ABSTRACT

Light Transport in Nanomaterial Systems

by

Nathaniel John Hogan

What happens as light traverses a medium composed of both traditional materials and many (105 − 1012 cm−3 ) nanoparticles? These types of systems are present
in many active areas of research in the nanotechnology sphere. Examples include
nanoparticles in aqueous and non-aqueous solvents during chemical synthesis or for
solar energy harvesting applictions; nanoparticles embedded in homogeneous and
non-homogeneous solids for photocatalysis; nanoparticles in biological tissue for medical appplications, and more. Because nanoparticles composed of a certain material
can have optical properties very different from the bulk material, these types of systems also display unique optical properties. In this thesis I outline an approach to
solving light transport in nanomaterial systems based on the Monte-Carlo method.
This method is shown to be optimal for nanomaterial systems where the extinction
coefficient is composed of relatively equal contributions of scattering and absorption.
Furthermore, I show that this computational tool can be utilized to solve problems
in a wide variety of fields. In plasmonic photocatalysis, where mixtures of nanoparticles are driven resonantly to efficiently catalyze chemical reactions, this method
elucidates the photothermal contribution. Experimental results combined with calculations suggest that the photocatalysis of a novel antenna-reactor complex composed
of an Al core and a Cu2 O shell is primarily from hot-electron injection.

Calculations involving taking optical images of objects through mixtures of nanoparticles explain the phenomenon that absorptive particles can enhance image quality
and resolution of images taken through a scattering medium. Previous reports on
this effect were limited in their explanation. We show that the reduced scattering
coefficient is not sufficient to explain the phenomenon. Rather, all of the optical
parameters must be known independently. The addition of absorptive particles increases image quality be selectively removing photons with the longest path-length
through the system. These photons are the most likely to cause image distortion,
having undergone multiple scattering events, having lost the original information of
the image.
Simulations of light transport through highly concentrationed solutions of nanoshells
(1×109 -1×1011 NP/ml) show a localization and efficiency of absorbed light that explains previous results obtained in light-triggered release of DNA from nanoparticle
surfaces. The strong temperature gradients obtained from these calculations help
clarify previous results, which showed DNA release below the dehybridization temperature with CW laser irradiation. Further studies motivated by these calculations
elucidate two regimes in light-triggered release with NIR radiation. CW radiation
causes dehybridization of DNA due to melting, whereas ultrafast radiation causes
Au-S bond breakage. Although previous studies have shown Au-S bond breakage for
400 nm ultrafast irradiation, this work is the first to explicitly show this mechanism
for 800 nm radiation. Light transport calculations coupled to thermodynamic calculations show a clear damage threshhold of the nanoshells below which DNA release
is optimal.
This method of solving light transport for small nanomaterial systems is flexible,
relatively easy to implement, and remarkably efficient with even modest computational resources.

Acknowledgements

As one who firmly believes in the existence of a Creator, I would first like to thank
Him for His unfailing support of me during this wonderful, tedious, arduous journey
that is a PhD. I am deeply grateful to my wife Emily, whose support, love, and care
has sustained me each and every day. I am also grateful to my son Peter who has
been very patient and forgiving with me. My parents, of course, deserve my gratitude
for my life and for their encouragement, support, and counsel. To all my siblings and
other family members who didn’t receive satisfactory answers to their questions about
my doctorate, thank you for your patience with me.
I have been richly blessed to be mentored by Dr. Naomi Halas over these years.
My gratitude is yours for always treating me as an equal in scientific regards, always
being willing to listen to me even when I contradicted you, and always willing to
help me understand and then be supportive of the next phase in my research and in
my career. I have also been richly rewarded by my collaborations and associations
with Dr. Peter Nordlander, from whom I have learned so very much. Dr. Alberto
Pimpinelli has been a mentor and a friend to me in so many ways. Thank you.
Thank you to each of the Halas group members. It has been a pleasure to work
with each of you. We have had many conversations over the years spanning a wide
variety of topics, scientific and otherwise. My outlook on life and my knowledge
of science have been enriched and deepened by my many interactions with you. I
must acknowledge the help and support of all the administration and staff here at
LANP and at Rice, most notably Surbhi Lal and Carol Lively for their support and
friendship.

Contents

Abstract

ii

List of Illustrations

1 Theoretical Introduction
1.1

vii

1

Intensive Light Transport . . . . . . . . . . . . . . . . . . . . . . . .

2

1.1.1

Optical Coefficients . . . . . . . . . . . . . . . . . . . . . . . .

2

1.1.2

Optical Cross Sections . . . . . . . . . . . . . . . . . . . . . .

5

1.1.3

Scattering Phase Function . . . . . . . . . . . . . . . . . . . .

8

Methods for Calculating Optical Coefficients . . . . . . . . . . . . . .

11

1.2.1

Mie Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . .

11

1.2.2

Discrete-dipole Approximation . . . . . . . . . . . . . . . . . .

12

1.2.3

Finite-difference Time Domain . . . . . . . . . . . . . . . . . .

13

1.2.4

Finite-element Method . . . . . . . . . . . . . . . . . . . . . .

13

Ensemble Light Transport . . . . . . . . . . . . . . . . . . . . . . . .

14

1.3.1

The Radiative Tansport Equation . . . . . . . . . . . . . . . .

14

1.3.2

Beer-Lambert Law . . . . . . . . . . . . . . . . . . . . . . . .

15

1.3.3

Diffusion approximation . . . . . . . . . . . . . . . . . . . . .

18

1.3.4

Computational Solutions of the Radiative Transport Equation

19

1.4

Plasmonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20

1.5

Photothermal Effects in Nanomaterial Systems . . . . . . . . . . . . .

24

1.2

1.3

2 Monte-Carlo Method for Nanomaterial Systems

26

2.1

Introduction to the Monte-Carlo Method . . . . . . . . . . . . . . . .

26

2.2

A Monte-Carlo Algorithm for Light Transport in Nanomaterial Systems 30

vi
2.2.1

The Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . .

30

2.2.2

Benchmark and Rationalization . . . . . . . . . . . . . . . . .

33

3 Applications in Nanopaticle-enabled Photocatalysis

38

3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

38

3.2

An Al-Cu2 O Plasmonic Photocatalyst . . . . . . . . . . . . . . . . . .

39

4 Applications in Imaging

49

4.1

Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

49

4.2

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

52

4.3

Varying the Scattering and Absorption Coefficients . . . . . . . . . .

56

4.4

Varying the Anisotropy Factor, g . . . . . . . . . . . . . . . . . . . .

58

4.5

Monte-Carlo Simulations . . . . . . . . . . . . . . . . . . . . . . . . .

61

4.6

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

67

5 Applications in Nanoparticle Theranostics

69

5.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

69

5.2

Nanocomplex Synthesis and Characterization

. . . . . . . . . . . . .

72

5.3

Thermal and CW Laser-Induced DNA Melting

. . . . . . . . . . . .

73

5.4

Pulsed Laser-Induced Release . . . . . . . . . . . . . . . . . . . . . .

78

5.5

Time and Concentration Dependence of DNA Release . . . . . . . . .

85

5.6

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

87

6 Conclusion

88

Illustrations

1.1

Schematic illustrating connection between optical cross sections and
optical coefficients

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

1.2

Henyey-Greenstein Phase Function . . . . . . . . . . . . . . . . . . .

9

1.3

Plasmon resonance of Ag spheres . . . . . . . . . . . . . . . . . . . .

22

1.4

Scattering and absorption branching of extinction efficiency . . . . . .

23

2.1

Calculating π with the Monte-carlo Method . . . . . . . . . . . . . .

27

2.2

Comparison of approximate solutions to the radiative transport
equation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

3.1

TEM Imaging of Al-Cu2 O Nanoparticles . . . . . . . . . . . . . . . .

40

3.2

Optical Efficiencies of Al-Cu2 O Nanoparticle . . . . . . . . . . . . . .

42

3.3

Experimental External Quantum Efficiency of CO2 Reduction . . . .

43

3.4

Monte-Carlo External Quantum Efficiency of Photon Absorption . . .

44

3.5

Heat Density of Al-Cu2 O Photocatalyst System . . . . . . . . . . . .

46

3.6

Photon Absorption Density Maps . . . . . . . . . . . . . . . . . . . .

47

3.7

Photon Absorption Decay Length vs Wavelength

. . . . . . . . . . .

47

4.1

Monte-Carlo Optical Imaging of a Point Source . . . . . . . . . . . .

50

4.2

Monte-Carlo Optical Imaging of a Point Source . . . . . . . . . . . .

52

4.3

Absorption-enhanced Imaging Through Scattering Media . . . . . . .

55

viii
4.4

Imaging through scattering media with varying scattering and
absorption coefficients . . . . . . . . . . . . . . . . . . . . . . . . . .

4.5

Imaging through scattering media with varying anisotropy factor and
absorption coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.6

60

Monte Carlo simulation results for imaging through scattering media
with varying scattering coefficient and anisotropy factor . . . . . . . .

4.7

57

64

Monte Carlo simulation results for scattering medium with varying
scattering coefficient, and anisotropy factor, g . . . . . . . . . . . . .

66

5.1

Schematic of light-triggered release mechanisms . . . . . . . . . . . .

70

5.2

Nanocomplex characterization . . . . . . . . . . . . . . . . . . . . . .

73

5.3

Investigation of CW-induced DNA release mechanism . . . . . . . . .

75

5.4

Absorption Profile of Nanoshell Solutions . . . . . . . . . . . . . . . .

77

5.5

Femtosecond pulsed laser induced ssDNA release . . . . . . . . . . . .

79

5.6

Calculated Temperature Field in DNA and Au Nanoshell . . . . . . .

82

5.7

Nanoparticle characterization after pulsed laser induced DNA release

84

5.8

Time and concentration dependence of pulsed laser induced DNA
release . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

86

1

Chapter 1
Theoretical Introduction
Although Maxwell’s equations provide a full description of the propagation of electromagnetic waves, it is also often convenient to examine light transport from the
standpoint of momentum and energy conservation of photons. This second viewpoint
is equivalent in mathematical mechanics to Boltzmann’s treatment of non-equilibrium
statistical mechanics. As in many fields of natural philosophy, the wave (Maxwell)
and particle (Boltzmann) properties of a physical phenomenon often lend themselves
to solving very different, yet complimentary problems for the same physical system.
Maxwell’s equations provide solutions for light transport in media that can be easily described by an index of refraction, or relative permittivity, such as transparent
media, metals, etc. However, many materials are not easily described by such a formulation and are therefore more amenable to the Boltzmann approach. Examples of
these types of media include biological tissue, suspensions of nano or microparticles,
opaque, highly scattering media.
In the specific case treated in this thesis, which is the transport of light in systems
composed of nanomaterials, both approaches are needed in order to understand lightmatter interactions. Certainly, there are aspects of the treatment presented in this
work that do not generally apply; the discussion presented here is patently for the
purpose of examining the specific case of light transport in heterogeneous systems
which include many nanoscale objects, which I call from this point on nanomaterial
systems.
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I begin this chapter by introducing theoretical foundations in wave and particle
light transport that are of particular interest in nanomaterial systems. Each discussion is also followed by an overview of the most common computational methods. I
end the chapter with a discussion of photothermal effects in nanoparticle systems,
which provides important background for the main application of the work presented
in this thesis.

1.1
1.1.1

Intensive Light Transport
Optical Coefficients

It is useful to break down the problem of light transport into two categories: intensive
light transport and ensemble light transport. An intensive property is one which does
not change when the size of the system is scaled. In other words, if a property of
an infinitesimally small volume of a material are the same as that of a macroscopic
amount of the material, then that property is intensive. As an example, consider a
plane wave incident on a dielectric medium. We characterize the medium with an
intensive property: the complex index of refraction ñ = n + iκ. Relating the complex
wavenumber k̃ to the complex index, k̃ =

2πñ
,
λ

yields the electric field of the plane

wave in the medium:
h
i
h
i
x−ωt)
~ t) = Re E
~ 0 ei(kx−ωt) = e− 2πκz
~ 0 ei( 2πn
λ Re E
λ
E(z,
.
Two factors result, an exponential decay, e−

2πκz
λ

(1.1)

, and the real part of a complex factor

which corresponds to the oscillations of the electric field. Because the intensity of the
light field goes as the electric field squared, the attenuation of the intensity goes as
e−

4πκz
λ

. With this, we define the attenuation coefficient,
α=

4πκ
,
λ

(1.2)
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which has units of inverse length, and gives a measure of how quickly the light field
decays in intensity along the propagation direction.
The major assumption that goes in to this formulation of the attenuation coefficient is the linear response of the medium to the applied electric field. If the electric
field is strong enough to induce nonlinear effects, then extra terms will be added to
the complex index and therefore to the attenuation coefficient as well. In everything
that follows I work under the assumption that the transport of light obeys a linear
response.
The intensive properties of interest in light transport are the optical coefficients:
the absorption, scattering, and extinction coefficients (µa , µs , µe ), expressed in units
of inverse length. The extinction coefficient represents the interaction probability per
unit length of a photon traversing through a medium. The absorption and scattering
coefficients represent the probability per unit length of a photon being respectively
scattered or absorbed by the medium. They also obey the condition that µe = µs +µa .
One can also take the inverse of the optical coefficients to obtain the optical mean
−1
−1
free paths la = µ−1
a , ls = µs , le = µe . The optical coefficients define the probability

that a photon will interact, absorb, or scatter while traversing a medium over an
infinitesimal distance ∆x:
Pe (x, x + ∆x) = µe ∆x

(1.3)

Pa (x, x + ∆x) = µa ∆x

(1.4)

Ps (x, x + ∆x) = µs ∆x.

(1.5)

These statements imply that photons only interact with the medium and never with
each other. This is a very good assumption for the energy ranges and materials
in nanomaterial systems, but is not in general true. The linear dependence on the
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differential ∆x comes from the fact that we have only considered linear interactions
in the transport coefficients. This is an assumption of the model and not a result of
anything more fundamental. Consider now the probability that a photon does not
interact with the medium over ∆x:
1 − Pe (x, x + ∆x) = 1 − µe ∆x.

(1.6)

Now, the probability that the same photon does not interact with the medium in
another ∆x is the same value, and so on and so forth for each successive ∆x. The
probability therefore, that a photon has not interacted with the medium over some
distance x = n∆x is given by:
x
1 − Pe (x, x + n∆x) = (1 − µe ∆x)n = (1 − µe )n
n

(1.7)

Taking the limit of n → ∞ then yields the following important result:
P = 1 − Pe (x, x + n∆x) = e−µe x .

(1.8)

The probability that a photon will interact after propagating a distance x in the
medium is then given by
Pe = 1 − e−µe x .

(1.9)

This is an important and foundational result for light transport. It makes sense
intuitively. The probability of interaction grows and asymptotically reaches unity
as the path length increases. A similar approach can be applied, of course, to the
scattering and absorption coefficients.
We can convert Equation 1.8 into a probability density by requiring normalization,
i.e.,
Z
0

∞

P (x)dx = 1 → P (x) = µe e−µe x ,

(1.10)
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which has units of inverse length.The mean of this function is of course le = 1/µe ,
which is no surprise given the way µe is defined. It is also convenient to define the
cumulative probability distribution function F (x) which is defined as,
Z
F (x) =
0

x

P (x0 )dx0 = 1 − e−µe x .

(1.11)

This function is useful for a number of reasons, but it is mainly used in this work in
determining random interaction lengths for photons (see Chapter 2.1).
The optical coefficients can be used to uniquely determine the transport of light
in nanomaterial systems. However, we have yet to make a connection between the
value of the optical coefficients and the medium itself.

1.1.2

Optical Cross Sections

Many media of interest in nanotechnology are composed of two main parts: a material
that can be characterized by a dielectric function and a mixture of nanoparticles. We
can separate the optical coefficients of the system into independent contributions from
each part. The dielectric function determines its contribution to the coefficients, but a
separate analysis is required to determine the contribution due to the nanoparticles.
In order to determine this contribution we need the optical cross sections of the
nanoparticles.
In terms of scattering of light, it is most common to start from the differential
s
, which is defined as the power radiated per unit solid angle
scattering cross section, dσ
dΩ

per incident flux. The total scattering cross section, which has units of area or length
squared, is then given by the integration over all solid angles:
Z
σs =
4π

dσs
dΩ.
dΩ

(1.12)
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The absorption cross section, σa of a particle is defined as the amount of power
absorbed per incident flux, and has units of area. Adding these two quantities together
gives the extinction cross section:
σe = σs + σa .

(1.13)

Notice that these are merely definitions. The cross sections have yet to be connected
in any way to a specific nanoparticle morphology or material. The specifics of those
calculations are deferred until the next section. At this point, we assume that we can,
by some method, calculate or measure these cross sections.

Figure 1.1 : Schematic illustrating connection between optical cross sections and optical coefficients. A volume with dimensions V = A∆x of a material
characterized by a linear dielectric or index of refraction, shown in blue, is illuminated uniformly with an incident power P. Within this material are homogeneously
distributed set of nanoparticles with concentration N , characterized by an extinction
cross section composed of an absorption and scattering cross section, σe = σa + σs .

Given the cross sections, one can calculate then the optical coefficients. Imagine
a medium with a complex index of refraction ñ, which has mixed in a homogeneous
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distribution of nanoparticles with a concentration of N , which are characterized by
an extinction cross seciton σe . Now consider a small volume of this material, with an
arbitrary cross sectional area A and a depth of ∆x and therefore a volume of V = A∆x
(see Figure 1.1). The entire area A is illuminated with light parallel to the normal
of A at a power of P . First we consider the contribution due to the nanoparticles.
The amount of incident power that interacts with the nanoparticles in the sample is
simply given then by the incident power multiplied by the ratio of the sum of all the
nanoparticle cross sections and the area A. The number of nanoparticles contained
in the volume V is simply m = V N = ∆xAN , and the ratio R is therefore:
R=

σe ∆xAN
= σe ∆xN.
A

(1.14)

This ratio gives in effect the probability that a photon in the incident light field will
interact with the sample, which is equivalent to our previous formulation Pe for the
optical extinction coefficient. Dividing both sides by ∆x then yields the following
relationship in connection with Equation 1.3:
µe =

R
= σe N.
∆x

(1.15)

One important observation here is that even though we initially considered what
seemed to be a geometrically dependent area A, this factor cancelled out, leaving the
equation for µe independent of the amount of sample. This must be the case, as we
have defined the extinction coefficient as an intensive property of the medium. In
order to make this formulation complete, the attenuation coefficient of the dielectric
material must also be incorporated:
µe = σe N + α = σe N +

2πκ
,
λ

(1.16)

where κ is the imaginary part of the complex index of refraction. A similar derivation
can be carried out for a collection of i different types of nanoparticles with cross

8
sections and concentrations given by σei and Ni , respectively:
µe = α + Ni

X

σei .

(1.17)

i

It is important to note that there are also systems where nanoparticles are situated
in a medium that is not easily described using a dielectric function, either from a bulk
value or from an effective medium theory. It is often the case in these situations that
an experimental measure of the scattering and absorption coefficients must be utilized
in order to accurately describe the optical coefficients.

1.1.3

Scattering Phase Function

The differential scattering cross section is in general a function of scattering angle.
In other words, the fraction of incident power scattered depends on the angle into
which it is scattered with respect to the incident radiation. We can write this angular
dependence in the following manner. We define the fraction of power radiated into a
particular angle θ as p(θ). The angle θ is defined as the angle between incident and
outgoing radiation by cos(θ) = n̂i · n̂s , where n̂i is the incident photon direction and
n̂s is the scattered photon direction. The power radiated into some angle θ is then
given by:
P (θ) = Pinc p(θ)σs .

(1.18)

In order for this to give the correct amount of radiated power as given by the cross
section, we must impose the following normailzation condition,
Z
p(θ)dΩ = 1.

(1.19)

4π

The function p(θ) is called the scattering phase function, and is a fundamental part
of light transport calculations and simulations.
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Figure 1.2 : Henyey-Greenstein Phase Function. The Henyey-Greenstein scattering phase function p(θ) is shown for a range of anisotropy factors g.

Henyey and Greenstein [1] developed a function in 1941 which approximated the
scattering phase function of small particles. Their work was originally used for light
transport in interstellar dust, but has since been used in many fields. Their function, since known as the Henyey-Greenstein or HG function, approximates p(θ) as a
function of the scattering anisotropy factor g:
p(θ) =

1
1 − g2
.
4π (1 + g 2 − 2g cos θ)3/2

(1.20)

The HG phase function varies from isotropic scattering at g = 0 to sharply peaked
forward scattering at as g approaches one, as shown in Figure 1.2. This function
allows for the modelling of a variety of different scattering media. Even if the actual
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functional dependence of the phase function is not that given by the HG function,
the anisotropy factor can be calculated using the following equation,
Z
g=

p(θ) cos(θ)dΩ.

(1.21)

4π

Another important scattering pattern is the dipole scattering pattern. This pattern is that of an oscillating electric dipole and is described by the following scattering
phase function:
pdip (θ) =

3
cos2 θ.
8π

(1.22)

There are many systems that can be accurately modeled using the dipole scattering
pattern. If there are deviations from a purely dipolar scattering field, then higher
order terms can also be incorporated (quadrupolar, etc.) in order to correct for
anisotropy. However, often times it is a decent and much simpler approximation
to use the HG phase function in the case of highly anisotropic scattering. It is
also common to consider the distribution of radiated intensity with respect to the
orientation of the dipole. This means that the angle θ is now defined as the angle
between the dipole direction and the direction of radiation under consideration. This
form which with this definition of θ is now,
pdip (θ) =

3
sin2 θ,
8π

(1.23)

gives the correct scattering pattern when using spherical polar coordinates. The
dipole is oscillating in the z direction, and radiation is most intense in the x-y plane.
Both the scattering cross section σs and the scattering phase function p(θ) must be
known in order to accurately calculate the transport of light in nanomaterial systems.
The next section details methods for calculating these properties.
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1.2

Methods for Calculating Optical Coefficients

As we have seen in the previous section, the intensive light transport properties of a
nanomaterial system can be found by knowing the complex index of refraction of the
medium as well as the concentration and optical cross sections of the nanoparticles
involved. Because the cross sections play such an important role in determining the
optical coefficients, this section is devoted to the methods most commonly used in
calculating them. The goal of the chapter is not to treat the methods exhaustively, or
to give the reader all the information needed to accurately perform the calculations.
Rather, the goal of the section is to provide a brief overview of the method and refer
the reader to citations which explain in detail the mechanisms of the method.

1.2.1

Mie Theory

In 1908 Gustav Mie published a paper with a rigorous explanation of the colour of
gold colloids in suspension. He treated the problem as a plane wave incident on a
perfectly spherical particle. Using Maxwell’s equations in spherical coordinates with
the appropriate boundary conditions, Mie calculated the scattering and absorption
cross sections as well as the scattering phase function of different sized gold colloid.
He showed that the unique colors exhibited by different sized gold colloid suspensions
was the result of optical resonance.
The approach formulated by Mie has come to be known as Mie Theory and is an
invaluable technique for calculating the cross sections and scattering phase function
of spherical nanoparticles. Many computer code implementations are available freely
which calculate the optical properties of spherical particles according to Mie’s formalism. These even include computational tools that allow one to consider nanoparticles
with single- and multi-layer shells of different material.
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It is important to remember that the solutions according to Mie Theory are not
an approximation in the theoretical sense. They are exact. Deviations from experiment are the result of the non-ideal conditions present in experimental conditions.
There are certain limitations, however, of which the user should be aware. Of course,
the theory only applies to spherical particles, although similar approaches have also
been formulated for spheroidal and cylindrical particles. In general, the surrounding
medium of the particle should be a homogeneous dielectric, and inhomgeneities such
as a substrate are difficult to incorporate accurately.

1.2.2

Discrete-dipole Approximation

The Discrete-dipole Approximation (DDA) is very similar in assumptions to Lorentz’
treatment of linear dielectrics. In the DDA, we assume that a nanoparticle may
be approximated by a large number of discrete dipoles of some size oriented such
that they approximate the physical size and shape of the nanoparticle. Knowing the
polarizability of each dipole using for example, the Classius-Mossoti equation, the
electromagnetic fields can be calculated for each dipole given an input field, or local
field. By recursively calculating the effect of each dipole on the others, one can recover
the polarization of each dipole. Knowing the polarization field of each dipole in turn
allows one to calculate the cross sections and the scattering anisotropy factor.
Because any shape can be approximated as a collection of discrete dipoles, the
DDA is a powerful tool allowing one to calculate the optical properties of particles
with irregular shapes. Computationally, the method can be cumbersome for a large
number of dipoles, which is often required if the index of the material is large.
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1.2.3

Finite-difference Time Domain

Finite-difference methods are among the most commonly used in solving partial
differential equations. Maxwell’s equations are no exception, and finite-difference
time domain (FDTD) is a powerful method for calculating the optical properties of
nanoparticles. The derivatives in Maxwell’s equation are approximated using a finitedifference, i.e., replacing differentials in time or in space by finite differences between
spatial grid points or temporal steps. The time-domain portion of the name refers to
the fact that the computations are performed over a spatial grid and discrete time
steps, and wavelength dependencies are recovered by taking a fourier-transform of
the temporal response.
FDTD is a powerful method that lends itself to obtaining much more than simply
the optical coefficients of nanoparticles, although it is very useful for that as well. In
principle, FDTD returns the electric and magnetic fields everywhere in the simulation
domain, and so any quantity of interest that can be derived from the EM fields can be
obtained in post-processing. FDTD simulations are known to be relatively straightforward to implement. There are, however, drawbacks to using FDTD. Because the
entire geometry must be both finite and meshed, systems with small features can
require prohibitively large computation times.

1.2.4

Finite-element Method

The finite-element method (FEM) or finite-element analysis (FEA) is another general
method for solving boundary-value problems of partial differential equations. FEM
utilizes variational methods in order to minimize an error function and obtain an
approximate solution to the given conditions. This method is much more complex
computationally in terms of the computer code required to implement a full solution.
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However, there are advanced commercial solvers with a large amount of resources
available.

1.3

Ensemble Light Transport

In this section we explore the transport of light from the viewpoint of a particle
theory. The particles of interest are photons. In this formulation of radiative transport
theory, as we will see later, it becomes apparent why the optical coefficients, µe , µa , µs ,
are so useful. I begin with a discussion of the radiative transport equation (RTE),
the meaning of each term and the assumptions implicit in the formulation. In the
following sections I explore situations where simplifying assumptions can reduce the
RTE to an equation that is solvable analytically, or at least one which is more tractable
than the full RTE.

1.3.1

The Radiative Tansport Equation

In order to fully capture the transport of photons through a medium, we define a
quantity for a given wavelength λ called the spectral radiance, Γλ (~x, ŝ, t), which is a
function of position, propagation direction, and time. The units of this quantity Γ
bespeak its complexity: it represents the energy per unit time, per unit wavelength,
per unit solid angle, per unit area. In other words, the amount of energy flowing
through a small area element da located at ~x with a normal defined by n̂, per unit
time, per unit of solid angle, per unit wavelength is given by:
dEλ = Γλ (~x, ŝ, t) cos θdtdΩdλda,

(1.24)

where cosθ is defined as the angle between the propagation direction ŝ and the normal
vector of the area element da, n̂.
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Having this definition of Γ, we are now in a position to state the RTE:
1 ∂Γλ (~x, ŝ, t)
= −ŝ·∇Γλ (~x, ŝ, t)−µe Γλ (~x, ŝ, t)+µs
c
∂t

Z

Γλ (~x, ŝ, t)f (ŝ, ŝ0 )dΩ0 +Sλ (~x, ŝ, t),

4π

(1.25)
where c is the speed of light in the medium, f (ŝ, ŝ0 ) is the scattering phase function,
µe is the extinction coefficient, and S is the source function. Let’s go through this
equation term by term. The first term on the right hand side tells us that the
temporal change in spectral radiance is proportional to the gradient of the same
for each propagation direction. The second term tells us that the value of spectral
radiance decreases due to losses in absorption and scattering, i.e., µe = µa + µs . The
third term describes the contribution to the spectral radiance due to scattering from
surrounding volume elements. The fourth term, of course, is the contribution to Γ
due to light sources.
This is indeed a very complex integro-differential equation. It has no known
general solution, the major mathematical problem arising from the integral. Most
approaches to simplify this equation, therefore, strive to eliminate the integral and
reduce the problem to a purely differential equation. In order to build some intuition
about what this equation is all about, let us consider a couple limiting cases.

1.3.2

Beer-Lambert Law

In this section we consider the case where the medium of interest has a negligible
amount of scattering, i.e., µs = 0 and therefore µe = µa . This simplifies the RTE to
the following:
1 ∂Γλ (~x, ŝ, t)
= −ŝ · ∇Γλ (~x, ŝ, t) − µa Γλ (~x, ŝ, t) + Sλ (~x, ŝ, t).
c
∂t

(1.26)
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This equation is more simple than it seems at first glance. Because we have now
eliminated scattering from the problem, we have decoupled photons propagating in
different directions. There is no longer any mechanism that reorients photons moving
in one direction into another. Therefore, we can separate each propagation direction
into a separate equation of the form:
1 ∂Γŝλ (~x, t)
= −∇ · Γŝλ (~x, t) − µa Γŝλ (~x, t) + Sλŝ (~x, t),
c
∂t

(1.27)

where Γŝλ and Sλŝ represent the spectral radiance and source function for a particular
propagation direction ŝ. One can quickly see that if there is no source in a particular
propagation direction, then the solution is trivially Γ = 0 for all positions and for all
time. Why is this so? Because again, there is no mechanism that redirects energy
into that propagation direction, and given that there are no photons to start with in
that direction, there never will be.
Now, let us consider this new equation for the case of a monochromatic beam
travelling through a medium. In other words, S(z = 0, t = 0) = S0 for the propagation
direction ŝ = +z. Because we have reduced the RTE to a purely differential equation,
we can drop the source term and think of it as a boundary value for now. In other
words, Γ(z = 0, t = 0) = S0 . Let us also consider the stationary solution, where
ŝ x,t)
1 ∂Γλ (~
c
∂t

= 0. These assumptions lead to:
∇ · Γ(z) =

∂Γ
= −µa Γ(z),
∂z

(1.28)

which of course has the solutions, subject to the boundary conditions set above:
Γ(z) = S0 eµa z .

(1.29)

At this point, we can also simplify the definition of Γ, becuase we have removed any
explicit dependence on propagation direction. Indeed, Equation 1.29 is also true of
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the light intensity I. This result is know as the Beer-Lamber law (BL), and is an
extremely important tool in many fields.
In order to illustrate the usefulness of this simple formulation, let us consider
another example. The BL law can also be useful in cases where µs is not small
compared to µa . Indeed, if the largest dimension of the medium is much smaller than
the average scattering length

1
,
µs

then we can follow the same arguments above. We

justify eliminating the integral in Equation 1.25 because the vast majority of photons
that are scattered leave the medium before ever interacting with the medium again.
Therefore, scattered photons are only considered in the loss term. Therefore, we have:
I = I0 e−µe z ,

(1.30)

where of course µe = µa + µs . Why is this valuable? Let us substitute Equation 1.15
in to this equation and assume that our light beam propagates through the medium
characterized by µe a distance d with an initial intensity of I0 . This substitution
yields:
I = I0 e−σe N d
1
I
log
Nd
I0
1
I
N =−
log ,
σe d
I0
σe = −

(1.31)
(1.32)
(1.33)

which is a very useful set of equations that relate an experimentally measurable
quantity − log II0 to the concentration N and the extinction cross section σe of the
nanoparticle. If either quantity, N or σe , is known, than the other can be obtained
from the above relationships. The quantity − log II0 is of such use that it has been
given its own name. It is referred to as the absorbance, or A. I will only use this
term for the experimentally measured value − log II0 . Others use the term extinction
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or sometimes optical density, but in order to avoid confusion with the extinction
coefficient and cross section I avoid using these terms. Most often the absorbance is
used to calculate particle concentrations, as particle cross sections can be calculated
using the methods described above. However, there are pitfalls associated with this
method but which are beyond the scope of this introduction.
It is important to note that some define absorbance using a base-10 logarithm.
The choice is somewhat arbitrary, but I choose the natural logarithm as it provides
consistency with the definition of cross sections. Using a base-10 logarithm only introduces an extra multiplicative factor into the above equations relating the absorbance
to the concentration and extinction cross section.

1.3.3

Diffusion approximation

We now examine the opposite extreme where absorption is negligible compared to
scattering, i.e., µs >> µa , and the smallest dimension of the medium is more than
just a few scattering mean-free paths. There are a number of ways of approaching
this problem in order to reduce Equation 1.25 into a partial differential equation. In
each approach, however, the key is that the spectral radiance can be decomposed into
two parts: an isotropic term and an anisotropic term. Indeed, these are the first two
terms in a spherical harmonics expansion of the spectral radiance. Qualitatively, this
approximation means that we can describe the spectral radiance with an isotropic
term and some small amount of anisotropy. So, we would expect that the photons
are “diffuse” in the medium. There are many texts which detail the mathematical
steps which reduce the RTE to the diffusion approximation (DA). I simply state the
result here for reference:
1 ∂Φ(~x, t)
+ µa Φ(~x, t) − ∇ · [D∇Φ(~x, t)] = S(~x, t),
c ∂t

(1.34)
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where D = (3(µa + (1 − g)µs ))−1 is called the diffusion coefficient, and Φ(~x, t) is the
intensity. The units of Φ are energy per unit area per unit wavelength per unit time.
The dependence on solid angle has been integrated out. The DA has been widely used
in astronomy and biology where the scattering coefficient is often orders of magnitude
larger than the absorption coefficient. This equation, depending on the source term,
is also not easily solved analytically but can be solved using common computational
methods for PDEs.

1.3.4

Computational Solutions of the Radiative Transport Equation

Computational solutions to the full RTE are not as straightforward as those for purely
differential equations. There are a number of methods which provide computational
solutions to the RTE. I mention the most prominent of these methods here for a
reference.
1. Discrete ordinates method (DOM) - This method discretizes the integral over
solid angle in Equation 1.25 along with a discretization of time and space. This is
one of the first computational methods for solving the RTE, and has made significant
progress over the years. However, the method is in general very computationally
expensive.
2. Pn approximation - This method takes the diffusion equation approach to
arbitrary order (nth order) as it expands the spectral radiance in an infinite series
of spherical harmonics. Integration and the orthogonality conditions of the spherical
harmonics yield a set of coupled differential equations. This method has been the
subject of much recent work.
3. Monte-Carlo method (MCM) - This method uses pseudorandom numbers in
order to simulate the trajectory of photon packets through a medium. This method
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is in general the one that provides the most accurate results; indeed, as the number of
photon packets simulated increases, the MCM approaches the “exact” solution. For
this reason, other radiative transport methods are often benchmarked against this
method. The drawback in using the MCM traditionally has been that the computation times required for highly scattering media can be prohibitively long. As this is
the main method used in this thesis, I will explore the details of the method rigorously
in Chapter 2.

1.4

Plasmonics

As many nanomaterial systems include nanoscale metallic objects, a short introduction to the world of plasmonics is given here. The free electrons in any material
exhibit charge-density oscillations at a frequency of

ωp =

4πne2
m∗e

1/2
,

(1.35)

where n is the free electron density, e is the electronic charge, and me is the effective
electron mass. When the symmetry of the material is broken and an interface exists,
say with air on one side, then a surface plasmon arises with the frequency
ωs =

ωp
.
2

(1.36)

It can be shown that for a metallic spherical particle described using the simple Drude
model dielectric function, there are infinitely many resonances given by the equation
r
l
ωl =
ωp ,
(1.37)
2l + 1
where l represents the angular momentum quantum number in a spherical harmonics
series expansion. Each of these resonances represents a dipolar, quadrupolar,..., n-th
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polar resonance of the electron gas. The strength of the resonances decreases with
increasing angular momentum. As expected, as the surface of the sphere grows larger
and larger the sphere begins to approximate a semi-infinite medium with an interface,
and it is easy to see that as l → ∞ that ωl → ωs .
Plasma frequency oscillations in nanoparticles have been coined as localized surface plasmon resonance (LSPR). The novel thing about LSPR in metallic nanoparticles is that these oscillations can be excited by electromagnetic radiation. Because
the size of the nanoparticle can generally be smaller or on the order of the size of
the wavelength of incident radiation, the electric field can cause a coherent dipolar
oscillation of the electrons. As the nanoparticle grows in size, higher order multipoles
may also arise, stimulated by the spatial variation of the light field.
In general, the actual position of the plasmon resonances, dipolar and otherwise,
are a sensitive function of the size, shape, material, and surrounding medium. The
cross sections of plasmonic nanoparticles can be calculated using the many methods
described in Section 1.2, which can incorporate the many variations in conditions that
change the nature of the resonance.
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Figure 1.3 : Plasmon resonance of Ag spheres. The extinction efficiency of
different diameter Ag spheres (as indicated in the legend) is shown as a function of
wavelength.

Extinction efficiencies (extinction cross section divided by physical cross section)
of four different diameter Ag spheres are shown in Figure 1.3 as calculated by Mie
theory. The cross sections show how the resonance shifts to longer wavelengths for
larger diameter spheres along with an appearance of higher order multipoles. For
example, the broad peak centered at 600 nm for the 200 nm diameter particles is a
quadrupolar mode, while that centered 400 nm is the dipolar mode. The quadrupolar
mode is absent from all of the particles with diameters of less than or equal to 100
nm, while each feature strong dipolar modes.
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Figure 1.4 : Scattering and absorption branching of extinction efficiency. The
branching ratio of the extinction efficiency is shown in the scattering and absorption
efficiences as a function of wavelength for a 200 nm diameter Ag sphere as calculated
by Mie theory.

Figure 1.4 shows how the extinction efficiency of the 200 nm Ag sphere is broken
down into scattering and absorption components. In general, larger particles tend to
have larger scattering coefficients because of the larger induced electric dipole moment. In terms of light transport, it is important to take into account the components
that make up extinction.
The field of plasmonics is itself a rich and deep field with a couple decades of
intense research. There are many aspects of plasmonics, from linewidth engineering
to fano resonances to plasmon hybridization theory that cannot be adequately covered
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in this thesis. The preceeding discussion was simply intended to be an introduction
to the topic, as plasmonic nanoparticles will feature in much of the work presented
here.

1.5

Photothermal Effects in Nanomaterial Systems

Many of the applications of light transport in nanomaterial systems arise from the
unique ability of nanoparticles to resonantly absorb light. This property makes these
types of particles amenable for use in photothermal applications. I will explore the
specific applications later, but here I give an introduction to the key thermodynamic
concepts required to bridge the gap between photo and thermal.
The heat equation gives the temporal evolution and spatial variance of the temperature field of a system as,
ρcp

∂T
− ∇ · (k∇T ) = q,
∂t

(1.38)

where T is the temperature, ρ is the density of the material, cp is the heat capacity
at constant pressure, k is the thermal conductivity, and q is the heat source density.
The heat source density is the amount of power per unit volume in a particular
system. This is the quantity that is of particular importance in the photothermal
effects considered in this work. Indeed, the temporal and spatial dependence of the
temperature depends completely on the boundary conditions applied to Equation 1.38
and the heat source density. Light transport simulations can provide the contribution
of absorbed light to the heat source density term, or can determine it altogether in
the absence of other sources of heat.
Equation 1.38 can be solved using many common methods, including finite-difference
or finite-element methods. In this work, I have used the finite-element method (FEM,
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Comsol) in order to solve the heat equation for a number of applications. These solutions are detailed below.
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Chapter 2
Monte-Carlo Method for Nanomaterial Systems
This section provides a detailed explanation of the methodology used to calculate light
transport properties in this work: the Monte-Carlo method (MC). It is not intended
to be exhaustive in its approach of the MC method, as it has wide applicability from
pure mathematics to finance and economics. Rather, an introduction to the basics
of the MC method are presented followed by a detailed description of the author’s
implementation of the MC method for use in nanomaterial systems.

2.1

Introduction to the Monte-Carlo Method

The Monte-Carlo method is a broad term that describes a class of methods that use
random sampling to obtain numerical results. It is best illustrated with a couple of
simple examples. Say I want to calculate the digits of π. Assuming I can obtain
random or pseudorandom numbers, I can calculate these digits to arbitrary precision
using the MC method. One can think of this problem geometrically: a quarter of a
circle with radius 1 fits inside a square with dimensions 1 x 1. The fraction of the
areas of these two shapes is then

Ac
As

= π4 , which upon rearranging gives the formula for

Ac
π = 4A
. We can utilize this formula in the following manner: approximate π = 4 ni ,
s

where i is initially zero, and perform the following steps n times to determine i:
1. Choose two random numbers (x, y) between [0,1]
2. Calculate the radius of the coordinate, given by r =

p
x2 + y 2
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Figure 2.1 : Calculating π. Absolute value of the difference between π and calculated
value using the Monte-Carlo method as a function of the iteration number n.

3. If the radius is larger than or equal to one increment i by one, otherwise leave
i unchanged.
Following this procedure calculates π to some desired precision, depending on the
number of iterations n. Figure 2.1 shows the absolute value of the difference between
the actual value of π and that calculated using the above method. It takes about
3,000 iterations to obtain the first 4 digits of π.
Unsurprising to no one, it is most often the case that we don’t know the actual
solution to the problem we are solving with MC, and so there is a more common way
of determining error. Consider we perform the same calculation M times for π with
n iterations for each calculation. The central limit theorem then says that for large
enough M , the calculated values of π are normally distributed. Then the error of
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performing this calculation for π with n iterations is given by:
2
σM
= hπ 2 i − hπi2 ,

(2.1)

M
1 X
hπi =
πn
M n=1

(2.2)

where,

hπ 2 i =

M
1 X 2
π .
M n=1 n

(2.3)

It is obviously cumbersome to do a large number of calculations, especially if the
desired precision requires many iterations for each calculation. Fortunately however,
it can be shown that:
σ
σM ≈ √ ,
n

(2.4)

where n is the number of iterations of a single computation. This is a very important
relationship in Monte-Carlo calculations. It says that on average in order to decrease
the error by an order of magnitude, one has to increase the number of iterations by
a factor of 100.
Another issue not addressed by this simple calculation of π is sampling from nonuniform distributions. In the above example, we wanted to evenly distribute the
random numbers from [0, 1] for both the x and y coordinates. It was the uniformity
of the distribution that made the approximation valid. Often, however, we want to
take a random number from some other type of distribution. For example, imagine we
want to find the distance a photon travels before having an interaction with a medium
characterized by an extinction coefficient µe . Equation 1.10 gives the probability
density of photon interactions as a function of the photon propagation length x. In
order to choose numbers randomly distributed on such a distribution, the following
process is helpful:
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1. Replace F (x) in Equation 1.11 with y and invert the equation:
y = 1 − e−µe x → x = −

1
log (1 − y)
µe

(2.5)

2. Choose a random number from the uniform distribution [0,1], and x is now
randomly distributed according to the probability density in Equation 1.10.
This technique will work for any probability density for which an inverse can be
calculated for its cumulative distribution function. Of course, there are also cases
where an inverse is not easily calculated.
In these cases, where an inverse cannot be calculated, there is another method that
can be used to sample random numbers from a distribution. Take for example, the
dipolar scattering phase function given in Equation 1.23. The cumulative probability
distribution is given by:
Z
0

θ

sin2 θ0 dθ0 =

3
(θ − cos θ sin θ) ,
16π

(2.6)

which has no analytic inverse. The acceptance-rejection method can be used, however, to sample this distribution. This method works as follows: Given a probability
distribution of p(x),
1. Choose a random number r1 uniformly on the interval [x1 , x2 ], where x1 is
the smallest value of interest in the domain of the distribution and x2 is the
largest value of interest. For the case of the dipolar scattering phase function
[x1 , x2 ] = [0, π].
2. Choose a random number r2 uniformly on the interval [y1 , y2 ], where y1 and y2
are the smallest and largest values respectively that the distribution can take
on in the interval [x1 , x2 ]. If we ignore the prefactor in the dipole scattering
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pattern, we have a simple sin2 θ, which takes on values [y1 , y2 ] = [0, 1]. (In the
acceptance-rejection method normalization is not an issue, and the prefactor
can be ignored for convenience.)
3. If r2 > p(r1 ) then go back to step 1 and start over. If r2 < p(r1 ), then end the
calculation, and r1 is randomly drawn from the probability distribution p(x) on
the interval [x1 , x2 ].
The acceptance-rejection method is particularly useful for distributions that come
from an experiment or are calculated numerically, and are therefore discrete. In the
case of a discrete distribution, or a histogram, step 1 can be replaced by choosing
a bin at random, which reduces to simply taking a random integer on the interval
[0, N ], where N is the number of bins. This method is slower, but it is remarkably
robust and can be used simply for any distribution.
These examples illustrate the simplicity of the kernel of the MC method. The MC
method was originally developed in order to understand neutron transport during
the Manhattan Project. Transport has therefore been a field where Monte-Carlo has
been widely used. Now I turn in the next section to how this method can be applied
to solving light transport in nanomaterial systems.

2.2

A Monte-Carlo Algorithm for Light Transport in Nanomaterial Systems

2.2.1

The Algorithm

I present here a high-level view of the algorithm used for calculating light transport
properties in nanomaterial systems using the Monte-Carlo method. The full implementation, including the full algorithm, can be found in Appendix A. It is not trivial
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that a Monte-Carlo algorithm can solve the challenging integro-differential Equation
1.25, of which there are no analytic solutions. Indeed, no limiting assumptions need
to be made in order to solve the full equation, and no explicit use of Equation 1.25 is
needed.
Rather, we approach the problem by thinking about tracking each photon trajectory separately, and determine the interactions of the photon with the medium using
the MC method. The following steps simulate the propagation of a single photon
within a medium characterized by µe , µs , µa , and a scattering distribution p(θ).
First initialize the photon position r = [x, y, z], normalized k-vector (or propagation direction) k = [kx, ky, kz], and polarization vector p = [px, py, pz] within or at
the boundary of the medium. The initialization depends on the type of source. While
the photon’s position remains within the simulation boundary, follow these steps:
1. Determine the distance ∆r before the next interaction event with the medium
using Equation 2.5
2. Propagate the photon forward, ri+1 = ri +k∆r = [xI , yi , zi ]+[kx ∆r, ky ∆r, kz ∆r]
3. If the photon is still inside the simulation boundary:
(a) Determine whether the photon undergoes scattering or absorption by doing
a simple Monte-Carlo choice. Choose a random number on the interval
[0, 1], and if d <

µs
µe

then the photon experiences scattering, otherwise it is

absorbed
i. If the photon is absorbed, record the position of the absorption event
and end the loop.
ii. If the photon is scattered:
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A. Calculate the scattering angle θ using either the inverse of the cumulative probability distribution of the scattering phase function
p(θ) or the acceptance-rejection method. Using θ and geometry,
calculate the new propagation direciton
B. Calculate the new polarization vector depending on the type of
scattering process
4. If the photon is outside the simulation boundary, end the loop and record the
position, propagation direction, and polarization vector of the photon
5. Return to step 1 if the loop has not already been broken.
In this algorithm there are potentially four times where a random number is used to
perform a MC calculation:
1. In calculating the initial photon properties
2. In calculating the distance traveled until the next interaction with the medium
3. In calculating whether a photon undergoes scattering or absorption
4. In calculating the scattering angles θ and φ
Items 2-4 in the above list constitute the kernel of the MC simulation. They are
markedly different from standard MC simulations in light transport on one major
count. Most MC simulations utilize a weighting system of photons, wherein the
photon loses weight as it goes through successive interactions. The photon loses
weigth by the ratio of absorption to extinction

µa
µe

at each scattering interaction. The

photon is terminated when the weight falls below some predetermined threshold. This
is particularly useful for simulations where the scattering coefficient is a couple of
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orders of magnitude larger than the absorption coefficient. Because it takes many
loops to decrease the weight of the photon below the threshold, this type of an
implementation is amenable to parallelization. Many photon loops can be working
simultaneously which are each CPU intensive.
However, for the types of systems in consideration here, the scattering coefficient of
a nanoparticle can take on a wide range of values relative to the absorption coefficient
over the entire spectral range. Indeed, in some photon loops there may only be on
average a few interactions required to bring the weight below the threshold, whereas
on other loops there may be 100-1000 loops required. In the loops where there
are relatively few iterations required, the algorithm becomes disk intensive rather
than CPU intensive, making parallel computation slower than serial computation.
Therefore, giving each photon a weight of 1 and only writing to disk when the photon
is absorbed or scattered out of the simulation boundary, although non-standard, is
ideal in this case. One may consider making a certain condition for the algorithm to
be parallel for large ratios of scattering to absorption and serial for small values, but
such an algorithm is not utilized in this work. The above algorithm is sufficiently fast
for the nanomaterial systems considered here.

2.2.2

Benchmark and Rationalization

Given that there are other approximate solutions to the RTE equation, it is requisite
that I compare these with the MC method outlined above. Two reasons motivate
the comparison. First, these approximations serve as a benchmark for the algorithm
because the solutions are known analytically. Second, one may ask whether some
combination of the Beer-Lambert law and the diffusion approximation does not do
better than the MC simulation method detailed above. The benchmark and the
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rationalization for using the MC method can be illustrated using a single example.
There is a special geometry for which the Beer-Lambert law and diffusion approximation both have analytic solutions. Imagine an infinitely large homogeneous
medium characterized by some µa , µs , as shown schematically in Figure 2.2a. There is
one source of light at the origin radiating a total power P0 . The spherical symmetry of
the problem allows us to make the following argument: In the case of no interactions
with the medium, the number of photons decays in the radial direction as 1/r2 . In
the limit of low scattering µa /µe ≈ 1, the effect of absorption is easily caputed by a
prefactor of e−µe r . It is useful to think of this problem in terms of the flux moving
through the surface of a sphere at radius r, thus taking out the decay of the intensity
due to the spherical symmetry. We assign F (r) to this integrated flux. In the case of
the BL law,
F (r) = P0 e−µa r

(2.7)

The solution to this problem in the diffusion approximation can be found by solving
Equation 1.34 subject to time-independence conditions and in spherical coordinates.
A more detailed approach to this problem is given by Ishimaru, and the flux at a
radius r is given by:
F~d (r) = P0



κd
1
+
4πr 4πr2



e−κd r r̂,

(2.8)

and integrating over a spherical surface of radius r gives:

F (r) = P0
where κd =

p

κd
1
+ 2
r
r



e−κd r ,

(2.9)

3µa (µ0s + µa ), and µ0s is the reduced scattering coefficient which is equal

to µs (1 − g), with g being the scattering anisotropy factor.
These two curves predict very different behavior radially, as shown in Figure
2.2b. The value of the integrated flux starts at the same value at the origin for
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Figure 2.2 : Comparison of approximate solutions to the radiative transport equation. (a) A schematic showing an analytically solvable geometry in the
diffusion approximation, where a point source radiates a given power in an infinite
medium of particles. (b) Photon flux integrated over spherical surfaces with increasing radius from the point source. Shown are the analytic solutions according to
the Beer-Lambert law and the diffusion approximation as well as three Monte-Carlo
simulations with indicated parameters.
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both solutions, but the two curves quickly diverge from one another. It is important
to note that solution of the diffusion approximation only depends on κd , and as
this parameter is a function of both the scattering and absorption coefficients, we can
vary these two coefficients in such a way that the solution predicted from the diffusion
approximation does not change. However, the actual solution to the full RTE does
change with varying µa and µs , as shown by the three solid curves in Figure 2.2b.
These curves represent Monte-Carlo simulations where the ratio of absorption to
scattering was varied but the value of κd was kept constant. For the case where
absorption coefficient is a thousandth of the scattering coefficient, the MC result
matches well with the DA result. When the absorption coefficient is one hundred
times the scattering coefficient, the MC result mathces the Beer-Lamber law. These
two comparisons serve as a reasonably good benchmark for the validity of the MC
simulations.
However, in the case where the absorption coefficient is about half that of the
scattering coefficient, the MC simulation result varies considerably from the DA result,
despite the fact that κd has remained constant. This illustrates the importance of fully
solving the RTE for light transport in nanomaterial systems, where typically there
are many regions of the spectrum where the scattering and absorption coefficients are
within an order of magnitude of each other. For example, compare the ratio of the
scattering and absorption cross sections for a 200 nm Ag nanoparticle as shown in
Figure 1.4.
The method developed in this section can be used to solve a wide variety of transport problems in nanomaterial systems. In the chapters that follow I will detail how
this method can be applied to these different problems, the results of the calculations,
and the conclusions that can be drawn from these results. The focus of these sections
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will be on the contribution of the MC method to solving important aspects of applied
research problems. No attempt is given to exhaustively explore the background required to understand each application, as such information is readily available in the
literature. Again, the focus will be on the ramifications of light transport in these
systems.
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Chapter 3
Applications in Nanopaticle-enabled
Photocatalysis
3.1

Introduction

Photocatalysis, which is the process of harvesting light to drive chemical reactions
with lower energy, is an attractive alternative to conventional catalysts which can
often be energy intensive. Photocatalysis using metal nanoparticles with tunable
resonances in the UV, visible, and infrared spectrum, has been the focus of much
research [2–7]. Plasmonic nanoparticles potentially offer more than simple light-toheat conversion, however. When plasmon decay occurs, the primary decay channel
is energy transfer to a single electron. The single electron has energies significantly
above the Fermi energy and is therefore commonly referred to as a hot electron [8].
This hot electron can participate in chemical reactions at the surface of the metal
nanoparticle. Because these hot electrons are derived from the absorption of photons,
understanding light transport in these systems is extremely important.
Furthermore, reaction barriers in chemical reactions are still a function of temperature. Indeed, traditional catalysis utilizes high pressures and temperatures in order
to reduce the reaction barrier. Because the hot electrons in plasmonic nanoparticles eventually decay into phonons via electron-phonon coupling, these systems also
have the potential to produce considerable temperatures. Light transport simulations
coupled with thermal calculations prove useful in understanding the thermodynamic
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response of such systems. Understanding the thermal response can help elucidate the
contribution of hot-electrons to the observed photocatalytic response.

3.2

An Al-Cu2 O Plasmonic Photocatalyst

The experimental work in this section is the work of Hossein Robatjazi. Publication of
the results is still pending at the time of writing this thesis. I only show experimental
results to supply a framework and motivation for the calculations which are presented
in tandem. All results are used with permission.
A relatively new concept in plasmonic photocatalysis is that of the antennareactor. In this scheme, a traditional plasmonic nanoparticle, made say of Au or
Al, is utilized in order to resonantly interact with an incident light field. A second
particle (called the reactor) made from a material that is more catalytically active,
for example Pd, is placed in close proximity to the antenna. The increased photon
flux in the reactor particle induced by the antenna causes an increase in the number
of photons absorbed, and therefore hot carriers generated in the reactor. These hot
carriers are then available to initiate chemical reactions at the more favorable surface
of the reactor particle. This has been shown to not only increase the reactivity of the
nanoparticles, but to also allow greater selectivity in certain chemical reactions.
Al nanoparticles were synthesized using common wet-chemical techniques, and
further steps were taken to coat the nanoparticle with Cu2 O. Standard TEM images,
with a schematic as an inset, of the Al nanoparticle before and after coating with Cu2 O
are shown in Figure 3.1a and b. High-resolution TEM imaging of the nanoparticle
is shown in Figure 3.1c, illustrating the thickness of the Cu2 O shell, and the h111i
surface of the Cu2 O.
These nanoparticles were incorporated into a support made of γ-Al2 O3 powder.
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a

c

0.25 nm

b

Figure 3.1 : TEM Imaging of Al-Cu2 O Nanoparticles. TEM images of Al
nanocrystals before (a) and after (b) coating with Cu2 O, with a scale bar of 50 nm.
(c) High resolution imaging of the boundary between the Al and Cu2 O domains, with
a scale bar of 5 nm.
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After pressing the mixture into a volume of 50 x 50 x 0.1 mm, the nanoparticle
concentration was 1 × 109 NP/cm3 . This final volume of compacted powder plus
nanoparticles was utilized in a gas reaction cell, where CO2 reduction was performed
to form CO. The reaction was facilitated by a broadband fiber laser source (Fianium,
WhiteLase), which could be filtered for a specific wavelength or used as a whitelight
source. The pulsewidth of the laser is ∼ 6 ps, with a repitition rate of 40 MHz. The
laser light was focused onto the sample through a window to a spot size of ∼ 2.5 mm
FWHM.
In order to understand the mechanisms that drive photocatalysis in this system,
a number of key experiments were performed. The spectral response of the nanoparticle is shown in Figure 3.2, showing a strong dipolar mode around 600 nm and a
quadrupolar mode around 350 nm. The scattering efficiency is larger than the absorption efficiency above 450 nm, whereas the reverse is true below 450 nm. These
spectral behaviors suggest that looking at the spectral response of the product formation may provide insight. The products of the reaction were analyzed by a gas
chromatograph quadrupole mass spectrometer.
However, the response of the system is an ensemble response, and not a singleparticle response. This means that a full light transport model based on the optical
coefficients of the system must be utilized for a comparison. Specifically, we compare
the external quantum efficiency (EQE) of the product formation with the EQE of
the sample in terms of photon absorption. In the Monte-Carlo simulations, the EQE
is a straightforward calculation, simply the number of photons absorbed divided by
the total number of photons simulated. The EQE of product formation is shown in
Figure 3.3 for both bare Al nanoparticles and those coated with Cu2 O. The EQE
calculated from a Monte-Carlo simulation is shown in Figure 3.4, where the total
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Figure 3.2 : Optical Coefficients of Al-Cu2 O Nanoparticle. Absorption, scattering and extinction efficiency of the 100 nm diameter Al nanoparticle coated with
a ∼ 15 nm Cu2 O
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Figure 3.3 : Experimental External Quantum Efficiency of CO2 Reduction.

EQE is separated into a contribution from absorption in the Al nanoparticle and
in the oxide shell. The experimental curve is remarkably different from any of the
theoretical curves, with the theory predicting two peaks centered at 850 nm and 375
nm and the experiment showing a strong peak at 550 nm where the theoretical curve
has a dip.
The discrepancy is not entirely unexpected. The MC calculation is the EQE of
photon absorption, but many physical processes stand between an absorption event
and the reduction of CO2 to form CO. Indeed, the comparison between the two
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Figure 3.4 : Monte-Carlo External Quantum Efficiency of Photon Absorption.
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efficiencies indicates that the photocatalysis process is considerably more efficient
at 550 nm because there are less photons absorbed there. There must either be a
mechanism that promotes photocatalysis around 550 nm or hinders it around 800
nm. Two reasonable possibilities are either the temperature increase is greater at the
higher wavelengths due to more absorption, or that there is a much larger number of
electrons available at lower wavelengths which can actually participate in a chemical
reaction.
The temperatures observed experimentally are not sufficient enough to conclude
that the product formation is due solely to thermal catalysis. Product formation
rates are significantly higher in the case of light-driven reactions than they are for
purely thermally reactions at the same temperature; therefore, we are only interested
in the trends of the temperature increase. Temperatuere increases are reported here
in normalized units of heat density in order to more easily compare with theory.
The spectral trend of the experimental temperature increase, shown in Figure 3.5, is
markedly different from the trend in Figures 3.3, indicating that thermal effects do
not play a dominant role. The Monte-Carlo prediction of temperature increase
The MC simulations shed light on why the experimental trend is also very different from the EQE of photon absorption, as one might expect that the temperature
increase should be larger for wavelengths where the EQE is larger. However, the relevant quantity in thermal calculations, as explained in the introduction, is the heat
source density, which is power source per unit volume. Therefore, we expect that the
distribution of absorbed photons also plays a critical role in determining the thermal
response. Figure 3.6 shows photon absorption density maps for wavelengths of 400
and 800 nm. The absorbed photons are much more localized in the 400 nm case and
more diffuse in the 800 nm case. The decay length of the absorption events in the

46

,-./012345-6789:53/8-.
;<=04890./

.$&$/"($0*)$"(*0$&12(3

'

'

!"&

!"&

!"%

!"%

!"$

!"$

!"#

!"#

!

!
()!

$)!

))!

%)!

*)!

&)!

+)!

!"#$%$&'()*+&,Figure 3.5 : Heat Density of Al-Cu2 O Photocatalyst System. Normalized
experimental temperature increase (green triangles) and normalized heat density from
Monte-Carlo simulations (black line) as a function of wavelength.

47
z-direction can be quantified by fitting an exponential curve. These values are shown
for all simulated wavelengths in Figure 3.7. The calculated heat density shown in
Figure 3.5 is then given by ratio of the EQE and the decay length. The distribution
in the xy-plane is not factored in to the calculation because it varies insignificantly
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Figure 3.6 : Photon Absorption Density Maps. Photon absorption density maps
in the xz-plane from Monte-Carlo simulations at 400 nm (left) and 800 nm (right).
Light is incident from the top in the simulation.
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Figure 3.7 : Photon Absorption Decay Length vs Wavelength.
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These thermal observations and calculations point to the mechanism of catalysis
in this system being that of hot carriers rather than temperature driven. This was one
of the first direct measurements and theoretical explanations of the thermal response
in such an ensemble system.
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Chapter 4
Applications in Imaging
Much of the content in this chapter is taken from collaborative work with Tanzid, et
al., of which the author was the secondary contributor. Background information has
been added before the main text of the research article to detail the methodology used
for the theoretical calculations. The experimental details are presented to provide
sufficient context for the theoretical findings.

4.1

Background

The MC method outlined in Chapter 2 can be utilized to examine how nanoparticles
affect the quality of an imaging system. The position and direction of photons that
leave the simulation boundary can be saved for different optical coefficients and geometries. These photons can then be sent through an algorithm in post processing
that determines their trajectory through a lens and then on to an image plane. Imagine a nanomaterial systems with a characteristic dimension w composed of a mixture
of nanoparticles placed some distance d1 from a light source. A lens is placed in the
xz plane some distance d2 from the nanoparticle mixture. This lens images the light
on to an image plane, also in the xz plane, which is a distance d3 from the lens. If
the source is a simple collimated light source, as shown in Figure 4.1, then the optical
system is remarkably simple. The distance d1 is unimportant, and the distance d3 is
then the focal length of the lens. The imaging system will focus the collimated beam
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to a perfect point source in the absence of any obstruction.
d1

collimated
source

w

d2

nanoparticle
mixture

d3

imaging
lens

image
plane

Figure 4.1 : Monte-Carlo Optical Imaging of a Collimated Light Source.

When the nanoparticle mixture is taken into account, of course, the system deviates from an ideal point source. Scattering causes photons to be imaged at locations
other than the ideal point. The imaging of these photons on to the image plane can
be calculated using a composition of ABCD matrices. Given that the lens is situated
at a position y = yl , and given a set of photon positions x, yl , z and directions vx , vy , vz
resulting from a MC simulation, one can calculate the xz position of each photon in
the image plane by using the following method:
√
1. Convert the xz coordinates into a coordinate pair [r, θ] = [ x2 + z 2 , cos−1 (v̂ · ŷ)],
where r is the distance from the optical axis and θ is the angle the photon trajectory makes with the optical axis.
2. Multiply the [r, θ] vector by the ABCD matrix:

 


A B   1 d3   1 0 
=



− f1 1
C D
0 1

(4.1)
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to obtain a new [r0 , θ0 ] in the image plane
3. Find the plane in which the photon propagates defined by the normal unit
vector,
n̂p =

v̂ × ŷ
.
|v̂ × ŷ|

(4.2)

4. Multiply the new r0 by n̂p × ŷ (which defines the intersection of the xz plane
and the plane defined in Equation 4.2) in order to recover the position of the
photon in the xz plane.
This method works well for the scenario where a nanoparticle mixture sits between
two optical imaging elements such that the light which passes through the mixture is
collimated. This is a good approximation for far-field rays.
If, however, we have a point source, as shown in Figure 4.2, then the distance
d1 must be considered. The distances in the setup are constrained according to the
following relationship:
1
1
1
+
= ,
d1 + w + d2 d3
f

(4.3)

where f is the imaging lens’ focal length. Say we have a focal length of 5 cm, then the
distances d1 +w +d2 and d3 must both be equal to 10 cm in order for the lens to image
the point source to a point in the image plane in the absence of obstructions. The
same process outlined above can be utilized in order to obtain photon positions in
the image plane, as the output of the MC simulation can give position and direction
unit vectors at the position of the lens.
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Figure 4.2 : Monte-Carlo Optical Imaging of a Point Source.

The question then arises: what happens when we introduce mixtures of nanoparticles with different optical properties between the beam and the imaging system?
In the research that follows, we examine the effect of different values of µe , µs , µa ,
and g on the quality of an image. An interesting phenomenon arises wherein adding
absorptive nanoparticles to a highly scattering system can increase the image quality
and resolution.

4.2

Introduction

Effects such as Anderson localization of light [9–11], and applications such as bioimaging [12], seeing through turbid media [13–17], and diffusive electromagnetic cloaking
[18, 19], all fall under this regime. In these studies, optical absorption is either negligible or intentionally minimized. In reality, however, absorption is always present,
even in lossless materials, and for many types of real-world scattering media, optical
absorption is far from negligible. For example, biological tissue, naturally occurring sand or dust, manufactured powders, and vapor clouds typically exhibit both
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scattering and absorptive properties. The realistic inclusion of optical absorption is
necessary to understand how to detect or to resolve images through such media.
In many cases the presence of both scatterers and absorbers between an object
and its image at the detector result in a degradation of image quality (the loss of
information between object and image). However, the manner in which absorption
and scattering result in image quality degradation are radically different. Absorption
results in fewer photons reaching the detector, which causes a loss of signal strength
and consequent loss in signal to noise ratio (SNR). In regimes where incident light is
not severely limited, any loss due to absorption can be compensated for by an increase
in incident photon flux or by an increase in detector exposure time. On the other
hand, scattering degrades image quality by re-directing photons originally headed to
the same pixel to multiple pixels, with minimal loss in the total number of photons
reaching the detector. Scattering results primarily in an image blur, rather than a
loss in SNR. Since multiply scattered photons have longer path lengths through the
scattering medium than ballistic photons, when absorbers are present, multiply scattered photons are preferentially absorbed. This results in an increase in the relative
amount of ballistic photons that reach the detector, increasing image resolution [20–
24]. Previous studies have examined this effect in the context of imaging through
predominantly forward-scattering media, such as biological tissue phantoms, using
coherent light [20, 21], comparing this effect to time-gating from coherent, pulsed
illumination sources [24], and examining the effect of absorption inhomogeneity on
transmission eigenchannels [21, 22].
In the present work, we investigate the phenomenon of absorption-induced image
resolution enhancement in scattering media from several new perspectives. We examine how the scattering properties of the medium itself, determined by the size
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and refractive index contrast of its scatterers, influence image quality.

We find

that, although initially studied in the context of forward-scattering biological media, absorption-induced image enhancement is actually far more dramatic when the
medium is composed of isotropic scatterers. We quantitatively assess absorptionenhanced improvements in image quality in two distinct ways. We quantify the
improvement in the perceived transmitted image by using the Structural SIMiliarity
index (SSIM), a well-known image quality matrix compatible with visual perception
[25–27]. We also quantify the improvement in spatial resolution of a transmitted
image by determining the increase in transmitted spatial frequencies induced by absorbers [25].
Absorption-induced image enhancement is illustrated schematically in Figure 4.3.
When an image is transmitted through a scattering medium, the transmitted image
is degraded due to the scattering of photons into trajectories not associated with the
original image (Figure 4.3A). By introducing absorbers into the scattering medium,
image quality can be improved, since the absorbers will selectively remove more scattered photons than ballistic photons (Fig. 1B). The 5 zoomed-in images show that
higher resolution images are recovered with the addition of absorbers (carbon black)
into the scattering medium (polystyrene).

55

Figure 4.3 : Absorption-enhanced imaging through scattering media. A
USAF resolution target (left) transmitted through a scattering medium (schematic,
center), resulting in a transmitted image (right). (A) scattering medium (polystyrene
spheres) without absorbers; (B) same scattering medium (polystyrene spheres) with
the addition of absorbers (carbon black). The right-most images are 5 zoomed-in
images, showing the improvement in image resolution obtained by the addition of
absorbers to the scattering medium.

Our experiment consists of a simple optical imaging geometry where the image of
an object is transmitted through aqueous suspensions of nanoparticles. A fiber-optic
white light source (Edmund Optics, MI-150) with a 650 nm bandpass filter (Thorlabs,
FB series, FWHM = ±10 nm) was used for illumination. A CCD camera (Princeton
Instruments, PIXIS 400) sensitive in the 400-1100 nm wavelength range was used for
imaging. The object was a 1951 US Air Force (USAF) resolution target conforming
to the military standard (MIL-STD-150A) (see SI Fig. 2). An aqueous nanoparticle
suspension in a 30 mm 24 mm 5 mm (interior dimensions) glass cuvette (Starna,
model 96-g-5) was placed directly in front of the camera so that the suspension
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influenced only the target image and not the illumination source.

4.3

Varying the Scattering and Absorption Coefficients

To study how absorption-induced image resolution enhancement is affected by the
scattering properties of the medium, we used a solution of ZnO nanoparticles with
a size distribution with maximum particle size ¡100 nm and average particle size ¡35
nm. An increase in the concentration of ZnO scatterers corresponds to an increase in
the scattering coefficient µs of the medium. We then examine how the addition of the
broadband absorber carbon black (CB)(Cabot Corporation) enhances the transmitted
test image over this range of scattering coefficients. We prepared three aqueous ZnO
solutions with concentrations of 1.9 M (µs = 11.4 cm−1 ), 2.3 M (µs = 13.6 cm−1 ) and
2.6 M (µs = 15.4 cm−1 ). We then introduced the CB absorbers, into these solutions,
gradually increasing the CB concentration from 0 to 4 mM, corresponding to a range
of absorption coefficients µa from effectively zero to 1.33 cm1 (Figure 4.4B). For this
experiment, the ratio of sample thickness to the transport mean free path, ltrans
which is the inverse of reduced scattering coefficient µs = µs (1 − g) varies from 5.1 to
6.9. The exposure time was increased to maintain a constant SNR.
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Figure 4.4 : Imaging through scattering media with varying scattering and
absorption coefficients. A USAF resolution target (left) transmitted through a
scattering medium (schematic, center), resulting in a transmitted image (right). (A)
TEM image of the ZnO particles in the solutions. (B) Top to Bottom: Images
obtained through ZnO solutions with increasing scattering coefficient. Left to right:
Increasing carbon black concentration or absorption coefficient in the ZnO solutions.
(C) Calculated structural similarity index (SSIM) and (D) cut-off spatial frequency
of the images shown in (B).

One can easily observe that the addition of increasing amounts of absorbers in
each scattering solution improves the quality of the transmitted image (Figure 4.4B).
To analyze this quantitatively, we first use the Structural SIMiliarity index (SSIM),
an image quality metric based on human visual perception[26, 27]. In practice, SSIM
= 0 indicates no similarity between the transmitted and the original image, and SSIM
= 1 indicates no detectable difference between the original and the transmitted image.
By using an image obtained through an equivalent volume of H2O as the reference,
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the SSIM indices for the images shown in Figure 4.4B are shown in Figure 4.4C. The
SSIM improves with increased concentration of absorber and with decreasing concentration of ZnO. To quantify this improvement in image resolution, we determine the
Modulation Transfer Function (MTF) of the scatterer-absorber medium, a method
generally applied for determining the spatial resolution of an imaging system [25, 26].
We can consider the cut-off spatial frequency of each image which is the spatial frequency when MTF is equal to 0.05, average cut-off MTF of human visual system [28].
The cut-off spatial frequencies obtained are shown in Figure 4.4D. The data illustrate
that an increase of absorbers in the ZnO solutions results in an improvement in the
spatial resolution of the transmitted image. However, the resolution improvement is
more significant (385%) for ZnO solutions with a higher µs , compared to the improvement (149%) for solutions with lower µs . In other words, the effect of absorbers has
little impact when µs is relatively small, which corresponds to fewer scattering events
for the non-ballistic transmitted photons.

4.4

Varying the Anisotropy Factor, g

A second important parameter in determining the property of a scattering medium is
its anisotropy factor g. The anisotropy factor g is a measure of the amount of forward
direction retained by a photon after being scattered. If a photon is scattered by a
particle so that its trajectory deviates by a scattering angle θ, then the component
of the new trajectory which is aligned in the forward direction is cos(θ). A value of g
close to zero indicates that the medium scatters incident light isotropically. On the
other hand, as g approaches unity, a higher fraction of incident photons are scattered
in the forward direction with a narrowing angular distribution, and g = 1 indicates
complete backward scattering. In the diffusion approximation to the radiative trans-
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port equation, g is typically included in the reduced scattering coefficient; however,
here we examine scattering anisotropy independently. We do this by systematically
varying the anisotropy of solutions of polystyrene beads with diameters of 100 nm,
200 nm and 1 m, corresponding to g = 0.1, 0.3 and 0.9, respectively. The TEM
images along with the Mie scattering pattern of the PS beads in the solutions are
shown in Fig. 3A. Here light is incident from the left onto a polystyrene sphere in
H2O located at the center of the polar plot (Wavelength = 650 nm, refractive index
of polystyrene at 650 nm = 1.595). As the bead diameter is increased, the angular
distribution of the scattered photons is increasingly anisotropic and in the forward
direction.
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Figure 4.5 : Imaging through scattering media with varying anisotropy factor and absorption coefficient. (A) TEM images and Mie scattering patterns of
i. 100 nm, ii. 200 nm and iii. 1 m diameter polystyrene beads. (B) Top to Bottom: Images obtained through water, 100 nm, 200 nm and 1 m diameter polystyrene
solutions. Left to right: Increasing carbon black concentration in the polystyrene
solutions. (C) Calculated structural similarity index (SSIM) and (D) cut-off spatial
frequency of the images shown in (A).

For the imaging experiment, the solution concentrations were adjusted very carefully so that the initial image quality metrics (both SSIM or MTF) were very close in
value for all bead diameters. This resulted in concentrations of 31013 particles/ml,
61011 particles/ml, and 6108 particles/ml, for the particle sizes 100 nm, 200 nm and
1 m with scattering coefficients of 7.59 cm−1 , 5.81 cm−1 and 4.88 cm−1 , respectively.
CB nanoparticles were added to the polystyrene solutions in concentrations of 1.75
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mM, 2.9 mM, and 4.08 mM, corresponding to a µa of 0.58 cm−1 , 0.97 cm−1 , and 1.36
cm−1 . For this experiment, the ratio of sample thickness to the transport mean free
path, ltrans varies from 3.4 to 0.24. The exposure time was increased to maintain a
constant SNR.
Transmitted images of the resolution target through each polystyrene solution
(and through H2 O with no polystyrene particles as a control), with varying concentrations of absorbers, are shown in Figure 4.5B. Again, the addition of absorbers can
be clearly seen to improve image quality. The calculated SSIM values for these images
(with respect to the image obtained through H2O) are shown in Figure 4.5C. Here
we observe a very strong image enhancement for isotropic scatterers that becomes
nearly negligible for forward-scatterers (g = 0.9). This same strong dependence on
anisotropy factor is also seen in the MTF analysis of the transmitted images (Figure
4.5D). The effect of absorbers becomes insignificant as the scattering medium becomes
more forward-scattering. In the case of 100 nm PS beads with g = 0.1, the resolution
improvement is 82% but for 1 µm beads with g = 0.9, the resolution improvement is
only 8%. This is because as the medium becomes more forward-scattering, i.e.g increases, the average path length of the scattered photons decreases, so the addition of
absorbers has a negligible effect on reducing the percentage scattered photons relative
to ballistic photons. As a result, isotropically scattering media are more significantly
affected by the presence of absorbers than are forward-scattering media.

4.5

Monte-Carlo Simulations

The Monte Carlo method provides a robust solution to simulations of photon transport in systems where the ratio of scattering to absorption is close to unity, a regime
where the diffusion approximation does not provide an accurate solution. Here we
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utilize the Monte Carlo method to simulate the image of a point source through a
scatterer-absorber medium while varying µa , µs and g. The Henyey-Greenstein phase
function is employed for approximating the scattering distribution of the particles.
The simulated image of a point source shows a significant difference in information
loss for different parameters of the transport medium. First, we use properties similar
to the experiments with ZnO and CB solutions: the g of the medium is 0.1 and the
µs varied (from 0.5 to 5 cm−1 ) with concentration of ZnO. Here, the ratio of sample
thickness to the transport mean free path, ltrans varies from 0.225 to 2.25. The
simulated image of a point source transmitted through a medium with low scattering
(µs = 0.5 cm−1 ) and g = 0.1 with no absorption (µa = 0 cm1) and uniform absorption
(µa = 5 cm−1 ) are shown in Figure 4.6A(i) and Figure 4.6A(ii), respectively. The
removal of scattered photons is not that significant in this case, as can be seen from the
nearly identical 1-D point spread functions of these images (Fig. 4A(iii)). Keeping
the g constant and increasing µs to 5 cm1, we obtain the images shown in Figure
4.6A(iv) and Figure 4.6A(v) with no absorption and uniform absorption, respectively.
In this case, the removal of scattered photons is clearly visible from the 1-D point
spread functions (Figure 4.6A(vi)). The effect of the scattering media can be seen
in these images. The addition of absorbers causes relatively more ballistic photons
to be detected by the center pixel while reducing the number of scattered photons
being detected by neighboring pixels. This translates into an overall better image
quality and resolution, as we have seen in Figure 4.4C and Figure 4.4D, respectively.
However, for scattering media with the same anisotropy (g = 0.1) but higher scattering
coefficient (µs = 5 cm1) the addition of absorbers has a greater impact, as shown in
Figure 4.6A(iv) and 4.6A(v). The scattered photons have been significantly removed
by the addition of the absorber (µa = 5 cm1) which translates into better image
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quality (Figure 4.6A(v)).
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Figure 4.6 : Monte Carlo simulation results for imaging through scattering
media with varying scattering coefficient and anisotropy factor. (A) Image
of a point source through a scattering medium with g = 0.1 and varying scattering
coefficient (i, ii, iii) µs = 0.5 cm−1 and (iv, v, vi) µs = 5 cm−1 . Images with (i, iii) no
absorption and (ii, iv) uniform absorption (µa = 5 cm−1 ). (iii, vi) 1-D point spread
function of the images shown in (i, ii) and (iv, v). (B) Image of a point source through
a scattering medium with µs = 4 cm−1 and varying anisotropy factor (i, ii, iii) g =
0.1 and (iv, v, vi) g = 0.9. Images with (i, iii) no absorption and (ii, iv) uniform
absorption (µa = 3.6 cm−1 ). (iii, vi) 1-D point spread function of the images shown
in (i, ii) and (iv, v).
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We also keep the scattering coefficient of the medium constant at µs = 4 cm1 and
vary the anisotropy factor g from 0 to 0.9. For these values of µs and g, the ratio
of sample thickness to the transport mean free path, ltrans varies from 2 to 0.2 (for
g = 0 to 0.9). The simulated image of a point source transmitted through a nearly
isotropic medium (g = 0.1) with µs = 4 cm1 are shown in Figure 4.6B(i) and Figure
4.6B(ii) with no absorption (µa = 0 cm1) and uniform absorption (µa = 3.6 cm1),
respectively. The 1-D point spread functions are shown in Figure 4.6B(iii). As we
can see, the addition of absorbers reduces the scattered photons and improves the
image quality significantly for a low value of g. Keeping µs constant and increasing
g to 0.9, we obtain the images shown in Figure 4.6B(iv) and Figure 4.6B(v) with
no absorption and uniform absorption, respectively. The 1-D point spread function
is shown in Figure 4.6B(vi). In contrast to the isotropic medium, the addition of
absorber does not have a significant effect on the image when the medium is strongly
forward-scattering, with g = 0.9.
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Figure 4.7 : Monte Carlo simulation results for scattering medium with
varying scattering coefficient, and anisotropy factor, g. (A) Ballistic photon
fraction and (B) average pathlength through the scattering medium with no absorption and with absorption coefficient µa = 5 cm−1 and g = 0.1 as a function of scattering coefficient. (C) Ballistic photon fraction and (D) average pathlength through the
scattering medium medium with no absorption and with absorption coefficient µa =
3.6 cm−1 and scattering coefficient µs = 4 cm−1 as a function of anisotropy factor.

These observations can be analyzed further if we look at the ballistic photon
fraction (nballistic ) and average photon path length (la vg) in Figure 4.7A and Figure
4.7B, respectively, analyzed as a function of µs . The fraction nballistic decreases as
µs increases. With the addition of absorption into the system, nballistic increases and
the transmission becomes quasi-ballistic, as apparent from the decrease of lavg with
increased µs . However, the increase in nballistic is 95% for µs = 5 cm−1 , where for µs
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= 0.5 cm−1 , it is only 3%. Also, lavg is reduced 29% for µs = 5 cm−1 by addition of
absorbers compared to only 1% for µs = 0.5 cm−1 . The minimum distance a photon
has to travel before reaching the detector, which is 1.5 cm for photons propagating
parallel to the optical axis in the simulation, essentially sets the limit of improvement
in lavg . In effect, we see that the image quality and resolution becomes remarkably
better when absorbers are added for higher µs compared to a medium where the
probability of multiple scattering is lower.
On the other hand, we see that for constant µs = 4 cm−1 , both nballistic and lavg
decrease with increasing g in Figure 4.7C and Figure 4.7D, respectively. Essentially,
when a photon is scattered by a highly anisotropic forward-scattering medium (g =
0.9), it has both a higher probability of reaching the detector and minimal information
loss compared to a photon scattered by an isotropic medium (g = 0). Thus, even
though lavg decreases with increased g, the nballistic continues to decrease. Addition
of absorbers (µa = 3.6 cm−1 ) increases nballistic and decreases lavg compared to having
no absorption (µa = 0 cm−1 ). However, as we can see in Figure 4.7C and Figure
4.7D, this effect becomes extremely small when the scattering medium becomes more
forward-scattering. Note that, even when an isotropic and forward-scattering medium
has equal transport mean free paths, ltrans , the absorption-induced image resolution
enhancement will be different depending on µs and g of the media.

4.6

Conclusion

In conclusion, we have shown both experimentally and theoretically that the addition of absorbers can significantly improve the quality of images taken through highly
scattering media. This improvement is most pronounced when the scattering coefficient is large, and the scattering distribution is close to isotropic. These observations

68
may be useful in achieving a more thorough understanding of light propagation and
imaging through scattering media with inherently non-negligible absorption. Since
for a scattering medium, the anisotropy factor decreases as the wavelength of incident
light increases beyond the size of the scatterers, absorption-enhanced imaging may be
an even more important effect at infrared, rather than visible wavelengths. Additionally, this method could be used to design and engineer materials whose transparency
and opacity can be switched on and off by the use of active absorbers integrated into
scattering media. While photon transport in the diffuse regime is a topic of active
interest, this study shows that interesting effects may also lie outside that regime.
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Chapter 5
Applications in Nanoparticle Theranostics
This chapter borrows heavily from a manuscript prepared in conjunction with Amanda
Goodman, et al. The light transport aspects of the research are the work of the author of this thesis. The research article is borrowed from in order to give context
to the light transport and heat transfer calculations performed. I have enriched the
discussion in these sections in order to highlight my contribution.

5.1

Introduction

To treat and prevent disease, light-triggered release using nanoparticle-based complexes has been shown to be a promising strategy for gene therapy[29–43] and drug
delivery [44–53]. One popular complex consists of thiolated DNA bound to nearIR absorbing gold nanoparticles such as nanoshells, nanorods, or nanocages [36, 37,
40, 41]. Resonant illumination of the gold nanoparticle-DNA complex results in the
light-triggered release of DNA from the surface of the nanoparticle [29, 30, 32, 35,
39]. For gene therapy, released DNA, or in some cases RNA, can be used to prevent
transcription or translation of messenger RNA (mRNA) or to inhibit protein function
[30, 54]. This type of nanoparticle- DNA complex can also be used for drug delivery,
where therapeutic molecules can be non- covalently bound to the DNA and released
upon resonant illumination [44, 45, 49]. While other nanoparticle platforms have been
investigated for drug delivery, including liposomes [50, 55] and hydrogels [56, 57], as
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well as polymeric [58–60], magnetic [61, 62] and metallic nanoparticles [49], these
nanosystems typically rely upon changes in the intracellular environment such as pH
[59, 63–65] and temperature [57, 58, 63–65] to induce drug release, which can vary
with cell type and location. Externally applied triggers such as magnetic [66, 67] and
electric [68] fields, ultrasound [69], and specifically, light [45, 70–73], allow for precise
spatial and temporal release. Controlled release of chemotherapeutic agents once the
particles have been delivered specifically to a tumor site is a potential strategy to
reduce the systemic toxicity of traditional chemotherapy treatments.

Figure 5.1 : Near-IR light-induced DNA release. CW irradiation results in
dehybridization and release of fluorescently tagged ssDNA, while pulsed irradiation
results in Au-S bond breakage and release of dsDNA.

The experimental conditions employed for light-triggered release schemes vary
widely from study to study [29, 35, 37–40, 49, 74]. Many schemes illuminate metallic nanostructures coated in double-stranded DNA (dsDNA) with continuous-wave
(CW) lasers to dehybridize the dsDNA, resulting in release of single-stranded DNA
(ssDNA), while the complementary strand remains tethered to the nanoparticle surface through a gold-thiol bond [30, 35, 45, 75, 76]. Other schemes utilize pulsed (fs,
ns, and ps) lasers to either dehybridize the dsDNA or to break the gold-thiol bond
between the DNA molecule and the nanoparticle, which results in release of the entire
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dsDNA [29, 39, 40, 74, 77–79]. Two mechanisms have been proposed to explain these
release observations: either simple melting of the dsDNA from the increased temperature of the nanoparticles, or hot-electron transfer from plasmon decay causing
either dehybridization or Au-S bond breaking. To improve control and tailorability of
light-triggered DNA release in these systems, it is critical to understand the specific
DNA release mechanisms and how they relate to the type of laser illumination used
to trigger release.
In this study, we examine the specific mechanisms of near-IR light-triggered DNA
release from DNA-functionalized plasmonic nanoparticle complexes. Here, we use
nanoshells (NS), composed of a silica core surrounded by a thin gold shell, functionalized with partially thiolated dsDNA. NS are strong absorbers of NIR light, are
biocompatible, and are easily functionalized [80–84]. We employ NIR light because it
enables deep tissue penetration due to the low absorption of biological tissue in this
region [85], while high energy visible or UV photons are strongly absorbed by bulk
tissue, which can result in protein and DNA damage. We find that DNA release can
be achieved in two distinct regimes: high power CW illumination and low average
power, high intensity pulsed laser excitation.
Each regime is controlled by a distinct mechanism that drives the DNA release
(Figure 5.1). We have observed that DNA release upon CW illumination is due to a
temperature increase arising from the collective heating effects of the nanoparticles,
causing dehybridization and release of ssDNA. This limits the use of CW illumination in vivo because the high temperatures are likely to result in non-specific cell
death and also because it is highly concentration dependent. Alternatively, we have
also investigated femtosecond pulsed laser-induced release at low (25 mW range) average laser powers. DNA release is found to occur through a hot-electron transfer
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process, which breaks the Au-S bond, releasing dsDNA. While this mechanism has
been demonstrated with high energy UV pulsed lasers [74], to our knowledge no
previous work has demonstrated the pulsed release mechanism with NIR light. We
carefully monitored the bulk temperature under these conditions, and found essentially no bulk temperature increase under illumination. We also found that, for our
experimental conditions, the process is also nearly independent of nanoparticle concentration. These results indicate that pulsed laser-induced release is substantially
more favorable for in vivo applications than is CW release, where it is highly desirable
to minimize non-specific cell death and where local nanoparticle concentrations and
distributions are uncontrollable and essentially unknown.

5.2

Nanocomplex Synthesis and Characterization

dsDNA was formed by hybridizing a thiolated ssDNA with a non-thiolated fluorescein
tagged ssDNA. The melting temperature of the dsDNA in solution was characterized
by circular dichroism (CD). Spectra show a negative peak at 246 nm and a positive
peak at 278 nm, characteristic of B-form DNA [86, 87]. The ellipticity (θ) at 246
nm was monitored as a function of temperature to obtain the dsDNA melting curve.
The first derivative of a Boltzmann fit of the CD curve showed a melting temperature
(Tm) of 55.2 ± 0.7 o C, which is close to the theoretically calculated Tm of 51.3 o C
in 33 mM NaCl TE buffer.
Nanoshells were synthesized with a 120 nm SiO2 core and a 21 nm Au shell according to previously reported protocols [83, 84].The NS@dsDNA nanocomplex was
formed by attachment of the dsDNA to the NS surface via a gold-thiol bond. Functionalization of the NS surface was verified with extinction spectroscopy, transmission
electron microscopy (TEM) and zeta potential measurements. The bare NS extinc-
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Figure 5.2 : Nanocomplex characterization. (A) Extinction spectra of bare NS
(green) and NS@dsDNA (blue), TEM images of (B) bare NS and (C) NS@dsDNA,
and (D) zeta potential of bare NS (green) and NS@dsDNA (blue). Scale bars are 50
nm.

tion spectrum red-shifted from 775 to 781 nm after dsDNA functionalization resulting
from the change in the dielectric environment around the NS (Figure 5.2A). TEM
images show the formation of a thin layer of DNA around the NS (Figure 5.2B,C).
The zeta potential decreased from -44.1 ± 0.7 to -59.4 ± 1.7 mV due to the increased
negative charges associated with the phosphate backbone of the DNA (Figure 5.2D).

5.3

Thermal and CW Laser-Induced DNA Melting

To investigate the dehybridization temperature when dsDNA is tethered to the NS
surface, a thermal release profile at 5 o C increments was acquired. The nanoparticle concentration used was 1 × 109 NS/mL, a concentration range similar to the
local concentration of nanoparticles in tumors (108 109 particles/mL) [88, 89]. The
NS@dsDNA solution was heated in a temperature-controlled stage. After 20 min of
equilibration at each chosen temperature, an aliquot was removed and centrifuged.
A fresh sample was used for each temperature point. A fluorescein tag on the non-
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thiolated strand was used for quantification of the released ssDNA. The fluorescence
intensity of the supernatant was measured, and these data were used to obtain the
amount of ssDNA released from NS using a linear standard curve. The ssDNA/NS
released vs. temperature was found to follow a Boltzmann response; the DNA melting
temperature (Tm) achieved by heating the samples was 61.1 ± 2.3 C. The slightly
higher Tm from thermal release compared well to the Tm of 55.2 ± 0.7 o C observed
in CD, where the difference can be attributed to the dsDNA being anchored to the
NS surface vs. free dsDNA in solution obtained from the CD measurements. The
binding of the DNA to the nanoparticle results in increased steric hindrance and a
difference in local salt concentration relative to DNA in solution; these differences in
local environment are sufficient to alter the temperature between those two regimes
consistent with our observations [90].
We then compared the thermal release of DNA from the nanoshells to near-infrared
release induced by an 808 nm wavelength CW laser. The NS@dsDNA solution was
irradiated at 0.4, 0.7, 0.8, 1.0, and 1.5 W for times ranging from 1.5 25 min. During
irradiation, the sample temperature was monitored with a thermal camera (Figure
5.3A, inset). When plotted as a function of time, no substantial release was observed
except at laser power levels of 1.5 W, which resulted in the bulk solution temperature
reaching the DNA dehybridization temperature (Figure 5.3B). When plotted as a
function of temperature, the CW laser-induced DNA release profile is consistent with
the thermal release profile with a Tm of 59.1 ± 4.5 o C (Figure 5.3C).
Unlike previous reports, we observed no increased DNA release below the dehybridization temperature under CW irradiation. It is likely that this discrepancy may
be due to the lower, 109 NS/mL nanoparticle concentration used in our study, compared to higher, 1010 NS/mL concentrations used in the other studies, where lower
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Figure 5.3 : Investigation of CW-induced DNA release mechanism. (A)
Heating profile of DNA release from solutions heated via a CW laser at various laser
powers. Inset: thermal image of DNA release experiment at 1.5 W. DNA release profile plotted as a function of (B) time and (C) temperature. A Boltzmann fit estimates
a melting temperature of 59.1 ± 4.5 o C. (D) DNA release from solutions in a cuvette
stage set to 4 o C under 1.6 (red) and 3.4 W (black) laser irradiation showing no DNA
release. Inset: corresponding heating profile showing that the solution temperature
does not exceed room temperature.

temperature DNA release was reported [30, 35, 36, 45, 90]. In an earlier study reported by our group on collective photothermal heating by plasmonic nanoparticles,
particle concentrations of 1010 NS/mL result in light absorption profiles with a decay length of around 300 microns along the laser propagation direction. It was also

76
shown that at these high particle concentrations, where the scattering mean free path
is 830 microns, multiple scattering of photons significantly increases the fraction of
incident light absorbed. These two factors, the small heating volume and the enhanced absorption efficiency due to multiple scattering, result in large temperature
increases and gradients at the input laser powers studied [91]. Figure 5.4 displays
these gradients as calculated by the Monte-Carlo method for three concentrations
of NS in solution. Clearly, at higher particle concentrations, between 5 × 109 and
5 × 101 0 NP/ml, the temperature gradients are steep enough that if the temperature was probed at the bottom of the temperature gradient, and not in the region
of absorption, much lower temperatures would be observed. The results we report
here clearly show that one must consider the full temperature profile of the absorbing
medium, which may quite possibly be significantly non-uniform, in regions of high
local concentrations of nanoparticles [91].
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Figure 5.4 : Absorption Profile of Nanoshell Solutions. Absorption intensity as
calculated using the Monte-Carlo method for solutions with nanoshell concentrations
of 5 × 108 , 5 × 109 , and 5 × 101 0 NP/ml. Light is incident from the top of the solution,
which is indicated as a white dashed line.

The similarity of the CW laser-induced DNA release profile to the thermal profile, as well as the apparent dependency on nanoparticle concentration suggest that
thermal effects play a dominant role in DNA dehybridization, but they do not unambiguously separate thermal and nonthermal release mechanisms, such as hot electron
effects [8, 39].
We performed a similar set of CW light-triggered release studies, this time keeping
the entire sample below the DNA melting temperature by using a thermoelectric
(Peltier effect) stage. The NS@dsDNA solution was cooled to 7 o C and illuminated
from the side with an 808 nm CW laser at 1.6 and 3.4 W for durations of 3 - 24
min. A fresh sample was used for each time point. The temperature of the entire
sample was maintained below 20 o C for all experiments (Figure 5.3D, inset). No
release was observed for either laser power, indicating that nonthermal effects such
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as nonequilibrium charge transfer do not play a measurable role in release (Figure
5.3D). A significant fraction of hot electrons from plasmon decay should have energies
equivalent to the photon energy (1.53 eV), which is 3 orders of magnitude higher than
the energy required for dehybridization, kb (Tm − 25o C) ∼ 3 meV. Even with cooling
the stage to 7 o C, the energy requirement for dehybridization is only 4.6 meV, which
is still an insignificant fraction of the energy of the hot electrons. Therefore, the
absence of release when the entire sample is maintained below room temperature
supports that thermal effects drive the DNA dehybridization.

5.4

Pulsed Laser-Induced Release

The DNA release observed in the CW laser experiments provides strong evidence
that the release mechanism is thermal in nature and requires significant heating to
dehybridize DNA. However, it would be far more preferable to reduce or eliminate
this heating requirement, to avoid non-specific damage to surrounding tissues during
DNA release in vivo. The combination of high pulse energies and low average powers
achievable with pulsed lasers is a drastically different illumination regime, capable
of generating nonequilibrium heating effects local to the nanoparticle with minimal
heating of the surrounding volume. Previous studies of pulsed laser-induced DNA
release have used high energy UV lasers to break the Au-S bond [74] or large powers
in the NIR to melt the particles in order to release DNA [40, 92]. Here, we investigate
the DNA release mechanism for these NIR resonant nanoshell-based complexes using
pulsed NIR illumination.
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Figure 5.5 : Femtosecond pulsed laser induced ssDNA release. (A) DNA
release profile showing linear release up to 25 mW, after which release decreases. (B)
Heating profile of femtosecond pulsed laser DNA release at laser powers from 2- 50
mW showing no bulk solution temperature increase. Inset: FEM simulation of the
maximum temperature in a 6.6 nm layer around the NS. (C) DNA release where the
thiolated DNA strand is fluorescently tagged, showing the same release profile as (A),
indicating Au-S bond breakage-mediated DNA release.
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NS@dsDNA solutions were irradiated for 10 min with a ∼ 160 fs 800 nm wavelength pulsed laser at powers from 2 50 mW (Figure 5.5A). DNA release increased
linearly from 2-25 mW, but decreased above 25 mW. This linear power dependence,
which differs distinctively from the thermal release profiles in the CW case, indicates
that the DNA release under these pulsed excitation conditions are not likely due to
a thermal process. In fact, no temperature increase of the solution was observed
(Figure 5.5B).
The expected transient temperature rise of the DNA due to pulsed irradiation at
these power levels is in principle sufficient to dehybridize the DNA. To understand the
temperature experienced by the DNA during illumination, we employed the finiteelement method (FEM, Comsol) to calculate the spatial and temporal dependence
of the temperature field of a single nanoparticle in aqueous solution. We employed
both spatial and temporal averages to obtain average temperatures. Averaging the
temperature in a shell around the nanoparticle with dimensions corresponding to the
length of the dsDNA (6.6 nm) gives average temperatures ranging from essentially
room temperature at 2 mW to nominally 140 o C at 50 mW (Figure 5.5B, inset).
For laser powers where considerable release is observed (10-25 mW), the calculated
temperatures fall between 45-80 o C, which is consistent with the Tm results from
both the thermal and CW laser experiments.
To investigate the nature of the DNA release under pulsed laser excitation conditions, we used dsDNA with its fluorescein tag on the thiolated DNA strand. With
the thiolated strand tagged with a fluorophore, if thermal or CW DNA dehybridization occurs, no fluorophore will be released into solution. However, for pulsed laser
illumination conditions, fluorescence was indeed observed, possessing a release profile
very similar to that shown in Figure 5.5A, with a release that increases linearly with
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increasing power up to 35 mW (Figure 5.5C). Because the binding energy of the Au-S
bond has been shown to be ∼0.1 eV in such systems, the increased local temperature
at the nanoparticle surface alone is insufficient to induce this bond breakage [74].
Temperatures in excess of 890 o C (kb T = 0.1eV ) would be required to thermally
break this bond, a temperature regime where nanoparticle melting and reshaping
would also be expected to occur. These results strongly suggest that a nonthermal
mechanism, such as nonequilibrium charge transfer of hot carriers from the metal to
the DNA molecule may induce breakage of the Au-S bond, resulting in release of the
intact hybridized dsDNA molecules.
The large pulse energies generated by the femtosecond laser at the highest power
levels used in these experiments can considerably increase the nanoparticle temperature such that nanoparticle reshaping occurs. Irreversible nanoparticle reshaping
is the reason for the decrease in DNA release observed above 25 mW of pulsed irradiation, a conclusion supported by extinction spectroscopy and scanning electron
microscopy (SEM) of the nanoparticles before and after laser irradiation. The extinction spectra of samples irradiated at 0-25 mW display a dipole peak centered at 785
nm and a well-defined higher-energy quadrupole peak at 600 nm. From 30-50 mW,
the extinction maximum red-shifts to 688 nm, accompanied by the disappearance of
the quadrupolar plasmon peak and the appearance of a second peak at 1015 nm
(Figure 5.7A). These changes indicate loss of shell integrity and particle aggregation.
SEM images show no change in the Au shells from 2 to 25 mW, but reveal an increase in holes and cracks in the shells at 30 and 35 mW, with widespread holes in the
shell at 50 mW (Figure 5.7C-G). These results agree well with previously reported
reshaping of nanoshells under femtosecond pulsed irradiation [93].

82

Figure 5.6 : Calculated Temperature Field in DNA and Au Nanoshell. Spatially averaged temperature as a function of time in (A) a 6.6 nm layer surrounding
the Au NS, which we identify as the domain of the dsDNA and (B) the Au shell.

Finite-element method calculations were performed using COMSOL version 5.2.
The heat transfer in solids module was employed. The computational domain was
modeled with a 700 nm sphere. At the center of this domain is a 60 nm radius
sphere and a [60,73] nm [inner,outer] radius shell to approximate the geometry of the
nanoshell. The 700 nm spherical domain and the 60 nm silica core utilized COMSOLs
built-in water and silica materials respectively. The gold shell was modeled using a
density of 19.3 g/cm3 a heat capacity of 0.126 J/gK and a thermal conductivity of
318 W/mK. The initial value of all the domains was 293.15 K. A uniform heat source
was employed in the domain of the gold shell. This heat source varied in time as
a Gaussian pulse with a location of 500 fs and a standard deviation of 200 fs as
an approximation to the femtosecond laser pulse. The heat source therefore was a
product of the Gaussian pulse and the power absorbed by the nanoparticle using
the nanoparticle cross-section and the incident laser intensity from experiments. The
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absorbed power by a single nanoparticle is:
Pabs = σa Ilaser ,

(5.1)

where σa is the absorption cross section of a single nanoparticle, and Ilaser is the
average power divided by the spot size of the laser, both experimentally obtained
values. The pulsed nature of the laser can be taken into account by assuming a pulse
shape of:
2 /2σ 2

P (t) = P0 e−t

,

(5.2)

where σ is the temporal pulse width and where P0 is constrained by:
P0 = R T /2

Pabs T

e−t2 /2σ2 dt
−T /2

,

(5.3)

where T is the interval between pulses, or the inverse repitition rate. These equations
define the heat source of the nanoparticle in the FEM simulations.
An open boundary condition with a temperature of 293.15 K was employed at the
outer boundary of computational domain. The mesh properties were set to physicscontrolled mesh with the normal setting for element size. A parametric sweep was
performed on the incident power.
Two different simulations were performed in order to separate short-time dynamics
and long-time dynamics. The short-time computation included the above-mentioned
heat source, whereas the long-time simulation did not include any heat source but
otherwise employed the same conditions. The short-time dynamics were observed
from t = [0, 10ps] with a time step of 50 fs. The average maximum temperature of
the shell from this computation was then used as an initial condition for the shell
temperature in the long-time computations, where the system was simulated from
t = [0, 500ns] with a time step of 10 ns. We used both temporal and spatial averages
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to determine the temperature of the gold shell and the DNA layer, as shown in Figure
5.6. The temporal averages shown in Figure 5.7 were taken from t = [0, te ], where te
is the amount of time required for the nanoshell to reach a temperature of 1/e times
the maximum temperature.

Figure 5.7 : Nanoparticle characterization after pulsed laser induced DNA
release. (A) Extinction spectroscopy showing a red-shift in the plasmon resonance
at powers above 25 mW. (B) FEM simulation of the average temperature of the Au
shell after a single 150 fs laser pulse. Inset: temperature map for 25 mW incident
power 100 ps after laser pulse (scale in o C). TEM images after laser irradiation at
(C) 2, (D) 25, (E) 30, (F) 35, and (G) 50 mW showing particle degradation above 25
mW. Scale bars are 200 nm.

These FEM calculations also support the observation of Au NS reshaping and
reduced DNA release for incident laser power levels at and above 30 mW. Figure 5.7B
displays the average local temperature increase of the NS as a function of incident laser
power. At the highest power of 50 mW, the gold shell reaches calculated temperatures
around 1000 o C, close to the 1064 o C melting point of bulk gold. It is well known
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that at the nanoscale the energy densities required for surface reshaping are a fraction
of the bulk melting energy density. Our calculations show that at 30 mW, the gold
shell reaches a maximum temperature of 550 o C, which appears to correspond to the
onset of nanoscale reshaping for this structure. Over the range of laser powers used
in our experiments, the gold is reaching between 3-70% of the bulk melting energy
density of 195 J/g [94], with the onset of reshaping occurring at 40%, the same value
obtained for reshaping of gold nanorods [94]. These values will vary depending on
nanoparticle morphology and composition as well as temporal pulse width.

5.5

Time and Concentration Dependence of DNA Release

Using 25 mW of pulsed irradiation, the time to release the maximum DNA was
investigated (Figure 5.8A). 40% of release occurs after 2 min of irradiation with
saturation achieved after only 5 min. Achieving substantial DNA release over short
irradiation times with low average powers indicates that short pulse-induced DNA
release is a highly attractive strategy for therapeutic applications.
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Figure 5.8 : Time and concentration dependence of pulsed laser induced
DNA release. Variation of release as a function of (A) irradiation time at 25 mW
with 1x109 particles/mL fit with an exponential that reveals a time constant of 2.2
min, and (B) concentration of NS@dsDNA irradiated at 25 mW and 10 min irradiation
showing no appreciable change in release at different concentrations.

Nanoparticle uptake in tumors is known to vary widely [95], indicating the desirability for a release method that is insensitive to nanoparticle concentration. For
pulsed laser illumination periods of less than 10 min at 25 mW, no appreciable change
in the amount of DNA released per NS was observed as nanoparticle concentration
was increased (Figure 5.8B). The relatively low average power of the laser results
in negligible bulk heating. Thus, DNA release induced by ultrafast irradiation differs dramatically from CW-induced release, which depends on collective nanoparticle
heating. If ultrafast-induced release arises from hot carrier transfer, it should de-

87
pend only on the independent interaction of each nanoparticle with the incident light
field. Therefore, the magnitude of release per nanoparticle is relatively insensitive
to concentration. At high concentrations some dependence is expected due to the
attenuation of the incident laser beam; however, as our experiments illustrate, this
effect is not relevant over the range of nanoparticle concentrations relevant for in vivo
therapeutic applications.

5.6

Conclusion

In this study, we showed that NIR CW light-triggered DNA release is the result of
thermally induced DNA dehybridization, which induces release of ssDNA. Collective
heating effects characteristic of CW irradiation at the NS concentrations relevant
for therapy make the DNA release highly dependent on nanoparticle concentration.
At the low particle concentrations achievable in tumors, we demonstrated that the
global temperature must rise above the DNA dehybridization temperature to cause
DNA release. In contrast, we observed that a NIR ultrafast pulsed laser induces
release of dsDNA with no measurable bulk temperature increase at lower nanoparticle
concentrations. For pulsed laser illumination, the DNA is released by inducing Au-S
bond breakage. With a pulsed laser, DNA release is a single particle phenomenon and
is independent of particle concentration. These results clearly show that pulsed laser
induced DNA release is a highly promising strategy for light-triggered therapeutic
release without inducing bulk heating, making this approach more likely to preserve
the integrity of healthy tissues in therapeutic applications in vivo.
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Chapter 6
Conclusion
In nanomaterial systems, those composed of traditional bulk materials and many
nano-sized objects, solving problems in light transport is not an analytic endeavor
because of the many coupled degrees of freedom that arise from multiple scattering.
However, in this thesis, I propose a computational scheme based on the Monte-Carlo
method for solving light transport problems in these types of systems. These computations can be performed straightforwadly with even modest computational resources.
Some important questions remain, however.
In the region of parameter space where µs is similar in magnitude to µa , are there
approximations to the RTE that provide more tractable differential equations that
can be solved using finite-element or finite-difference methods? Nanomaterial systems
present many situations in which the scattering and absorption processes occur with
relatively equal magnitude and also involve complex geometries. Therefore, it would
be useful to utilize the many commercial packages available for solving ODEs, beside
being a problem of purely theoretical interest. As nanophotonics becomes more and
more integrated in technology, fast, efficient simulations of light transport in these
systems will be needed.
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