Fig. [6.1] shows the set of Au nanorhombus assemblies used to build our understanding of
plasmon coupling, beginning with a single oblong, kite-like rhombus monomer (Fig. ,e),
and ending in a 5-pointed star-like pentamer (Fig. 7h). This approach requires structures
with low geometric tolerances in order to ensure that any measurable differences are due
to particle interactions, not particle heterogeneity. The representative scanning electron
microscope (SEM) images (Fig. [6.1h-d) of the as-fabricated nanorhombi and the high-angle
annular dark-field (HAADF) images (Fig. [6.1p-h) of the as-measured nanorhombi show
good fidelity. This demonstrates that the samples underwent almost no degradation after
fabrication. A minimal amount of corner rounding is observed. Each nanorhombus was
designed to have a thickness of 20 nm with an edge length of 250 nm, yielding a long and a
short axis length of 400 nm and 300 nm, respectively. A 20 nm gap distance was chosen as

smaller gaps had slight inconsistencies.

The EEL point spectra (Fig. [6.2a) of the nanorhombus monomer highlight the impor-
tance of understanding the spatial distribution of LSP resonance energies. The green and
blue traces in Fig. represent the EEL spectra collected near the end of one of the long
axis and short axis positions, respectively (see inset). Both point spectra show an identi-
cal peak labeled @ at 1250 meV. However, the two lower energy peaks in the spectra are
clearly different, one occurring at 800 meV (L, green trace), and the other at 1000 meV (.5,
blue trace). Electron-driven discrete dipole approximation (e-DDA) simulations[148] were
performed and the resulting e-DDA spectra (dashed) show similar peaks when the impact
parameter is in the same position as the experimentally acquired data, set to be 10 nm away
from the particle corners. The simulated nanorhombus was modeled with rounded corners
to approximate the experimentally fabricated particles. All simulations of the nanorhombi
were calculated in vacuum. The silicon nitride substrate present in the experiment has no
resonances and is dispersionless in the energy range measured. Thus, the only effect the

substrate will have on the nanorhombus is an overall red shift of the resonances due to the
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Figure 6.2: EEL point spectra (a), spectrum images (b-c), and simulated electric field maps
(d) of an isolated nanorhombus show the three dominant lowest energy modes of the system:
a long axis dipole L, a short axis dipole S, and a quadrupole @. Experimental (solid, bottom
z-axis) and full-wave electrodynamic simulations (dashed, top z-axis) of the EEL spectra
are obtained at two different electron beam positions (as schematically shown by the colored
circles in the inset). The intensity and energy loss of the simulated spectra have been
rescaled (top x-axis) to account for substrate effects, which were not present in simulation.
The calculated S peak (at ~ 1000 meV) is located at a higher energy than the experiment.
Since the peak is broad and weak, it appears as a vague shoulder in the simulation and it is
not as clearly resolved as in the experiment. Experimental (b) and simulated (c¢) spectrum
images were taken by rastering the electron beam across the nanorhombus and collecting the
energy lost at each point over a narrow energy window spanning the resonance. Scale bar
size is 100 nm and the experimental spectrum image energy window is 100 meV (centered
at the energy values denoted in each panel). The normal component of the electric fields (d)
calculated at the three dominant resonances show the dipole / quadrupole orientations at
each mode.

| ‘LUJON

T5| uuoN



83

image effect. While in specific scenarios the presence of a substrate causes non-negligible
plasmonic interactions[149, 150, [I51], this is not the case for silicon nitride in this energy
window. The thin silicon nitride substrate has a near uniform refractive index of n = 2.1
in the studied energy range, and will not cause any mode mixing or appreciable linewidth

broadening.

The identification of the LSP resonances are confirmed by collecting spectrum images
at each peak (Fig. [6.2b-c). In these measurements, the electron beam is rastered over
the sample area and an EEL spectrum is collected at each electron probe position. Each
recorded spectrum is energy aligned and normalized to the zero loss peak maximum, no
further processing was performed (i.e., denoising). An energy window of 100 meV was used
to obtain the spectrum images, which is approximately five times the energy resolution of
the experiment and therefore sufficient to identify the individual LSP modes observed in
this study. The experimental (Fig. [6.2b) and simulated (Fig. [6.2c) images show that the
two lowest energy modes L and S are dipolar LSPs, and the higher energy mode @) is a
quadrupolar LSP. It is clear then that the longer axis dipole LSP is shifted lower in energy
due to the elongated shape (400 nm diameter versus 300 nm diameter). Simulated electric
field maps (Fig. [6.21d) of the normal component of the electric field evaluated on a plane
parallel to and 4 nm above the surface of the nanorhombus further validate the identity of
the modes. The electron beam positions that drive each mode are labeled on the maps. Note
that the electric field map of the short axis excitation in Fig. is not symmetric because
the electron beam probe is driving a linear combination of both the short axis dipole and
quadrupole modes as they overlap spectrally (see Fig. [6.2h).

A useful approach for understanding the hybridization schemes of coupled nanorhombi is
to study the eigenmodes or normal modes of the assembly. Normal modes are independent of
driving field, yet allows for the interpretation of peaks in the spectra. Numerical software for
calculating eigenmodes exists[I52] [153], however, we use a course-grained modeling scheme
to reduce the dimensionality of the calculations. There are numerous reduced-order proce-

dures for modeling coupled plasmonic nanoparticles [154] [155] 156, [157]. The semi-analytic
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approach presented here expands upon previous work[156, [157] on cornered nanoparticles.
Past work demonstrated that the optical responses of such nanoparticles could be modeled
with coupled dipoles localized at the corners of the nanoparticle. However, what the previous
models do not account for is how to use this course-graining procedure to accurately quan-
tify interparticle coupling. In this work, we use a similar course-grained modeling scheme to
approximate the lowest energy modes of the rhombus monomer as generalized normal mode
oscillators and use them to accurately describe the rhombus-rhombus coupling in different

nanorhombus assemblies.

Using a single nanorhombus, we build the model by placing z-oriented and y-oriented
dipole oscillators inside the four corners of a nanorhombus as shown in Fig. [6.3a. Each
symmetrically equivalent dipole oscillator is assigned a unique radius, which dictates its
effective mass, damping rate, and resonance frequency[I15]. All eight dipoles couple ac-
cording to g;; = €*q; - Ayj - q,; where q; is the unit vector of the "™ dipole, and A;; =
[(3ﬁijf1ij — 1)/rd — ik/ry (300, — 1) — k2 /ry;(hymy; — 1) e is the dipole relay tensor
where 7;; is the distance between dipoles ¢ and j, n;; is the unit vector in the 7;; direction,

and k is the wave vector. The coupled equations of motion become

N
Mg + Mg + Mg — Z 954 = 0, (6.1)

J#
where N = 8 for the eight oscillators, ¢; is the amplitude, m; is effective mass, ~; is the
radiative and nonradiative damping, and wy; is the resonance frequency of the i** oscillator.
Solving Eq. results in eight normal modes that can be used to predict all possible
LSP resonances of the nanorhombus. By fitting the three lowest energy eigenmodes and
eigenvalues of Eq. to the simulated field maps (Fig. 6.2d), resonance frequencies, and
damping rates extracted from the simulated spectra, dipole positions and radii for the coupled
dipole model are determined. These fits are accurate to within 30 meV of the simulated EEL
spectra of the nanorhombus. The three predicted modes (L, S, @) are shown in Fig. [6.3b

where the black arrows indicate the dipole orientations and magnitudes at the given energy
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Figure 6.3: Illustration of the coupled dipole model (a-b) and coupled normal mode model
(c) used to approximate the optical response of nanorhombus assemblies. The coupled
dipole model (a) consists of eight unique dipole oscillators placed near the corners of the
nanorhombi. The positions and polarizabilities of each dipole are determined by fitting the
three lowest eigenmodes and eigenenergies of Eq. to the simulated field maps, reso-
nance frequencies, and damping rates of the long axis dipole (L), short axis dipole (.S), and
quadrupole (@) in Fig. 6.2l Each dipole with the same color is assigned the same polar-
izability. The resulting three lowest eigenmodes (b) are used to build the coupled normal
mode model (c) where each nanorhombus is instead assigned three generalized oscillators
representing the three lowest energy modes (purple: long axis dipole L, turquoise: short axis
dipole S, orange: quadrupole ).) The overlayed electric field maps in (b) are the fields of
the sphere dipoles evaluated in a plane parallel to and 60 nm above the dipoles.
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and phase. The normal component of the electric fields produced by each dipole oscillator
are overlaid for ease in comparison to Fig. [6.2. Agreement between Fig. [6.3p and Fig.
reflects the coupled dipole model and the fit parameters (radii and dipole positions)

accurately account for the optical response of an individual nanorhombus.

However, the coupled dipole model will not suffice in modeling the rhombus-rhombus
interactions primarily because the coupling among the corner-located dipoles on each
nanorhombus will be overestimated. Instead, the dipole orientations, mode energies, and
damping rates of the three lowest energy eigenmodes (L, S, @) from the coupled dipole
model are used to parameterize generalized normal mode oscillators. This new model is de-
picted in Fig. where each colored arrow corresponds to one of the normal modes (purple:
long axis dipolar LSP, turquoise: short axis dipolar LSP, orange: quadrupolar LSP.) The

equations of motion become

mi,, +my,t, + mwOM:EM Z Z q‘”gm viTy, =0, (6.2)
v#ER 4.J

where the Greek indices refer to the generalized normal mode coordinates, and the Latin
indices refer to the comprising corner-located dipoles. z, is the oscillator coordinate of one
of the three normal modes on each particle, m is a geometric mass assigned to each normal
mode, and wy, and 7, are the real and imaginary parts of the eigenvalue from the coupled
dipole model. The pairwise coupling between the nanorhombi is defined by taking a weighted
sum of the dipole-dipole coupling among all corner-located dipoles where g, = ). q,;/N.

We demonstrate the efficacy of the model by comparing it to experimental and e-DDA
simulated spectra, spectrum images, and field maps of a nanorhombus dimer. The EEL
spectra acquired at four unique electron beam positions of the coupled dimer are shown
in Fig. [6.4a. The spatial configuration of the six eigenmodes predicted by the analytic
model are shown in Fig. [6.4b. The normal modes have been vertically aligned with the
corresponding simulated electric fields (Fig. —d) and experimental spectrum images (Fig.

6.4¢) taken at each resonance position. Arrows have been drawn on the simulated electric
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Figure 6.4: Simulated (dashed, top z-axis) and experimental (solid, bottom z-axis) EEL
spectra (a) were taken at four different positions of a nanorhomus dimer as illustrated
schematically by the colored circles in the inset. The coupled normal mode analysis pro-
cedure was used to predict the eigenmodes of the dimer (b) by approximating each rhombus
as the three lowest energy modes predicted by the conventional coupled dipole theory. Sim-
ulated electric field maps (c) taken at the indicated beam positions and energies show all
six hybridized modes of the coupled nanorhombi that were predicted by the normal mode
model. Arrows representing the total dipole moments from the field maps are overlaid on
(c) to aid in the comparison with (b). Agreement between the predicted eigenmodes and
the simulated field maps demonstrate the utility of the coupled normal mode model. The
magnitude of the field maps (d) can be compared to the experimental spectrum images (e) to
show that theory, simulation, and experiment are in agreement. The scale bar corresponds
to 50 nm and the experimental spectrum image energy window is 100 meV (centered at the
energy values denoted in each panel).



38

field maps to facilitate comparison between the simulated maps and the modes obtained
from the analytical model. The agreement between the e-DDA simulations and experiment
with the analytical model shown in Fig. [6.4b-e demonstrates that the optical responses of
the coupled nanorhombi system can be well described by the coupled normal mode model
developed here.

The corroboration of the analytic model allows for the interpretation of the spectra in
Fig. [6.4h. The two lowest energy normal modes are the head-to-tail aligned hybridized long
axis dipoles (700 meV) and short axis dipoles (790 meV). The dipoles are best driven when
the electron beam is positioned on either corner of the outer edges of the nanorhombus dimer,
and they show up as the lowest energy peaks in the spectra (red and blue circles in the inset
of Fig. [6.4p). The complements of the long axis and short axis hybridized modes (tail-to-tail)
are driven most strongly when the electron beam is located at the two corners of the edges
shared by the two nanorhombi (green and black circles in the inset of Fig. [6.4h). Lastly, the
quadrupole hybridization is best observed when the electron beam is located at the outer
corners of the longest axes (red spectra), with the two highest energy peaks showing the
signature peak splitting of the head-to-tail and tail-to-tail modes.

The three particle coupled nanorhombus assembly (Fig. —d) and a highly symmetric
five particle coupled assembly (Fig. —h) offer two additional systems to study the hy-
bridization schemes. As with Fig. [6.4] simulated and experimental point spectra were taken
at different beam positions (labeled with color circles in the inset). While the theoretical
model predicts nine possible normal modes for the trimer and fifteen normal modes for the
pentamer, only the five shown in each system are resolvable. The other normal modes are
inaccessible because of the near degeneracy and spectral overlap within the energy resolution
of the data. Nevertheless, a clear indication of the hybridization between the long axis dipole
LSP, short axis dipole LSP, and quadruple LSP are observed. Once again, the point spectra
as well as the spectrum images have LSP resonances that are highly sensitive to the host
geometry and near-field coupling behavior.

A subset of the predicted normal modes (Fig. ,g ) are aligned with the simulated
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Figure 6.5: Normal mode analysis of the trimer (a-d) and pentamer (e-h) show hybridization
of the long axis dipole, short axis dipole, and quadrupole. (a,e) Simulated (dashed, top
z-axis) and experimental (solid, bottom z-axis) spectra were taken at the beam positions
labeled in the inset. Of the normal modes predicted by the coupled normal mode model,
only the five shown in (b,f) can be resolved in the spectra. The simulated electric fields (c,g)
exactly correspond to the predicted eigenmodes. The experimental spectrum images (d,h)
were taken at the corresponding energies and further validate the identities of the hybridized
modes. Scale bar size is 50 nm and the experimental spectrum image energy window is 100
meV (centered at the energy values denoted in each panel).



90

electric field maps (Fig. [6.5k-d, h-i) and experimental spectrum images (Fig. e,j) of each
resonance. Similar to the dimer, the three lowest energy modes of the trimer, as measured
experimentally, are the head-to-tail long axis (700 meV), head-to-tail short axis (790 meV),
and tail-to-tail long axis (970 meV) hybridized modes. However contrary to the dimer, the
next energy mode (1080 meV) is not clearly an all-long axis, all-short axis, or all-quadrupole
hybridization scheme. Instead, it is a mixture of the short axis and quadruple modes and
is accessible at all electron beam positions. The field profiles on each nanorhombus are
also mixing between the short axis and quadrupole orientations. Furthermore, while the
tail-to-tail quadrupole clearly exists (1230 meV), the head-to-tail hybridization appears as a
predicted normal mode but does not arise as an isolated feature in the spectra. This is due
to the spectral overlap of the all-quadrupole and quadrupole-quadrupole-short axis modes,
where the latter mode dominates.

Similar to the trimer, the pentamer also supports five resolvable normal modes that were
predicted by the analytic model. The two lowest energy modes, as measured experimentally,
are the long axis dipole hybridized into the head-to-tail (700 meV) and all tail-to-tail (800
meV) arrangements. In this case, there are not any observable all short-axis dipole modes,
and instead only combinations arising from short axis dipole-quadrupole coupling. Similar
to the trimer, however, the analytic model does predict a head-to-tail all-short axis mode
arrangement, but it is again not resolvable due to the overlap of the third mode presented
here. Lastly, the all-quadrupole tail-to-tail mode is once again present (1430 meV) and easily

excitable when the electron beam is positioned at the center of the pentamer.
6.4 Conclusions

In conclusion, our work demonstrates the ability to precisely nanofabricate nanorhom-
bus assemblies, characterize their plasmonic properties, and model the interparticle coupling
across a variety of arrangements. As we build from a monomer to a pentamer, the experimen-
tal and simulated point spectra, spectrum images, and near-field maps agree well with the

coupled normal mode model developed here. We observe that the infrared optical responses
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of coupled nanorhombus systems can be explained by coupling among the nanorhombus’ two
dipolar and one quadrupolar LSP modes. By examining these different assemblies, we see
that the head-to-tail arrangement of the long axis dipoles always yields the lowest energy
hybrid peak observed in the spectra. Therefore, we predict that examining low-energy hybrid
modes across heterogeneous nanorhombus structures can be greatly simplified by measuring
along this axis. Similarly, the all-quadrupole tail-to-tail modes lie higher in energy and are
easily excitable and resolvable at the same probe positions. However, in the mid-range en-
ergy window the short axis dipole and the quadrupole LSPs mix on the particles themselves,
and across the hybridized normal mode itself.

The simple coupled normal mode model presented here is able to quantitatively predict
the plasmon modes of the nanorhombus across a wide range of energies and spatial distribu-
tions. We expect the model will help further guide experiments and data analysis even when
examining larger and more extended nanorhombus assemblies. Additionally, the analytical
model can be reparameterized with different monomer sizes and shapes to quickly predict
the normal modes and energies of other coupled systems. This offers the ability to easily
explore the plasmonic responses of many other corner-dominated nanoparticle arrangements.
While in this work we studied the near-field coupling and hybridization effects of cornered
nanoparticle clusters, the approach shown here can furthermore be applied to study the role

of short- intermediate-, and far-field coupling effects in extended plasmonic assemblies.

6.5 DMethods

6.5.1 Ezxperimental Fabrication/Characterization

The deconstructed rhombuses are fabricated via electron-beam lithography (JEOL
9300FS) using a lift-off process. A 300 pum Si wafer with 30 nm of low pressure chemi-
cal vapor deposited SiNx is spin coated with PMMA 495 A4 and exposed. The pattern is
then developed using methyl isobutyl ketone:isopropyl alcohol (IPA) (1:3). 25 nm of Au is

sputter deposited via DC magnetron sputtering onto the substrate followed by soaking in
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a heated NMP bath, sonicating in NMP and acetone, and rinsing with IPA and deionized
water. The backside of the wafer is then spin coated with P20 and S1818 and exposed using
photolithography to create the windows of the TEM. Reactive ion etching is used to remove
the backside nitride layer and the wafer is subsequently submerged in a heated KOH bath
to etch the Si windows and TEM grid edges.

6.5.2 FExperimental STEM-EELS

EEL spectra in the infrared regime were collected using a Nion aberration-corrected
high energy resolution monochromated EELS-STEM (Nion HERMES™) operating at 60
kV accelerating voltage. Point spectra and spectrum images were collected with convergence
semiangle of 30 mrad and collection semiangle of 20 mrad, with a beam current of ~ 10
pA [I58, 159, 160]. Scattered electrons were dispersed in a Nion Iris spectrometer at 2
meV /channel and the energy resolution (full width half maximum of the Zero Loss Peak)
was approximately 16 meV. Point spectra had their ZLP maxima normalized to unity and

their background subtracted.
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Part IV
NANOSCIENCE EDUCATION

The last chapter of this dissertation is a pivot from the content in the preceding chapters.
Last year, I designed a virtual nanoscience summer camp geared towards middle to high
school students. I created the lesson plans, selected the materials to be mailed to students
for at-home experimentation, I assembled these kits, and taught the camp three times in July
and August 2021. The motivation for the summer camp was to increase student’s science
identity and knowledge of nanoscience to inspire them to continue in their math and science
courses to perhaps pursue a science career. To access whether or not the summer camp had
an impact on the students, I conducted the following study described in Ch. [7] This in
preparation publication will be submitted to an education journal, e.g. ACS’s Journal of

Chemical Education.
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Chapter 7

ACCESSING THE IMPACT OF A VIRTUAL NANOSCIENCE
SUMMER CAMP ON MIDDLE - HIGH SCHOOL STUDENTS’
ENGAGEMENT WITH CONTENT AND SCIENCE IDENTITY

7.1 Introduction

A significant body of research has investigated the well-documented need for a diverse
science workforce [161], 162, 163, [164]. As a result, universities, industries, and government
agencies invest in a considerable amount of resources towards kindergarten through twelfth
grade (K-12) outreach programs [165] [166] with the purpose of increasing interest and en-
gagement in science in students at a young age. These enrichment programs may be formal or
informal. Informal science education comprises science-related experiences which occur out-
side of the classroom, including museum / aquarium visits, summer camps, and after school
programs. These out-of-classroom learning experiences present opportunities for combating
the systemic discrimination faced by underrepresented populations of students [167, [168].
Yet, sometimes the students who would benefit the most from these programs do not have
access to them for a variety of reasons including their geographic location, parent / guardian
engagement, and accessibility [169]. For example, K-12 students who live near research uni-
versities will be more exposed to science outreach compared to students who live and go to
school far away from universities. If not addressed, this may compound equity-related issues

by continuing to provide “science capital” to the same populations of students [170)].

One emergent opportunity which may address this problem is offering students virtual
learning experiences accompanied with kits containing materials to perform at-home science
experiments. Many traditional informal science education programs began to offer this in

response to the stay-at-home orders issued due to the COVID-19 pandemic. Inadvertently,
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this enabled students in the aforementioned environments access to new science learning
opportunities. The onset of these new programs must be accompanied by careful assessments

on impact these programs have on the students and their relationships to science.

A new program for middle to high school students was created at the University of
Washington (UW) in 2021 to inspire students with inquiry-based nanoscience lessons and
experiments. This program, NanoCamp!, was a five-day virtual summer camp which ran for
three hours each day. It was designed and taught by graduate students at UW with desired
outcomes to 1) increase student’s perception of their science identity, and 2) engage with
and understand core concepts of nanoscience. As defined in Ref. [I71], science identity is
seeing oneself as a scientist. It results from competence in scientific content, performance
of scientific practices, and recognition by oneself and others as a “science person”. Science
identity is constantly renegotiated depending on a person’s environment [I72]. Fostering a
student’s science identity has been shown to serve as a good metric for whether students will

persist in science.[173] [174]

The purpose of this study is to access the impact NanoCamp! had on the participating

students. Specifically, the research questions are:

1. To what extent did NanoCamp! impact the students’ science identity?

2. Did NanoCamp! increase the students’ knowledge of nanoscience?

Two instruments are used to answer the above questions. The first instrument is a Likert-
style science identity pre- and post-survey developed in Ref. [I75]. The second instrument
uses some questions from Ref. [I76], and some questions specifically written for the program.
There additionally were three free response / reflection questions written specifically for

NanoCamp! that the students answered about their experience in NanoCamp! that day.
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H Lesson ‘ Nanoscience Content ‘ Hands On H
Experiment with Nanomaterials Size & Shape Yes
Model of an Atom Size & Shape No
Lithography: Methods to Make Nanomaterials Size & Shape Yes
Make a Spectroscope Size & Shape Yes
Virtual Lab Experience Size & Shape No
Strength of Structures with Origami Structure of Matter Yes
Meet a Researcher (2) Size & Shape No
Model of Carbon Allotropes Structure of Matter Yes
Observations of the Electromagnetic Force Forces & Interactions Yes
Thin Film Interferences Forces & Interactions Yes

Table 7.1: Lessons taught during NanoCamp!

7.2 DMethods

7.2.1 Format

NanoCamp! was conducted over Zoom in July and August 2021. The program involved
multiple hands-on activities, experiments, and inquiry-based lessons. The experiments and
activities are listed in Table [[.2.J] The students answered the nanoscience and science
identity pre-surveys before nanoscience instruction or on the first day of the program. During
the five days, the students and instructors all together performed experiments using their
at-home kits. They were asked to present their data either by unmuting to speak, turning
on their video, or communicating through the chat feature. At the end of the second, third,
and fourth day, the students anonymously answered the free response questions. On the
last day, the post-surveys were administered and the students were given time to answer the

questions.

7.2.2  Participants

Fifty-nine students located in the United States and Canada participated in NanoCamp!.
The program was taught to three different groups of students. The first group consisted of
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a class of nineteen ninth- and tenth-grade students who participated in UW’s GEAR UP
Achievers program (Gaining Early Awareness & Readiness for Undergraduate Programs) in
South King County. Approximately half of the students participated by logging into the
Zoom summer program while sitting together in one room. Although technically in person,
the students primarily interacted through Zoom and not in-person. The remainder of the
GEAR UP participants attended the program at a personal residence.

The last two groups of students participated in NanoCamp! through Youth and Teen
Programs hosted by UW Continuum College. These forty students were primarily located
across Washington state, with two students outside of Washington. All attended classes
remotely at a personal residence, and were in sixth through eighth grade.

All students participated in this study, though some did not fill out all surveys or all
questions in the surveys. This did not impact their experience in the program. Student
responses had keys assigned to each survey which allowed pre- and post-survey responses to
be matched without breaking anonymity. This research study was registered through UW'’s
Human Subject Division Institutional Review Board STUDY00013671. After review, it was
determined that this study presented "No greater than minimal risk” and was therefore

declared exempt.

7.2.8 Instrumentation

The impact of NanoCamp! on the participants’ science identity and nanoscience knowl-
edge was investigated using a combination of two surveys and free response questions. All
instruments are reproduced in Appendix [G]

The science identity instrument was developed in Ref. [I75] to evaluate the impact of an
informal education experience on middle school students’ science identity. The instrument
was specifically designed to be short with minimal classroom disruption. In addition, the
instrument offers a quantitative resource for evaluating science identity, while many others
are qualitative. The instrument relies on the three constructs of science identity: competence,

performance, and recognition [I71]. Each construct has five questions associated with it. The
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questions are asked on a Likert scale.

The nanoscience content instrument was designed specifically for this program. Part of
the questions came from Ref. [170], while others were created by the instructor. Unlike
the science identity instrument, this instrument was not rigorously tested for reliability or
validity. It consists of fifteen true / false and multiple choice questions on some of the core
concepts of nanoscience: size / shape / scale, structure of matter, and forces and interactions.

Five questions were asked for each core concept.
7.3 Results & Discussion

The data collected from the science identity surveys is shown in Figure [7.3] Each panel
contains the data from the pre- and post-survey results from all NanoCamp! participants
for a single question. The title of the panel labels the question, where all questions are
displayed on the right with their label. The students had the option to select the following
choices in response to each question: “Strongly agree” (blue), “Agree” (green), “Neutral”
(yellow), “Disagree” (orange), and “Strongly disagree” (red). The numbers overlaid on each
bar section indicate the number of participants who selected the corresponding answer to
the labelled question. All data has been included; i.e., the data from students who did not
entirely complete both the pre- and post- surveys has been included.

Table [7.3] includes the means and standard deviations of the pre- and post- survey data
for each question from Figure [7.3 “Strongly disagree” is coded to equal 1, “Disagree” is
assigned 2, up to “Strongly agree” equal to 5. The difference between the means of the pre-
and post-surveys from each question may be used to understand the impact NanoCamp!
had on the participants. For the competence construct, each of the five questions had an
increase in mean value after the program (Mean Pre — Mean Post < 0), suggesting that
participants felt more competent in science after participating in the program. Similarly,
for each question in the performance construct, the mean post-survey increased from the
pre-survey. However, for the recognition construct, two out of the five questions had a larger

mean value in the pre-survey compared to the post-survey. The two questions are: “When
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| am good at science

| know a lot about science

| am good at most science experiments

| understand science topics

I learn new science topics easily

| can use science equipment and/or technology to collect data
I know how to use the scientific method/process

| can talk with others about science related topics

| can create my own science experiments

| can use my observations to create a hypothesis

My friends see me as someone that is good at science
When giving a science report, | feel like a scientist

Others see me as a scientist when | share my observations
When | share data I've collected, | feel like a scientist

| can help others with science related topics

Figure 7.1: Total pre- and post-survey Likert data from the science identity instrument.
Each row contains the results from each construct: competence (row 1), performance (row
2), and recognition (row 3). The numbers overlaid on the charts indicate the total number of
responses in each category. The categories range from ”Strongly Agree” (blue) to ”Strongly
Disagree (red), as indicated in the legend. No data was excluded from this analysis. The
students who only filled out one out of the two surveys were included in this data set, which
explains the fewer data in the post-survey column. The questions corresponding to each
data set are listed on the right. Table [7.3| contains the descriptive statics corresponding to

this data.
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C1 C2 C3 C4 C5
Mean SD. | Mean SD. | Mean SD. | Mean SD. | Mean SD.
Pre | 357 0.68 | 3.38 0.75| 3.69 0.75| 3.81 0.58 | 3.74 0.97
Post | 3.68 0.75| 3.60 0.77 | 3.87 0.76 | 4.00 0.59 | 3.81 0.90

P1 P2 P3 P4 P5
Mean SD. | Mean SD. | Mean SD. | Mean SD. | Mean SD.
Pre | 379 086 | 3.59 088 | 3.72 091 ] 3.05 1.10| 3.97 0.65
Post | 4.02 0.69 | 4.04 0.88 | 3.83 0.83| 3.57 1.03| 4.00 0.71

R1 R2 R3 R4 R5
Mean SD. | Mean SD. | Mean SD. | Mean SD. | Mean SD.
Pre | 328 081 ] 328 1.04| 321 0.74] 353 0.90| 3.60 0.79
Post | 345 0.95| 321 1.10] 325 1.00] 3.34 1.02] 3.81 0.72

Table 7.2: Descriptive statistics of Likert scale science identity data.

giving a science report, I feel like a scientist”, and “When I share data I've collected, I feel
like a scientists.” The data indicates that the participants felt [ess like a scientist when giving

a science report and sharing their data.

Mean | Std. Dev. | SEM | Lower | Upper t df | Sig.

Total -2.479 5.35 0.77 -4.03 -0.93 | -3.21 | 47 | 0.002

Competence | -0.813 2.16 0.312 | -1.440 | -0.185 | -2.606 | 47 | 0.012
Performance | -1.46 2.475 0.36 | -2.177 | -0.740 | -4.082 | 47 0

Recognition | -0.208 2.63 0.38 -0.97 0.55 | -0.548 | 47 | 0.586

Table 7.3: Paired sample t-tests comparing the pre- survey and post-survey data. C.V. for
df = 47 is 2.012. The students’ reported total science identity increased with a statistically
significant value. This resulted from increased of the students competence and performance.
However, the data shows that the students did not experience a statistically significant change

in the recognition construct.
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To further explore these findings, paired-sample t-tests were performed on the subset of
the data where every pre-survey response could be connected to a post-survey response using
SPSS. The advantage of using this test is that it is performed by matching each participant’s
pre- and post-survey data, which can indicate the change each student individually had by
participating in NanoCamp!. To match the pre-surveys to the post-surveys, data had to be
excluded. This reduced the data set to 48 responses. The results of this test are shown in
Table [7.3] In this test, the five questions for each construct have been grouped together.
The mean is calculated by taking the average of the differences between pre-survey data and
post-survey data from each student. A negative mean indicates that the pre-survey was less
than the post-survey, i.e., the participants’ science identity increased after the nanoscience
program. The column labeled ‘Std. Dev.’ is the standard deviation between the data. ‘SEM’
stands for the standard error mean, which is calculated by dividing the standard deviation
by the square root of the sample size. ‘Lower’ and ‘Upper’ are the lower and upper 95%
confidence interval of difference. ‘t’ is the t-value for the paired-sample t test. ‘df’ is the

degrees of freedom. ‘Sig.” is the p-value with df degrees of freedom.

For the competence and performance constructs, a statistically significant increase in
the participants’ identity is measured. This is because the lower and upper 95% confidence
interval of difference have the same sign, the t value is greater than 2.012 (calculated from
df= 47), and Sig. (2-tailed), the p-vale, is j 0.05. However, even though recognition has a
negative mean (indicating a positive intervention), the lower / upper values have different
signs, the t values is > 2.012, and Sig. (2-tailed) is > 0.05. Therefore, while the competence
and performance constructs increased after NanoCamp!, there is no statistically significant

change in the recognition construct.
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Mean | Std. Dev. | SEM | Lower | Upper t df | Sig.

Total | -.511 2.06 0.31 -1.13 0.11 -1.66 | 44 | 0.104

Table 7.4: Paired sample t-tests comparing the pre- and post-surveys. C.V. for df = 47
is 2.012. The results from the instrument and data analysis indicate that the students’

nanoscience knowledge did not change with any statistical significant.

The data resulting from the nanoscience content instrument is displayed in Table[7.3] By
the sign difference between the lower / upper confidence interval values, the t value greater
than 2.012, and Sig. or p value § 0.05, no statistically significant change in the students’
nanoscience knowledge can be claimed. This could either be because the instrument had
not been validated and tested for reliability, or it could be because the participants did not

measurably learn nanoscience content.

7.4 Conclusion

In conclusion, the participants’ science identity increased after attending NanoCamp!, but
there was no statistically significant change in their nanoscience education. The students
experienced an increase in competence and performance, yet not recognition. This could
be explained due to the virtual environment of the program making the students feel less-
recognized than maybe they would have in an in-person environment. Given the question
breakdown, it’s suggested that more effort should be put into encouraging students to share
data. This is a difficult task to do virtually, made worse when the majority of students
can only interact with video and audio off. From the collected data, it seems the students’
nanoscience knowledge did not increase. This could be because the instrument did not
accurately test for a middle to high school students’ nanoscience knowledge.

Future studies similar to this one would benefit from the creation of a validated and
reliable nanoscience content instrument. Without a tested instrument, drawing conclusions

from the data is difficult. Furthermore, additional post-survey should be administered one
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to six months after the program to test whether the changes observed immediately following

the program persisted once the students are in different environments.
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Appendix A
COUPLED OSCILLATOR NORMAL MODE APPROACH

This Appendix outlines an approach to approximate the normal modes for a coupled
nanoparticle system as coupled harmonic oscillators. This approach is exact for small spheres
and spheroids, but once retardation effects are added the normal modes must be approx-
imated numerically. The equation of motion for a damped, un-driven harmonic oscillator
is

mi + Myord + mwiz = 0 (A.1)

where x is the oscillator coordinate, m is the mass of the oscillator, ;. is the total damp-
ing, and wy is the resonance frequency. The following sections derive expressions for these
oscillator parameters which enable the mapping of the dipole LSP onto harmonic oscillator

equations of motion.
A.1 Resonance frequency and effective mass for quasi-static sphere

These derivations begin with the Clausius—Mossotti polarizability and the Drude model:

3V e(w) — e
_ 2V b A2
a(w) 4 e(w) + 26 (A4.2)
2
w
=€y — — L — A3
€w) =e w? + iwy (A-3)
Multiplying the numerator and denominator of Eq. by (w? + iwvy) gives
3V (€ — €)(w? +iwy) — w?

A7 (oo + 265) (W2 + iwy) — w2
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To define m and wy in terms of an oscillator equation of motion, recall that a(w) can be

written in the form:
2
a(w) = %x(w) - ¢ /m

(A.5)

(—w? —iwy + i)’
To isolate the —w? term in the denominator of Eq. multiply the numerator and denom-
inator by —1/(€ex + 2€,). This leaves Eq. as:

|3V (=i (w0 — i) + 6/ (e + 261)

aw) 47 —w? —iwy + w2/ (€ + 26) (A6)
3V ((6:’;26:3) (—w? —iwy) +wd
4 —w? — fwy + Wi

This enables the definition of wy to be:

T
— ) —P AT
o € + 26 (A7)

In the numerator, add and subtract :mﬁwg to cancel the left term in the numerator with

the denominator. This results in the static part and the w varying part

€00 —€D
€oo +2Eb

— fwy + wd

2 2
Wo — )

%

T 4m

€x — €
€oo T 26, —w

a(w) 5 . (A.8)

Lastly, take the second term in the polarizability, and compare this to Eq. to define m:

62_3‘/_2 €o — € 2:|

m  4r _wo B €oo 2€bw0
:ﬂ'eoo+26b—eoo+eb]wg (A.9)
4 L €0 T 26

— | — W
41 Leg + 26 0
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After plugging in V' = %7?@3, this leads to:

€ (e +26)
S adw? o 36

(A.10)

m

A.2 Resonance frequency and effective mass for quasi-static prolate spheroid

The polarizability for a prolate spheroid is defined as [27]:

|4 €— €

= N A1l
a(w) Am L(e — €p) + € ( )
where L is a geometric factor (Lsphere = %)
1— 2
L,= 363 (—e, + tanh'e,)
L (A.12)
L,=L,=—"2
Y 2
and the eccentricity, e,:
2 _ g2
€s = 2 (A].S)

Following the same procedure as above, the Drude mode (Eq. may be plugged into the
polarizability for the prolate spheroid (Eq. [A.11)) and multiplied by (w? + iwy):
1% (€0 — €)(W? + iwy) — w?

aw) = 47 [Lew — €) + &) (w? + iwy) — Luw? (A.14)

Then isolating the w? term in the denominator returns:

~ Vllew — @)@ +iwy) = wpl/[L{esxs — @) + €]
oz(w) - 47 w2 + iwv — Lw}%/[L(EOO — Eb) T Eb] . <A15)

This allows for the definition of wy when comparison to Eq. as:

oo e (A.16)
“o = L€ — &) + €5 '
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Plugging in wy and simplify out terms in numerator:

L(eco—ep)+ep
alw) = —
() 4 —w? — iwy + Wi

(oo —e€p) (—w?—iwy) 2
1% +wj/L
0 ] (A.17)

Separating the static and dynamic terms by adding and subtracting terms in the numerator,

r (€oo —€p ) (—w?Z —iwy+w?2 €oo—€p w3
Oé(w> = K : Lb()ﬁio*%)+6:+ v - L((éoofﬁl;))JrOﬁb + wg/L]
4 —w? —iwy 4+ Wi
- omer)o? , (A.18)
V] (= 6)  Teayre TW/L
AT | L(eso — &) + 6 —w? —dwy 4wl |

Then by taking the dynamic part, and setting it equal to the oscillator polarizability

e V| —(o —€)wi 9
c_r I
m  4Ar | L(ew — &) + € +w/
- (A.19)
_ v WSGb
CAm | L2(eso — ) + Ley |
Therefore,
Are? L?(ey — L
o Ame (€ 2€b) + Le, (A.20)

V Wi€p

A.3 Long-wavelength approximation

For particles outside of the quasi-static limit, retardation effects must be considered.
This was first derived analytically in Ref. [I78] for a sphere by defining a depolarization
field, Eq4ep, which corresponds to the field generated by the polarized matter surrounding
the center of the particle. The polarization P of the sphere is 47P = (¢ — 1)(E + Egep)-
The field Eqp is then determined by assigning a dipole moment, dp(r) = PdV, to each
volume element, calculating the retarded dipole field generated by dp, and integrating over

the volume of the sphere by expanding the Mie coefficients and only keeping terms up to k3.
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Ref. [IT5] continued this derivation and arrived at a modified polarizability for spheroids:

a
AW — ~ f_QDa ~ Z%@ (A21)
where D is the dynamic geometric factor (Dsphere = 1)
1
DZ_'Z<1+€2L 1)
_63 (A.22)
a
D.=D, = (— tanh~" ¢, - D.

The oscillator polarizability can be subbed in for «, and ayw can be rewritten in the same

form as as. by defining modified dipole parameters, m, 7, @Wp.

1
aMw = T 2 _jwy+w? .
WTTZJFO — %D—z%ki”
B e?/m
—wz—iw'yw%—%%’c‘—; z?,’;’gw?’
= e/m (A.23)
—w2(1+—12"—2) —iw(y+ 222 0?) + wd '
2/m(1+e Dn) 1
T il + EEEA (T 225 + (T 22E)
B e /m
T —w? — WY + O3
where
. <1+ eQDnQ) e2Dn?
m=m — ) =m+ ——=
mlp c2 lp 2
2e2n3, 2
VT smav
T e
mlg c? <A24)
_ m(y + §fn7§3 2)
m
m 2e’n?
= =7+ w
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Appendix B
DERIVATION OF GAUSSIAN BEAM

This derivation is included in this dissertation because there are multiple ways of deriving
the Gaussian beam which lead to physically different answers. This derivation follows the
unpublished notes in Ref. [187]

This derivation seeks a solution to he wave equation:

B 302E(x, t)

V2E(x, ) Sz =0 (B.1)

which has harmonic time-dependence and the appropriate symmetries. To begin, pull out
the time-dependence in E by letting E(x,t) = U(x)e ™!, which reduces the wave equation
to the Helmholtz equation:

V2U(x) + k*U(x) = 0. (B.2)

Taking the field to be a plane wave propagating along the z axis, U(x) = Uy(x)e™**, but
varies slowly with respect to z (9*U,/d2? ~ 0) leads to

aQUo(X> + aQUO(X) + Qikw =0. (B'3)

0x? oy? 0z

Eq. is called the paraxial wave equation. Guess the solution to be of the following form:
Uy = Aet*(@*+v?)/2a(2) gip(2) (B.4)

where ¢ is complex and takes the form ¢(z) = z — izg. Therefore,

1 1 _ 1

—_ —|—Z
q(z)  z+z2%/z 2%/zp+ g




134

Let R(2) = 2z + 2% /2, k = 2mny/ A, and given wy = +/zgr\/7ny, then

1 1

- - B.6
wil+22/2% (B.6)

w(z) =

Finally, e?(?) = %e‘iw(z) where 1(z) = arctan(z/z,). By setting the focus to be at z,, the

final expression is:

E,(x,1) = Fok “(’0)e—<w2+y2)/w<z>2ez‘k(z—zf>€ik(z2+y2>/<2R<z>>e—izp(z)e—wt (B.7)
wlz
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Appendix C
STEADY STATE HEAT DIFFUSION

In the steady-state, the time-dependent heat diffusion equation reduces to:
=V [k(r)VT(r)] = Q(r) (C.1)

When considering the temperature outside of a nanoparticle heat source, this equation is

quite easy to solve using an approach similar to Gauss’s Law.

/dVV k(e)VT(r)] = —/dVQ(r)

j{de‘- k(r)VT(r)]=—-P (C.2)
k(r = r')g—f(élm“z) =-P

Integrating both sides leads to:
P

drkr

T(r) (C.3)

where k is the thermal conductivity of the background.
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Appendix D
TIME-DEPENDENT HEAT DIFFUSION

D.1 Photothermal Time-Dependant Temperature Distribution

Necessary to modeling the photothermal imaging experiment is an appropriate model
for the temperature distribution produced by a spherical, time dependant heat source. In
photothermal experiments, the heating beam is typically amplitude modulated according to
P = 1Py(1 + cosQt). The spherical absorber will therefore provide the the following heat
source

1
Pabs<t) = §Pabs,0(1 -+ cos Qt) (Dl)

This power therefore may be used to define the time-dependant heat source. While there
are numerous ways to solve the problem, I have followed an approach described in §2.6 of
Ref. [171].

The starting assumption is that instead of a nanosphere heat source in an infinite back-
ground, we instead solve the problem of an infinitesimal heat source in an infinite background.
Therefore, the following solution will only be valid at all points except exactly at the origin.
Given that we won’t be solving for the temperature at the origin, we can then solve the

homogeneous, or heat diffusion equation without a heat source:

OT (r,t)

P = kV2T(r,t) (D.2)

where ¢, is the specific heat capacity [kgLK}, p is the mass density, and x is the thermal con-
ductivity. By superposition, this problem can be solved by calculating the time-independent
term, T} (produced from the heat source 1/2F,), and the time-dependant term, 75 (produced
from the heat source 1/2P)cost). 277 has been solved for in Appendix ; the following
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discussion will solve for T5. At the end, the two solution will be added together.

Given the spherical symmetry of the problem, the Laplacian reduces to:

oT(r,t)  [20T(r,t) 9°T(r,t)
T P R ]

(D.3)

Now make the substitution v = r7T'(r,t) and define C' = ¢,p as the heat capacity per volume,

Eq. then reduces to:
u(r,t) Kk Pu(rt)

— D.A4
ot C  Or? (D-4)
From here, suppose the solution: v = u(r)e**. Plugging this into Eq. results in:
Pu(r) C.

This leads to the the clear guess of u(r) = Ae "V Y% L BerViC/x vt hecause u(r) cannot
diverge as r — oo, then B = 0. Using the identity v/i = \%(1 + 1), u(r) reduces to:

U,(’f’) — Ae—ir\/CQ/%fe—r\/CQ/Qﬁ (DG)
At this point I will define ry, = 1/2k/CS) to simplify the expressions. Going back to v(r, t):
v(r,t) = At r/rim) o= /T (D.7)

The temperature must be real, so after taking the real part of Eq. [D.7 and rewriting it in
terms of T'(r, t)

T(r,t) = ée_r/”h cos (Qt —7/rw) (D.8)
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To solve for A, enforce the following boundary condition of the flux at " and ¢ = 0:

; [ 9T Puu(t=0)
11m —_— K = —
=0 or 47rr? -
oA 1/2P,
1 R Il 4 " _ o abs,0
Tlllil}) ar [7“ e b cos ( T/Tth)] = —47T/~€7“2 B
E Pays
Tim ﬁe_”/m‘ [(1 +7/rm) cos (r/rw) + 7 /rasin (r/rth)] = 87;7:02 B} (D.9)
: i A Pabs 0
lim | — = ’
=0 |12 8mkr’?
_ Pabs,O
8TK
Putting it together,
Pa S,V —r/r
T(r,t) = —87;77?@ /v cos (Ut — 1 /ry,) (D.10)

This is the result for T5. T will be equal to the steady-state solution derived in Appendix
multiplied by 1/2 given Ps(t = 0) = 1/2P,ps0.

= g:rb;f (D.11)
Putting it all together, T'(r, t):
T(rt)=T1+ Ty
= % 1+ e7"/mm cos (Qt — T/Tth)} (D-12)

It is useful to consider the physical importance of ry, introduced in the previous derivation.
This quantity is commonly referred to as the thermal radius and sets the characteristic length
for heat diffusion. This is the distance which bounds the region for which energy transfers

appreciably to the environment.
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Appendix E
GREEN’S FUNCTION OF A SPHERE

The following is a derivation of the Green’s function for a sphere. Consider a sphere of

radius @ and a point charge at r’. The solution to Poisson’s equation:

— eV2GE(r, v w) = 476 (r — 1), (E.1)
is given in Ref. [1§] to be
G(r,vsw) =Y (At + Biyr™)Y,0(0, ¢) (E.2)
I,m

v

I ¢

Figure E.1: Problem set up for solving for the Green’s function of a sphere
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where Y),,(0, ¢) are the spherical harmonics. We know that in each region, the Green’s

function must take the following forms:

Region I: G(r,r;w) = Z (Al7mrl)Yl,m(9, o)

lm

Region IT: G(r,v’;w) = Z (Cl,mrl + Dz,mr‘”“))Yz,m(@, ¢) (E.3)
lm

Region IIT:  G(r,rv";w) = Z (E7mr_(l+1))Yl7m(9, o)

lm

subject to the following boundary conditions: D is continuous across the sphere boundary,

(?GI 0GH
— = E4
E(W) 67“ r=a € 87" r:a’ ( )
D is discontinuous across the § boundary,
oG oG
i Wity IS (®5)
(G is continuous across the sphere boundary;,
Gi|,_, = Gul,_, (E.6)
and G is continuous across the § boundary,
Gu| _, =G| _.. (E.7)

Enforcing these conditions allows us to solve for A, Bym, Cim, Dy and Fy,, in Eq. [E.3]
Putting everything together leads to:

1 4 a®t e(w) /e — 1]
W)= —— — Y Y. (@.¢) (B
G(r7 r 70‘]) Eb’r _ r/’ ; 2l + 1 7"/l+171(l+1) Eb + Z[E(W) _|_ Eb] lm(97 qb) lm(e 7¢ ) ( 8)
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Notice that for [ = 1, the frequency dependence of Eq. is exactly the Clausius—Mossotti
polarizability, Eq. [2.6]
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Appendix F

COMPARISON BETWEEN TIME-INDEPENDENT AND
TIME-DEPENDENT PHOTOTHERMAL SOLUTIONS

It is intuitively convenient to think about the photothermal signal after the lock-in has
been preformed. Many in the field even start their theories that way. Furthermore, in Refs.
[14], [10], the computations were performed in the time-independent limit which agreed well
with experiment. This Appendix verifies that this approach is valid in the limit of large
modulation frequency. Specifically, does the intensity which reaches the detector I3, minus
the intensity of the background signal (i.e. signal when no NP exists) I, after both terms
have been evaluated by the lock-in detector (£) equal to a separate experiment wherein there
is no lock in, and instead you're subtracting the static signal with the heating beam on minus

the static signal of the heating beam off (yet the probe still over the NP):

2

‘C[Idet(t) - Ibg(t)} = [pump on — Ipump off (Fl)

In this section, all variables with subscripts containing 0 do not change with time. Beginning

with the left side of the equation:
L[Laer(t) = Ing(t)] = L[| Esca(t)]* + 2Re[E, (1) - B, (1)]]- (F.2)
The first term in Eq. is

Esca(t) =G- apt(t)Ep(t)
dovy

=G [apt,To -+ d—TTan} Ep70€*iwt
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Recalling that the average temperature is defined as:

Pa S 2
~abs,0"th (0.25 + ¢ cos 2t + ¢ sin Qt)
kVin (F.4)

= Llavg0 + Tcl,o cos 0t + TCQ,O sin Qt

Tan(t) -

Returning to Eq. [F.2] the time dependence in [Eg,(t)|* and 2Re[E,(t) - Ea(t)] need to be

integrated out. Performing this on the first term:

1 [7 sin Q¢
= | |Eea(t)]? dt
7'/0 | ®) {coth}

dO{ . . i 2 Sin Qt
/ Ozpt To + d;j [Tavg,o + Tey 0 cos Qt +Te, o sin Qt} )Ep’oe t {cos Qt}dt
sin Q¢
= / t) + Eo(t) {coth}dt
(F.5)

where for mathematical simplicity, Eq and Eg are defined to separate the terms that have

) dependence and terms do not.

da t Ciw
Est <t> = G : (Oépt,To + d_izr—),Tan,D) Ep,Oe !
= Est Oe_th
o (F.6)
Eqt) =G - ( d; |:Tcl,0 cos Qt + T, g sin Qt} ) Ep,oe_m
= EQ701€_iw cos Ot + EQ702€_th sin Qt
Expanding Eq. leads to:
1 (7 . . . 2 (sin 2t
- / E. oe ™t 4+ (EQ o1€” “cos Ut + Eq goe ™! sin Qt) {sm }dt
T Jo ’ ’ ’ cos Qt
1 /7 sin Ot
—2 [ 2R (E (B, cos QO + By gy sin O ) di (F.7)
. /0 e B ( 0,01 €08 Q1 + B g sin ) {cos Qt}

=Re(Eqo - (Eqo + Edo))
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This leaves the last term in Eq. [F.2

2 (7 sin Ot
z E,(t) - Bya(t) dt
2 [ e, Bator) {20

2 [ —iw *iw xiw it sin (2t
- ;/0 Re<Ep706 " (Est,Oe t+EQ,01€ ! cos Ot + Eg g€ tSant)>{COS Qt}dt (F.8)

=Re(Epo - (E;zm + E?],OQ))
Putting this all together, the left side of Eq. is

. [Re(Est,O (Eqo + EQ,02)> + Re(Ep,O (Eqo + EQ,O2))} (F.9)

The last step is to define these functions in terms of the fields scattered when the heating

beam is at a maximum power (Eg) and minimum power (Eg).

do
Ey =Eqo+Eoo = G- ((Tr) + —=|  Tha) B
i =Eq0 + Bayg ((Tr) + G|, Tonex) B (F.10)

ER EEst,O — EQ70 =G- a(TR)Ep,O
By taking the approximation Eq o ~ Eq o + Eq 2, then Eq. simplifies to
Cp 2 2 x
2Bl — [Bal + Re(Eyo - (Bu — Er) )]. (F.11)

This approximation is valid for modulation frequencies around MHz. However if the fre-
quency becomes too big, this approximation will not hold.

Now the right side of the equation:
cn
[heat on Iheat off = 8_7: [lEH + :Ep,()|2 - ‘ER + Ep,0|2i| (F12)

This reduces to:

cn
T2 [[Bul® - [Exf* + Re(Epo - (Bu — En)')] (F.13)
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Therefore, taking this time-independent approach is approximately equivalent to fully eval-
uating the lockin integral. The approximation breaks down when the modulation frequency

is large.
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Appendix G

NANOCAMP! INSTRUMENTS FOR EVALUATING SCIENCE
IDENTITY AND CONTENT ENGAGEMENT

The following three instruments were used to access to what extend science identity and

nanoscience content engagement changed over the course of the five-day summer camp.
G.1 Science Identity

This instrument was designed and validated in Ref. [I75] to measure the change in
middle and high school students’ science identity after participating in an informal education
environment (e.g.,outdoor science school). All questions from this instrument were used
exactly in the study conducted herein to ensure validity and reliability. The questions were
asked on a Likert scale: Strongly disagree, Disagree, Neither Agree nor Disagree, Agree,
Strongly Agree. Responses were collected in a Google Form. The students’ pre-survey and

post-survey included this instrument.

—_

. I am good at science.

2. I know a lot about science.

3. I am good at most science experiments.
4. T understand science topics.

5. I learn new science topics easily.

6. I can use science equipment and/or technology to collect data.
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7. I know how to use the scientific method method/process.
8. I can talk with others about science related topics.
9. I can create my own science experiments.
10. I can use my observations to create a hypothesis.
11. My friends see me as someone that is good at science.
12. When giving a science report, I feel like a scientist.
13. Others see me as a scientists when I share my observations.
14. When [ share data I've collected, I feel like a scientist.
15. I can help others with science related topics.

G.2 Nanoscience Content Engagement

The following was the nanoscience survey given to the students before and after the camp.
Most of the questions were taken from Ref. [I76]. The full instrument was not used because
the organizations we worked with did not want the students to take a long survey, and we
wanted to cater the instrument to the nanoscience activities we had planned. Because the
exact survey we gave the students had not been validated, we need to be careful about the

conclusions we draw from it. I created questions 5, 10, 14, and 15.

G.2.1 Nanoscience Content Instrument

1. A nanometer is 1,000,000 (1 million) times smaller than a meter (i.e., 1 m = 1,000,000

nm).

(a) True
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(b) False

2. Objects at the nanoscale are just large enough to be visible to the naked eye.

(a) True

(b) False

3. Nanomaterials do not occupy any volume.

(a) True

(b) False

4. Objects at the nanoscale can have different physical properties compared to their ev-

eryday, macroscopic counterparts.

(a) True

(b) False

5. Which of the following are 1 - 100 nm?

(a) Carbon atom
(b) Width of human hair
(¢) Width of DNA

(d) Human blood cell

6. Nanotechnology allows scientists to arrange atoms, but only in ways that already occur

in nature.

(a) True

(b) False
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11.
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Carbon nanotubes consist of carbon atoms bonded to each other in a regular (repeating)
pattern.
(a) True

(b) False

The properties of objects at the nanoscale may give rise to both advantages and risks
of nanotechnology.
(a) True

(b) False

Pencil graphite, a diamond, a car tire, and charcoal are all made from the same atom,
Carbon.
(a) True

(b) False

Researchers create nanomaterials by:

(a) removing small sections of a material (similar to sculptures chipping away from a

block of stone)
(b) placing atoms or molecules one at a time

(c) researchers do not make nanomaterials, all are found in nature

(d) Both (a) and (b)

Forces between objects at the nanoscale are stronger when the surface area between

them is larger.

(a) True
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13.

14.

15.

150

(b) False

Objects at the nanoscale are kept in random motion by continuous collisions with other

particles.

(a) True

(b) False

The extremely high surface area to volume relationship of objects at the nanoscale

gives them different properties compared to everyday objects.

(a) True

(b) False

The gravitational force acting on a gold bar is as important to determining its properties
as the gravitational force acting on a gold nanoparticle.
(a) True

(b) False

The multi-colored patterns (iridescence) we see in peacock feathers, oil spills, and

bubbles is caused by the

(a) material absorbing certain colors of light but not others
(b) material reflecting light waves which interfere with one another
(c) temperature of the material changing the way light interacts with it

(d) electric charges in the material emitting different colors
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G.3 Free Response Questions

During days two, three, and four, the students filled out the following three prompts:

1. What was your favorite activity today? Why?

2. What was one challenge you overcame in camp today?

3. What else would you like us to know?
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