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1. Plasmonic nanoparticles

Conductive nanoparticles are at times called nanoantennas for light [1] due
to their ability to interact with visible light similar to the manner in which
radio antennas receive and transmit radio waves. The television broadcasts in
Finland currently occupy the frequency range from 482 MHz to 690 MHz [2],
which correspond to wavelengths between 60 cm and 41 cm. For visible light, the
frequencies are between 384 THz and 750 THz, corresponding to wavelengths
between 780 nm and 400 nm.

By a naive assumption, if we were to make nanoparticles in the 100 nm to 200
nm length scales, we could expect the particles to behave as antennas for light.
While this does work to some extent, the response of the particles also depends
heavily on the material properties in addition to the size. The MHz-frequency
changes in electric fields are slow from the point of view of the charge carriers
in good conductors, and thus they behave in a quasistatic manner. However,
when the frequency is increased by a factor of 106 to the THz range, the charge
carriers are no longer able to perfectly follow the oscillating electric field. This
allows the electric field to partially penetrate inside the nanoparticles, leading
to resonant interaction between light and the charge carriers. These surface
plasmon resonances occur close to the surface of the nanoparticles, making
them sensitive to the material, size and shape of the nanoparticles, and to the
surrounding environment.

As a consequence of coupling light to these nanoscale objects, the electric
fields close to the particle surface are greatly increased. This has been used
to great effect in surface enhanced Raman spectroscopy (SERS) [3], where the
enhancement in the signal scales rougly as E4 [4]. Another application of this
squeezing of the electric field is in strong coupling of molecules to the optical
modes [5–9], where the reduced mode volumes of plasmonic resonances make
strong coupling possible at room temperature.
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Plasmonic nanoparticles

1.1 Surface plasmon resonances

Conductive materials, be they metals or heavily doped semiconductors, can
support oscillations in their charge carrier densities. In metals, the conduction
electrons move in a lattice of much heavier ions that stay relatively still. Col-
lective motion can be induced to the electrons, where they start to oscillate in
response to an external driving force, while the stationary ions contribute the
restoring force through Coulomb interaction. These oscillations, called plasmons,
heavily affect the optical properties of these materials.

In bulk materials, the plasma frequency ωp is the resonance frequency where
the charge carrier oscillations couple most efficiently to the external drive.
Below the plasma frequency, the electrons are able to respond fast enough to
the external field to essentially cancel any electric fields inside the material.
This also means that electromagnetic radiation incident on the material will
be reflected. Above the plasma frequency the inertia of the electrons causes
the resulting charge distributions to be out of phase with the driving field,
allowing transmission of the oscillating electric field through the material. These
features are captured in the materials dielectric function, which is negative for
frequencies where the material is a good conductor, and positive where the
material becomes transparent.

The plasma frequencies of metals are typically in the far ultraviolet range,
making them reflective to visible light, giving them the lustre we associate to
their appearance. On the other hand, heavily doped indium tin oxide (ITO) can
have its plasma frequency in the infrared wavelengths, making it conductive
enough for use in electronics, but also transparent to visible light. In addition to
the plasma frequency, various loss channels also affect the relative permittivity.
The reason for gold having a yellowish color is due to the interband transitions
that make it an effective absorber for blue and green light, shifting the color we
see in reflection. While the bulk properties of the material come from the atomic
structure, we can significantly modify the way the material responds to light by
shaping it.

At planar interfaces, the motion of the charge carriers can be coupled with light,
forming surface plasmon polaritons (SPPs). The interface poses an additional
constraint to the motion of the charge carriers, shifting the resonant frequency
to ωp/

�
2. Below this frequency, light can be coupled to the SPPs propagating

on the interface when both the energy and momentum of light match the SPP
mode. The SPP modes are evanescent in nature, meaning they have a higher
momentum than light propagating in free space. A typical way to increase the
momentum of light to match the SPP modes is to use a grating coupler.

In nanoparticles made from conducting materials, the plasmon resonances
become localized, lifting the requirement for matching the momentum to the
resonance. The resonance frequency becomes heavily dependent on the nanopar-
ticle size and shape, as the charge carriers are confined in all directions. This
resonant coupling between the charge carriers and light make the plasmonic
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nanoparticles an interesting component for applications, as they are strong scat-
terers that can be made into more complex structures, where the coupling and
interactions between particles allow engineering of the response of the system.

The research presented in this thesis focuses on understanding the optical
characteristics of ensembles of plasmonic nanoparticles through numerical mod-
els and experimental observations. The thesis is organized as follows: In the next
sections, the optical properties of individual metallic nanoparticles are discussed
in detail through quasistatic and modified long wavelength approximations.
The coupled dipole approximation (CDA) is then introduced for calculating the
optical response of an ensemble of plasmonic nanoparticles. The CDA approx-
imation is then used in Chapter 2, to investigate the optical response of 1D
and 2D plasmonic laser structures. Finally, in Chapter 3, the chirality observed
experimentally in self-assembled gold nanoparticles on organic templates is
modeled using the CDA approximation.

1.2 The quasistatic polarizability

The quasistatic approximation can be used to calculate the polarizability α of a
nanoparticle when the particle diameter is small compared to the wavelength of
light (< λ

10 ). In the quasistatic approximation, the electric field is assumed to be
constant over the nanoparticle volume. For a spherical particle, the polarizability
α, which describes how strongly the dipole responds to an external field, is then
given by

α(ω)= 4πε0a3 ε1(ω)−ε2

ε1(ω)+2ε2
, (1.1)

where a is the particle diameter, ε1(ω) and ε2 are the relative permittivities of
the nanoparticle and dielectric media surrounding the particle, respectively [10].

The quasistatic polarizability can also be calculated for ellipsoidal particles.
The surface of the particle is defined by the semiaxes a, b and c as

x2

a2 + y2

b2 + z2

c2 = 1. (1.2)

The polarizabilities will depend on the shape and orientation of the nanoparticle,
with the possibility of each axis having its own polarizability

α j = 4πabc
ε1(ω)−ε2

3ε2 +3L j(ε1(ω)−ε2)
, (1.3)

where subindex j = [a,b, c] determines the semiaxis of the ellipsoid. The geomet-
rical factor L j is defined as [10]

L j = abc
2

∫∞

0

dq

(q+ j2)
√

(q+a2)(q+b2)(q+ c2)
. (1.4)

For larger particles, the assumptions of the quasistatic approximation do
not hold. The modified long wavelength approximation introduced in the next
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section includes corrections that expand the applicability of the quasistatic
polarizability, while still offering an analytic expression [11]. The Mie theory
offers a full electrodynamic solution to the scattering problem of spherical
particles [12, 13]. For more complex particle shapes, fully numerical methods
can be used to solve the scattering problem, such as the finite-difference time-
domain (FDTD) method used later in this thesis. The quasistatic polarizability
was used in Publication III and IV, where gold nanoparticles with diameters
between 8 and 13 nm were simulated.

1.3 Modified long wavelength approximation

The modified long wavelength approximation (MLWA) includes corrections for
dynamic depolarization (k2-term in Equation (1.5)) arising from phase differ-
ences in radiation by different parts of the nanoparticle. The second correction
(k3-term in Equation (1.5)) in the MLWA accounts for the radiation reaction
force that accelerating charges experience when emitting electromagentic radia-
tion. [11] The MLWA polarizability is given by

αMLW A = α j

1− k2

j α j − 2
3 ik3α j

, (1.5)

where k =�
ε2

ω
c is the wave vector in the surrounding medium, α j is the qua-

sistatic polarizability along the jth semiaxis and j = [a,b, c]. A convinient way
of representing the full polarizability of the ellipsoidal particle is a matrix:

α=

⎛
⎜⎜⎜⎝
αa 0 0

0 αb 0

0 0 αc

⎞
⎟⎟⎟⎠ , (1.6)

where now each αabc correspond to the polarizability given by Equation (1.5)
for the semiaxes. The matrix defined by Equation (1.6) can be rotated with
standard matrix transformations, to match the desired particle orientations in
the structure coordinate system used in the coupled dipole approximation (CDA)
calculations introduced in the next section. The MLWA polarizability is used in
the CDA simulations done in Publication II.

1.4 Coupled dipole approximation

All of the structures studied in this thesis consist of several nanoparticles. To
gain insight into the response of such systems, we use the coupled dipole approx-
imation (CDA). This approach to the systems response was used in publications
III, IV, and II. In Publication I we included also the quadrupole excitations in the
nanoparticles, however, most features of the optical response of the structures
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are well described by the CDA method. Therefore the CDA calculations form
the backbone of this thesis. For notation we follow Ref. [14].

The main idea in the CDA method is the following: The particle at coordinate
�Rn reacts to an external field through an induced (point) dipole moment�pn =
αn�E(�Rn), where αn is the electric polarizability matrix (Equation (1.6)) and �E is
the self-consistent electric field at the particle location. The self-consistent field
contains the external field driving the system, and the fields generated by all
other dipoles in the system (dipole-dipole interactions).

The electric field at point�r, induced by a dipole at point �Rn can be written as
G0(�r−�Rn)�pn, with the scalar Green’s function G0 given by

G0(�r)�p= exp(ikr)
r3

{
[(kr)2 + ikr−1]�p− [(kr)2 +3ikr−3](�r ·�p)�r/r2} . (1.7)

The last term contains (�r ·�p)�r, which can be expanded as

�r ·�p= rx px + r y py + rz pz (1.8)

(�r ·�p)�r=

⎛
⎜⎜⎜⎝

rx(rx px + r y py + rz pz)

r y(rx px + r y py + rz pz)

rz(rx px + r y py + rz pz)

⎞
⎟⎟⎟⎠ (1.9)

=

⎛
⎜⎜⎜⎝

rxrx rxr y rxrz

r yrx r yr y r yrz

rzrx rzr y rzrz

⎞
⎟⎟⎟⎠
⎛
⎜⎜⎜⎝

px

py

pz

⎞
⎟⎟⎟⎠ (1.10)

= (�r⊗�r)�p, (1.11)

where�r⊗�r is the outer product of vector�r with itself. The self-consistent dipole
moments of the particles are then given by

�pn =αn

[
�Eext(�Rn)+ ∑

n′ �=n
G0(�Rn −�Rn′)�pn′

]
. (1.12)

In order to solve the self-consistent polarizations in the particles Equations (1.7)
and (1.12) are written as a matrix equation

p= α̂Eext + α̂G0p, (1.13)

which can be formally solved as p = (I− α̂G0)−1α̂Eext. Here p and Eext are
vectors that contain the dipole moments and the initial electric fields at each
particle location in the system, p = (p1x, p1y, p1z, p2x . . .) and similarly for the
electric field. The polarizability α̂ here is a block diagonal matrix, where the 3×3
polarizability matrices αn given by Equation (1.6) for each particle are placed
on the diagonal.

The term G0 is a matrix, consisting of 3×3 blocks which describe the dipole-
dipole interactions between two dipoles in the system. Writing Equation (1.12)

5



Plasmonic nanoparticles

for a system of three particles gives

�p1 =α1

[
�Eext(�R1)+G0(�R1 −�R2)�p2 +G0(�R1 −�R3)�p3

]
, (1.14)

�p2 =α2

[
�Eext(�R2)+G0(�R2 −�R1)�p1 +G0(�R2 −�R3)�p3

]
, (1.15)

�p3 =α3

[
�Eext(�R3)+G0(�R3 −�R1)�p1 +G0(�R3 −�R2)�p2

]
. (1.16)

In the matrix notation the set of Equations (1.14) to (1.16) become (here each
vector has three components)

⎛
⎜⎜⎜⎝
�p1

�p2

�p2

⎞
⎟⎟⎟⎠=

⎛
⎜⎜⎜⎝
α1 0 0

0 α2 0

0 0 α3

⎞
⎟⎟⎟⎠
⎡
⎢⎢⎢⎣
⎛
⎜⎜⎜⎝
�Eext(�R1)
�Eext(�R2)
�Eext(�R3)

⎞
⎟⎟⎟⎠+

⎛
⎜⎜⎜⎝

0 G0(�R1 −�R2) G0(�R1 −�R3)

G0(�R2 −�R1) 0 G0(�R2 −�R3)

G0(�R3 −�R1) G0(�R3 −�R2) 0

⎞
⎟⎟⎟⎠
⎛
⎜⎜⎜⎝
�p1

�p2

�p3

⎞
⎟⎟⎟⎠
⎤
⎥⎥⎥⎦ . (1.17)

From Equation (1.17) we can see the 3×3 blocks that the matrix G0 contains.
On the diagonal there are zeros, rows and columns correspond to different
combinations of particles. The size of the matrix is 3N ×3N, where N is the
number of particles. The matrix is symmetric.

With these ingredients one can construct the matrix G0, calculate the inverse
of (I− α̂G0) and then use it to find what are the dipole moments induced in each
particle of the structure. From the dipole moments the extinction cross section
can be calculated as

σext = 4πk
N∑

j=1

Im
[
E∗

ext, j ·�p j

]
|�Eext, j|2

, (1.18)

and the absorption cross section as [15]

σabs = 4πk
N∑

j=1

1

|�Eext, j|2
{

Im
[
�p j(α−1

j )∗�p∗
j −

2
3

k3|�p j|2
]}

. (1.19)

The scattering cross section can be calculated as σsc =σext −σabs.
It is important to note that it is enough to calculate the matrix inversion

only once for each wavelength and particle structure considered. The effects of
different incident field configurations can be evaluated through simple matrix
multiplications once the inverse matrix is known.

For the periodic one- and two-dimensional (1D and 2D) structures considered
in Publications I and II the response of an infinite structure can be calculated by
using the Bloch theorem [14]. In an infinite lattice, the solution of Equation (1.12)
has the form

�pn =�pexp
(
i�k∥ ·�Rn

)
, (1.20)
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where k∥ is now the wave vector in the plane of the structure. We can then
fix the coordinate system such that the particle with index 0 is situated at the
origin. In this case, the dipole moment�p becomes

�p= Eext,0
1

αMLW A
−G(�k∥)

, (1.21)

where the response is split into two parts, properties of the particles (α), and
properties of the lattice in the G(�k∥)-term:

G(�k∥)=
∑
n �=0

exp(ikRn)exp
(
i�k∥ ·�Rn

)[(1− ikRn)(3cos2Θn −1)
R3

n
+ k2 sin2Θn

Rn

]
.

(1.22)
The angle Θn is between the polarization direction of the incident field, and
the position vector �Rn. The effective polarizability of a single particle in the
periodic structure is αe f f (�k∥)= 1/[(1/α)−G(�k∥)]. The extinction cross section can
be calculated as [16]

σext = 4πk Im(αe f f ). (1.23)

Equations (1.21) to (1.23) have been used widely to calculate the response
of 1D and 2D periodic nanoparticle arrays [16–20]. Typically only the normal
incidence�k∥ = 0 case is considered, and the term G(�k∥ = 0) is called the structure
factor S. It is worth noting that the summation in Equation (1.22) is infinte. In
practice, a finite sized structure is used in the summation, which can lead to
fluctuations in the calculated extinction spectra. A way around this limitation
is to do a random sampling of a subset of the particles in the finite structure,
and calculate the average extinction spectrum for those particles. This is much
faster than calculating the extinction for every particle in the lattice as was done
in [21]. The results of this averaged spectra match experiments extremely well
as we will see in Section 2.5.

Variations of the CDA can be applied to all publications of this thesis. However,
it is especially suitable for the self-assembled structures in Publication III and
IV, as the quasistatic polarizability (Equation (1.1)) matches the polarizability of
the small gold nanoparticles used in the experiments extremely well. In the next
section we will discuss the optical properties of the periodic lattice structures in
more detail, and also the limitations of the CDA method when applied to the
lattice structures.
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2. Plasmonic nanoparticle based lasers

The smallest dielectric based laser sources relying on the refractive index con-
trast between different materials are limited to mode volumes on the order of
(λ/(2n))3 [22]. Metal encapsulation can be used to reduce the mode volume of
dielectric and semiconductor based lasers below this limit [23–26]. By utilizing
surface plasmons as a part of the laser cavity, several new and different laser
concepts and device structures have been demonstrated [27].

Initially metallic surfaces and gratings were explored as waveguides in the
long-wavelength infrared (λ≈ 8−15μm) and far-infrared (λ≈ 15−100μm) ranges
in quantum cascade laser structures [28–31]. In these structures the electric
fields do not penetrate deep into the metal, limiting the amount of losses in-
troduced. By using the metal waveguides, the overlap between the optical
modes and the gain medium was enhanced leading to lower lasing thresholds in
Ref. [30].

At shorter wavelengths there has been considerable progress since the in-
troduction of the spaser-concept (surface plasmon amplification by stimulated
emission of radiation) by Bergman and Stockman [32, 33]. In the spaser, a single
metallic nanoparticle acts as the laser cavity. Experimental demonstrations [34–
36] have so far depended on large number of nanoparticles, direct evidence for
truly single nanoparticle spasers is yet to be demonstrated [37].

Silver nanowires surrounded by gain medium can act as laser sources [38, 39],
with the output guided as a surface plasmon along the nanowire. In this type of
laser, the output is guided along the metallic nanowire, while the lasing action
takes place in either a combination of a photonic and plasmonic mode [38], or
in a fully photonic mode [39]. One-dimensional waveguide structures based on
closely spaced metal nanoparticles [40, 41] can also be used to create a plasmonic
laser when surrounded by a gain medium [42].

2D periodic plasmonic laser structures, such as nanoparticle arrays [43–47]
and nanohole arrays [48, 49] confine the field to the plasmonic resonances in the
out-of-plane direction, without the need for total internal reflection. 2D analogs
of traditional laser cavities can also be formed on metal surfaces for surface
plasmon polaritons (SPPs) propagating on the metal-dielectric interface [50].

One dimensional plasmonic lasers, such as the metal-insulator-semiconductor
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lasers based on semiconductor nanowires [51, 52] have been demonstrated from
the ultraviolet [53] to the telecom wavelengths [54], with ultrafast dynamics [55]
and broadband tunability with a single material system [56]. The nanowire
lasers can also be directly coupled into plasmonic waveguides [57], for integration
into full photonic circuits [58].

In the rest of this chapter we will focus on lasers built around one- and two-
dimensional periodic structures made from metallic nanoparticles, covered with
organic dye molecules. First, the optical modes in these systems are introduced.
Then the measurement system used in the experiments is briefly discussed,
before moving to the results of Publication I and II.

2.1 Surface lattice resonances

Periodic lattice structures made from metallic nanoparticles can support optical
modes originating from coupling between localized surface plasmon resonances
(LSPRs) of the nanoparticles and diffracted orders (DOs) in the structure [20].
In 1D and 2D lattices, these coupled modes are called surface lattice resonances
(SLRs) [59]. Similar resonances also occur in hole arrays made in metallic
films [14].

What makes the SLRs interesting platform to study is the way they combine
desirable features from both the DOs and the LSPRs which form the SLRs. DOs
bring easy tuneability and narrow linewidths, while the LSPRs give the strong
near-fields and large scattering strengths for the SLR modes. We will first briefly
consider the basic properties of the SLR modes, how their dispersions form and
how the resonances can provide feedback for lasing at certain points in the
dispersion.

In order to understand the dispersion relations of the SLR modes, it is useful to
start by considering an infinite, periodic, 1D chain of nanoparticles. The particle
size is assumed to be small compared to the periodicity of the structure. The
interplay between diffraction orders and the localized resonances in metallic
nanoparticles have been identified in the context of modelling surface rough-
ness [60], and in surface enhanced raman scattering studies [61]. The coupled
dipole approximation introduced in Section 1.4 has been used to study 1D chains
in Ref. [62], and both 1D and 2D lattices in Refs. [16, 63].

The 1D lattices were found to produce more narrow lineshapes compared to
their 2D counterparts [16], however the first experimental observations showed
much broader resonances [64]. The first experiments on 2D lattices [18, 65, 66]
produced results much closer to the theoretical predictions. The refractive
index environment of the nanoparticles significantly affects the quality of the
SLR modes [67], with best results obtained for homogeneous refractive index
environment, matching the CDA simulations [16]. Even very small arrays
can support SLR modes, down to 5 × 5 nanoparticles [68]. In the following
discussion, we assume a homogeneous refractive index environment, and also
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limit the discussion to periodicities of λ/n, and focus mainly on the features close
to λ in the dispersions.

Light has the following dispersion relation in free space

E(k)= �c
n
|�k|, (2.1)

where � is the reduced Planck constant , c is the speed of light, n is the refractive
index of the surrounding medium, and�k is the wave vector.

In a periodic 1D chain of nanoparticles, the structure can change the momen-
tum of light along the chain by G = m ·2π/p, where p is the period of structure
and m is an integer corresponding to the diffraction order. Light will still fulfill
the dispersion relation of Equation (2.1), which in this case can be written as

E(k)= �c
n

√
k2
⊥+ (k∥ +G)2, (2.2)

where k⊥ and k∥ are the wave vector components perpendicular and parallel to
the 1D chain. For the SLR modes we require that at least one diffracted order is
parallel to the structure, that is Re(k⊥)= 0. For the periodicities considered in
this thesis, light can still be scattered in and out of the SLR mode by the other
diffracted orders. This is not always the case, as structures with periods of λ/2
can also support similar resonances [17], but in this case the momentum gained
from the lattice can only change the propagation direction of a wave propagating
along the particle chain.

As an example, the dispersion (extinction cross section) of a 1D chain of
aluminum nanoparticles studied in Publication II is shown in Figure 2.1 (a).
The details of the structure are discussed in more detail in Section 2.5. The
dispersion was calculated using the CDA method described in Section 1.4, for an
infinitely long structure. The polarization of the electric field is perpendicular to
the chain (transverse electric, TE). The extinction cross section that is shown
in Figure 2.1 (a) shows the optical modes where light can be coupled into, and
conversely where light can be scattered from the structure.

Schematic representations of the different types of SLR modes found in the
dispersion are shown in Figure 2.1 (b)–(e). The waves drawn on top of the
nanoparticles show schematically the electric field distributions in the structure.
At nonzero incident angles (k∥ �= 0) two SLR modes following the DOs can be
identified. In the higher energy SLR (Figure 2.1 (b)) the momentum G gained
from the periodic structure is in the direction of the in-plane wave vector of the
incident field. The periodic structure can also give momentum of −G, in which
case light will propagate away from the structure. This causes the much weaker
extinction cross section seen above the Γ-point in energy in Figure 2.1, as there
are two possible diffraction orders (+1 and −1) for incident light to scatter into.
In the lower energy SLR (Figure 2.1 (c)) the only possibility is to have G and
the in-plane wave vector in opposite directions, and all of the scattered light is
coupled to the SLR mode.

At the Γ-point where the first diffraction orders cross at k∥ = 0 light can be
scattered to both directions along the 1D chain. This is shown in Figure 2.1 (d).
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Figure 2.1. Dispersion of a 1D particle chain with a periodicity of 415 nm, surrounded by a
n = 1.5214 dielectric medium (a). The colorscale corresponds to the extinction cross
section for one unit cell of the structure. The polarization of the incident field is
perpendicular to the chain, and the in-plane wave vector k∥ is along the chain. Away
from the Γ-point (k∥ = 0) there are two SLR modes. In the higher energy SLR (b),
light scattered parallel to the structure has a wave vector of k∥ +G, and in the lower
energy SLR (c) the wave vector becomes k∥ −G. In (b) light can also scatter away
from the structure in an angle different from the incident light, shown with the red
arrow. At the Γ-point where the two diffracted orders cross the incident field can be
scattered to either direction, ±G. This leads to a standing wave inside the lattice,
a bright SLR mode where the antinodes of the field line up with the particles (d).
The periodic structure can also have a standing wave where the nodes of the field
coincide with the particles (e). In this case the mode is called dark, that is it does not
couple to far field radiation.

The two waves along the 1D chain form a standing wave, with the antinodes
aligned to the center of the nanoparticles. Due to the symmetry of the system,
there is also a second type of a standing wave possible in the structure, one
where the nodes are aligned to the center of the particles [69]. This type of a
SLR mode is shown in Figure 2.1 (e). The mode is called a dark mode, as it does
not couple to far field radiation in infinitely long structures.

In any point of the dispersion where two bands cross, they can become coupled
with each other. This coupling shifts the energies of the original modes, resulting
in a band gap between the bright and dark SLR modes. In this example, only
the lower band is clearly visible in the dispersion in Figure 2.1 (a). With longer
rod-shaped particles, the upper band can become the dominant feature in the
dispersion, and the dark mode shifts to the lower band [70–72]. If the mirror
symmetry of the nanoparticles perpendicular to the 1D chain axis would be
broken, similarly to Ref. [73], then the dark mode would turn into a bright mode
visible in the dispersion.

The dark modes are not captured by the CDA method, as each particle is
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modelled as a point dipole, sitting exactly at the nodes of the standing wave
where the electric field is zero. In this case, electric quadrupoles should be
included in the model to describe the dark SLR modes accurately, as was done
in Publication I.

In the following discussion, the SLR modes are assumed to behave like plane
waves, as the SLR modes are delocalized over several unit cells of the struc-
ture [72]. We can see that the local maximum in extinction cross section deviates
from Equation (2.2) in Figure 2.1 (a), and it is always located below the energy
given by Equation (2.2). This is due to coupling between the plane waves and
the LSPR of the nanoparticles. As a consequence k⊥ must be imaginary for the
SLRs, that is, the electric fields of the light propagating along the 1D chain must
decay exponentially when moving away from the structure in the perpendicular
direction. The amount of confinement is related to the shift in energy between
the extinction maximum and Equation (2.2) with k⊥ = 0, and it is maximized
at the Γ-point where the antinodes of the standing wave are aligned to the
nanoparticles.

The generalization of the 1D structure dispersion to 2D is relatively simple. If
we focus only on light propagating in the x-y-plane, then Equation (2.1) becomes

E(k)= �c
n

√
(kx +Gx)2 + (ky +G y)2, (2.3)

which when drawn in (kx,ky,E)-coordinates forms cones. Scattering from the
lattice can still modify the momentum by an integer multiple of �G= 2π/�p,where
�p is now a vector that points to the direction of the periodicity considered. This
shifts the tip of the cones in the (kx,ky)-plane. However, in the case where the
periodicity matches the wavelength of interest, it is enough to consider only
the light cones resulting from first-order diffraction. If the polarization of the
incident field is along the x-direction, and the structure is in the x-y–plane,
then the first diffracted orders along the y-direction are important in square
nanoparticle lattices.

For a square lattice the first-order diffraction cones are shown in Figure 2.2
(a). The electric field is in the x-z-plane, which leads to diffraction mainly in
the y-direction, that is �G=±G yŷ where G y = 2π/p. The TE polarized SLR mode
shown in Figure 2.2 (b) follows the same mostly linear dispersion as the 1D
structure shown in Figure 2.1 (a). In addition to the TE SLR modes, in 2D
lattices there exists also transverse magnetic (TM) SLR resonances, shown in
Figure 2.2 (c). In the TM polarized SLR modes, the electric field is in the same
plane as the in-plane wave vector. The TM SLR modes are identical to the
TE SLR at kx =ky = 0 in a square lattice with rotationally symmetric particles.
When moving away from the normal incidence, the TM dispersion is close to
parabolic, E = ±�c

n

√
k2

x +G2
y ≈ ±�cG y

n

(
1+ k2

x
G2

y

)
. The TM mode is a combination

of the TE mode at normal incidence, plus a bit of in-plane momentum in the
perpendicular direction to the standing wave formed inside the lattice in the
TE mode. For a 1D structure, the TM mode does not exist, as the second lattice
direction is missing.

13



Plasmonic nanoparticle based lasers

c

-20
0

20

-10
0

10

0

1

2

3

E
ne

rg
y 

[e
V

]

kx [μm-1]
ky [μm-1]

-5
1.5

2

2.5

E
ne

rg
y 

[e
V

]

ky [μm-1]
0 5

2.15

2.2

2.25

E
ne

rg
y 

[e
V

]

kx [μm-1]
50-5

a b

c

-20
0

20

-10
0

10

0

1

2

3

E
ne

rg
y

[e
V

]

kx [μm-1]
ky [μm-1]

-5
1.5

2

2.5

E
ne

rg
y 

[e
V

]

ky [μm-1]
0 5

2.15

2.2

2.25

E
ne

rg
y 

[e
V

]

kx [μm-1]
50-5

a b

Figure 2.2. Schematic of the full dispersion map for a 2D square lattice structure. The lattice
periodicity is assumed to be 375 nm in both x and y-directions, and the refractive
index n = 1.52. In (a), the first order diffraction cones are shown. The incident
electric field is assumed to be linearly polarized along x, leading to scattering mainly
along the y-direction. In (b), the TE mode is shown where the electric field and
in-plane wave vector are perpendicular to each other, corresponding to a cross cut of
(a) along a plane normal to the kx direction at kx=0. In (c), the TM mode dispersion
is shown, which is a cross cut of (a) along a plane normal to the ky-direction at ky = 0.
Figure adapted from Ref. [5] with permission. © 2017 Springer Nature.

As an example, measured TE dispersion of the SLR modes in a square array of
silver nanoparticles is shown in Figure 2.3 (a). The extinction (1-transmission)
of the array is plotted as the color scale, while the black dotted lines show the
linear approximations calculated with Equation (2.3). We can see that the lower
band edge is bright, and the upper band edge cannot be seen in the transmission
experiments. However, in the field profiles calculated with the FDTD method,
the dark mode can be identified at the location highlighted with a black circle in
Figure 2.3 (a). The bright mode field profile is shown in Figure 2.3 (b) and the
dark mode field profile in Figure 2.3 (c).

The FDTD method used to calculate the field profiles solves the Maxwell’s
equations in three dimensions. The evolution of electric and magnetic fields
are calculated as a function of time. A dipole source placed next to the particle
excites the SLR modes in the beginning of the simulation time by emitting a
short, broadband pulse of light. Fields generated by the dipole source that do
not couple to the SLR modes decay quickly due to destructive interferences,
while the SLR modes have a longer lifetime. This allows us to recover the SLR
modes of the system by applying filtering in the time-domain. At the end of
the simulation, the frequency response is recovered by Fourier-transforming
the time-domain data, leading to what is shown in Figure 2.3 (b) and (c) in this
example. Similar field profiles for the bright SLR mode (Figure 2.3 (b)) can also
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Figure 2.3. Measured dispersion of a square array of silver nanoparticles with periodicity of 375
nm (a). The lower band edge is bright, the SLR modes are slightly below in energy
from the black dashed lines, which would correspond to the resonance positions in
an empty lattice. The electric field profile in the lattice plane is shown in (b) for the
bright mode at k∥ = 0, and for the dark mode (b), located at the energy highlighted
with a black circle in (a). In both field profiles, a standing wave pattern can be seen
in the x-direction, while the electric field polarization is in the y-direction. Figure
reproduced from Publication I. Used under the CC-BY-4.0 license [74].

be obtained by using a plane wave to excite the mode in the FDTD simulation
[21], however the dark mode cannot be excited unless a small k∥-component is
used [70]. The FDTD method will be discussed further in Section 2.4.

2.2 Angle and position resolved experiments

The dispersion measurement in Figure 2.3 (a) was obtained by measuring the
transmittance of the array structure as a function of the incidence angle. We use
k-space microscopy [75] to perform the experiments. The experimental setup is
sketched in Figure 2.4 (a).

In the k-space measurement, an image of the back focal plane of an objective
lens (10x magnification, 0.3 numerical aperture (NA)) pointed at the sample is
relayed and centred on the entrance slit of an imaging spectrometer. The slit
limits the in-plane momentum to zero in the direction perpendicular to the slit,
while along the slit, light originating from different directions from the sample
is spread as a function of the incident angle. The light that passes through the
slit is then split into wavelength components, and recorded on a 2D CCD camera.
Each pixel row corresponds to a specific angle on the sample, and each column
to different wavelength in this configuration.

The measured area on the sample is selected in the k-space measurements by
placing an aperture on the real space image of the sample. For 2D structures,
an adjustable iris is used. For 1D structures, the iris is replaced with a 25 μm
wide, 2 mm tall fixed slit.

The position resolved measurements are done with the same setup by adding
one extra lens before the spectrometer, shown in Figure 2.4 (b). With the extra
lens, a magnified image of the sample is placed on the spectrometer entrance
slit. The spectra is then recorded as a function of position along the sample
structure.
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Figure 2.4. The experimental measurement setup used in Publication I and II. In both configu-
rations, a white light source (WL) is used to illuminate the sample for transmission
measurements and for navigating the sample. Dye molecules on the sample can be
pumped with the output from an optical parametric amplifier (OPA) with tunable
wavelength and power. The output from the OPA is passed through a pinhole, which
is then imaged onto the sample. Light from the sample is collected with a 10x
magnification, 0.3 numerical aperture objective. In the k-space configuration (a),
the back focal plane (BFP) of the objective is imaged onto the entrance slit of an
imaging spectrometer. A beamsplitter and a second camera is used to navigate the
sample. An iris or a fixed width slit placed on an intermediate image plane is used to
select the measured area from the sample. In the real-space configuration (b), an
additional lens (L) is placed to form a magnified real-space image of the sample onto
the spectrometer input slit. In this configuration, the spectrometer input selects the
measured area from the sample. Figure adapted from Ref. [76] with permission.

In both configurations, a beam splitter, lens and a camera are used for real-
space observation of the sample. This camera can was also used for the real-space
imaging of the laser emission in Publication I. A white light source, marked
WL in Figure 2.4 is used to illuminate the sample for extinction measurements
and navigation. An optical parametric amplifier (OPA) is used to pump the dye
molecules on the sample from the objective side. The output wavelength of the
OPA can be freely adjusted to match the absorption peak of the dye molecules.
The output of the OPA is passed through a pinhole, which is then imaged onto
the sample to yield an approximately flat intensity profile for the pump spot.

2.3 2D plasmonic nanoparticle array lasers

In the Publication I we applied the particle array structures to study lasing
in plasmonic structures at visible wavelengths. Organic dye molecules placed
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on top of the array act as the gain medium when optically pumped. At visible
wavelengths lasing in nanoparticle arrays coupled to a waveguide has been
demonstrated in Ref. [77] and recently dark-mode lasing in rod-shaped nanopar-
ticle arrays in Ref. [46]. We found that in contrast to the reports on SLR based
lasers operating in near-IR wavelengths [44, 45, 78], both band edges at the
Γ-point can support lasing and when sufficiently populated by stimulated emis-
sion, the dark mode can become visible to the far field when the structures are
made finite sized. This is a new direction in these lattice based lasers — instead
of making the lattices large enough to act as effectively infinite structures, the
smaller size of the lattices bring new effects that can be beneficial.

We studied arrays of cylindrical silver nanoparticles, 60 nm in diameter and
30 nm in height, covered with a liquid gain medium consisting of of 31 mM
Rhodamine 6G (R6G) molecules in a solvent mixture of dimethyl sulfoxide
(DMSO) and benzyl alcohol (BA). The arrays were between 50 × 50 μm2 and
100 × 100 μm2 in size, with a nanoparticle spacing of 375 nm in both x and y.
The refractive index of the solvent mixture was matched to the glass substrate to
reduce the likelihood of having a waveguided mode in the gain medium similar
to Ref. [77].

The angle-resolved dispersion maps of the emitted light from a 100 × 100
μm2 array are shown in Figure 2.5 (a), (b), and (c). In (a), the pump power is
set to 0.7Pth, where Pth is the pump power needed to reach lasing, and only
coupling to the SLR modes below 2.18 eV can be seen. When the pump power is
increased above the threshold in Figure 2.5 (b), two peaks can be observed in k
at an energy higher than the bright mode band edge seen in Figure 2.5 (a). At
even higher pump powers a third peak appears at the bright mode band edge in
Figure 2.5 (c). The emission spectra is shown in Figure 2.5 (d), with the fitted
peak positions in Figure 2.5 (e).

The observed power dependencies of the emitted light intensity and linewidths,
shown in Figure 2.5 (f), show characteristic threshold behaviour of a laser. Below
threshold, the output power grows linearly with the pump, and linewidth is
similar to the SLR mode linewidth seen in the measured dispersion (Figure 2.3
(a)). At the threshold, the linewidth drops down to approximately 0.2 nm and
the output power grows non-linearly. Above the threshold, the output power
grows again linearly. The bright mode peak seen in Figure 2.5 (c) is also visible
in the output power, however at higher pump powers it seems to saturate and
starts to drop in intensity. In FDTD simulations both the dark and bright modes
show qualitatively similar threshold behaviour in Figure 2.5 (g), with the dark
mode starting the lase first, followed by the bright mode at higher pump powers.
The FDTD simulations are discussed in more detail in the next section of this
thesis.

The faint replica of the SLR dispersion visible in Figure 2.5 (a) is due to a
slight mismatch between the refractive index of the dye solution and the glass
substrate. The bright band edge of the replica is close to the observed dark mode
lasing peaks in energy, however it would not produce the observed double peak
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pattern in k-space identified as the dark SLR mode.
In Section 2.1, the dark mode was described as a standing wave inside the

lattice, with the nodes aligned to the particles. This results in a quadrupole
excitation in each nanoparticle. If the structure would be infinite, then the
quadrupoles do not couple to far-field radiation normal to the lattice plane,
which would be the direction that light should scatter out when momentum is
conserved. The situation becomes different when the structure is made finite.
At the center of the structure the standing wave exists similar to the infinite
structure. However, when moving towards the edges of the structure, the two
waves forming the standing wave become unbalanced, as there are more sources
for the wave propagating towards the edge compared to the wave coming from
the side of the edge. At the very edge, only the wave propagating away from
the center of the structure is left, as it can no longer be scattered back by the
lattice. This is shown schematically in Figure 2.6 for both bright (a) and dark
(b) SLR modes. For the bright mode the two waves forming the standing wave
are in phase at each particle, therefore at the edges the dipoles induced in the
nanoparticles are still in phase. For the dark mode however, there is a π phase
shift between the two waves at each particle, which leads to the two edges of
the structure being out of phase. This is what makes the dark mode, with
in-plane momentum of zero, show up as two points in the angle-resolved spectra
of Figure 2.5 (b), with a minimum at k = 0. Due to the phase difference between
the edges, at k = 0 there is destructive interference leading to a minimum in the
center of the radiation pattern.

This explains the visibility of the dark modes shown in the real-space images
of the array structure when pumped over the threshold. In Figure 2.7 observed
real-space emission patterns for two different 100 × 100 μm2 arrays are shown.
In Figure 2.7 (a), an array with slightly smaller cylindrical nanoparticles was
selected to have lasing only in the bright mode to obtain the real-space pattern.
In Figure 2.7 (b), slightly larger particles were selected to only have the dark
mode visible. The images have no wavelength resolution, so arrays that show
simultaneously both modes could not be used.

One interesting point in the observed real-space patterns is the mostly 1D
nature of them. For the bright mode this is to be expected, as the radiation
form the dipole induced in each nanoparticle can proceed only in four different
directions (along the lattice left or right, and normal to the lattice on both sides).
For the dark mode, the quadrupoles should in principle couple both lattice
directions together, as they should allow a small amount of scattering in both
lattice directions. This was not seen in these measurements. In order to gain
insight into what is happening in the near-fields of the nanoparticles, and what
role does the LSPR of the nanoparticles play in this system, FDTD simulations
with gain were performed.
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Figure 2.5. Light emission below and above the lasing threshold. In (a), (b) and (c) the angle-
resolved emission spectra are shown for pump powers of 0.7 Pth, 1.3 Pth and 2.0
Pth, respectively, where Pth is the lasing threshold power. The emission spectra
is shown in (d), peak positions in (e) and the linewidth and output power in (f).
FDTD simulations for the output power are shown in (g). In (e)-(g) the blue lines
correspond to the dark mode, and the red lines to the bright mode. Figure reproduced
from Publication I. Used under the CC-BY-4.0 license [74].
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Figure 2.6. Dipole and quadrupole moments induced in the nanoparticles of a finite-sized array.
At the Γ-point of the dispersion, the SLR mode consists of a standing wave inside the
lattice, see Figure 2.1 (d) and (e). In a finite sized structure, the two waves are only
equal in intensity in the center of the structure. When moving towards the edges
of the lattice, the two waves become unequal in amplitude. In (a), the bright SLR
mode is shown schematically. In the center, the two waves add up constructively
at the particle location. When the two waves become unequal in amplitude at the
edges, the dipoles induced in the particles still have the same phase as in the center.
The dark mode case is shown in (b). At the center of the array, the node created
by the standing wave aligns to the nanoparticle. When moving towards the edges
of the array, the one of the two waves creating the standing wave becomes weaker,
allowing a dipolar excitation to form in the nanoparticles. As the wave propagating
towards left in the figure has a π phase difference compared to the wave propagating
towards right, the dipoles induced at the edges of the array are out of phase. Figure
reproduced from Publication I. Used under the CC-BY-4.0 license [74].

ba

E

Figure 2.7. Real space images of the lasing action. In (a), an array showing lasing only in the
bright mode is shown, featuring maximum intensity in the center of the array. In (b),
an array showing lasing only in the dark mode is shown. The edges of the structure
are the brightest region. The pump and observed polarization are vertical and the
scale bars 10 μm long in these images. Figure adapted from Publication I. Used
under the CC-BY-4.0 license [74].
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2.4 Finite-difference time-domain simulations of the lasing action

Finite-difference time-domain simulations allow us to solve the Maxwell’s equa-
tions in a three-dimensional (3D) space as a function of time. In typical simula-
tions, the simulated structure is excited by a pulse of light in the beginning of
the simulation time, and the time-evolution of the fields is calculated until they
have decayed to nearly zero amplitude inside the simulation volume. Taking the
Fourier transform of the fields in certain points/planes in space allows the calcu-
lation of spectra, and field profiles like in Figure 2.3. As the losses in plasmonic
systems are significant, the simulated time of less than a picosecond is typically
accurate enough to get relevant information out of a plasmonic structure.

The fluorescence lifetimes of organic dye molecules are typically in the nanosec-
ond timescales. This three orders of magnitude difference in lifetime would
directly mean that FDTD simulations should take three orders of magnitude
longer to complete, making them unfeasible. However, the absorption of light
by the molecule is a very fast process, as is the vibrational relaxation of the
molecule to the transition that can emit light. Stimulated emission can bring
down the population in this transition, so even though the lifetime of an unper-
turbed molecule is long, it is possible that the dynamics in nanoscale lasers can
happen much faster than this.

N3

N2

N1

N0

21= 3 ns
E21= 2.178 eV

21= 0.1014 eV

32= 50 fs

10= 50 fs

30= 1 ns
E30= 2.428 eV

30= 0.215 eV

Optical
pumping

Figure 2.8. Energy level diagram and parameters used for describing dye molecules in the FDTD
simulations. The transition rates 1/τ between the different states are used in a
rate-equation model to couple the population densities Ni together. The transitions
between states 0 to 3 and states 1 and 2 interact with the electric fields inside the
gain medium, allowing pumping and stimulated emission to occur. These transitions
have dampings γ, which account for non-radiative decay of the excitations. The
density of the emitters is Ndensity = 1.867 ·1019cm−3 corresponding to the 31mM
concentration used in the experiments. Figure reproduced from Publication I. Used
under the CC-BY-4.0 license [74].

The molecules are modelled as a four level system using the 4-level 2-electron
material model included in Lumerical’s FDTD Solutions software [79]. Figure 2.8
shows a diagram of the energy levels and relevant parameters of the model. The
material model considers two dipolar transitions, between states 0 and 3, and
between states 1 and 2. The net macroscopic polarization densities P21 and
P30 describe the strength of the response of the gain material to electric fields
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present, which follow the equations [80]

d2P21

dt2 +γ21
dP21

dt
+ω21P21 = 6πε0c3

ω2
21τ21

(N2 −N1)E (2.4)

d2P30

dt2 +γ30
dP30

dt
+ω30P30 = 6πε0c3

ω2
30τ30

(N3 −N0)E (2.5)

where P21 and P30 have resonant frequencies ω21 and ω30, respectively, match-
ing the energy differences between states 1 and 2 (�ω21), and states 0 and 3
(�ω30). The driving terms depend on the population difference between the
upper and lower levels, and the transition rates 1/τ. The damping terms γ

simulate non-radiative losses.
The population densities of different energy levels in the gain material follow

the rate equations:

dN3

dt
=−N3(1−N2)

τ32
− N3(1−N0)

τ30
+ 1
�ω30

E · dP30

dt
(2.6)

dN2

dt
=+N3(1−N2)

τ32
− N2(1−N1)

τ21
+ 1
�ω21

E · dP21

dt
(2.7)

dN1

dt
=+N2(1−N1)

τ21
− N1(1−N0)

τ10
− 1
�ω21

E · dP21

dt
(2.8)

dN0

dt
=−N3(1−N0)

τ30
+ N1(1−N0)

τ10
− 1
�ω30

E · dP30

dt
(2.9)

The last term in each equation describes the pumping and stimulated emission,
i.e. interaction with the electric field, while the first two describe the shifts in
population between levels due to spontaneous emission. The Equations (2.4)
and (2.5) and Equations (2.6) to (2.9) are coupled with the Maxwell-Ampere law

dE
dt

= 1
ε
∇×H− 1

ε
Ndensity

(
dP30

dt
+ dP21

dt

)
, (2.10)

where Ndensity is the concentration of the gain medium.
In the FDTD simulations, these equations are implemented in the following

way. First Equations (2.4) and (2.5) are used to update P30 and P21, using the
known E from the previous time step. Then Equation (2.10) is used to update
E for the current time step. The gain populations are then updated by using
Equations (2.6) to (2.8) in sequence. The population in level N0 is updated last,
to conserve the total number of emitters. Finally the magnetic field H is updated
using the Maxwell-Faraday law, and the process is repeated until the end of
the simulation. These equations are solved independently for each mesh cell
containing the gain material in the simulation.

The model described above is geared towards simulating semiconductor gain
materials, where the optical gain and absorption originates from interband
transitions. In these systems, the transition rates depend on both the population
of the initial state and the destination state, as each state can only be occupied
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by a single electron at a time. As a consequence, the quantum yield drops as the
pumping is increased [80].

A similar model for dye molecules [81] has been used successfully in simulating
the lasing action in a nanoparticle array based laser [45]. The main difference is
in the Equations (2.6) to (2.9), the population of the destination states do not
affect the transition rates, which means the (1− Ni) terms are missing from
Equations (2.6) to (2.9).

In order to approximate the method used in [81] with the tools available to
us, the 4-level 2-electron material model was restricted to a single excitation in
the ground state N0 at the beginning of the simulation. In addition, the tran-
sition rates 1/τ32 and 1/τ10 were selected to be extremely fast compared to the
transition rates 1/τ30 and 1/τ21, which minimizes the effect of the population in
destination states. All of the parameters used in the simulation are listed in Fig-
ure 2.8. The transition energies E and dampings γ are based on measurements
of absorption and emission of the dye solution used in the experiments.
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Figure 2.9. Dye energy level populations as a function of time, visualized from the mid-height
of the nanoparticles in the simulation volume. After the pump pulse has interacted
with the gain layer, the highest population in the uppermost state 3 can be seen in
(a). The LSPR of the nanoparticle, situated in the center of the unit cell enhances
the pumping of the gain medium close to the nanoparticle. After approximately
700 fs, population from the uppermost state has moved to the state 2, mapping the
locations where gain is available in the unit cell (b). When the system is lasing, the
second lowest state 1 population shows a distribution matching the lasing mode field
profile (Figure 2.10 (d)), showing where the available gain is being used (c). Figure
reproduced from Publication I. Used under the CC-BY-4.0 license [74].

Figure 2.9 shows the key points in time in the evolution of the dye energy level
populations. In the beginning of the simulation, a 30 fs pump pulse centered
at 500 nm excites the dye layer, especially close to the nanoparticle due to the
field enhancement of the LSPR. This is shown in Figure 2.9 (a), where the
highest level population is shown at the time step where it is maximized in
the simulation. Immediately after the pump hits the dye layer, the excitations
start to decay towards state N2. The population in state N2 is maximized less
than a picosecond after the beginning of the simulation, shown in Figure 2.9
(b). This is due to the fast relaxation time of 50 fs for the transition from N3 to
N2. This moment in time also corresponds to the moment in the simulations
where maximum gain is available for lasing. Shortly after this moment in the
simulation, power in the lasing mode starts to build up. The areas where gain in
the dye layer is used up can be seen from the population in state N1, which tells
where stimulated emission has depleted the available gain, shown in Figure 2.9
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(c). The areas where gain has been used up matches well with the dark mode
field profile shown in Figure 2.3 (c), and in the field profile obtained from the
lasing simulation shown in Figure 2.10 (d).
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Figure 2.10. Lasing spectra and field profiles obtained from FDTD simulations. The spectra (a)
and (c) are recorded at the bottom left corner (a), or a quarter of the unit cell away
from the corner along x (b). By matching the points where the spectra are recorded
to the nodes and antinodes of the standing wave of the lasing mode, the bright mode
(a) and the dark mode (c) can be separated. The peak at 2.48 eV is from the pump
pulse, and the peaks around 2.15 eV result from stimulated emission. The field
profiles recorded while the system is lasing are shown in (b) and (d), for the bright
and dark modes, respectively. Figure reproduced from Publication I. Used under
the CC-BY-4.0 license [74].

The resulting spectra and field profiles that are due to stimulated emission in
the FDTD simulations are shown in Figure 2.10. All results are from the same
simulation with pump power corresponding to 0.63 mJ/cm2. In the field profiles,
both the bright and dark mode field profiles can be recovered at the same time,
matching well with the experimentally observed situation where both modes
can lase at the same time. The spectra are calculated in the plane of the array
based on the electric field monitored in two different locations. For Figure 2.10
(a), the spectra is calculated from the bottom left corner of the unit cell. The
dark mode has a node in this location, allowing the much weaker bright mode at
2.14 eV to be seen in the spectra. The peak at 2.48 eV is from the pump pulse
used to excite the molecules. The field profile of the bright mode is shown in
Figure 2.10 (b). In Figure 2.10 (c), the spectra is calculated one quarter of the
period away from the bottom left corner in x, showing only the dark mode. The
corresponding field profile is shown in Figure 2.10 (d).

The FDTD simulations can explain the reason why the dark mode seems like
a 1D mode in the real-space images seen in the previous section (Figure 2.7).
The field profile of the LSPR of the nanoparticles heavily affects the distribution
of pump energy in the gain layer. While the quadrupolar dark mode should have
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a standing wave in both x and y-directions, there is more gain available in one
of them, leading to the asymmetry seen in the experiments. Which brings us to
the question that the next publication and section answers. If the modes are 1D
in nature, can a single line of nanoparticles act as a laser source, instead of a 2D
lattice?

2.5 One-dimensional plasmonic nanoparticle chain lasers

The SLR modes used for lasing in Publication I have a strong one-dimensional
character, as seen in the real-space emission patterns shown in Figure 2.7. The
differences between SLR modes in 1D and 2D lattice structures were compared
in [16, 63] for structures consisting of 400 nanoparticles, and 1D structures were
found to display narrower linewidths for the SLR modes. The first experimental
observations [64] however did not match the theoretical predictions, and after
that most of the experimental focus related to the topic of SLR modes has focused
on the 2D lattice structures.

In Publication II we wanted to see if a 1D chain of nanoparticles, with similar
spacings as before, could be made to lase. An obvious drawback of this system is
the increased radiative losses, as the particle chain can radiate in any direction
perpendicular to the chain. In the 2D structures this is prohibited. Conceptually,
this is similar to Ref. [42], where a closely spaced 1D nanoparticle chain was
used.

Instead of silver, aluminum was used as the material for the nanoparticles.
Due to the higher plasma frequency of aluminum, ωp ≈ 15 eV the particles
can be made larger compared to silver (ωp ≈ 9 eV) [82] while still keeping the
localized surface plasmon resonance above in energy compared to the DOs of
the lattice. Aluminum has an interband transition around 800 nm wavelength,
which makes it a more lossy material compared to silver across the visible
spectrum. The larger losses are somewhat offset by the delocalized nature of
the SLR resonances, and the larger extinction cross section of the particles
means that more of the pump pulse energy is coupled to the near-fields of the
nanoparticles. Another benefit of using aluminum is its native oxide layer makes
the particles much more robust compared to silver used in Publication I.

As the gain medium a 40 mM solution of 4-(Dicyanomethylene)-2-methyl-6-
(4-dimethylaminostyryl)-4H-pyran (DCM) molecules was used, dissolved in a
mixture of BA:DMSO similar to Publication I. The dye was pumped using 100
fs pulses at 1 kHz repetition rate from an optical parametric amplifier at 450
nm. The sample geometry is shown in Figure 2.11 (a) and (b). Cylindrical
nanoparticles were fabricated on glass substrates by standard electron beam
lithography. The nanoparticles were arranged in periodic 1D chains with particle
to particle spacings of 400 nm to 430 nm, in 5 nm steps. Normalized emission
spectra just above the lasing threshold is shown in Figure 2.11 (c) for all of
the fabricated 1D chains. As a comparison structure, 2D square arrays were
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fabricated with the same periodicities. The 1D chains were 300 μm in length,
and the arrays were 150 × 150 μm2 in size.
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Figure 2.11. Schematical side view of the sample structures (a). One-dimensional chains of
aluminum nanoparticles, 120 nm in diameter and 50 nm tall were fabricated on
glass substrates. The spacing between the particles, p, was varied from 430 nm
to 400 nm in 5 nm steps. A scanning elenctron microscopy (SEM) top view of the
sample (b). The scale bar in (b) is 400 nm long. In (c) the normalized emission
spectra just above the lasing threshold is shown for all of the fabricated 1D chains.
Reproduced with permission from Publication II.

The measured dispersions from 415 nm period 1D and 2D structures are shown
in Figure 2.12 (a) and (b), and corresponding calculated dispersions using the
CDA method in (c) and (d). In order to measure the 1D chains, a 25 μm wide
slit was placed on the image plane in our k-space measurement setup. This
results in approximately 2.5 μm wide area on the sample that was measured.
The measured extinctions have been converted to extinction cross sections by
multiplying the 1D chain results with a factor of 2.5 ·0.415 μm2 and the 2D
arrays with a factor of 0.4152 μm2. These numbers correspond to the inverse of
the nanoparticle densities in the measured areas.

The simulated dispersions are a very good match for both structures. For
the 1D chain the nanoparticles were modeled as oblate spheroids, 114 nm in
diameter, 50 nm tall. The peak position match almost exactly with this particle
diameter, and the calculated extinction cross sections are within 5% of the
measured in amplitude. For the 2D arrays 120 nm particle diameter produces
matching peak position, but with a narrower full-width at half-max (FWHM)
linewidth of 66 meV (simulated) vs. 95 meV (measured). For the 1D chains the
measured FWHM is 72 meV and the simulated 59 meV.

The output of the 1D chains when optically pumped is characterized by forming
the real-space image on the spectrometer input slit, instead of the k-space. This
allowed us to obtain spatially resolved spectra along the chain with varying
pump fluence, shown for the 415 nm period chain in Figure 2.13. A schematic
of the experiment is shown in (a), the 300 μm long 1D chain is pumped only
from the center. The size of the pumped area can be seen from Figure 2.13 (b)
and (c), which correspond to pump powers below (0.18 mJ/cm2) and at (0.20
mJ/cm2) the lasing threshold. At the lasing threshold emission at a single
energy can be seen from the ends of the chain, while above the threshold (0.24
mJ/cm2) emission from the 1D chain hides the spontaneous emission background
completely. The emission pattern is similar to the dark mode real-space images
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Figure 2.12. Measured dispersions (extinction cross section, units in μm2) for a 1D chain (a)
and a 2D array (b) with a period p of 415 nm. The electric field is polarized along
the y-direction (TE-polarization). The bright and dark SLR modes are marked
with black and white circles, respectively. The positions of the dark modes were
determined from the lasing experiments. Measured and calculated extinction cross
sections at the Γ-point are shown in (c) for the 1D chain, and in (d) for the 2D
array. The red lines correspond to measurements, and the blue to simulations. In
(c) simulations with 114 nm particle diameter matches very well with the measured
spectra. For the 2D array in (d), the simulations with a 114 nm particle diameter
(dashed blue line) is slightly blueshifted compared to the measured spectra. The
extinction peak location seen in the experiment is matched in simulations with 120
nm diameter nanoparticles (solid blue line). The peak amplitude however is smaller,
leading to a larger FWHM in the measured spectra. Reproduced with permission
from Publication II.

observed in Publication I, see Figure 2.7 (b) and (d).
The power dependence data is shown in Figure 2.14 for both the 415 nm period

1D chain and the corresponding 2D array. Typical lasing characteristics are
observed, with clear thresholds of 0.219 mJ/cm2 for the 1D chain and 0.161
mJ/cm2 for the 2D array. The linewidth and peak position of the 1D chain
emission could not be determined below the lasing threshold, as the light coupled
to the SLR modes was lost behind the spontaneous emission background. For the
2D array the emission starts out in the bright SLR mode at 1.957 eV, switching
to the dark SLR mode at 1.958 eV when the lasing threshold is reached. The
linewidths just above the lasing thresholds reach values as low as 0.27 meV
(0.09 nm) for the 2D array and 0.35 meV (0.11 nm) for the 1D chain. Below the
lasing threshold the linewidth is 25.3 meV (8.1 nm) for the 2D array.

The k-space characterization of both the 1D and 2D structures in Figure 2.15
shows the main difference between the two. Figure 2.15 (a) and (c) show the
observed k-space dispersions (ky = 0) from the 1D (a) and 2D (c) structures.
Two peaks in kx can be seen for the 2D array, for the 1D chain similar pattern
is expected but could not be clearly seen. As the structure is twice as long
as the array, the spacing between the peaks should be halved. This is below
the resolution of the measurement setup. The confinement of the laser output
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Figure 2.13. Real-space spectra along the chain. By forming the image of the 1D chain, with 415
nm period, on the spectrometer input slit position resolved spectra along the chain
can be recorded. A schematic of the experiment is shown in (a). The 1D chain is
optically pumped only from the center, while the measured area extends beyond
the length of the chain. Panels (b), (c), and (d) show the emission spectrum below,
at and above the lasing threshold, respectively. At the threshold in (c) an increase
in the emission intensity at a single energy can be seen to extend beyond the pump
spot along the chain. In (d), an intensity distribution similar to Publication I is
seen, suggesting that the SLR mode is a dark mode similar to that in Publication I.
Reproduced with permission from Publication II.

in the ky-direction shows the main difference between the two structures. In
Figure 2.15 (b) the lasing SLR mode can scatter from the 1D chain in all ky

directions. For the 2D array the dark SLR mode emission is in the normal
direction to the sample, and shows four lobes due to the π phase differences
between the different edges of the structure.
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Figure 2.14. The power dependence of the output from 415 nm period 1D chain (red) and 2D
array (blue). The power dependence in (a) shows a clear lasing threshold. At the
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the same time. The observed peak positions in (b) show a jump at the threshold,
when the dark SLR mode suddenly becomes the dominant mode in the observed
spectrum at the lasing threshold. The linewidth and peak positions could not be
determined for the 1D chain below the threshold due to the large spontaneous
emission background. Reproduced with permission from Publication II.
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Figure 2.15. Angle resolved characterization of the laser emission from the 1D chains and 2D
arrays. In the dispersions in (a) and (c) the emission is seen normal to the structures,
with a double peak similar to Publication I barely visible for the 2D array in (c). The
peak to peak distance is at the limit of the measurement setup, with only 4 pixels
(0.06 μm−1) separating the maxima of the two peaks. In Publication I, the peak to
peak distance was 6 pixels (0.09 μm−1), due to the measured structure being 1.5
times smaller in size. The 1D chain is expected to have a similar double peak, but
the distance between the peaks (2 pixels, 0.03 μm−1) is too small to be resolved for
the 300 μm long structures. The main difference comes in the direct k-space images
(b) and (d), which shows the beam pattern of the laser structures. The 1D chain in
(b) can scatter light from the SLR mode to all ky-directions, while the 2D array in
(d) can only emit in the normal direction to the array. Reproduced with permission
from Publication II.
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3. Chiral plasmonic structures

3.1 Chirality and circular dichroism

An object is chiral if it is distinguishable from its mirror image. Chirality plays
a large role in nature on multiple different length scales, from small molecules
to the twisting of the DNA double helix, to larger objects like the human hands.
The left hand is close to a mirror image of the right, and no matter how they are
moved one can always distinguish them from each other.

Light can also have chiral polarization states, which are called the left- and
right-handed circular polarizations. In the right-handed polarization the electric
field rotates when moving along the propagation direction creating a helix
similar to a regular screw thread in space. This is the point of view from the
receiver convention, where by pointing the thumb of one’s hand towards the
source, the curling of the fingers matches the rotation direction of the electric
field in time at a single point. Handily, there exists also the point of view from the
source convention, where the right- and left-handed polarizations are defined in
the opposite way. Here, and in Publication III and IV the point of view from the
receiver convention was selected to match the circular dichroism spectrometer
used in the experiments.

The electric field for left- and right-handed plane waves propagating in the
z-direction are given by

#»
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(3.1)

Circular dichroism (CD) is the differential absorption of left- and right-handed
light:

CD=ΔA = ALCP − ARCP . (3.2)

The CDA simulations done in Publication III and IV are based on the CDA formu-
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lation of Fan and Govorov [83]. This formulation was also used in Refs. [84, 85].
The method is mostly equivalent to the coupled dipole approximation described
in Section 1.4, except with slightly different notation. Quasistatic approximation
was used in Ref. [83], which leads to a simpler form of Equation (1.19):

σabs = 4πk
N∑

j=1

1
|Eext, j|2

Im
[
p j(α−1

j )∗p∗
j

]
. (3.3)

The absorption cross sections given by Equation (3.3) were used to calculate the
CD signal using Equation (3.2). The CD signal was averaged over 1000 different
orientations of the structure as they are floating in solution in the experiments.
The results are presented in arbitrary units to avoid quantitative comparison to
the experiments.

3.2 Plasmonic circular dichroism

Circular dichroism in molecules originates in the chiral arrangement of molecu-
lar bonds that occur over a much smaller distance compared to the wavelength
of visible light. Structures made from plasmonic components can be both chiral
and in the same scale as visible wavelengths. The chiral response of the en-
gineered plasmonic systems can therefore be much stronger than in naturally
occurring molecules. [86] Many of the realized plasmonic structures take cues
from engineered structures, such as propellers [87] and spirals [88]. The spi-
ral structures were found to act as efficient circular polarizers in the infrared
wavelength range, where light with the same handedness as the structure was
absorbed and the opposite polarization passed through [88].

Chirality can also be induced a in plasmonic system through coupling between
achiral building blocks. In Ref. [89] the second-harmonic generation from double-
layer x-shaped particles was found to be sensitive to the small rotation between
two stacked particles. Chiral scaffolds can be used to create chiral assemblies
from spherical nanoparticles [84, 85], and this is the route studied in the next
sections.

3.3 Cellulose nanocrystals as templates for gold nanoparticles

Cellulose nanocrystals (CNCs) is a class of nanomaterials derived from cellulosic
materials such as wood, cotton or other biomass. The CNCs present several
desirable quantities, such as high mechanical strength, chemical modifiability
and biodegradability [90]. Using CNCs is a potential route to biologically derived
and inspired nanomaterials which could be scaled up in manufacturing volume
to commercially relevant quantities. Individually, the nanocrystals are colloidal
rods, with sizes depending on the source of the material and isolation process [91].
The CNCs used in Publication III have typical cross section diameters of 5–10
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nm and lengths up to 300 nm. In high concentrations, they form liquid crystals
with a left-handed chiral nematic liquid crystallinity [92, 93], and individual
rods have been shown to have a right-handed twist in them [94, 95].

The CNCs have been used as templates for composite and mesoporous ma-
terials [96–98]. These applications rely on the internal structure of the CNCs
when used in high concentrations. In Refs. [99, 100] the CNCs were used as
a template for mesoporous silica films. Inside the mesoporous films, metal
nanoparticles were synthesized. The resulting films had a strong left-handed
CD response, following the handedness of the template. Drying of an aqueus
solution of CNCs and metallic nanoparticles also produces materials with strong
plasmonic ciroptical activity [101, 102].

We exploit the twisting shape of the individual CNCs with dilute concentra-
tions to assemble gold nanoparticles (AuNPs) into helical structures around
the CNC rods. Similar structures have been shown to have a strong circular
dichroism signal when AuNPs were assembled around a DNA origami back-
bone [84, 85]. The DNA origami system yields a solution with very homogeneous
assemblies. This is not possible with the disperse shapes of the CNC rods, which
leads to the question whether the approach of using CNCs can yield structures
that also show circular dichroism, and whether the CD signal is from the ensem-
ble of nanoparticles around the CNC or from the chiral internal structure of the
rod where the assembly takes place.

Electrostatic self-assembly was used to form the AuNP-CNC assemblies. The
CNCs have negatively charged surface structure, which when combined with
AuNPs functionalized with a positively charged surfactant form assemblies
when the nanoparticle size is close to the diameter of the CNC rods. Figure 3.1
shows transmission electron microscopy (TEM) images of successfully assembled
structures (a and c, particle diameters of 8.5 nm ± 1.2 nm and 2.6 ± 0.5 nm,
respectively), and less successful assemblies when the nanoparticle size is larger
than the diameter of the template rods (b, 11.7 ± 1.7 nm particle diameter). In (c)
the nanoparticles are covered with a longer ligand to match the hydrodynamical
size of the particles used in (a). The successful AuNP-CNC assemblies form
small bundles, of which an artistic rendering is shown in Figure 3.1 (d). Below
the TEM images are the experimentally measured CD spectra, with only the
first one (a) showing a dip-peak combination when the wavelength is increased.
In (b) the structures are too irregular to see a CD signal, and in (c) the plasmon
resonance of the 2.6 nm diameter nanoparticles is too weak to have a measurable
CD signal in this system. According to Equation (1.1) the plasmon resonance is
approximately 35 times weaker for the 2.6 nm diameter particles when compared
to the 8.5 nm diameter ones.

For determining the 3D structure of the AuNP-CNC assemblies, 3D Cryo-
TEM tomography was performed. In the tomography measurement a series of
images are taken while the sample is rotated, and the change in the position
of the AuNPs is tracked from image to image. A 3D-reconstruction of the
particle locations for four different samples were obtained, three of which are
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Figure 3.1. Transmission electron microscopy (TEM) images and CD spectra as a function of
nanoparticle size (a), (b) and (c), and a schematic of the self-assembled structure
(d). In (a), the TEM shows successful assembly where 8.5±1.2 nm diameter AuNPs
stick to a bundle of CNC sticks. In (b), the particle size is increased to 11.7±1.5 nm,
which leads to structures where the particles stick to the CNCs, but do not form
clear structures due to the size mismatch between the CNC cross section and the
AuNPs hydrodynamical diameter. In (c) 2.6±0.5 nm diameter AuNPs, with longer
ligands show successful assembly around the CNC sticks. In (d) a schematic of the
structures in (a) is shown. At the bottom row of (a)-(c) are the measured CD spectra,
with only the sample in (a) showing a CD signal close to the plasmon resonance of
the nanoparticles. Reproduced with permission from Publication III. © 2016 John
Wiley & Sons, Inc.

shown in Figure 3.2. The coordinates obtained from these measurements were
then used in CDA simulations to find out whether the CD signal is originating
from the AuNP assembly, or from somewhere else. In the simulations, each
nanoparticle was modelled as a sphere with 8.5 nm diameter, with polarizability
given by Equation (1.1). Tabulated data was used for the permittivity of the
metal [103], and a constant permittivity of 1.96 was used for the surrounding
medium (approximating the permittivity of a mixture of water and the CNC).
The CNC was not explicitly included in the calculation.

The resulting CD spectra agrees qualitatively very well with the experimental
results, even when the sample is very polydisperse and only four example
structures were simulated. In Figure 3.3 (a) are the measured absorbance of
the AuNP-CNC assemblies and the AuNPs and CNCs separately. In Figure 3.3
(b) the measured CD signal is shown and compared to the components of the
assembly, and finally in Figure 3.3 (c) are the CDA calculation results. The
dip-peak shape of the CDA spectrum, and the location of the CD signal in
wavelength are well reproduced. The simulated CD spectrum has a more narrow
wavelength range than the measured. This is to be expected, as all nanoparticles
were assumed to be identical in the simulations. In the real samples there is
some variance in size and in the dielectric environments which will shift the
surface plasmon resonance.
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Figure 3.2. 3D reconstructions of the assembled AuNPs on the CNC sticks. These datasets
were used as the basis for the CDA simulations. Reproduced with permission from
Publication III. © 2016 John Wiley & Sons, Inc.

Figure 3.3. Measured absorbance (a) and CD spectra (b) of the AuNP-CNC assemblies compared
to the AuNPs and CNCs alone. Only the assembled structures show a dip-peak CD
signal in (b). In (a), the plasmon resonance of the AuNPs shift slightly towards longer
wavelengths, indicating a change in the dielectric environment and/or coupling of
the plasmon resonances of adjacent nanoparticles. In (c), the calculated CD signal
is shown. The calculated results show a very good qualitative match with the
experiments. Reproduced with permission from Publication III. © 2016 John Wiley
& Sons, Inc.
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3.4 Superlattices of gold nanoparticles and tobacco mosaic
viruses

In the last publication of this thesis we look at the optical response of an another
self-assembled system. Anionic tobacco mosaic virus (TMV) nanorods were used
as the scaffold for self-assembly of gold nanoparticles (AuNPs). By starting with
more homogeneous building blocks, self-assembly can lead to order on much
longer length scales compared to the more heterogeneous materials like the
CNCs.

The TMV nanorods used in this study have a protein coating that follows the
right-handed helix of the virus RNA, shown in Figure 3.4 (a) [104]. This right-
handedness is transferred to the surface charge distribution on the nanorods
(Figure 3.4 (b)), which should lead to an observable CD signal when the AuNPs
are assembled on the surface, similar to Publication III.

Peptide-functionalized TMV templates have been used to assemble chiral
AuNP-TMV composites in Ref. [105] that show a CD response. Here we use
electrostatic self-assembly, which allowed much larger composite structures to
form.
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Figure 3.4. Tobacco mosaic virus structure (a) and surface charge distribution (b). In (b) red
color corresponds to negative charge, blue to positive and white to neutral charge. In
(c), (d) and (e) the self-assembly process is shown schematically. In the beginning the
AuNPs are aggregated due to high salt concentration of the solution (c). As the salt
concentration is reduced by dialysis, the AuNPs become dispersed in the solution
and start to attach to the TMV rods (d). In the end chains of the AuNPs are packed
in between the TMV rods, forming lattice structures (d). For clarity, only one plane of
the lattice is shown. Cryo-ET image of a self-assembled nanoparticle lattice is shown
in (f), and a SEM image in (g). The scale bars are 100 nm in (f) and 200 nm in (g).
Figure adapted from Publication IV. Used under the CC-BY-4.0 license [74].
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The self-assembled structures were formed by mixing the TMVs and 12.4 ±
0.9 nm diameter AuNPs in a highly saline solution, shown schematically in
Figure 3.4 (c), (d) and (e). Initially, the surface charges of the colloidal particles
in the solution were screened by salt ions, preventing the self-assembly from
taking place. The salt was then removed from the solution by dialysis, leading
to the formation of the structures as the screening of the surface charges was
gradually removed. The self-assembled structures were found to form square
lattice structures, which twist along the long axis of the nanorods, see Figure 3.4
(f) and (g).

Due to the highly ordered nature of the self-assembled structures, a simple
model could be used to describe the particle positions. The self-assembled
structures are modelled as a stack of gold nanoparticles in square lattices, with
each new layer of the stack rotated by a fixed amount in the counter clockwise
direction when looking down from the top. In the axial direction the twisting
of the stacks is right-handed (Figure 3.5 (a)), but when looked from the side
the structure twists left-handedly (Figure 3.5 (b)), similar to how the CNCs can
form left-handed chiral liquid crystals [92, 93]. The CD signal can therefore
be expected to have both left- and right-handed contributions from differently
oriented structures, something that can be separated in the CDA calculations.

The measured CD spectra is shown in Figure 3.5 (c). In contrast to the CNC
assemblies, the structures show left-handed CD signal in the assembled form.
In the CDA simulations (Figure 3.5 (d)), the CD signal is stronger from the
transverse direction of the structure compared to the axial, which matches well
with the experimental observation. The CD signal was calculated from a 400
nanoparticle structure, where the square lattices planes had a period of 23.15
nm, the distance between the layers 16±1.6 nm and the twisting at 0.13 deg/nm.
Each layer had approximately 89 particles, and 4.5 layers were included in the
model.

As the simulated structure in Figure 3.5 (d) is quite short and wide, the effect of
the number of nanoparticles in each layer was studied separately. In Figure 3.6
the lateral size of the structure was increased from 9 particles to 69 particles and
the corresponding CD spectra was calculated. The studied structures are shown
in Figure 3.6 (a)–(d), the resulting orientation-averaged CD spectra in (e) and in
(f) the CD spectra is scaled by the average magnitude to highlight the shape of
the signal. This time the structure had 10 layers, while other parameters were
kept the same as in Figure 3.5 (d).

As the structure grows laterally, Figure 3.6 (f) shows how the CD signal shape
moves as the twisting at the outer edge of the structure increases with the size.
The variation in the superlattice size can be a reason between the difference in
spectral width of the measured CD signal in Figure 3.5 (c) and the simulated (d)
signal, as the measured solution contains superlattice structures with varying
lateral dimensions.
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Chiral plasmonic structures

Figure 3.5. The transverse direction of the self-assembled lattice of AuNPs show a left-handed
twist (a), while the axial direction shows a right-handed twist (b). In the measured
CD spectra (c), only left-handed signal is visible. The spectra is taken at varying salt
concentrations, at 400 mM no structures are formed and no CD signal is observed. At
200 mM and 0 mM salt concentrations the TMVs and AuNPs form chiral structures,
which can be seen from the CD spectra. In (d), the calculated CD spectra is shown for
the axial and transverse directions, showing different handed signals as one could
expect from the structures shown in (a) and (b). When averaged over all directions,
the calculated CD spectra matches qualitatively with the experimentally observed
one. Figure adapted from Publication IV. Used under the CC-BY-4.0 license [74].
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Chiral plasmonic structures

Figure 3.6. Simulated CD spectra, as the ideal structure size grows. The structure base is scaled
from 9 nanoparticles (a), to 21 (b), 37 (c), and 69 (d). Resulting CD spectra (e) and
the CD spectra scaled by the average magnitude of the signal (f). The height of the
structure was fixed at 10 nanoparticles. The base square lattice had a period of 23.15
nm, and the inteparticle distance was 16±1.6 nm for the AuNPs. Figure adapted
from Publication IV. Used under the CC-BY-4.0 license [74].
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4. Conclusion

The nanoparticle array structures studied in this thesis show interesting phe-
nomena, such as the dark modes that become visible after the lasing threshold.
The transition from relatively short range excitations to fully coherent emis-
sion across the whole structure is an intriguing feature of the nanoparticle
lattice lasers. For instance, the shape of the lattice structure could bring inter-
esting effects to the mode selection in this type of lasers. Superlattices have
already proved to enable controlled multi-mode lasing in these nanoparticle
systems [106], and millimeter scale spatial coherence has been seen in lattices
in the near-IR wavelengths [107].

The 1D chains have potential to be integrated into other nanoparticle lattice
structures as controlled sources of coherent light, as one can pattern the sources
and studied structures in a single lithography step. Having well defined sources
of light along a substrate, where light is generated at the desired wavelength
instead of being scattered from the far-field could prove useful. Studying the
1D structures also helps in understanding the more complex 2D lattices, and
could prove beneficial in the interptation of experiments where condensation in
plasmonic modes has been observed [76].

The self-assembled chiral plasmonic structures show how interactions between
nanoscale objects can create something much larger, with a profound optical
response. By including only the interactions between the nanoparticles, the
measured response could be qualitatively matched. This was somewhat surpris-
ing, as only a few examples of a very heterogeneous group of structures were
simulated. The level of agreement seen without considering other sources of
circular dichroism points to the plasmonic coupling being the main source of
this effect.

As a possible future direction for the lattice structures I’d see adding some
form of manipulation in the third dimension. While the current nanofabrication
methods are excellent in making two dimensional patterns, controlling also the
height of the particles could lead to interesting effects. For the self-assembled
systems, it could be interesting to replace the metal nanoparticles with semicon-
ductor quantum dots. The resulting structures would be similar to liquid crystal
lasers [108], but form fibrous structures that might function as laser sources.
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