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ABSTRACT

Keywords: Plasmonics, Core-Shell Nanoparticles, Nanocubes, Light Harvesting, Peak
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Method

Plasmonic nanoparticles have been used for a variety of applications, including light trapping
in thin film solar cells. The most commonly used metals for this are Au, Ag and Al, however
Au and Ag are expensive, while Al is susceptible to environmental corrosion. We offer two

alternatives.

The first, is to alloy Al with other metals: especially other earth abundant plasmonic metals.
This offers plasmonic tunability and improved corrosion resistance. In this report we study the
light trapping ability of Al-Cu, Al-Au, Al-Ni, Al-In and Al-Mg alloys in an amorphous silicon
solar cell. We use a combination of Mie Theory, Transfer Matrix Modelling and Effective
Medium Theory to develop a simple numerical solution to this problem. Al-In and Al-Mg alloy
nanoparticles emerge as the most suitable candidates for this application. Al (75%) In (25%)

nanoparticles of size 22nm are shown to improve the absorption of amorphous silicon by 28%.

The second is coating Al with a thin shell of another metal. New reports on the stabilization of
Al(0) in water by coating it with a thin Cu shell have opened up a fresh avenue to explore
corrosion resistant aluminum plasmonics. However, the effect of a Cu shell on the plasmonic
properties of Al is hitherto unknown and needs to be understood. Moreover, almost all studies
have been carried out on the optical properties of Al-core metallic-shell nanoparticles. Hence,
for the first time, we report here a study on the absorption and scattering cross-sections of Al-
Cu core shell nanoparticles (spheres, cubes, cuboids and their dimers in a variety of
orientations, with a characteristic dimension between 50-100nm) under an illumination of 300-
900nm. Notably, the addition of a 10nm Cu shell shifts the scattering peak of a 100nm Al

nanosphere from 390nm to 590nm. The peak absorption and scattering wavelengths of core-



shell nanocubes increase almost linearly with shell thickness. The effect of oxidation of the Cu
shell is shown to be negligible. Thus, a Cu shell seems to improve the plasmonic performance

of Al.

Therefore, we hope that this report will spur further interest into the utility of Al-alloy and Al-

Cu core-shell nanoparticles for plasmonic applications.
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Chapter 1: Introduction

1.1. Introduction

Plasmonic materials have long been of interest due to their applications in photovoltaics [1],
[2], cancer therapy [3], photocatalysis [4], desalination [5] and optoelectronic [6] devices. The
most common plasmonic materials used currently are gold [7] and silver [8], due to their
efficient plasmonic behavior in the visible light region (400-700nm). However, the plasmonic
response of Au is inhibited due to dissipative channels which emerge due to interband
transitions at wavelengths less than 550nm [9], while Ag suffers from environmental corrosion.
Moreover, the cost and rarity of these noble metals make their utilization prohibitively
expensive, and scalability nearly impossible. Therefore, there is an increasing need to look

beyond noble metals [10] for sustainable, large scale applications of plasmonic materials.

Aluminum has long been touted as a replacement for gold and silver in plasmonic applications
due to its low cost, earth abundancy and ease of processing [11]. The interband transitions in
aluminum occur at about 800nm, which allows plasmonic tuning over the entire UV-Vis
spectrum [12]. Aluminum scatterers have been explored for applications such as light trapping
in solar cells [13], while a periodic array of Al nanoparticles in an Anodized Aluminum Oxide
(AAO) membrane is shown to have an excellent photothermal efficiency for desalination
applications [14]. Likewise, Al on CuO has been investigated as a photothermal absorber [15].
Therefore, arguably aluminum represents the best opportunity for scalable plasmonic
applications. However, aluminum spontaneously corrodes upon contact with oxygen, forming
an oxide layer which can severely impair plasmonic response [16]. This has so far restricted
the large-scale utilization of aluminum as a viable alternative to gold and silver as a plasmonic

material.
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In this work, we look at two sets of Al-based nanoparticles: Al-Cu core-shell nanoparticles and
Al-based alloy nanoparticles. We investigate their plasmonic properties and suitability for
plasmonic applications using a combination of FEM analysis and Mie Scattering solutions. We
therefore show which material compositions are the most suitable to replace noble metal

plasmonics.

1.2. Objective of the Work

1. To undertake a comprehensive computational study of AlI@Cu core-shell sphere, cubes
and cuboids as well as Al-Cu alloy systems, to investigate the plasmonic utility of these
systems

2. To carry out studies on the light trapping efficiency in an amorphous thin film solar cell
due to plasmonic Al alloy nanoparticles.

3. Tocompare and contrast these results with existing, noble metal based plasmonic solutions

Hence, we seek to demonstrate that Al-based plasmonics may offer an alternative to existing

noble metal plasmonics.

13



CHAPTER 2 : Literature Review

2.1. Background

Plasmonic nanoparticles are particles whose electron density
can couple with electromagnetic radiation of wavelengths that are far larger than the particle
due to the nature of the dielectric-metal interface between the medium and the particles: unlike
in a pure metal where there is a maximum limit on what size wavelength can be effectively

coupled based on the material size.

Electron Cloud

IElectnc Fleld

Figure 2-1 Light matter interaction for a plasmonic nanosphere. The electrons naturally
oscillate with a frequency known as the plasma frequency. When the frequency of incident light
matches the plasma frequency, localized surface plasmon resonance (LSPR) occurs.

Plasmonic nanoparticles have been used for a variety of applications such as biosensing [17],
communication [18], cancer therapy [19] and solar cell applications [20]. The most commonly
used plasmonic metals are gold and silver. However, the plasmonic response of Au is inhibited
due to dissipative channels due to the presence of interband transitions at wavelengths less than
550nm [21] , while Ag suffers from environmental corrosion [22]. This, along with their
prohibitive costs will continue to be an impediment to the wide scale utilization of plasmonic

nanomaterials.

It is for this reason that there has been intense research on developing alternate plasmonic

materials. These include Al [23], Ni [24], Cu [25], In [26]and Mg [27]. These metals are
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significantly more earth abundant and hence, cheaper than Au and Ag. Al, In and Mg exhibit
strong LSPR in the UV region. Moreover, Al, Mg and In exhibit interband transitions at 820nm
[28], 1750nm [29] and 880nm [30] respectively, which lies at the edge, or beyond the visible
region (300-700nm). Thus, these metals can support a wide spectral range of surface plasmons
below their interband frequency. Additionally, Cu displays optical constants similar to Au [31],

and hence display similar optical properties to Au, but is far more earth abundant.

An area which has seen an increased use of plasmonic nanoparticles is plasmonic light trapping,
especially in thin film solar cells [32]. Thin film solar cells use hydrogenated amorphous
silicon, which can be deposited using PECVD, leading to a much lower manufacturing cost
[33]. Additionally, amorphous silicon layers can be made much thinner [34] than crystalline
silicon layers. This, coupled with the fact that amorphous silicon can be deposited on plastic
due to low deposition temperatures [35] makes it useful for flexible and wearable electronics.
Additionally, its low cost implies that it is more suitable for economics of scale. However, due
to the small thickness of the amorphous silicon layer used, such thin film solar cells are rather
inefficient [36]. It is in this connection that plasmonic nanoparticles can be used to trap light

inside the silicon layer, leading to enhanced absorption, as shown in Figure 2-2
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00606 660060

Figure 2-2 Light trapping in thin film solar cells using plasmonic nanoparticles. By increasing
the path length of light using plasmonic scatterers, the semicondiuctor absorbs a greater
proportion of the incident light.

While most of the research conducted on plasmonic light trapping has utilized Au and Ag [37]
[38], there have been some reports into the utility of Al nanoparticles [39] for these
applications. However, Al nanoparticles are difficult to synthesize [40], difficult to size focus
[41], and are particularly prone to environmental corrosion which has a detrimental effect on
the plasmonic properties of Al [23]. It is in this connection that Al alloy nanoparticles and
nanocomposites (i.e. heterogeneous Al alloys), particularly alloys of Al with the earth abundant
plasmonic metals mentioned earlier are useful. This is because such alloys tend to show
improved corrosion resistance than pure Al nanoparticles. Al-Cu nanoparticles have been
synthesised using electronic explosion of metal pairs [42] [43] and laser ablation [44] . Al-Mg
and Al-Ni alloy nanoparticles have been synthesized using plasma arc evaporation [45]. In is
known to electrochemically activate Al, by dissolving the surface oxide layer [46], and thus
provides an excellent option for corrosion free Al plasmonics. Additionally, co-precipitation

[47] and ball-milling [48] offer other techniques to synthesize Al-alloy nanoparticles.
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Recently, A. Malek et al. reported stabilization of Al(0) in water for the first time, using an in-
situ reduction process involving copper ions [17]. A thin copper layer formed on the surface of
the AI(0) nanoparticles helps prevent the oxidation of Al. AI@Cu core shell nanoparticles of
various morphologies including spheres, cubes and cuboids are formed along with some alloy
particles. This is of particular interest for aluminum plasmonics, as the presence of the copper
helps prevent aluminum oxidation. Cu is itself a well-known plasmonic metal [18], and is likely
to improve the plasmonic properties of aluminum. Moreover, cubes are known to have
enhanced plasmonic responses, due to their sharp corners [19]. Hence, on paper, Al-Cu
nanoparticles may be an attractive option to pursue, however the effect of a Cu shell on the

plasmonic properties of the system is unclear.

2.2. Problem Definition and Approach

We define two problems, i.e. two Al-based solutions to noble metal plasmonics:

1. The study of the optical properties of Al-Cu core shell-nanoparticles

On paper, Al-Cu nanoparticles may be an attractive option to pursue, however the effect
of a Cu shell on the plasmonic properties of the system is unclear. We therefore
undertake a comprehensive computational study of AI@Cu core-shell sphere, cubes
and cuboids as well as Al-Cu alloy systems, to investigate the plasmonic utility of these
systems.

2. The study of the light trapping ability of Al-alloy nanospheres

In this study, we use the Mie theory, effective medium theories and transfer matrix
modelling to carry out studies on the light trapping efficiency in an amorphous thin film
solar cell due to plasmonic Al alloy nanoparticles. We study 5 alloy systems, namely:
Al-Cu, Al-Au, Al-Ni, Al-In and Al-Mg alloy nanoparticles, and investigate their

plasmonic response whilst varying particle sizes and alloy compositions. We calculate
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the increase in absorption of the amorphous thin silicon film due to light scattering, and
thus demonstrate how Al-alloy nanoparticles can offer a robust alternative to traditional
noble metal plasmonics. Although this is a simple approach, and does not consider the
total scattering behavior of the NPs (eg. plasmon coupling), our results are in close
agreement with more complicated FEM studies carried out on similar systems [49].
Moreover, our method is computationally efficient, does not involve complicated
boundary conditions, unlike other methods, and is quick. Therefore, our study is useful
for providing a quick analysis of the trends and influence of various factors such as
alloy composition. This will be useful in the design of further experiments involving
alloyed Al nanoparticles for plasmonic applications.

We demonstrate how these systems may prove to be a viable alternative to existing noble metal

plasmonic materials, and also address the environmental corrosion issues of typical Al

plasmonics.
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CHAPTER 3 : Methods and Technigues

3.1 Al-Cu Core-Shell Nanoparticles

Simulations are carried out using COMSOL Multiphysics 5.4. The scattering and absorption
properties of the nanoparticles are studied by solving Maxwell's equations over the
nanoparticles using Finite Element Modelling (FEM). This because our study involves cubes
and cuboids for which an analytical solution does not exist. Additionally, the results of FEM

analysis are in close agreement with that of the Mie Solution (Figure 1b)
3.1.1 Geometry

The nanoparticles, shells, and oxide layers are assumed to be uniform, smooth and symmetric.
Spheres are used to model nanospheres, while blocks with rounded corners and edges are used
for nanocubes and nanocuboids. The rounding is performed by creating a 2nm fillet along each
edge of the block. Core shell nanoparticles are modelled as concentric spheres or blocks. A

spherical PML (Perfectly Matched Layer) [50] (Figure 3-1 (b)) of radius 10r.¢ (Where rq,. =

eff

1

(%)g V is the volume of the nanoparticle) is used to truncate calculations in the region. The

calculated values are almost constant beyond this PML radius, which is indicative of a

convergent solution.

The radius of the particle studies is 100nm. This is because for particles of this size, a scattering
peak exists in the visible region (300-800nm), this is not true of 50nm Al nanoparticles (Fig
1(b)). As many of the interesting plasmonic phenomena of nanoparticles are related to its peak
scattering and absorption, we felt that a study of 100nm nanoparticles would be a more
interesting addition to literature. Moreover, particles with size>100nm will also follow similar

trends.
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Figure 3-1 (a) Geometry used for simulations. A PML can be used to truncate the
computational region to a sphere of radius ~ 200-400nm. (b) The normalized scattering cross
sections of 50nm and 100nm Al nanospheres. A scattering peak exists only for the 100nm
nanosphere in the visible region. The Mie Scattering Solutions are in close agreement with the
FEM analysis.

3.1.2 Equations

Maxwell’s Equation (1) is solved for various input frequencies to obtain the electric field.

VXE ]
VX( )_k02<1" Jo—

e — —) E=0 )
pa we

The incident light is assumed to be along the Z axis. The electric and magnetic fields are
resolved along the x and y axis, respectively. The background electric field is taken as a plane

wave in the x-direction, and is given as

-2 j
E,=Epe /1 2)
where n is the refractive index of the surrounding medium.
For an incident energy flux
nEZ _
linc = Z_Zok (3)
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the scattering cross section for a nanoparticle is defined as:

IscqndS
SCS = #L (4)
Iinc
and the absorption cross section is given by:
dv
ABS = fff Qloss (5)
Iinc

where the integrals are carried out over the nanoparticle surface and volume respectively. The
normalized SCS and ABS are obtained by dividing these values by the effective surface area

of the nanoparticles in the direction of the incident light.

The simulations are carried out between 300nm and 900nm, as this region corresponds to a
large part (about ~ 43%) of the total solar irradiance. The irradiance below 300nm is almost

negligible.
3.13 Materials

The complex valued refractive indexes are obtained from the data of Johnson and Christy [51]
for gold and copper, Lenham [52] for Al and Dhineshbabu [53] for CuO. The real and
imaginary dielectric constants are obtained from this data wusing the relation

& +j& = (n+jk)? (6)

Since all components are homogenous, for alloys, the mixing rule given by Bergman [54] is
applied. For an alloy with mole fraction and relative permittivities of the first component x;
and &; respectively, and that of the second component x, and &, respectively, the effective

permittivity of the alloy is given by:

Ealloy = X1€1 T X263
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The surrounding medium is water, with a refractive index of 1.33. The real part of the refractive
index is taken to be constant since its variation across the visible spectrum is small (1.349 at
300nm and 1.328 at 900nm). The imaginary part of the refractive index of water is ignored

since it is very small (1.02x107° at 450nm).

3.2 Al-based Alloy Nanoparticles
We have used the Mie Theory, Effective Medium Theory (Bruggeman and Mie-Maxwell
Garnett) and Transfer Matrix Modelling to calculate our results. An explanation of each of

these methods and the overall methodology used is given below.

2.1 Mie Theory
Mie Theory, developed by Gustav Mie [33], provides a rapid and accurate numerical method
for the determination of the optical cross sections of a homogenous sphere in a dielectric

medium.

The scattering cross section is a probabilistic measure of how much of the incident light is
diverted, or scattered from its path by the sphere. The absorption cross section represents the
probability that the incident light is absorbed by the sphere. The extinction cross section is the
sum of the absorption and scattering cross sections. Mie calculated an analytic function for the
scattering and absorption efficiencies (the cross-sections divided by their geometric cross

sections) of a sphere given by:

Qsca = ézl(zn +1) [a% + brzl] (1D
2 co

Qavs = ;Z(Zn + DRela, + by] @)

Qext = Usca + Qans (3)
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Where x = Znnmr/ 1 is the size parameter (n,, is the refractive index of the surrounding

medium, r is the radius of the nanoparticle and A is the wavelength of the incident light) and
a, and b, are the calculated Mie coefficients of the scattered field. To calculate these
parameters, PyMieScatt [34], an open source Python library was used. The refractive index of

the surrounding medium (air) was taken as 1+0i.

The scattering and absorption ratios, i.e. the proportion of scattering and absorption in the total

extinction, are defined as:

Qabs Qsca ( 4)
Qabsratio= Q ’ Qscaratio= Q
ext ext

To compare the optical properties of nanoparticles across a range of wavelengths, radii, and
alloy compositions, all values were weighted with the AM1.5G solar spectrum, values of which

were obtained from [35]. For example:

0 ooy Qaps(DAML5G(1)dA
absyeighted — 900
J300 AM1.5G(1)dA

(5)

2.2 Optical Properties of Materials
To calculate the optical properties of metallic nanospheres using the Mie Theory, the
parameters needed are the wavelength of incident light (1), the particle diameter (r) and the

complex wavelength dependent refractive indices of the metal, n(A) + ik(2).

The optical constants of were obtained from Rakic [36] for Al, from Johnson [37] for Au, Cu
and Ag, from Mathewson for In [38] and from Hagemann [39] for Mg. They are shown

graphically in Figure 3-2.

The real and imaginary parts of the relative permittivity of the metals can be obtained from

their (n, K) values as:

& =n?—k? g =2ink, E=¢& +¢g (6)
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Figure 3-2 (a) n and (b) k values for Cu, Au, Ni, In and Mg in the visible-NIR range (300-
900nm). Cu and Au show similar variation in n and k values, as do Mg and In. Therefore, it
may be expected that their optical responses are similar.

To compute the optical constants of alloy nanoparticle, the Bruggeman Effective Medium

Theory [40] was used. For an alloy with n components, the effective refractive index is given

by:

i — €1)
7
zfl (& + 281) ™
Where ¢, is the relative permittivity of the first component, which is Al in our case. g; is the
permittivity of the other components in the alloy, whilst f; are their respective volume fractions.
The Bruggeman Model assumes that the total flux deviation due to the presence of multiple

components is zero. This means that the model is inherently symmetric, and can be used for

alloys with a variety of volume fractions of the components.

For an alloy with two components, Al and M, where M=Cu, Au, Ni, In or Mg, as considered

in this study, the effective permittivity of the alloy (e.¢¢) is given as

torr = 1 (B+ B +8ener)  (B=Bfa — Dea+ Bfur — Dew) (8)
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Where f,; and f,, are the volume fractions of Al and M in the alloy. Notably, when f;; = 1,

Eefr = Ea1, as expected. Care must be taken to consider the sign of the square root, depending

on the material used.

2.3 Simulation Model

t70=20nm

t,=80nm

Figure 3-3. The thin film solar cell used for optical simulations. The top and bottom junctions
of a:Si (amorphous Silicon) are p and n doped respectively. Since the a:Si layer is so thin, it
does not absorb much light. Therefore, plasmonic nanostructures, like the Al-alloy NPs shown
here can be added to improve its absorption.

To investigate the utility of plasmonic alloy nanoparticles for enhancing the performance of
thin film solar cell, a p-i-n amorphous silicon solar cell was modelled, as shown in Figure 3-3.
It consists of an 80nm Al substrate, with 240nm of amorphous hydrogenated Silicon
(henceforth designated as a:Si) deposited on it, doped in a p-i-n fashion. Since the doping is
small (of the order of ppm), the optical constants of a:Si are assumed not to change with the
degree of doping. The optical constants of a:Si and Indium Tin Oxide (ITO) are obtained from

[41] and [42] respectively.
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We study how the addition of a layer of two-dimensionally arranged Al-alloy plasmonic
nanospheres on the surface of the solar cell affects the absorption of the a:Si layer. These

calculations are performed using a transfer matrix method (TMM) approach.

2.4 Transfer Matrix Method (TMM)

The Transfer Matrix Method [43] is used to compute the reflection, transmission and
absorption of a multi-layered film. As an example, light is incident on a multilayer film which
has n layers, beginning with a semi-infinite layer (air) and ending with a semi-infinite substrate.
Each layer has its own thickness (Ti) and complex refractive index (RI;). For example, in our

case, as per Table 1:

i Layer Ti Rl

1 Air Infinite 1

2 Nanoparticle + Air Layer 2Rnp Calculated using Mie-MG Theory
3 ITO 20nm [41]

4 Amorphous Silicon 240nm [42]

5 Aluminium 80nm [36]

6 Air Infinite 1

Table 1. A list of the layers in the thin film solar cell studied, their thicknesses and refractive
indices. The indice i is used in reference to the TMM method.

If the electric field propagating in the i layer is E}in the +x direction, and E;" in the —x

direction, the transmission matrix is given as:

M--—i[l "y 9)
o rij 1

ij
tjk

Where ¢, is the Fresnel Transmission Coefficient and r;; is the Fresnel Reflection Coefficient

for interfaces i and j. We define the propagation matrix for a wave in the i layer as:
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—i(27/,)d;n; cos(6;)
0 el( ”/A)di"i cos(6;)
We then use the local transfer matrix M:
EJ = M.P,M.-P M E;;ibstrate 11
EO— - 014 141282 ==x vee s—1s 0 ( )
Hence, we can write:
Eoi] = M11 Mlz] [E;;ibstrate] (12)
Ey My, My, 0
Then, the reflectance (r) and transmission (t) coefficients become
1 M,
t=—\r=— (13)
M11 M11

Hence, using this approach, the transmission, reflectance and absorbance of each layer in the
multilayer stack can be computed. We assume coherent waves, and therefore consider all

surfaces to be smooth.

2.5 Mie-Maxwell Garnett Effective Medium Theory

Doyle [44] suggested a modification to the traditional Maxell Garnett Theory, to evaluate the

effective refractive index of a suspension of metallic spheres. His approach, is given as:

& ff— Emedi 3i
e medium :ﬁ2x3 al(Al—M) (14)

geff + 2"smedium
Where &.5¢ the effective permittivity of the alloy, eneqium IS the permittivity of the
surrounding medium, x is the size parameter defined earlier, a4,y is the first Mie coefficient

for an Al-M alloy with size parameter x. fy is the volume fraction of metal spheres in the
suspension. fy is related to the surface coverage (F) as f,, = EF. Since this model only considers

the polarizability of the inclusions: i.e. the suspension of spheres, it fails for large volume
fractions. Since the Mie-MG Theory is restricted to f,, < 0.5. we consider f, values between
0.1 and 0.4.
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For our study, we consider Air + NPs as a distinct nanocomposite layer, and use the Mie-MG
Theory to calculate its effective refractive index. The problem is then reduced to that of a
multilayer stack, layers starting with air, followed by the air-NP nanocomposite, then ITO, a:Si
and finally Al. Using the Transfer Matrix Method, we calculate the percentage of incident light
absorbed of the a:Si layer as a function of incident wavelength, surface coverage(F), alloy

composition (fa) and Rnp.

In most cases, we plot the enhancement, and increase (A) in the absorption of a:Si due to the

presence of Al-alloy NPs, relative to the absorption of bare a:Si, defined as:

Lo, Ptviny, WAML5G(A)dA
200 AM1.5G(2)dA

300 pSibare
900
f300 (pSi_With_NP - pSibaTe)(A)AMl'SG(A)dA

A= (16)
Jo Dsi_bare AM1.5G (A)dA

Enhancement =

(15)

Python code was written to implement the Mie Theory, Bruggeman and Mie-MG Effective
Medium Theory and the Transfer Matrix Modelling. The results of our model closely match
the FEM analysis of a similar system carried out by Akimov et al. [35]. A summary of our

method is provided in Figure 3-4.
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Al Alloy NP

(Rl Calculated Using Bruggeman’s Fermula)
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Medium
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—

Transfer
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_

I Compute Fraction of Light Absorbed by aSi

Evaluate Effective {n, k) of Air + Nanoparticle
Composite Using the Mie MG Theory

'

Air/NP Layer

Rlgir/np| |

RlITO

RI aSi

Rl

RI=Refractive Index

Figure 3-4. A summary of the methods used for the calculation of the optical parameters of
alloy nanoparticles, and their effect on the absorption by a substrate. Since all the methods
used are numerical, the technique is computationally efficient.
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CHAPTER 4 : Results and Discussion: Al-Cu Core-Shell Applications

Recently, A. Malek et al. reported stabilization of Al(0) in water for the first time, using an in-
situ reduction process involving copper ions [47]. A thin copper layer formed on the surface of
the Al(0) nanoparticles helps prevent the oxidation of Al. AI@Cu core shell nanoparticles of
various morphologies including spheres, cubes and cuboids are formed along with some alloy
particles. This is of particular interest for aluminum plasmonics, as the presence of the copper
helps prevent aluminum oxidation. Cu is itself a well-known plasmonic metal [48], and is likely
to improve the plasmonic properties of aluminum. Moreover, cubes are known to have
enhanced plasmonic responses, due to their sharp corners [49]. Hence, on paper, Al-Cu
nanoparticles may be an attractive option to pursue, however the effect of a Cu shell on the
plasmonic properties of the system is unclear. We therefore undertake a comprehensive
computational study of AlI@Cu core-shell sphere, cubes and cuboids as well as Al-Cu alloy

systems, to investigate the plasmonic utility of these systems.

4.1 Al-Cu Core Shell Nanoparticles

SN
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===100nm Gold Nanosphere E ===100nm Gold Nanosphere

3.5F ===100nm Copper Nanosphere 6k ===100nm Copper Nanosphere
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Figure 4-1 Normalized (a) absorption and (b) scattering cross sections of 100nm Au, Cu, Al
and Al-Cu core-shell nanospheres. AI@Cu is a better absorber of light than Al, but worse than

30



Au and Cu. Both Al and AlI@Cu show higher scattering cross sections than Au and Cu between
300nm and 500nm.

Simulations are carried out on 100nm gold, copper, aluminum and a 100nm Al sphere with a
5nm Cu shell. Figure 4-1 shows that AlI@Cu nanospheres absorb almost twice as much light
than Al between 300 and 550nm, but not as well as Au or Cu nanospheres. Both Al and Al@Cu
are better scatterers of light than Au and Cu in the 300-500nm region. It can also be seen that
the scattering peak of AI@Cu is redshifted from 390nm to 450nm when compared to Al

nanospheres. This opens the possibility of engineering the peak positions by varying core-shell

ratios.
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Figure 4-2. Effect of shell thickness on the normalized (a) absorption and (b) scattering cross-
sections of 100nm nanospheres. The absorption cross sections monotonically increase with
shell thickness. A 10nm shell shifts the scattering peak from 390 to 590nm while slightly
decreasing the peak scattering intensity from 3.64 to 3.3

The normalized absorption cross sections of these nanospheres increases as the thickness of
the copper shell increases (Fig Figure 4-2a). For example, their values at 500nm for 100nm Al
cores with 2nm, 5nm and 10nm Cu shells are 0.36, 0.58, 0.89 and 1.19 respectively. A thicker
Cu shell also redshifts the peak scattering intensity (Fig Figure 4-2b). Calculations performed

over the core and shell for a 100nm Al nanosphere with a 5nm Cu shell at 500nm reveal that
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the shell contributes to 64.4% of the absorption cross section, with the remaining contribution
coming from the core. At the same wavelength, when the shell thickness is increased to 10nm,
the contribution of the shell increases to 81.4%. Two peaks are seen in the scattering curve, as
the Cu shell thickness is increased, the second peak (the one at a higher wavelength) becomes

more pronounced. We define the peak intensity as that of the peak with the highest intensity.
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Figure 4-3 Variation of peak normalized scattering intensity and wavelength of a 100nm Al
nanosphere with Cu shell thickness. The peak wavelength follows the equation A4, =
391.7 + 12t for t between 0 and 9nm and A,,,4, = 550.7 + 4t for t between 10nm and 14nm,
where t is the thickness of the shell

Figure 4-3 shows that a 10nm Cu shell can shift the peak scattering intensity from 390nm to
590nm, as the second peak becomes more prominent. The corresponding normalized peak
scattering intensity does not show a substantial decrease, going from 3.64 to 3.3, a decrease of
about 9%. This is of vital importance for light harvesting applications as the region from 400-
700nm encompasses ~ 43% of the total solar irradiance. We have provided a design equation
which may be used to engineer the peak scattering wavelengths by varying the shell thickness

between 0 and 12nm (Figure 4-3).
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Figure 4-4 Comparison of normalized (a) absorption and (b) scattering coefficients of a 100nm
Al nanosphere, a 100nm Al cube, and a sphere with the same volume as the cube. Absorption
and scattering peaks are seen between 300 and 400nm for a cube, with a 250% and 175%
improvement in ABS and SCS respectively w.r.t a sphere at these peaks.

A comparison between cubical and spherical nanoparticle morphologies reveals that a cubical
nanoparticle exhibits higher scattering and absorption power than a sphere of the same volume
Figure 4-4. This implies that for the same mass of metal, a cubic geometry is preferred. This is
because the polarization charge redistributes over the larger surface are of the cube, resulting
in a higher SCS and ABS. Recent reports have shown that Al nanocubes have sharp corners
[19]. A cube also shows redshifted absorption and scattering peaks when compared to a sphere.
When charges accumulate at a sharp area like the corner of a nanocube, there is a separation
between the electron cloud and the positive core. Thus the restoring columbic force is
diminished, and the increased separation leads to red shifting of the absorption and scattering
bands [67]. Al-Cu core-shell nanocubes could therefore offer an opportunity for further

enhancement of the optical properties of aluminum, and its tenability.
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Figure 4-5 Effect of shell thickness on the normalized absorption and scattering cross-sections
of (&) & (b) 50nm and (c) & (d) 100nm nanocubes. The absorption peak shifts from 375nm to
480nm and the scattering peak shifts from 360nm to 660nm when the shell thickness is changed
from 0 to 10nm.

Calculations of the effect of Cu shell thickness on the optical properties of Al nanocubes are
carried out (Figure 4-5). Two peaks are seen in the scattering curve. As the Cu shell thickness
is increased, the second peak (the one at a higher wavelength) becomes more pronounced. The
effect of shell thickness on the absorption and scattering peaks is summarized in Fig. 6.
Calculations performed over the core and shell for a 100nm Al nanocube with a 5nm Cu shell

at 500nm reveal that the shell contributes to 70% of the absorption cross section, with the
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remaining contribution coming from the core. At the same wavelength, when the shell

thickness is increased to 10nm, the contribution of the shell increases to 84.3%.
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Figure 4-6 Variation of normalized (a) absorption and (b) scattering intensities and
wavelengths of 100nm Al cubes with Cu shell thickness. The normalized absorption peak
follows the equation 4,5 = 377.4 + 11.91¢ and the normalized scattering peak (the peak
with the highest magnitude) follows the equation Agcs = 580 + 8.0t, where t is the
thickness of the Cu shell varying between 2nm and 10nm.

A linear increase in peak absorption wavelength with increasing shell thickness is shown in
Figure 4-6(a). The peak absorption wavelength shifts linearly from 375nm to 480nm with the
addition of a 10nm Cu shell. The corresponding peak absorption intensity increases too, going

from a normalized value of 1.4 to 2.56, an increase of 86%.

Since two distinct peaks are seen in the scattering cross sections, we define the scattering peak
here as the one with a higher magnitude, as in the case of spheres. The scattering peak shifts
from 360nm to 660nm when a 10nm Cu shell is added, as the second peak becomes more
prominent (Fig. Figure 4-6b). While a standalone Al cube exhibits a peak normalized scattering
intensity of 6.5, this value decreases to 4.87 when a 2nm shell is added, and increases to 5.75
when the shell thickness is increased to 10nm. This is a decrease of about 11.5% from a 100nm

Al nanocube with no shell. Thus, a Cu shell can be used to shift the peak scattering intensity
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of Al nanocubes to the visible region (660nm) with only a small decrease in peak scattering
intensity. The design equation which may be used to engineer the wavelength of the peak
absorbance and the primary scattering peak by varying the shell thickness between 2 and 10nm

is shown to be linear (Figure 4-6).
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Figure 4-7 Variation of (a) absorption and (b) scattering cross sections of three different
orientations w.r.t. the xy plane for a nanocuboid with dimensions 50nm, 25nm and 100nm
coated with a 2nm Cu shell. Orientation (b) covers a large part of the solar spectrum between
400 and 700nm.

For nanocuboids, a degree of asymmetry is introduced, hence the orientation of the cuboid
becomes important. Figure 4-7 shows the variation in absorption and scattering intensities for
three different orientations of the nanocuboid in the x-y plane. Unsurprisingly, orientation (b)
shows higher absorption and scattering cross sections as it has the maximum surface area in
the direction of incident light. Orientation (a) shows both absorption and scattering peaks at
330nm, while orientation (b) shows these peaks at 600nm. Thus, depending on the orientation
of the nanocuboid, the UV (200nm-360nm) or visible (400nm-700nm) of the solar spectrum
may be harnessed. A mixture of these orientations may enable light harvesting over the entire

solar spectrum.
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Figure 4-8 Effect of oxide thickness on the normalized (a) absorption and (b) scattering cross
section of Al-Cu core-shell nanospheres. A 1nm oxide layer does not produce a perceptible
effect on the absorption or scattering curves.

Copper, if used in air or an oxygenated medium, is susceptible to oxidation. To investigate the
effect of oxidation we assumed that a copper shell is consumed by a uniform CuO layer of
varying thicknesses. For very thin shells ~ 5nm, the native oxide thickness is below 1nm [68]
for room temperature oxidation. For 1 nm oxide shell, the effect on normalized absorption and
scattering cross sections is remarkably low (Fig. Figure 4-8), with the curves for a 5nm Cu

shell, and a 4nm Cu shell covered by a 1nm oxide layer almost indistinguishable.
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Figure 4-9 Effect of alloy composition on the (a) absorption and (b) scattering cross sections
of 100nm spherical Al-Cu alloys. Increasing Cu content increases the absorption cross section,
while a compositional invariance is observed in scattering cross sections for Cu content up to
50%.

One way to alleviate the effects of surface oxidation is by alloying. Cu and Al form a solid
solution which covers a large part of their phase diagram. As expected, increasing the
proportion of copper increases the absorption cross section of alloyed nanospheres (Figure
Figure 4-9). We expect the scattering cross sections to increase with increasing Al content.
However, the scattering curves for an Al alloy with 0%, 25% and 50% copper are remarkably
similar. This is similar to the compositional invariance in scattering cross sections reported in

Al-In alloys [69].

Finally, we investigate the absorption and scattering cross sections of a variety of dimeric
arrangements of spheres and cubes of equal volume (as shown in Figure 4-10). The general
trend seen is that a dimer of two spheres is better for increasing the scattering cross-sections,
while a dimer of two cubes (at an angle of 45 degrees with each other) results in the best
absorption cross sections. Figure 4-11 shows the associated electric fields for the configurations

in Figure 11.
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Figure 4-10 (a) Absorption and (b) Scattering cross sections of a variety of dimeric
arrangements of a nanocube and nanosphere (both of the same volume). A dimer of two cubes
at an angle of 45 degrees with each other (orientation (c)) shows the lowest scattering cross
sections (5.5x10%* m?) at peak scattering wavelength but the highest absorption cross section
(5.5x107** m?) in the 400-800nm range.



Figure 4-11 Associated electric fields for configurations (a) to (f) corresponding to Figure 11
at a wavelength of 670nm.
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CHAPTER 5 : Results and Discussion: Al-M Alloy Nanoparticles

In this study, we use the Mie theory, effective medium theories and transfer matrix modelling
to carry out studies on the light trapping efficiency in an amorphous thin film solar cell due to
plasmonic Al alloy nanoparticles. We study 5 alloy systems, namely: Al-Cu, Al-Au, Al-Ni, Al-
In and Al-Mg alloy nanoparticles, and investigate their plasmonic response whilst varying
particle sizes and alloy compositions. We calculate the increase in absorption of the amorphous
thin silicon film due to light scattering, and thus demonstrate how Al-alloy nanoparticles can
offer a robust alternative to traditional noble metal plasmonics. Although this is a simple
approach, and does not consider the total scattering behaviour of the NPs (eg. plasmon
coupling), our results are in close agreement with more complicated FEM studies carried out
on similar systems [49]. Moreover, our method is computationally efficient, does not involve
complicated boundary conditions, unlike other methods, and is quick. Therefore, our study is
useful for providing a quick analysis of the trends and influence of various factors such as alloy
composition. This will be useful in the design of further experiments involving alloyed Al

nanoparticles for plasmonic applications.

5.1.1 Al-alloy nanoparticles

Simulations were performed on Al-Cu, Al-Au, Al-Ni, Al-In and Al-Mg alloys nanospheres
with radii varying between 1 and 100nm, and alloy composition (fai is the volume fraction of
Al) varying between 0 and 1. Their optical constants are calculated using the Bruggeman
Formula detailed above, and all results were weighted with the AM1.5G solar spectrum to

allow for easier comparison.
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Figure 5-1 Weighted (a) scattering efficiencies and (b) scattering ratios for Al alloyed with five
different metals, as a function of their radii and volume fraction of Al. Qscaratio—weightedis 0.76

for a 50% (fa=0.5) Al-Mg alloy of radius 60nm (Rnp=60nm), as opposed to 0.74, 0.63, 0.71
and 0.7 for Al-In, Al-Ni, Al-Au and Al-Cu NPs respectively, with the same composition and
radius. Thus, Al-In and Al-Mg display the best scattering behavior at a given fa and Rne.

Figure 5-1 shows the weighted scattering efficiencies and scattering ratios for the alloy
compositions chosen. Al-Cu and Al-Au NPs show similar scattering behaviour: this is
unsurprising as their optical constants are quite similar in the wavelength range studied, as
mentioned earlier. The scattering efficiency and scattering ratio increases with increasing
nanoparticle radius (Rnp), for a fixed alloy composition. While the scattering efficiencies
decrease with increasing volume fraction of Al (fai) for a given radius in the case of Al-Cu, Al-
Au and Al-Ni, they increase in the case of Al-In and Al-Mg. Therefore, for a given nanoparticle
radius (Rnp) with volume fraction of Al=fa, Al alloyed with In and Mg offers the best scattering
performance. For example, for NPs with volume fraction of Al=50% (fai=50%) and Rnp=60nm
Qsca weigntea 1S 1.3, 1.3, 1.21, 1.33 and 1.35 for AI-Cu, Al-Au, Al-Ni, Al-In and Al-Mg
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respectively.
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Figure 5-2. Weighted (a) absorption efficiencies and (b) absorption ratios for Al alloyed with
five different metals, as a function of their radii and volume fraction. Qabsratio-weighte 415 0.894

for a 50% AI-Ni alloy of radius 20nm, as opposed to 0.79, 0.77, 0.85 and 0.86 for Al-In, Al-
Mg, Al-Au and Al-Cu NPs respectively, with the same composition and radius. Thus, Al. Al-
Au, Al-Cu and Al-Ni display the best absorption behavior at a given far and Rnp.

Figure 5-2 shows the absorption efficiencies and absorption ratios of the nanoparticles studied
in Figure 5-1. Figure 5-2b shows that for small particle sizes, up to Rnp=25nm, absorption
dominates the total extinction. For a fixed composition, an increase in radius results in an
increase in absorption efficiency but a decrease in absorption ratio. This means, that as Rnp
increases, although the contribution of scattering to the overall extinction decreases, the
absorption efficiency increases. Figure 5-2a shows that, for a fixed Rne and volume fraction of
Al (fai), Al-Cu, Al-Au and Al-Ni nanoparticles are better absorbers than Al-In and Al-Mg. For
example, for NPs with fa=50% and Rne=20nM, Qups weightea 1S 0.19, 0.14, 0.15, 0.06 and 0.06
for Al-Cu, Al-Au, Al-Ni, Al-In and Al-Mg respectively. Additionally, for a fixed Rne,

increasing fai results in a decrease in Qqps weigntea-

43



For plasmonic solar cells, the nanoparticles should exhibit low parasitic absorption and high
scattering efficiency. However, it can be seen that on increasing Rnp, the scattering and
absorption efficiencies both increase, even though the absorption ratio decreases. Therefore,
an optimum radius, there has to be subtle interplay between Q., and the parasitic absorption
Qups- However, on increasing fai, the scattering efficiency increases whilst the absorption
efficiency decreases, therefore prospective Al-alloy based NPs for plasmonic solar cell
applications should have a high Al content. Hence, Al rich alloy nanoparticles of Al-In and Al-

Mg appear to show promise for thin film solar cell applications.

The reason for this lies in the fact that Al has the highest n and k values in the visible spectrum.
In and Mg exhibit n and k values closest to Al, whilst the corresponding values for Au, Cu and
Ni are further away. Therefore, alloying Al with In and Mg produces plasmonic behaviour
similar to pure Al, whilst there are significant disparities observed with Al-Au, Al-Ni and Al-

Cu alloy nanoparticles.
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Extinction vs Wavelength for Al Alloys NPs
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Figure 5-3. Extinction as a function of wavelength for different nanoparticle sizes and alloy
compositions. For Rnp=15nm, the resonant wavelengths lie in the 100-200nm range, as shown
in the inset figures (a) and (b). For larger nanoparticles (Rnp=75nm), as seen in (c) and (d),
the resonant peaks exist in the visible-NIR (300-900nm) region, and multipolar contributions
to the extinction can be seen eg. Al.Mg (fa=75%) in (c). The electric fields corresponsing to
the marked resonant wavelengths in (b) and (d) are shown in (e). For Al-rich alloys ((b) and
(d), the exctinction curves converge, which means that they will show a similar optical
response.

Figure 5-3 shows the extinction as a function of wavelength for Al-alloy nanoparticles at two
radii, Rnp=15nm and Rnp=75nm, and two alloy volume fractions, fai=25% (denoted as Al-25%
M-75%) and fai=75% (denoted as Al-75% M-25%). Figure 5-3(c) and Figure 5-3(d) show that

if the alloy is Al rich, the extinction curves of all the 5 alloys, namely Al-Cu, Al-Au, Al-Ni,
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Al-In and Al-Mg converge, which means that they will show a similar optical response. This
is crucial for the design of plasmonic Al-alloy nanoparticles, as it offers great design flexibility
for the alloying metal.

3.2 Plasmonic Enhancement of Absorption of Amorphous Silicon in a Thin Film Solar Cell
Using Al-alloy NPs

We now use the Mie-MG and TMM method to determine the absorption of the amorphous
silicon layer when the Al alloy nanoparticles studied in the subsection above are used to
enhance light trapping. The term ‘bare Si’ is used to refer to the arrangement shown in Figure

3-3, but without the layer of nanoparticles.

Weighted Power Absorbed by Si (with Al NPs of Surf. 900
Coverage=F) relative to Si absorption without NPs, as Penh. = fggg
a function of r\,_and f,, (Penn.) L —

Al-Cu Al-Au Al-Ni Al-In Al-Mg

Pgi np(A)AM1.5G(4)dA
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Figure 5-4. The power absorbed by a:Si, weighted by the AM1.5G solar spectrum, relative to
the power absorbed by a:Si. Al-In and Al-Mg alloys The maximum absorption enhancement
of the a:Si layer increases with increasing surface coverage (1.04 for Al-Mg when F=0.15 to
1.28 forAl-Mg when F=0.6) However the waveelength at which the maximimum occurs
decreases with increasing F. Al-In and Al-Mg show a high (>20%) absorption enhancement
for a:Si for a wide alloy composition.

N
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Figure 5-4. shows the variation in the absorption enhancement, i.e. the ratio between absorption
of a:Si with the alloy-NPs, to a Si without NPs, in the 300-900nm regime, weighted by the
AM1.5G solar spectrum. The peak enhancement (1.28 or 28%) occurs for Al-In and Al-Mg
alloys. It can be seen that the peak enhancement increases with increasing surface coverage (F)
of the nanoparticles, however, the radius at which the peak enhancement F occurs decreases.

This will be further discussed later on.

Additionally, it can be seen that the largest enhancement in a:Si absorption occurs for Al-rich
alloys, especially in the case of Al-Cu, Al-Au and Al-Ni, while there is some compositional
flexibility in the case of Al-In and Al-Mg. For example, when F=0.6 and Rnp=20nm, if
fai=0.25, the enhancement due to the NPs is 3%, 1%, 8%, 21% and 23% for Al-Cu, Al-Au, Al-
Ni, Al-In and Al-Mg respectively. For the same radius and F, if foA=0.75m the enhancement
due to the NPs is 23%, 23%, 23%, 28% and 28% for Al-Cu, Al-Au, Al-Ni, Al-In and Al-Mg
respectively. Therefore, Al-In and Al-Mg alloys appear to show the best light trapping
behaviour for a wide range of alloy compositions. This is perhaps, due to the similarity in the

optical constants of Al, In and Mg in the (300-900nm) range.
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Fraction of light absorbed by Si at various incident angles (8)
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Figure 5-5. The fraction of light absorbed by a:Si with varying incident angles of incident light,
relative to the light absorbed by bare Si, for a fixed surface coverage( F=0.6) for different
values of Rnp and fai. (b) shows that when fa=75%, the NPs show better angular absorption
than in (a) where fa=25% for AOI between 0 and 54 degrees. (a) and (b) (Rve=20nm) show a
wider range of enhancement (>1) that (c) and (d) (Rne=40nm).

We now look at the effect of the angle of incidence (AQOI) on the plasmonic enhancement of

absorption of a:Si. We fix F=0.6, and study the effect of the AOI on a:Si absorption for two
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radii, Rne=20nm, and Rnp=40nm, for two alloy compositions, fa=25% and fai=75%. Our
results are shown in Figure 5-5, where we plot the enhancement, i.e. the power absorbed by
a:Si with NPs divided by the power absorbed by bare a:Si (at the same value of AOI and the
wavelength). When Rnp=20nm, as in Figure 5-5(a) and Figure 5-5(b), the enhancement is
above 1 for a large wavelength regime (400-900nm) and a large angular spread (0-54 degrees).
However, when Rnp=40nm, as in Figure 5-5(c) and Figure 5-5(d), the enhancement is above 1

only for a wavelength regime between (575-900nm).

Additionally, when fa=75%, an increased enhancement in absorption of a:Si is seen, especially
in the (400-550nm) regime for AOI between 0 and 27degrees, for all the alloys studied. For
example, consider the values of the absorption of a:Si at AOI=20 degrees and a wavelength of
400nm. When fai=25%, the enhancement is -5%, -14%, 11%, 41% and 45% for Al-Cu, Al-Au,
Al-Ni, Al-In and Al-Mg respectively. For the same AOI and wavelength when fa=75%, the
enhancement is 41%, 39%, 40%, 47% and 48% for Al-Cu, Al-Au, Al-Ni, Al-In and Al-Mg
respectively. Hence, Al-rich alloys offer better angular scattering behaviour too, for an AOI

between 0 and 54 degrees.
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Variation of power absorbed by aSi
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Figure 5-6. The franction of incident power absorbed by a:Si vs wavelength for Al (75%)-M
(25%) alloys. Al, (Al-75% Mg-25%) and (Al-75% In-25%) improve the absorption of a:Si to
the maximum extent (29%, 28% and 28% respectively). Thus, a small amount of alloying of Al
NPs with these metals does not affect their light trapping efficiency much.

To further investigate the effect of Al-rich NPs, we show the variation between the fraction of
incident power and the wavelength in Figure 5-6. The Al-rich alloy nanoparticles considered
are of the form (Al-75% M-25%), in terms of respective volume fractions (fal), also denoted
as Al-75% M-25%. The surface coverage F is 0.6, while the radius of the nanoparticles is 22nm.
We use the enhancement A as defined before. (Al-75% Cu-25%), (Al-75% Au-25%), (Al-75%
Ni-25%), (Al-75% In-25%) and (Al-75% Mg-25%) show a A of 23%, 23%, 23%, 28% and 28%
respectively. The enhancement for pure Al NPs is 29%. Thus, Al-In and Al-Mg alloys show
the highest enhancement in the absorption of a:Si, of the systems considered. Also, this shows
that a small amount of alloying (25%) can be used to provide corrosion resistance to the Al NP

whilst not having a detrimental effect on the plasmonic light trapping.
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Figure 5-7. (a) The variation between the surface coverage (F) and the optimum radius for an
alloy with 75% Al and 25% In. A decreasing linear relation is seen: as F increases, Rnp
decreases linearly. (b) The variation between the fraction of incident light absorbed by a:Si
and the Rnp for the same alloy described in part (a). The graph clearly shows that there is a
“optimum” radius for each F for maximum light absorption.

We now focus our discussion on a specific alloy with fa=75% and fin=25%, also denoted as
(Al-75% In-25%). The relationships between the surface coverage (F) and the radius of the
alloy nanoparticles, Rnp is shown in Figure 5-7. Figure 5-7(a) shows the variation of the
optimum radius: Roptimum (i.€. the radius at which a:Si absorbs the maximum fraction of incident
light) as a function of F. A linear decrease is seen. When F=0.6, Roptimum iS 22nm, however
when F=0.15, Roptimum increases to 34nm. This may be understood as: as F increases, the

parasitic absorption increases. A decrease in the optimum value of Rnp helps offset this loss.

Figure 5-7(b) shows that for every value of F, there exists a optimum value of Rnp for which
optimum absorption by a:Si occurs. As Rne increases, the fraction of light absorbed by a:Si
increases, reaches a maximum value, and then decreases. Additionally, as seen in Figure 5-5,
when F=0.6, better angular scattering was shown by fa=0.75 and Rnp=20nm, which is close to

the value of Roptimum (22nm) for F=0.6.
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Figure 5-8. The absorption of a:Si as a function of wavelength for different surface coverages
for an Al alloy with 75% In.. For each value of F, the radius of the NPs were taken as Roptimum,
which was claculated earlier. The improvement due to the presence of the Al-In NPs is marked
in the figure. When F=0.6, the presence of Al-In NPs of size 22nm results in a 28% increase in
a:Si absorption relative to a:Si without NPs, and a 13% increase in a:Si absorption relative to
a:Si with Ag NPs of the same radius placed on it.

Figure 5-8. shows the absorption of a:Si as a function of wavelength for different values of the
surface coverage (F), when different NPs with radii corresponding to the Roptimum Of F are
placed on it. When F=0.6, the presence of Al-In NPs of size 22nm results in a 28% increase in
a:Si absorption relative to a:Si without NPs. Hence, we see that the enhancement due to the
presence of Al-In NPs increases with increasing F. Additionally, the absorption curves with
Al-In NPs are very similar to that of Al NPs, suggesting that a small amount of In can be added
to stabilize Al, without affecting its optical response. Moreover, Al-In alloy NPs show a better
enhancement in the absorption of a:Si than Ag NPs of the same size when weighted across the
300-900nm region. When F=0.6, Al-In NPs on a:Si show a 112% increase in a:Si absorption

relative to a:Si with Ag NPs of the same radius (28% vs 13%).
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Figure 5-9. We consider Gaussian distributions of Al-In NP radii (fa=75%), centred around
the Roptimum fOr each value of the surface coverage, F. The distributions are shown in the inset
figure. For F=0.6, for a narrow distribution (SD=1), an enhancement of 27% is seen vs bare
a:Si. For a flatter distribution (SD=5), an enhancement of 21% is seen vs bare a:Si.

Since common NP synthesis techniques rarely produce size focussed nanoparticles, we
consider NP size distributions, as shown in Figure 5-9. Two Gaussian size distributions are
considered, with varying Standard Deviations (SD), centred around the Roptimum COrresponding
to the value of the surface coverage (F) used, with SD=1 (a steeper distribution) and SD=5 (a
flatter distribution). The distributions are shown in the inset figure. When F=0.6, for a narrow
distribution of Al-75% In-25% NPs (fa=75%) (centred around R=22nm), there is a 27%
increase in the weighted power absorbed by a:Si in the 300-900nm region, when compared to
bare a:Si. For a broader distribution (SD=5) there is a 21% increase in the weighted power
absorbed by a:Si in the 300-900nm region, when compared to bare a:Si. This shows that even

a fairly wide distribution of particle sizes (span=20nm) can produce a significant increase in
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the absorption of a:Si. This means that non-size focussed synthesis mechanisms, such as co-
precipitation can be used for the synthesis of Al alloy NPs, as long as the mean radius can be

controlled.
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CHAPTER 6 : Summary and Conclusions

The presence of a copper shell on aluminum nanoparticles not only stabilizes it, but also
significantly enhances its plasmonic properties. Cubical morphologies are shown to have a
greater plasmonic response than spheres. A 100nm cube shows a 250% improvement in ABS
and 175% improvement in SCS w.r.t a 100nm sphere at its scattering and absorption peaks. As

the shell thickness increases, the absorption cross section of these particles increases.

Moreover, by changing the shell thickness, it is possible to engineer different positions for peak
scattering and absorption. The peak absorption and scattering wavelengths show almost a linear
increase with Cu shell thickness, and the design equations for the same have been provided. A
10nm Cu shell on a 100nm Al cube shifts the absorption peak from 375nm to 480nm and the
scattering peak from 360nm to 660nm. This is accompanied by an 86% increase in peak
absorption intensity and only a 11.5% decrease in peak scattering intensity, thus offering great
design flexibility. Nanocuboids show orientation dependent plasmonic response. By changing
the orientation, the absorption and scattering peaks can be positioned in the UV (200-360nm)
or visible (400-700nm) region. While oxide layers of thickness up to 1nm may be expected,
we show that for a 1nm oxide shell, the scattering and absorption cross sections are almost
unchanged. Alloys of Al and Cu also show promise and show almost identical scattering curves
as the Cu content is changed from 0% to 50%. Dimers of two cubes at an angle of 45 degrees
show the highest absorption cross sections while dimers of two spheres of the same volume

show the highest scattering cross sections, with the same interparticle distance.

Therefore, this study presents a comprehensive calculation of the effects of a Cu shell on the
plasmonic properties of an Al nanoparticle. The addition of a Cu shell to Al represents an

effective method to tap into the plasmonic properties of aluminum.
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We have studied the plasmonic properties and light trapping efficiency of five types of Al
nanoparticles: Al-Cu, Al-Au, Al-Ni, Al-In and Al-Mg. Al-In and Al-Mg alloy NPs are better
scatterers of light with a weighted scattering ratio of 0.76 and 0.74 for 50% Al-Mg and Al-In

alloy of radius 60nm, as opposed to 0.63, 0.71 and 0.7 values for Al-Cu, Al-Au and Al-Ni NPs.

We investigate the utility of these Al alloy NPs for light trapping in a thin film amorphous Si
solar cell. We uncover the role that the surface coverage, F, plays in enhancing light trapping.
For every F, there exists and optimum value (roptimum) Of the NPs used, and roptimum decreases

with increasing F. For example, when F=0.4, roptimum=22nm, but when F=0.1, roptimum= 34nm.

Al-In and Al-Mg alloys emerge as the best candidates for light trapping applications in thin
film solar cells. When F=0.6, and rne= ropimum=22nm, Al(75%)-Mg(25%) and Al(75%)-
In(25%) alloys improve the absorption of aSi by 28%. Additionally, we find that pure Al NP
and Ag NPs of the same size cause a 29% and 13% enhancement, respectively in the absorption
of aSi. Thus, alloying Al with metals like Al can improve their corrosion stability without
having a deleterious effect on their light trapping efficiency. Al-based plasmonics also show

superior performance to noble metal plasmonics.

We also show that a distribution of particle sizes can also improve the light trapping efficiency.
For example, for F=0.6, a Gaussian distribution of AlzIn particle sizes (standard deviation=5)

around rmean=22nm improves the absorption of amorphous silicon by 21%.

Thus, this study reports Al-alloy nanoparticles, particularly Al-In and Al-Mg NPs high Al
content as effective for plasmonic light trapping applications. Thus Al-alloys offer significant
utility for plasmonic light trapping, whilst offering a degree of environmental robustness not

offered by pure Al NPs. As the synthesis of Al-alloy NPs is well defined in literature, it is
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hoped that this report will spur further work in the hitherto unexplored world of Al-alloy

plasmonics.

It is believed that results reported here, provide a reasonable avenue for enabling scalable,

low-cost plasmonic technologies.

Prospects Generated by this Work:

1. While nanocubes and nanocuboids have shown excellent promise for plasmonic
applications, their controlled synthesis remains problematic. This creates an
opportunity for fresh impetus in this area, particularly due to their promising plasmonic
properties

2. Effective Medium Theory has been shown to be a quick, computationally efficient and
accurate method to study multilayer stacks of thin films which has particular promise
for solar cell applications. However, current effective medium theories can only handle
a suspension of metallic spheres inside a dielectric. There is a possibility, by introducing
suitable correction factors to account for facetedness, these theories could be used to
study the optical properties of nanocubes and nanocuboids in a dielectric medium

3. Effective Medium Theories are not accurate for core-shell nanoparticles, making the
study of the oxidation effects on these nanoparticles difficult. However, it is quite
possible to generate “Inverse Mie Functions” for core-shell nanoparticles.

For example, the absorption and scattering spectra of core-shell nanoparticles can be
easily obtained. It is also possible to create an equivalent sphere from the absorption
and scattering spectra generated from the core-shell nanoparticle, which has the same
radius, different n, k values but is homogeneous, i.e does not have a shell. The study of
this “equivalent sphere” becomes much easier, especially in effective medium theories.

4. Cermets are promising for photothermal applications. Using a combination of
Bruggeman’s Formula and heat transfer equations, the temperature rise for different
cermet NP-nanofluids can be found

5. It is also worthwhile to study the plasmonic properties of intermetallic NPs, however
the optical constants need to be calculated using first principle calculations.

6. Finally, it is possible to use neural networks, effective medium theories and transfer

matrix models to create the “perfect solar cell” in an exercise of materials discovery

57



Recommendations for Future Work:

1. More experimental insights into tuning the core, shell and particle sizes as well as alloy
compositions is needed to further this work

2. Extension of the Effective Medium Theory to consider plasmon hybridization effects.
This will make effective medium theories more robust and accurate for studying the

optical properties of a multilayer stack of thin films.
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